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(ABSTRACT) 

A systematic method was developed for the deposition of G—-SiC thin films on 

Si(100) substrates in a hot wall reactor, using low pressure chemical vapor 

deposition (LPCVD). Due to poor adhesion resulting from lattice mismatch and 

difference in thermal expansion coefficients between the (SiC films and the Si(100) 

substrates, the feasibility of forming a SiC buffer layer on the Si(100) surface before 

beginning the chemical vapor deposition (CVD) process was investigated. The SiC 

buffer layers were formed with either a smooth or porous morphology. A nonporous 

Si(100) substrate with a 35A thick SiC buffer layer was formed when the Si surface 

was heated at 1050°C in an atmosphere of C2H2 and H». A porous surface was 

obtained when the Si substrate was heated at 1000°C in CoH» alone. The porous 

defects were correlated to the out—diffusion of Si in the carburizing process. 

On smooth Si(100) substrates, polycrystalline and stoichiometric G—SiC thin 

films with the (111) planes paralleling the Si(100) substrates were grown from a 

CH3SiCl; (MTS)—H»2 mixture at 1050°C. At high H./MTS ratios and/or low 

deposition pressures, no etching on the Si substrates of the G-SiC films was 

observed, resulting in a smooth topography. Degradation in film morphology,



changes in the preferred orientation, and etching of the Si substrates were observed 

at higher pressures, temperatures, and H2/MTS ratios. The etching of the Si 

substrate was due to the out—diffusion of Si atoms from the substrate and the 

presence of Cl—containing radicals, which resulted from the decomposition of MTS 

molecules before arriving at the substrates. A model of the deposition mechanism is 

proposed which predicts the deposition rates in a hot wall CVD reactor and agrees 

very well with the experimental data. 

On the Si(100) substrate with a porous topography, epitaxial G—SiC(100) 

thin films were grown from MTS—H, at 1150°C. The crystallinity of the deposited 

films was influenced by the deposition time. With increasing deposition time, 

rotational #-SiC(100) crystals and polycrystalline G-SiC with a highly preferred 

orientation of (100) and/or (111) were obtained. At a lower temperature of 1100°C, 

poor morphology and polycrystalline G—SiC thin films were observed. 

Finally, a new approach to the calculation of the local equilibrium CVD 

phase diagrams, which represent the most stable phases above the substrates in a 

hot wall reactor, for SiC deposition from the MTS—H»2 gas mixture by coupling the 

depletion effects to the equilibrium thermodynamic computer code 

SOLGASMIX—PV. The calculated CVD phase diagrams were also compared with 

experimental and the literature data. Although the local equilibrium CVD phase 

diagrams predicted the deposition of single phase SiC better than established CVD 

phase diagrams, the experimental regions for depositing single phase SiC are larger 

than those calculated from local CVD phase diagrams. This may be because of the 

high linear velocity of the gas flux under low pressure and the polarity of the 

Si—containing intermediate species.
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Chapter 1: INTRODUCTION 

1.1 MOTIVATION 

Silicon carbide (SiC), which exhibits closed—packed structure, exhibits a 

special one dimensional type of polymorphism call polytypism [1,2]. The polytypes 

are alike in the two dimensions of close—packed planes, but have different stacking 

sequences in the dimension perpendicular to these planes. More than 170 polytypes 

have been identified. The only cubic polytype of SiC crystallizes in the zincblende 

structure with the stacking sequence of covalently bonded tetrahedra (either SiC, or 

CSi,), which can be described by the ABC notation. This structure is also 

designated as 3C— or @-SiC, where 3 refers to the number of planes in the periodic 

sequence. The additional hexagonal (H) and rhombohedral (R) polytypes, whose 

stacking sequences are ABAB, are collectively referred to as a—SiC. In general, the 

most common polytypes are 3C and 6H; however, 4H, 15R, and 2H have also been 

identified [3]. 

SiC has been considered as a material for working in harsh environmental 

conditions because of its highly stable thermal, mechanical, chemical, and electronic 

properties. Table 1.1 compares SiC (f and a@ forms) with traditional 

semiconductor materials (e.g. Si), SiC possesses a wide band gaps at 27°C, high 

values of saturated electron drift velocity, high breakdown electric field, and high 

thermal conductivity [4,5,6]. In fact, the electron transport characteristics of #-SiC 

over the temperature range of 27°C~730°C, predicted from theoretical calculations,



Table 1.1: Comparison of silicon carbide (SiC) with silicon (Si). 

  

  

Si | B-SiC(3C) | a-SiC(6H) 

    
  

  

  

  

  

Bandgap, Eg (eV), at room temperature 1.1 2.2 2.9 

Maximum operation Temp. (K) 600 1200 1580 

Electron Mobility (cm’V's” ) 1400 1000 400 

Breakdown Field, E, (10 Vem ) 3 40 40 

Thermal conductivity, k 1.5 4.9 4.9 

(wem k" ) at room temp. 

  

Dielectric constant, €, 11.8 9.7 10.0 

  

Saturated Electron drift velocity, 1.0 2.5 2.0 
Vs (10 cms ) 

  

Johnson's Figure of Merit (E,V./n) - : , 
(High Frequency & High Power) 9.0x10 10240x10 6250x10 

  

Keyes' Figure of Merit 

(Switching Speed) 13.8x10? 80.3x102 70.7x10? 

k + (Vsa¢/Er) 

    Available large diameter 8 in 1.187 in 1.187 in           
 



are significantly greater than those obtained from a~SiC due to reduced phonon 

scattering in the cubic material [7]. Thus there is significant interest in @-SiC thin 

films for device applications. The motivation for current interest in G—SiC for 

electronic applications is based on its use in fabrication of high—temperature, 

high-frequency, high—power, and light-emitting devices. Devices that can be 

fabricated from SiC include blue LED’s [8], thermistors, metal semiconductor 

field-effect transistors (MESFET) [5,9], and heterojunction bipolar transistors 

(HBTs) [10], as well as various types of diodes. Its intrinsic resistance to oxidation, 

corrosion, and creep at high temperatures also makes it a desirable protective 

coating for devices operating at elevated temperatures. The high thermal 

conductivity of SiC also indicates the potential for high density integration of SiC 

devices. 

In general, single crystal @-SiC films have been grown primarily on 

monocrystalline Si or a—SiC substrates with different orientations using chemical 

vapor deposition (CVD). However, to grow G-SiC on a—SiC, size is limited because 

of the difficulty in obtaining single crystal a—SiC surfaces with a sufficiently large 

area, as shown in Table 1.1. Furthermore, the deposition temperatures and the cost 

are high for using a—SiC substrates to grow G-SiC thin films [11,12]. Single crystal 

silicon has been widely used as the substrates to grow (-SiC due to the easy 

availability of high purity, high quality silicon wafers. Unfortunately, growing 

6-SiC on silicon substrates has been hindered by the large mismatch (20%) in 

lattice constants and the differences in thermal expansion coefficients between the 

G-SiC film and the underlying silicon substrates [13]. Also, the deposition 

temperatures cannot exceed 1400°C, the low melting point of silicon. Nevertheless, 

the processes mentioned above were performed at high temperatures and in cold



wall reactors. The advantages in using a hot wall CVD reactor include (1) the 

ability to deposit thin films simultaneously upon many wafers and (2) the 

elimination of contamination from the susceptor by using a very low pressure 

(LPCVD) process [14]. However, other than the deposition of Si or Si:Ge, no single 

crystal material has been reported deposited by using this type of reactor in an 

ultrahigh vacuum (< 10 Torr) [15]. 

The purpose of this study is to develop a systematic approach to depositing 

G-SiC thin films on Si(100) substrates in a hot wall reactor by using low pressure 

chemical vapor deposition (LPCVD) with a deposition pressure ranging from 1 to 8 

Torr. In this report, the deposition processes were all performed in a hot wall 

LPCVD reactor and included the formation of the SiC buffer layers on Si(100) 

surfaces with a smooth or porous topography by using C2H»2 and/or He and the 

subsequent LPCVD procedure to deposit G-SiC from the gaseous mixture of MTS 

and H». It was shown that a single crystal 6-SiC(100) thin film with a limited 

thickness (< 0.2 ym) can be obtained on a Si(100) substrate with a porous 

topography. Therefore, in a hot wall reactor, it is possible to deposit a single crystal 

G—-SiC(100) film with a large area on a porous Si(100) substrate, as shown in Fig. 

1.1. 

1.2 LITERATURE REVIEW 

Chemical vapor deposition (CVD) is usually defined as a process in which 

gaseous precursors are introduced into a reactor and a solid is obtained by chemical 

reactions which are, in general, heterogeneous between the gas and the solid phases. 

The schematic diagram for this process is shown in Fig. 1.2. As shown in Fig. 1.2, a



Step 1 

Step 2 

Step 3 

Step 4 

Step 5 
ERR   

Fig. 1.1: The approach to deposit a @-SiC film with a large area.



  

  

        

  

            

Fig. 1.2: A schematic diagram of chemical vapor deposition (CVD).



gas mixture is introduced into a reactor. Near or on the substrate surface which 

may be heated, a chemical reaction which yields a solid material occurs: 

2AX (g) + Ha —— 2A(s) + 2HX_g) (1.1) 

In addition to the solid material A, volatile reaction products are formed which are 

exhausted from the reactor. 

In a CVD process there is a complex interplay between different reactions 

taking place in the vapor phase, at the vapor/solid interface, at the 

substrate/coating interface and within the solid phases (substrate and coating). A 

net CVD process can be described by a series of mechanistic steps which can be 

described through mass and flux balances. The steps which can occur during a 

vapor deposition process are schematically shown in Fig. 1.3; seven steps are 

involved [16]: 

1. Forced flow of reactant gases into the system. 

2. Diffusion of reactant gases through the gaseous boundary layer to the 

substrate. 

Adsorption of gases onto the substrate. 

Chemical reactions of the adsorbed species. 

Desorption of adsorbed species from the substrates. 

o
F
 

F
w
 

Diffusion of product gases through the boundary layer to the bulk gas. 

7. Forced exit of gases from the system. 

Steps 1 and 7 are mass transport steps, with the rate of step 1 determined 

completely by the experimentally controlled input gas flow. Step 7 is controlled by 

the total gas flow rate of the system, with the chemistry of the gas determined by 

the nature and extent of the chemical reactions occurring in the system. Steps 2 

and 6 are mass transport processes through the boundary layer with rates which can



  

ie ad 

———e Bulk 

as _ a ~ g 

Boundary 

t layer 

O6 

spe eee eee ee eee oye ee ee ne 

4 5 Interface 
  

  

  

  

Substrate 

Fig. 1.3: Schematic diagram showing seven mechanistic steps which occur during a 

CVD process.



be described by diffusion equations [17]. Steps 3, 4, and 5 are the activated 

chemical processes with rate constants following an Arrhenius relationship [16]. 

A large variety of CVD reactors exist for depositing SiC from a gaseous 

precursor, but they can be placed into two broad categories: cold wall and hot wall. 

A detailed review of work on the chemical vapor deposition of SiC before 1980 was 

reported by Schlichting [18]. However, very few reports described the deposition of 

SiC on Si substrates for both cold and hot wall reactors. A brief review of work 

since 1980 on the deposition of SiC on Si substrates is given in the following two 

sections. 

1.2.1 Chemical vapor deposition of SiC thin films on Si substrates in a cold 

wall reactor. 

In a cold wall reactor, as shown in Fig. 1.4, the walls of the reactor are at 

room temperature and deposition rarely occurs on them. With a low wall 

temperature, the risk of contamination from vapor/wall reactions is reduced. 

Furthermore, the homogeneous reactions are suppressed and the importance of 

surface reactions is increased. As a result of a steep temperature gradient (as shown 

in Fig. 1.4) which introduces severe natural convection, uniformity with respect to 

microstructure and thickness may be difficult to control. However, a cold wall 

reactor has the advantage of flexibility, cleanliness, high cooling rate, and easy 

construction of an automated substrate handling system. The modeling cold wall 

reactor kinetics is also simpler since the gaseous precursors are not consumed along 

the reactor and are independent of the location of the substrates.



Cold wall reactor 
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Fig. 1.4: A schematic diagram of the CVD process in a cold wall reactor. 
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For the deposition of SiC thin films on silicon substrates, some obstacles 

have been encountered because of the mismatches in coefficients of thermal 

expansion and lattice constants, as mentioned above. A reduction in the 

mismatches resulted from the initial reaction of the silicon surface with a 

carbon—containing gas. Relatively thick (up to 30um), crack—free G—SiC films on 

the converted layer using carbon— (C3Hs) and silicon—containing (SiH4) gases were 

initially reported by Nishino et al. [19]. This procedure was followed by numerous 

groups in the USA and Japan [20—22]. The most intensive research has been led by 

Davis using CoH, and SiH, as the SiC precursor in a cold wall, vertical barrel 

reactor at atmospheric pressure [20,23—25]. So far, SiC based electronic devices are 

fabricated by this method, either at atmospheric pressure or low pressures. In 

addition to the Si-C—H gas system with individual carbon— and silicon—containing 

gases, a single gas source containing Si and C was used [26-28]. Furthermore, some 

Si—C—H—Cl gas systems were utilized to deposit SiC on silicon substrates in a cold 

wall reactor [29-34]. 

1.2.2 Chemical Vapor deposition of SiC thin films on Si substrates in a hot 

wall reactor. 

In a hot wall reactor, as shown in Fig. 1.5, the reactor is surrounded by a 

furnace and the substrates and reactor walls are at the same temperature. This 

indicates that the deposition could take place both on the substrate and inside the 

reactor walls. Thus, while transporting the gas mixture through the reactor, there 

is successive depletion of the reactants (Fig. 1.5). Such depletion effects result in 

different deposition conditions within the reactor. This makes the modeling of the 

11
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Fig. 1.5: A schematic diagram of the CVD process in a hot wall reactor. 
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deposition process relatively difficult because the kinetics of the reactive species 

along the reactor must be considered. 

However, since the 1970’s, CVD processes in a hot wall reactor with low 

pressure were rapidly accepted in the semiconductor industry, due to its extremely 

favorable economics. Studies have shown capital, labor, power and gas cost per 

wafer to be nearly an order of magnitude below the standard cold wall reactor 

operating at atmospheric pressure [35]. The major reason for this breakthrough is 

the very high packing density available with stand—up closely packed wafer loading. 

The use of a low pressure (0.5 to 1 Torr) results in a reactor condition such that 

mass transfer limitations (diffusion controlled) at very close wafer spacings are 

unimportant compared to the rate of the chemical reaction at the wafer surface. 

With the surface reaction rate controlling the deposition, the uniform temperature 

inherent in a resistance—heated furnace lead to excellent uniformity of film thickness 

and composition. 

Although LPCVD in a hot wall reactor provides the advantages stated 

above, the depositions of polycrystalline silicon, silicon nitride, and silicon dioxide 

have been utilized by the semiconductor industry [35]. The deposition of single 

crystal material using a hot wall reactor has only been reported for the deposition of 

Si and Si:Ge under ultrahigh—vacuum (UHV) [36]. So far, SiC deposited in a hot 

wall reactor has been primary related to the chemical vapor infiltration, which 

produces bulk SiC [36]. 

13



1.3 OBJECTIVE 

The objective of the present study is to develop a systematic method to 

deposit #-SiC on silicon substrates in a hot wall reactor by using the LPCVD 

process. The procedure first investigated the formation of a SiC buffer layer by 

reacting the Si(100) substrates with CH» in a hot wall LPCVD reactor (Chapter 2). 

Then, G—SiC films were deposited by using methyltrichlorosilane (CH3SiCl3 or 

MTS) and Hp in the gas system at low pressures (Chapter 3). So far, the easiest 

way to deposit SiC is by using MTS. With other precursors, the Si/C ratio in the 

gas phase must be closely monitored for excess carbon or silicon. In the same 

chapter, the kinetics of the CVD process in a hot wall reactor for MTS—Hp» gas 

system will be discussed. In Chapter 4, a new approach is presented to deposit 

single crystal G—-SiC on Si(100) substrates. Finally, a set of comprehensive CVD 

phase diagrams for MTS—H)2 gas system in a hot wall reactor were calculated taking 

into account the consideration of depletion effects. 

1.4 PRESENTATION OF THE PRESENT STUDY 

This study is presented in the form of journal publications, which appear as 

separate chapters (Chapter 2 to 5) following this introduction chapter. Each 

chapter is complete within itself with its own abstract, introduction, results, 

discussion, and summary. The overall summary of this work is given Chapter 6. 
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Chapter 2: CONVERSION OF SINGLE CRYSTAL Si(100) 

TO SiC FILM BY C,H, 

2.1 ABSTRACT: 

SiC thin films grown from the reaction between acetylene (C2H2) and the 

Si(100) substrates in a horizontal hot wall CVD reactor by different procedures were 

studied using the x—ray photoelectron spectroscopy (XPS) and scanning electron 

microscopy (SEM). The growth of the SiC films was observed from the behavior of 

Si2p peaks and their plasmons. A SiC thin film with a thickness of 35A and having 

a smooth surface morphology was obtained in C2H» diluted by H» at 1050°C for a 

period of 60 minutes. Etch pits and hillocks were observed with increasing reaction 

time at 1050°C. For the conversion conducted in C2Ho, but in the absence of Ha, a 

SiC monolayer with smooth morphology was obtained at 950°C for 7 minutes and 

defects were observed for longer reaction times at this temperature. Defects were 

also observed for reaction times as short as 10 seconds at higher reaction 

temperatures (e.g. 1000°C). Hy seems to play a key role in suppressing the 

formation of defects and the reaction between CoH» and Si substrate. The 

formation of defects was correlated to the out—diffusion of Si in the carburization 

process. 

2.2 INTRODUCTION: 

The cubic form of silicon carbide (SiC) is as a potential candidate for high 

temperature, high power semiconductor devices because of its excellent thermal 
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stability, wide band gap, high electron mobility, high electron drift velocity, and 

high breakdown field. Single crystal G-SiC thin films are conventionally grown on 

Si(100) substrates by Chemical Vapor Deposition (CVD) in cold wall reactors. 

However, due to the large mismatch in lattice constants (20%) and the difference in 

thermal expansion coefficients between the SiC thin film and the underlying Si 

substrate (8%) problems were encountered when directly growing single crystal SiC 

thin film on a Si(100) substrate [1]. Thus, the resulting SiC thin films often 

exhibited poor morphology and peeling of the SiC film from Si substrate was often 

observed after the deposition. Furthermore, in depositing SiC thin films on Si 

substrates, etching problems were reported for Cl—based precursor systems (e.g. 

CH»2Cl,—SiH,—-H» and CH3SiCl3) due to the formation of Cl radicals [2]. To solve 

these problems, the growth of a buffer layer prior to the CVD process has been 

proved to be a necessary step in obtaining good quality SiC thin films on Si 

substrates [3]. The buffer layer is generally grown at a temperature different from 

the temperature for the CVD process. Following the growth of a buffer layer, the 

temperature of Si substrate was changed to the deposition temperatures for carrying 

out the bulk growth of SiC thin films by the CVD process in a cold wall reactor. 

For convenience, the buffer layers were also grown in a cold wall reactor by reacting 

the Si substrate with a hydrocarbon gas, as shown in Table 2.1. 

Although the formation of a buffer layer and the subsequent SiC deposition 

in cold wall reactors is convenient and eliminate the problems of particulate 

contamination, the throughput is relatively low when compared to that of hot wall 

reactors. In addition, hot wall reactors may be helpful in lowering the deposition 

temperature since many of the various reactants decompose endothermically. In 

fact, single crystal Si thin films were successfully grown on Si substrates at low 
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Table 2.1: The conversion of Si to SiC 

  

  

C-—source Temperature Pressure Reactor References 
gas (°C) (Torr) type 

CoH» 900—1100 10-8104 cold wall 4 
CoH? 800—1100 10-7—5x10-4 cold wall 5 
CH. 1130—1370 10-5—10-2 cold wall 6 
CoH2 1225-1380 5x10 63x10 3 cold wall 7 
CoH? 900—1200 2x10 63x10 -6 cold wall 8 
CoH2 900 7.6x10-6 cold wall 9 

oH 950 10-6 _ 10 

*CoHe 837—1037 7.5x10-10 cold wall 11 
CoH, 1280—1330 7.5x1077 cold wall 12 

oH4 1360 7.5x10-7 cold wall 13 
CoH, 1327 — — 14 
*CoH, 667 4x10°5 cold wall 15 
*CoH4 697 610-10 cold wall 16 
C3Hs3 1000—1170 — — 1 
C3Hs 1360 _ cold wall 17 

  

* - molecular beam 
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temperatures by using an ultrahigh vacuum/low pressure hot wall CVD reactor 

[18,19]. Therefore, in hot wall reactor, it is possible to perform the homoepitaxial 

growth of SiC thin films on the Si substrates by making the SiC buffer layers in the 

same type of reactor. Although the growth of a SiC buffer layer had been reported 

in hot wall CVD reactors at relatively low pressures by Nagasawa et al [20] and 

Hattori et al [21], the nature of this buffer layer was not investigated. Thus, in this 

work the reaction between CH» and a Si(100) substrate was studied by using x—ray 

photoelectron spectrometer (XPS) and scanning electron microscope (SEM), and the 

optimum parameters for growing a SiC buffer layer in a conventional horizontal hot 

wall CVD reactor were identified. 

2.3 EXPERIMENTAL PROCEDURE: 

Single—crystal Si(100) substrates were used in this study. Before introducing 

the substrates into the reaction chamber, the organic contamination on the surface 

of the Si substrate was washed using acetone and then by dipping the substrate into 

methanol and deionized water. Following these procedures, the residual surface 

oxides were etched away using 10 wt% HF for a period of 10 seconds. Finally the 

substrates were cleaned by distilled water. Prior to transferring these Si substrates 

into the reactor, the surfaces were dried using dry nitrogen. 

The reactor was initially evacuated to the base pressure of 10° Torr. Two 

procedures were employed after this base pressure was achieved. For Procedure I, 

as shown in Fig. 2.1(a), the wafers were heated to the reaction temperature, ranging 

from 900 to 1000°C, in a flowing H, atmosphere at a pressure of 1.8 Torr. The 

heating rate was maintained at 30°C/min. As soon as the temperature 
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Figure 2.1: The reaction procedures for (a) Procedure I and (b) Procedure II. 

23



equilibriation was achieved the flow of H2 was stopped and purified C2H2 (99.6%) 

was introduced at a pressure of 0.1 Torr for a predetermined reaction time. The 

substrates were furnace cooled in H» at a pressure of 1.8 Torr after the reaction was 

completed. For Procedure II, as shown in Fig. 2.1(b), Hz and the purified CoH 

were introduced into the reactor simultaneously at a total pressure of 1.8 Torr from 

room temperature to 1050°C. The partial pressure of purified C2H»2 was kept at 10 

mTorr. The cooling step was the same as that in Procedure I. The characterization 

of the reacted Si surfaces was carried out by using a Kratos x—ray photoelectron 

spectrometer (XPS) with a MgKa x—ray source. Au,, peaks were used to calibrate 

the binding energies. Scanning electron microscopy (SEM) was used to observe the 

surface morphology of the reacted Si substrates. 

2.4 RESULTS AND DISCUSSION: 

2.4.1 Reaction products 

Reactions between Si and C2H»2 were monitored by following the changes in 

Sizp and Ci, XPS peaks and the plasmon loss features of Siep. Figure 2.2 depicts the 

Si2p spectral regions from the Si(100) surface before and after Procedure I. The 

temperature varied from 950 to 1000°C at various reaction times. The Siap 

spectrum for a clean Si(100) substrate is shown in Fig. 2.2(a). In Fig. 2.2(a), the 

major peak observed is the Sie) peak and the less intense feature, which has the 

energy loss of 17 eV, is the bulk plasmon loss feature from the Si substrate. As the 

reaction temperature was increased from 950°C to 1000°C, the intensity of the 

initial Si plasmon feature decreased, while intensity of a second plasmon loss feature 

at about 22.5 eV increased (Figs. 2.2(b) ~ 2.2(d)). This latter feature corresponds 
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Figure 2.2: Sian XPS peaks and associated plasmon loss features for (a) clean Si 

substrate and Si substrates reacted by Procedure I at (b) 950°C for 11 min., (c) 

1000°C for 20 sec., and (d) 1000°C for 40 sec. 
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to the bulk SiC plasmon as discussed by Bozso et al [15,22] and Katayama et al [23]. 

As shown in Fig. 2.3, the small shoulder in Fig. 2.2(b), which exhibits a higher 

binding energy than the major Sizp peak, is believed to be from SiC and SiO» on the 

surface of the substrate. These two Si compounds were from the reaction between 

the Si substrate and C2H» and the contamination from the atmosphere. Likewise, 

the shoulder with lower binding energy in Fig. 2.2(c) was from the Si substrate. 

The Sip plasmon loss feature at about 22.5 eV provides the evidence for the 

formation of SiC. Additional information can be obtained by deconvoluting the 

peaks in Fig. 2.2, assuming Gaussian line shapes (Fig. 2.3). The Sip peak, with the 

binding energy of 99.1 eV, from clean Si substrate is shown in Fig. 2.3(a) for 

comparison with those from the reacted Si substrates. As depicted in Fig. 2.3, the 

relative intensities of Siz) from the Si substrate decreased as the reaction 

temperature increased from 950°C to 1000°C (Figs. 2.3(b) ~ 2.3(d)). Furthermore, 

for samples reacted at 1000°C, the Siop peak from Si substrate disappeared when the 

reaction times were longer than 40 seconds. The Siop spectra of the samples with 

reaction times longer than 40 seconds at 1000°C were essentially similar to the one 

depicted in Fig. 2.3(d) . The SiC/Si ratio of the samples obtained at 900°C (for 

5~15 min) and 950°C (for 1~11 min) were smaller than those prepared at 1000°C 

(for less than 5 min) and the Siop spectra were similar to Fig. 2.3(b). This result 

indicated that the SiC films obtained at 1000°C were thicker than those prepared at 

900°C and 950°C. 

The Sigp spectral regions and the associated plasmon loss features for 

Procedure II are shown in Fig. 2.4. The intensity of the plasmon loss feature from 

SiC increased with increasing time. This result corresponds to the deconvoluted 

Si2zp peaks shown in Fig. 2.5. The SiC/Si ratio increased with increasing time. For 
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Figure 2.3: The deconvolution of Sip XPS peaks for (a) clean Si substrate and Si 

substrates reacted by Procedure I at (b) 950°C for 11 min., (c) 1000°C for 20 sec., 

and (d) 1000°C for 40 sec. 
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Figure 2.4: Sia) XPS peaks and associated plasmon loss features of Si substrates 

reacted by Procedure II for (a) 30 min., (b) 60 min., and (c) 75 min. 
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Figure 2.5: The deconvolution of Siez9 XPS peaks for Si substrates reacted by 

Procedure II for (a) 30 min., (b) 60 min., and (c) 75 min. 
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Procedure II, the presence of Hz from the beginning of the heating cycle seems to 

play a key role in initializing the reaction between CH» and the Si substrate. As 

shown in Fig. 2.6, only carbon atoms from the dissociated C2H2 formed on the 

surface of the Si substrate when the reaction was performed at 1050°C without 

using Hp» initially. Again the Oj, and On peaks were from the atmospheric 

oxygen. 

By deconvoluting the Si2p spectra, and assuming that the mean free paths of 

the photoelectron in Si and SiC are the same (As; = 2.25nm), the thickness of the 

reaction product can be estimated by using the following equation [9]: 

_ _(psi/Ps ic)x{ exp (—d/AsiCos 6 
R= l-exp s iCos (2.1) 

where R is the intensity ratio of Si2p from Si substrate to that from SiC layer; d is 

the thickness of the SiC layer; pj and psic are the densities of Si atoms in Si 

substrate and in the SiC layers, respectively; and @ is the angle between the normal 

direction to the sample surface and the photoelectron detector. It was found that 

the thickness obtained at 900°C (for 5 to 15 min) and 950°C (for 1 to 11 min) was 

limited to about 0.5 to 1 monolayer of SiC during Procedure I. The thickness of the 

converted SiC films formed at 1000°C (form 10 to 20 sec) for Procedure I and at 

1050°C (for 60 minutes) for Procedure II are around 30A and 35A, which 

correspond to several monolayers. The inability to observe the Si2p from Si 

substrate for both procedures can be attributed to thicker SiC films in comparison 

with the nominal XPS sampling depth. 

The binding energies of Siop from the SiC films showed little shift for 

Procedure I, as shown in Fig. 2.7. Table 2.2 lists the average binding energies of 
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Figure 2.6: The wide scan XPS of Si surface reacted with CH» at 1050°C for 60 
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Table 2.2: Average binding energy (BE) of Sia, 

  

  

T(°C) Time ABE (SiC-Si) 
Si SiC SiO» 

Procedure I 

900 5«15min 99.1 100.5 102.5 1.4 eV 

950 jeollmin 99.1 100.5 102.6 1.4eV 

1000 10~20 sec 99.1 101 103 1.9 eV 
1000 40 secv-llmin — 101.2 103.1 — 

Procedure II 

1050 30-60 min 99.1 100.5 102.5 
1050 7590 min —- 101 102.9 

1.4 eV 
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Si2p peaks form different reaction conditions for Procedures I and II. For specimens 

reacted at 900°C and 950°C in Procedure I and those reacted for 30 and 60 minutes 

in Procedure II, the binding energies and the energy difference between Si substrate 

and SiC layer agreed very well with the reported values [9,16,24]. However, for the 

samples prepared at 1000°C in Procedure I and those obtained with the reaction 

times of 75 and 90 minutes in Procedure II, the Siep peaks from SiC and SiO» were 

slightly shifted to higher binding energies (0.5 eV). The shift to higher binding 

energies was also confirmed by careful measurement of the plasmon loss features and 

the Aug peaks. The shift to the higher binding energies can be attributed to the 

differential charging of SiC and SiO» in comparison with Si. 

The stoichiometry of the SiC product layers was determined from the 

deconvoluted Siz) and Cis peaks. Figure 2.8 shows the stoichiometry of the 

converted SiC layers as a function of reaction time for both Procedures I and II. In 

general, the SiC layers obtained were Si—rich for both procedures. This can be 

attributed to the rapid supply of Si atoms to the substrate—gas interface as 

compared to C atoms [11]. The Si-rich SiC layers were also reported for the 

reaction between Si and other hydrocarbon gases [9]. As shown in Fig. 2.8, the SiC 

films obtained from Procedure II were less rich in Si and were very close to the 

stoichiometric SiC. It was reported that, for Si,C,-,:H amorphous films grown by 

reactive sputtering, the plasmon loss feature exhibited a monotonic 5.5 eV shift 

between values of X=1 (17.2 eV) and X=0.45 (22.7 eV) [23]. The X values for the 

samples in Fig. 2.8 ranged only from 0.5 to 0.66, which agree well with the plasmon 

loss features for these samples (Figs. 2.2 and 2.4). This small range of the X values 

can also be demonstrated by the little shift in binding energy during the reaction 

(Fig. 2.7) since the binding energy of Si2p from SixC;-x decreases monotonically as 
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the content of carbon decreases [25]. 

From Fig. 2.8, it is also evident that the Si/C ratios decreased with 

increasing reaction time and temperature. According to the model proposed by 

Smith [6], C—containing molecules must be absorbed and dissociated to yield carbon 

atoms on the Si surface before the formation of SiC. The surface flux of the 

adsorbed carbon from dissociated carbon containing species (e.g. CH ,CH» ,and 

C2H2), Jno, can be expressed as: 
S? 

Ing = C exp(—E_.../kT) (2.2) 
BSD 

where C is a constant depending on the surface density of carbon atoms, surface 

lattice, and the atomic frequency; and Easp is the activation energy for the 

dissociation of carbon containing species to yield carbon atoms on the surface. As 

expected from Equ. 2.2, the Si/C ratios of the SiC layers obtained at higher 

temperatures should be smaller than those obtained at lower temperatures due to 

the larger surface flux of C atoms. 

2.4.2 SEM morphology 

For Procedure I, the morphology of the Si(100) surface reacted at 950°C is 

shown in Fig. 2.9. No defects were observed for the samples reacted for 7 minutes, 

as shown in Fig. 2.9(a). The presence of defects was initially observed only when 

the reaction time was increased to 9 minutes (Fig. 2.9(b)). Figure 2.10 shows the 

morphology of the reacted (100) Si surfaces at 1000°C. In contrast to the samples 

reacted at 950°C, defects can be seen for reaction times as short as 10 seconds. 

Initially the defects were nondescriptive, as shown in Fig. 2.10(a). With increasing 
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Figure 2.9: Surface morphology of Si substrates reacted at 950°C for (a) 7 min., and 

(b) 9 min. from Procedure I. 
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Figure 2.10: Surface morphology of Si substrates reacted 1000°C for (a) 10 sec., and 

(b) 5 min. from Procedure I. 
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reaction time, the defects increased in size and depth (Fig. 2.10(b)). It was also 

observed (Fig. 2.10) that the defects began to acquire regular edges with increasing 

time. 

The high magnification micrographs of defects, for the reaction times of 10 

seconds and 3 minutes at 1000°C, are shown in Fig. 2.11. The edges of defects were 

more defined for reaction time of 3 minutes than those reacted for 10 seconds. 

According to Newman et al. [26], these edges of the defects were believed to be lying 

parallel to silicon <110> directions. The formation of these defects is related to the 

etching of the Si(100) substrate which exposes the {111} planes of Si due to the 

slowest out—diffusion rate of Si from these planes. The resulting pyramidal shape 

defects can be seen (Fig. 2.11(b)) in accordance with this model. 

In contrast to Procedure I, the pyramidal shape defects were not observed for 

Procedure II even with higher temperature and longer reaction times, as shown in 

Fig. 2.12. The reacted Si surfaces were smooth under SEM for reaction time up to 

60 minutes. Hillock types of topography were obtained for longer reaction time 

(Figs. 2.12(c) and 2.12(d)). Figure 2.13 shows cross sections of the reacted Si 

substrates with and without the formation of hillocks. Some etch pits were shown 

under the hillocks in the Si substrate while no etch pits were observed for those with 

smooth topography. Mogab et al. [5] and Nagasawa et al. [20] reported that higher 

CH» pressures result in the formation of hillocks on porous defects to seal off the Si 

migration in the growth process. In our case, the formation of hillocks and etch pits 

were also shown to be a function of time. 

Although the magnitude of reaction temperature and time for Procedure I 

were smaller than those for Procedure II, it is evident that the formation of defects 

was suppressed during Procedure II in comparison with Procedure I. The presence 
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Figure 2.11: Surface morphology with high magnification of Si substrates reacted at 

1000° C for (a) 10 sec., and (b) 3 min. from Procedure I. 
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Figure 2.12: Surface morphology of Si substrates reacted for (a) 30 min., (b) 60 

min., (c) 75 min., and (d) 90 min. from Procedure II. 
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Figure 2.13: Cross—sectional SEM micrographs of Si substrates reacted for (a) 60 

min., and (b) 75 min. from Procedure II. 
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of H2 seems to play a key role in suppressing the formation of defects. For 

Procedure I, it is believed that the defects were formed by considerable Si diffusion 

from the bulk of Si substrate to surface because of the lack of initial carbonized SiC 

layer due to no C2H2 gas supply in the heating process [20]. In order to obtain a 

smooth and thick SiC layer, C2H2 and H2 must be added simultaneously to the 

reaction reactor during the heating and reaction processes. 

2.4.3 Defect formation process 

The defect formation is closely related to the out-diffusion of Si during the 

reaction. Strinespring et al. [24] argued that the Si atoms must be supplied by 

out—diffusion if the SiC layer exceeded a monolayer thickness because of the 

nonreactivity of the hydrocarbon gases with SiC, especially for the SiC surface 

terminated with C—H bonds. Since the diffusivities of the Si and C atoms through 

the SiC layer are extremely small [27-29], the formation of defects may provide a 

higher rate of Si diffusion from the bulk of Si substrate to the surface. Thus, the 

defects are expected to be present with increasing thickness of SiC layer for both 

Procedures I and II. 

During Procedure I, one of the possible processes for the formation of defects 

on (100) Si substrates is described in Fig. 2.14. A monolayer of SiC layer was first 

obtained without the formation of defects as shown in Fig. 2.14(a). As the the 

reaction proceeds, defects were formed and the sizes of these defects increase with 

increasing reaction time and temperature [5]. Meanwhile the thickness of the SiC 

layer increased because of the reaction between the out—diffused Si atoms and C2H. 

gas. This step is believed to expose the unreacted Si substrate underneath the 

converted SiC layer (Fig. 2.14(b)). At this point, the unreacted Si substrate reacted 
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with C—containing species in the gas phase to form the SiC film on the surface of 

the defects. Since the newly formed SiC could act again to reduce the out—diffusion 

of Si atoms from the bulk of substrate to surface, defects were created again in the 

SiC layer as shown in Fig. 2.14(c). By repeating the procedure mentioned above, 

the sizes of the defect could be increased to provide more conduits for the 

out—diffusion of Si atoms from the bulk of the substrate. In other words, the size 

and the depth of the defects increased with increasing time at a given temperature. 

2.5 SUMMARY: 

In a horizontal, hot wall CVD reactor, SiC buffer layer was obtained by the 

chemical conversion of Si(100) surface at 1050°C and at low pressures using H2 and 

CH» as the carrier gas and carbon source, respectively. A good quality SiC layer 

with a thickness of 35A and smooth morphology was obtained at 1050°C for 60 

minutes. In the absence of Ho, the reaction is highly active and results in the 

formation of defects at lower temperature and shorter time. Since the Si atoms were 

supplied faster to the interface between C»H» and the converted SiC film than the C 

atoms, the converted SiC layers were Si-rich. It is suggested that the presence of 

defects provide effective paths for the Si out-diffusion in the carbonization process. 

A possible process for the formation of defects was proposed. 
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Chapter 3: LOW PRESSURE CHEMICAL VAPOR 
DEPOSITION (LPCVD) OF -SiC ON 

Si(100) USING MTS in A HOT WALL REACTOR 

3.1 ABSTRACT: 

Stoichiometric #-SiC thin films with a high preferred orientation of (111) 

planes were successfully deposited on Si(100) substrates at a relatively low 

temperature of 1050°C from the mixture of methyltrichlorosilane (CH3SiCl3 or 

MTS) and H> in a hot wall LPCVD reactor. No etching of the Si substrate and 

smooth topography of the deposit were observed at high H2/MTS ratios and/or low 

deposition pressures. The presences of excess silicon, excess carbon, or incorporated 

hydrogen atoms in the films were not detected. Poor topography, degradation in 

preferred orientation, and etching of the Si substrate were observed at high values of 

deposition pressure, MTS concentration, and temperature. The etching on Si 

substrate was due to the out—diffusion of Si atoms from the substrate and the 

presence of Cl—containing radicals resulting from the decomposition of MTS 

molecules while transporting to the Si substrates. A deposition mechanism was 

proposed to model the deposition of SiC in a hot wall reactor by using (1): gas phase 

decomposition of MTS molecules; (2): adsorption of the intermediates on the 

surface; (3): reaction of the adsorbed intermediates to form SiC. The deposition 

rates were predicted very well for various deposition conditions in a hot wall 

LPCVD reactor. 
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3.2 INTRODUCTION: 

G-SiC has been considered as a promising semiconductor for high 

temperature, high frequency, and high power electronic devices because of its 

superior properties, such as wide band gap, high saturated electron velocity, and 

high breakdown electric field [1-3]. Moreover, its resistance to intrinsic oxidation, 

corrosion, and creep at high temperatures also makes it a desirable protective 

coating for the devices operating at elevated temperatures [4,5]. In general, @-SiC 

is grown on a—SiC or single crystal Si for electronic applications. However, for the 

growth of G—-SiC on a—SiC, the size is limited because of the difficulty in obtaining 

large area of a-SiC. Furthermore, the cost is high for using a—SiC substrates. 

Single crystal Si has been used widely as substrates for the growth of G—-SiC due to 

the easy availability of high purity, high quality Si wafer. Unfortunately, growing 

-SiC on Si substrates has known to be difficult due to the large mismatch (20 %) 

in lattice constants, and the differences in thermal expansion coefficients between 

the SiC film and the underlying Si substrate (8 %) [6]. Therefore, the growth of a 

SiC buffer layer by carbonizing the Si substrate with a hydrocarbon gas has been 

shown to be a necessary procedure in obtaining good quality SiC films on Si 

substrates [7]. Nevertheless, the processes mentioned above were performed at high 

temperatures and cold wall reactors. 

In the present research, SiC thin films were grown on Si(100) substrates with 

a buffer layer by using the MTS—H»2 mixture in a hot wall LPCVD reactor at a 

lower temperature of 1050°C. MTS is a well known SiC precursor in CVD process 

because of its 1:1 molar ratio of silicon to carbon [8]. Therefore it is expected to 

result in a dense and stoichiometric SiC deposit from thermodynamic studies [9]. 
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However, for the deposition of G-SiC thin films from this Cl—based precursor 

system, etching problems on Si substrates were reported because of the formation of 

Cl—containing radicals during the CVD process [10,11]. Although @—SiC thin films 

were reported to be deposited on Si substrates using MTS as the precursor, the Si 

substrates were etched before performing the CVD process [12]. So far, no attempt 

has been made to deposit SiC on smooth Si substrates by using MTS in a hot wall 

reactor. The use a hot wall reactor is based on the following reasons: (a) ability to 

deposit G-SiC thin films simultaneously upon many silicon wafers; (b) elimination 

of contamination from the susceptor by using very low deposition pressures [13]. 

In addition to the experiment conducted at 1050°C, the effects of 

experimental parameters (e.g. temperature, pressure, and MTS concentration) on 

the etching of Si substrates and on the growth rates of the SiC films were also 

studied in this research. A deposition mechanism, including both gas phase and 

surface reactions, was proposed for the SiC LPCVD process using MTS—H2 

precursor. Kinetic data were obtained by analyzing the deposition rates with a 

finite element (FEM) model. 

3.3 EXPERIMENTAL PROCEDURE: 

The schematic CVD hot wall reactor used in this research is shown in Fig. 

3.1. The CVD reactor was a quartz tube with inner and outer diameters of 5.08 cm 

and 5.43 cm, respectively. An uniform temperature (+ 5°C) zone of 6 cm was 

located around the center of the reactor. In order to maintain a constant and 

sufficient equilibrium vaporizing pressure of MTS, the bubbler was maintained at a 

constant temperature of 33°C. Furthermore, the needle valves and the tubing 
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Figure 3.1: The schematic diagram of the hot wall LPCVD reactor. 

52



between bubbler and reactor were held at 70°C to prevent the condensation of MTS 

(b.p. of MTS is 66°C) inside the tubing. Thermal profiles during the experiment 

are shown in Fig. 3.2. 

Single crystal Si(100) substrates were used in this study. Before the 

deposition of SiC thin films from the mixture of MTS and Hg, a thin SiC buffer 

layer was grown by reacting the Si(100) substrate with acetylene (C2H2) which was 

diluted in flowing hydrogen (Hz) to a total pressure of 1.8 Torr. The growth process 

for this SiC buffer layer was carried out at 1050°C for a period of 60 min. Details of 

the growing procedure of the SiC buffer layer has been described elsewhere [14]. 

For each run of the SiC deposition, the substrate was placed at the center of 

the hot wall CVD reactor. The flow rate of H, was 300 sccm. H» to MTS ratio was 

calibrated at the predetermined values for each run. The CVD of SiC was started 

immediately after the SiC buffer layer. The deposition process was carried out at 

the temperature of 1050°C. The run time of each experiment was about 3 to 5 

hours depending on the deposition parameters and the H,/MTS ratio. Three 

deposition pressures of 1.8 Torr, 5 Torr, and 8 Torr were employed and the H2/MTS 

ratio was adjusted to be 10, 50, or 100. The substrates were furnace cooled to room 

temperature in flowing H, after the deposition was completed. The phase—analysis 

of the deposited films were performed by x—ray diffraction (XRD) with a CuKa 

radiation and the transmission electron microscopy (TEM). Scanning electron 

microscopy (SEM) was used to observed the film morphology. The chemical 

bonding in the deposited films were examined by Fourier transform infrared 

spectroscopy (FTIR). To investigate the kinetics and reaction mechanism for 

depositing SiC thin films by using MTS, the deposition temperatures were varied 

from 1000°C to 1150°C. The thickness of the films were from cross sectional SEM 
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to obtain the deposition rate and confirmed by weight increase of the substrate 

located at the center of the reactor. 

3.4 RESULTS AND DISCUSSION: 

3.4.1 Chemical vapor deposition of SiC films on Si(100) at 1050° C. 

Figures 3.3(a), 3.3(b), and 3.3(c) show the cross sectional SEM of SiC thin 

films deposited on Si(100) substrates at 1050°C and a Ho/MTS = 100 for various 

deposition pressures of 1.8 Torr (Fig. 3.3(a)), 5 Torr (Fig. 3.3(b)), and 8 Torr (Fig. 

3(c)). As can be seen from Figs. 3.3(a) and 3.3(b), there is no evidence of etching of 

the Si(100) substrates during deposition. Also, topography of SiC thin films at 1.8 

and 5 Torr is smooth. The defect free Si(100) substrates after the CVD procedure 

indicated that the formation of the SiC buffer layers was effective in preventing 

from the etching of Si(100) substrates by the Cl—containing species during 

deposition. 

However, defects on Si substrate were observed at a high deposition pressure 

(i.e. 8 Torr). In addition, a relatively rough topography of the deposited SiC thin 

films were observed at a higher deposition pressure of 8 Torr, as shown in Fig. 

3.3(c). When the H2/MTS ratios were further decreased to 50 and 10, changes in 

the etching of Si(100) substrates and topography of the deposited SiC thin films 

were observed as the deposition pressure was increased from 1.8 Torr to 5 Torr, as 

seen in Fig. 3.4 and Fig. 3.5, respectively. When comparing Figs. 3.4 and 3.5 to Fig. 

3.3, the etching on the Si(100) substrates and a relatively rough topography were 

observed even at a lower pressure of 5 Torr for higher MTS concentrations 

(H2/MTS = 50 and 10). Figure 3.6 shows the effects of MTS concentration at a 
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1050°C and H2/MTS = 100 for (a) 1.8 Torr, (b) 5 Torr, and (c) 8 Torr. 
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Figure 3.4: SEM micrographs of the SiC thin films on Si(100) substrates grown at 

1050°C and H2/MTS = 50, for (a) 1.8 Torr and (b) 5 Torr. 
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Figure 3.5: SEM micrographs of the SiC thin films on Si(100) substrates grown at 

1050°C and H2/MTS = 10 for (a) 1.8 Torr and (b) 5 Torr. 
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Figure 3.6: SEM micrographs of the SiC thin films on Si(100) substrates grown at 

950°C, H2/MTS = 10, and (a) 5 Torr and (b) 8 Torr. 
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lower deposition temperature of 950°C. The etching of the Si(100) substrates was 

also observed. Thus, it is evident from Figs. 3.3 to 3.6 that the formation of the 

etched Si substrates is due to high MTS concentrations and deposition pressures. 

The typical XRD pattern for SiC thin films corresponding to Figs. 3.3 to 3.5 

is shown in Fig. 3.7. It is to be noted that the films showed a preferred orientation 

of (111) of @-SiC, which indicated the films were highly oriented. Free Si, which is 

frequently obtained during the deposition of SiC thin films from the mixture of 

MTS/H2 below 1400°C [15-20], was not detected. This observation was also 

confirmed by a clean electron diffraction pattern of @-SiC with very fine grains, as 

shown in Fig. 3.8. Figure 3.9 shows the FTIR spectrum which indicates the 

presence of only Si-C bonds [21-23]. No evidences of free silicon, carbon, and 

incorporated hydrogen atoms from the MTS—H, mixture were observed [19]. This 

indicated that the SiC thin films deposited at 1050°C were stoichiometric in this 

study. 

In comparison to other studies [15,19], the defect free Si substrates and the 

stoichiometric 6-SiC thin films obtained at this relatively lower deposition 

temperature were resulted from the lower deposition pressures [24]. According to 

Langlais et al [25], under low pressures and high H2/MTS ratios, the MTS molecules 

dissociate into intermediate species containing Si (IPsi), C (IP:), and gaseous 

by—products (BP;), while transporting to Si substrates. The reactions of formation 

of Si and C from the adsorbed IP,; and IP¢, respectively, were similar to each other 

on the surface sites resulting in the stoichiometric SiC deposition despite of the 

polarity of IPs; in Si-C—-H—Cl gas systems [26]. This deposition mechanism was 

also confirmed by comparing the calculated apparent activation energies to those for 

the deposition of stoichiometric SiC from MTS shown in the later section [17,25]. In 
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Figure 3.8: Plane view TEM micrograph (a) and the diffraction pattern (b) of a 

G-SiC thin film deposited at 1050°C, 1.8 Torr, and H2/MTS=100, shownig very fine 

grains and the polycrystalline nature of #-SiC. 
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addition, the amounts of Cl—containing radicals on the surfaces of Si substrates 

could have also been reduced because of the high desorption rates at low pressures. 

The Si substrates could thus be prevented from being etched under these conditions. 

Under higher pressures and MTS concentrations, the residence time of the MTS 

molecules (in zone 1 of Fig. 3.2), was increased. It is believed that the increase in 

residence time resulted in a larger amount of Cl—containing radicals through the 

decomposition of MTS when compared to those under low pressures and small MTS 

concentrations. Thus the etching on the Si substrates were observed for these 

conditions. 

Furthermore, the disappearance of the incorporated hydrogen atoms are also 

believed to be caused by the high desorption rate of the absorbed species, which can 

cause a reduction in the concentration of the absorbed hydrogen atoms (Haq) by 

suppression the following reaction [19]: 

Hag) ==> 2H; aa) (3.1) 

where H, aq) is the absorbed hydrogen atom on the surface of the Si(100) substrate. 

Thus the absorbed hydrogen atoms (Haq) can be transported into the gaseous flow 

before they can be absorbed onto the surface of the Si substrates. 

3.4.2 Chemical vapor deposition of SiC thin films on Si(100) above 1050°C 

Figure 3.10 shows the SEM micrographs of the SiC thin films deposited at 

1100°C and 1.8 Torr under various H2/MTS ratios. When compared to the SiC 

thin films deposited at 1050°C and 1.8 Torr, it is obvious that the temperature is 

also an important factor in causing etching on Si(100) substrates. Considering the 

nature of the hot wall reactor, the concentrations of the gaseous by—products, which 

contain Cl—containing radicals (Si etchants), on the surface of the Si(100) substrate 
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Figure 3.10: SEM micrographs of the G-SiC thin films on Si(100) substrates grown 

at 1100°C and 1.8 Torr for (a) H2/MTS = 100 and (b) H2/MTS = 10. 
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are expected to increase with increasing temperature. Thus, the Si(100) substrates 

are likely to be etched due to the higher concentrations of Cl radicals. It is also 

believed that these defects are formed by the out-diffusion of the Si atoms from the 

Si(100) substrates when the substrate temperatures are increased to those values 

that are higher than that required for the formation of the SiC buffer layer (i.e. 

1050°C). The same defect formation process was also reported by Yoshinobu et al. 

for the Gas Source Molecular Beam Epitaxial of SiC thin films on Si substrates [27]. 

Therefore, the deposition temperatures not higher than the temperature for the 

buffer formation procedure are also desirable to obtain defect free Si(100) substrates 

when MTS is used as the source of SiC. 

In contrast to the SiC thin films deposited at 1050°C, (200), (220), and (311) 

planes of 6—SiC were observed at higher deposition temperatures. Furthermore, the 

(220) peak of @-SiC was more prominent than (111) peak at higher deposition 

temperatures, pressures, and MTS concentrations, as shown in Fig. 3.11. This 

tendency in the change of preferred orientation agrees with other reports for the 

deposition of SiC films by using MTS/H, [28,29]. The appearance of the (220) peak 

of G-SiC resulted from the changes on substrate surface during the early growth 

stage of SiC thin films and it affected the random orientation during the period [28]. 

These changes could be surface roughness and structural properties of the Si 

substrates. Additionally, with the increase in the growth rate, the influence of the 

substrate surface will be tenuous in the early stage of the SiC growth process. 

3.4.3 Deposition mechanism and kinetics of SiC thin films deposited on Si(100) 

The effect of temperature on the deposition rate of SiC films at H2/MTS = 

100 for various pressures is shown in Fig. 3.12. In general, the deposition rates 
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Figure 3.12: The effect of temperature on the SiC deposition rate from MTS in a hot 
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increased with increasing temperature and pressure (the exception being the sample 

deposited at the highest temperature and pressure). As can be seen from Fig. 3.12, 

the deposition rate obtained at 8 Torr was even smaller than those obtained at 1.8 

Torr and 5 Torr at 1150°C. When the H2/MTS ratio was reduced to 50 (i.e. higher 

MTS concentration), the same phenomenon was observed at 5 Torr and the 

deposition rates for 5 and 8 Torr were almost the same as that for 1.8 Torr at 

1150°C (Fig. 3.13). The decrease in deposition rates at high temperature and 

pressure, as Shown in Figs. 3.12 and 3.13, is due to the hot wall nature of the 

reactor. It is possible that MTS is depleted by reacting on the walls of the reactor 

while transporting to Si substrates (zone 1 in Fig. 3.2). Thus, when the residence 

time of the MTS is increased by increasing the pressure and concentration, more gas 

species are depleted on the walls of the reactor before they can reach the substrate. 

The deposition temperature has a similar effect on the deposition rate of SiC thin 

films because the depletion effect will be more prominent with increasing 

temperature. The depletion effect decreases the local concentrations of MTS and of 

intermediate species at the Si substrate which is located at the center of the reactor. 

Therefore, the depletion effect could significantly change the deposition rates on the 

Si substrate depending on the experimental conditions. The depletion phenomena 

can also be used to explain the changes in the effective order of the reaction, as 

shown in Fig. 3.14. At 1150°C, the increase in concentration of the intermediates 

due to the increase in pressure is offset by the depletion effect. As a result, effective 

order of the reaction is deteriorated to zero. 
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The apparent activation energies were calculated by using the following 

Arrenhius equation: 

G = Go exp ($F) (3.2) 

where Gy, is a pre-exponential factor, AE the apparent activation energy, k the 

Boltzmann constant and T the deposition temperature. As shown in Figs. 3.12 and 

3.13, it is clear that the apparent activation energies vary in a large range. Similar 

variations in activation energy have been reported previously for the deposition of 

SiC thin films from MTS in a hot wall arrangement [30]. For H2/MTS = 100, the 

apparent activation energies were 76 kcal/mole for both 1.8 Torr and 5 Torr. When 

the deposition pressure was raised to 8 Torr, the apparent activation energy 

decreased to 63 kcal/mole (Fig. 3.12). This decrease in apparent activation energy 

is also believed to be caused by the depletion effect mentioned above. Thus the 

concentrations of MTS, IPs;, and IP, are smaller at higher deposition pressures. 

Similar tendencies were also observed for H2/MTS = 50. However, in this case, the 

depletion effect occurred at a lower pressure of 5 Torr when compared to the 8 Torr 

for H2/MTS = 100. In general, as shown in Figs. 3.12 and 3.13, the apparent 

activation energy decreased with increasing deposition pressure and MTS 

concentration. 

In order to analyze the deposition rates in a hot wall CVD process a finite 

element model (FEM) was developed. A deposition mechanism which includes gas 

phase reaction and surface reaction were considered to correlate with the FEM 

model. The steps involved in the deposition mechanism of SiC from MTS/H2 

precursor are as follows: 

(I). Gas phase decomposition of the MTS molecules 

This reaction produces two kinds of intermediate species, one bearing silicon 
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(IPs;) and the other bearing carbon (IP,), and gaseous by—products (BP). 

CH,SiCls; ¢ pls IP si e) + Peg) + BPicgy (3.3) 

where k; and k-; represent the rate constants of the forward and backward reaction, 

respectively. 

(II). Absorption of the intermediate species 

IPsicp) + * Habs IP, * (3.4) 

IP op) + * a2 IP,* (3.5) 

where Kg; and Kae are the equilibrium constants of the absorption processes 

associated with the species IP,; and IP., the symbol * represents the vacant surface 

sites, and IPs;* and IP,* represent the absorbed species on the surface of Si 

substrate. 

(III). Reaction of the absorbed intermediates 

This reaction results in Sics), Cs), and SiC, s), and other by—products. 

IP,;* + Pt Kt SiC.) + BP2cg) (3.6) 

IPs;* —ksi, Si(s) + BP 3(¢) (3.7) 

IP * —Ko—5 C.5) + BPs cg) (3.8) 

Since the SiC films of this study are stoichiometric, the surface reactions (3.7) and 

(3.8) were neglected. 

According to Langmuir isothermal expression [31], based on the above 

proposed model, the deposition rate of the SiC films can be expressed as: 

Deposition Rate of SiC (mol/cm?—sec) = k,[IPs;*][IP*] 

= ktKaiKaa{IPs;] (IP c]/(1+KaifIPsi]+Ka2[IPc])? (3.9) 
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The equation of continuity for gas species i of the SiC CVD process can 

expressed as [32]: 

V-Nj = LpijRj (3.10) 

where the values of index i ranged from 1 to 5, that is, values of the pressure of 

MTS, Ho, IPsi, IP-, and BP;; N; is the molar flux of species i, including both 

convective and diffusive flux. The right hand side of Eq. 3.10 represents the 

summation of chemical reactions, including both gas phase and surface reaction, 

associated with the gas species i. 

Based on the above model and the calculations shown elsewhere [33], the 

comparison between the modeling predictions and the experimental results for 

H,/MTS=50 are shown in Fig. 3.15. The agreement between the modeling 

calculations and experimental results is good except for the case of 1150°C and 8 

Torr, at which the modeling calculation predicted a higher deposition rate. The 

estimated values of the kinetic constants for Eq. 3.3 to 3.6 are: 

k; (cm3/mol—sec) = 0.2E+26 EXP[(—448.2 kJ/mol) /RT] (3.11) 

k-; (cm®/mol?—sec) = 1.1E+32 EXP[(—416.2 kJ/mol)/RT] (3.12) 

Kai (cm?/mol) = 0.5E+11 EXP[(-21.6 kJ/mol)/RT] (3.13) 

Kaz (cm3/mol) = 7.1E+09 EXP[(-33.1 kJ/mol)/RT] (3.14) 

k, (mol/cm?—sec) = 4.6E+05 EXP[(—265.1 kJ/mol)/RT] (3.15) 

The obtained kinetic constants were further used to estimate the deposition rates of 

SiC with the H2/MTS ratios at 10 and 100, and the pressure of 1.8 Torr. The 

correlation between the modeling results and experimental data is good, as shown in 

Fig. 3.16. 
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Figure 3.15: Comparison of the modeling predictions and the experimental results 

for H2/MTS = 50. 
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3.5 SUMMARY: 

Stoichiometric, and polycrystalline G—SiC thin films with smooth surfaces 

have been successfully grown on Si(100) substrates with SiC buffer layers at 1050°C 

by using a mixture of MTS and Hp» in a hot wall LPCVD reactor. The deposited 

SiC thin films were stoichiometric and showed a preferred orientation of @G—SiC 

(111). Defect free Si substrates and smooth topography was obtained at lower MTS 

concentrations and/or low deposition pressures. No existence of free silicon, carbon, 

and hydrogen atoms were observed. This has been attributed to the lower 

deposition pressures which suppresses the formation of gaseous intermediate species 

and Cl radicals. The etching on the surfaces of Si(100) substrates observed at 

higher MTS concentrations and deposition pressures is likely to occur due to the 

presence of Cl radicals from the decomposition of MTS occurring in zone 1, as 

shown in Fig. 3.2. Etching on the Si(100) substrates was also observed when the 

deposition temperatures were higher than that for buffer layer procedure (i.e. 

1050°C). This could be the result of out-diffusion of Si atoms and the presence of 

Cl radicals. 

Kinetic data of the proposed deposition model were derived by analyzing the 

deposition rates of the hot wall CVD process using the FEM method. This model 

agreed very well with the experimental data. Forward and backward rate constants 

of the gas phase reaction and rate constant of the surface constants were obtained. 
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Chapter 4: DEPOSITION OF EPITAXIAL ¢-SiC FILMS 
ON MODIFIED Si(100) 

FROM MTS IN A HOT WALL LPCVD REACTOR 

4.1 ABSTRACT: 

Epitaxial G-SiC thin films were grown on modified Si(100) substrates from 

methyltrichlorosilane (CH3;SiCl; or MTS) in a hot wall reactor by using low 

pressure chemical vapor deposition (LPCVD). At 1150°C, the growth rate of the 

B-SiC films was 120 A/min. Epitaxial 6-SiC(100) thin films were deposited after 

the deposition time of 12.5 min. However, the crystallinity of the deposited films 

was influenced by the deposition time. For example, the occurrence of rotational 

6—SiC(100) crystals and polycrystalline G—-SiC with a highly preferred orientation of 

(100) planes were obtained for the deposition time of 50 min. XRD and TEM 

showed the appearance of polycrystalline G—SiC films with a preferred orientation of 

6-SiC(111) after further increasing the deposition times (time > 75 min). At 

1100°C, polycrystalline @-SiC films with poor surface morphology were observed 

even though the film had a preferred orientation of G-SiC(100) for short deposition 

time (e.g. 12.5 min). Polycrystalline G-SiC(111) film was obtained for the 

deposition time of 200 min at this temperature. 

4.22 INTRODUCTION: 

B-SiC is a promising semiconductor for high temperature, high frequency, 

and high power electronic devices because of its large band gap, high saturated 

82



electron velocity, and high breakdown electric field. In addition, its intrinsic 

resistance to oxidation, corrosion, and creep at high temperatures also makes it a 

desirable protective coating for the devices operating at elevated temperatures. 

The growth of G—-SiC on Si substrates by chemical vapor deposition (CVD) is 

an attractive process in fabricating G—SiC films. Recently there has been significant 

progress in depositing single crystal G—SiC films on Si substrates. However, all of 

these efforts have been conducted by using a cold wall reactor, and at higher 

temperatures (T>1300°C). Below 1300°C, stoichiometric #-SiC films were grown 

on smooth Si substrates in a hot wall LPCVD reactor by using MTS precursor; 

however, the deposited @—SiC films were polycrystalline with a preferred orientation 

of (111) of G-SiC [1]. Furthermore, a large number of defects were produced by 

depositing G—SiC on smooth Si(100) substrates because of a large lattice constant 

mismatch (20%) between G—-SiC deposit and the underlying Si substrate. Therefore, 

by using modified Si substrates, it is expected that (i) the number of defects will be 

reduced due to the release of strain between the G-SiC deposit and Si substrates, 

and (ii) the formation of the preferred orientation of @-SiC(111) will be depressed 

and the 6-SiC(100) will be promoted since the sites to nucleate G-SiC(111) might 

be eliminated [2]. Until now, no attempt has been made to deposit single crystal 

B-SiC on Si(100) in a hot wall LPCVD reactor. Advantages in using hot wall 

LPCVD reactors are (i) the ability to deposit single crystal G—-SiC thin films 

simultaneously upon many Si wafers and (ii) elimination of contamination from the 

susceptor by using very low deposition pressure [3]. 

The purpose of this study is to present a novel procedure to grow single 

crystal G—SiC films with the orientation of (100) on modified Si(100) substrates by 

using a hot wall LPCVD reactor and MTS/H» mixture. The effect of deposition 
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time on the orientation of the films was also reported. 

4.3 EXPERIMENTAL PROCEDURE: 

The hot wall LPCVD reactor was a quartz tube with inner and outer 

diameters of 5.08 cm and 5.43 cm, respectively, as shown in Fig. 3.1. The uniform 

temperature (+ 5°C) zone of 6 cm was located around the center of the reactor. To 

obtain a constant and sufficient equilibrium vaporizing pressure of MTS, the 

bubbler was maintained at a constant temperature of 33°C. Furthermore, the 

needle valves and the tubing between bubbler and reactor were held at 70°C to 

prevent the condensation of MTS inside the valves and the tubing. 

Single crystal Si(100) substrates were used in this study. The reaction 

chamber was evacuated and purged with H». Then the Si substrates were heated in 

flowing H» in order to remove any residue of the native oxide on the surface. Before 

the deposition of SiC films from the mixture of MTS and Ho, a modified surface 

with a porous nature and a thin layer of converted SiC on the Si substrate was 

obtained by reacting the Si(100) substrate with purified acetylene (99.6%) without 

flowing Ho, as shown in Fig. 4.1. The total pressure for this process was 0.1 Torr. 

This process was performed at 1000°C for 5 min. Details of the process for 

obtaining modified Si substrates has been described elsewhere [4,5]. 

After the modified Si substrate was obtained at 1000°C, the temperature of 

the furnace was increased to 1100°C or 1150°C to carry out the CVD process at a 

total pressure of 1.8 Torr. During the CVD process, the flow rate of Hz was kept at 

300 sccm, and the H2 to MTS ratio was calibrated to be 100. The samples were 

furnace cooled to room temperatures in flowing H» after the depositions were 
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Figure 4.1: Topography of a modified Si(100) substrate from the reaction between 

smooth $i(100) surface with C2H2 at 1000°C. 
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completed. The overall experimental procedure is shown in Fig. 4.2. The 

phase—analysis of the deposited G-SiC films was examined by XRD with a CuKa 

radiation and transmission electron microscopy (TEM). Scanning electron 

microscopy (SEM) was used to observe the thickness and morphology of the 

deposited G-SiC films. 

4.4 RESULTS AND DISCUSSION: 

4.4.1 Epitaxial Growth of 6-SiC at 1150°C on modified Si(100). 

The #-SiC films obtained at this temperature (1150°C) were shiny and 

mirror—like. A typical cross section SEM micrograph showing the surface 

morphology and thickness of the film is presented in Fig. 4.3. The film was 

deposited for 12.5 min. In general, the growth rate of the SiC thin films is 

120A/min at this temperature. It is interesting to note that no SiC deposit was 

observed on the facets inside the pore (Fig. 4.3) although the surface reaction is 

expected to be the controlling reaction under these deposition conditions [1]. We do 

not have an explanation for this at this point. 

Figure 4.4 shows the XRD pattern of sample deposited for 12.5 min ,whose 

cross section SEM is given in Fig. 4.3. The peaks for single crystal Si(100) 

substrates underneath the G-SiC film are at 69° and 62° for Si Ka(400) and Si 

Kf(400), respectively. As shown in Fig. 4.4, the (200) and (400) planes were the 

only diffraction planes from the deposited (-SiC thin films from the XRD pattern. 

This indicated that these films have a highly preferred orientation of G—SiC(100). 

In order to further examine the preferred orientation of the films by using TEM, the 

electron beam was normal to the surfaces of the samples under TEM. For this short 
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Figure 4.2: The overall schematic experimental procedure for forming the modified 

Si(100) substrate and growing {SiC films from the MTS/Hz gas system. 
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Figure 4.3: A typical cross section scanning electron micrograph of the G—SiC thin 

films deposited at 1150°C. The film was deposited for 12.5 min. This image was 

taken at an angle of 60° with the vertical axis of the surface. 
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Figure 4.4: The XRD pattern of the G-SiC thin film deposited at 1150°C for 12.5 

min. 
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deposition time (12.5 min), since the thicknesses of the G—SiC films were thin 

enough to be penetrated by the electron beam in the TEM, the specimens were 

prepared by back-etching the Si substrates with a solution of HF+HNO3+ 

CH;COOH (3:5:3). The Si etch rate of this solution is 34.8 wm/min [6]. The 

resultant bright field plane—view TEM micrograph with the associated selected area 

diffraction (SAD) pattern is depicted in Fig. 4.5. As shown in Fig. 4.5, the SAD 

pattern ,which shows a transmission electron diffraction pattern with a zone axis of 

<001> for SiC, also confirmed the preferred orientation from the XRD pattern 

(Fig. 4.4). The dot pattern and the ring pattern obtained from these samples (the 

SAD pattern in Fig. 4.5) indicated that @-SiC single crystal coexisted with 

polycrystalline G-SiC during the epitaxial growth of the thin film. 

To determine the distribution of single crystal and polycrystalline G—SiC of 

the film, dark field TEM micrographs were taken. Figures 4.6(a) and 4.6(b) show 

the dark field images from the single crystal dot pattern and the polycrystalline ring 

pattern, respectively. As can be seen from Fig. 4.6, the film shows a strong nature 

of single crystal G-SiC. The polycrystalline G-SiC only consists a small portion of 

the film. Thus the film is believed to be a mixture of single crystal SiC with the 

polycrystalline G-SiC embedded inside. 

It is also interesting to to note that a rectangular feature structure was 

observed (Fig. 4.6). This structure was probably caused by the nucleation process 

at the beginning of the CVD process. During this period, the G—-SiC film was 

predominantly nucleated at the edges of the porous defects, which were 

perpendicular to each other and lying parallel to the silicon <110> direction [7]. 

Thus, the formation of a rectangular feature was favored. In addition to the small 

portion of polycrystalline G-SiC, planar defects such as stacking faults were also 

90



  
Figure 4.5: (a) Bright field TEM micrograph of the G-SiC thin film and (b) the 

corresponding electron diffraction pattern of the G-SiC with a <001> zone axis. 

The sample was ontained at 1150°C for 12.5 min. 
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(a) single crystal G-SiC and (b) Figure 4.6: Dark field TEM micrographs from 

polycrystalline G—SiC. 
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observed in matrix of single crystal G-SiC thin films from Fig. 4.5 and a dark field 

TEM image with a higher magnification, as indicated in Fig. 4.7. 

Figure 4.8 shows the SAD pattern from the top layers and the XRD pattern 

of the G-SiC thin films with the deposition time of 50 min. In order to observe the 

crystal structure at the top surfaces of these samples, the samples were prepared by 

ion milling from the Si side at an angle of 15° to the surface. Again the electron 

beam was normal to the surfaces to examine the preferred orientation obtained in 

these samples. It is clear from both the SAD pattern and the XRD pattern given in 

Fig. 4.8 that the G-SiC films show partial epitaxy with G-SiC(100) 7 Si(100) at the 

top surfaces of the samples. When compared to the sample shown in Fig. 4.5, the 

polycrystalline ring pattern is more prominent in the SAD pattern (Fig. 4.8). 

However, more than one dot patterns for single crystal G-SiC from electron 

diffraction with the <001> zone axis was observed. This indicated that 

nonepitaxial deposition was occurring in the matrix of these samples. The matrix 

on the top layers of the deposited G-SiC film consists of the crystals which are 

rotated perpendicularly to the <001> zone axis of @-SiC. The reason for this is 

likely due to the increasing surface roughness with deposition time, as shown later. 

The same sample preparation procedure was employed to make the TEM 

samples for the films deposited for 100 min. The SAD pattern and the XRD pattern 

of these samples are shown in Fig. 4.9. In contrast to the films deposited for 12.5 

min (Figs. 4.4 and 4.5) and 50 min (Fig. 4.8), only the polycrystalline ring pattern 

of G—-SiC was observed. Furthermore, the (111) plane from 6—SiC also appeared in 

the XRD pattern (Fig. 4.8(a)). This indicates that the preferred orientation was 

(111) for the polycrystalline G-SiC on the top surfaces of these samples. 

From the XRD and TEM results shown above, it is obvious that the 
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Figure 4.7: Dark field TEM micrograph showing the stacking fault in the G-SiC thin 

film. 
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Figure 4.8: (a) The SAD pattern from the top surface of the G—SiC film and (b) the 

XRD pattern of the @—SiC films deposited at 1150°C for 50 min. 
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Figure 4.9: (a) The SAD pattern from the top surface of the G-SiC film and (b) the 

XRD pattern of the G-SiC films deposited at 1150°C for 100 min. 
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crystallinity of the deposited G-SiC from the mixture of MTS and Ho was influenced 

by the deposition time. For short deposition time (i.e. 12.5 min), the matrix of the 

films was single crystalline in nature (G-SiC) with a preferred orientation of (100) 

planes. As the deposition time increased (50 min), the rotational crystals of G—SiC 

with the preferred orientation of (100) grew on the top surface of single crystal 

G-SiC(100) matrix. However, the preferred orientation of (—-SiC(100) was 

preserved (Fig. 4.8). Further increasing the deposition time (100 min), 

polycrystalline G-SiC with the preferred orientation of (111) was obtained on the 

top surfaces of the previously deposited polycrystalline G—SiC(100) grains, as shown 

in Fig. 4.9. In fact, it was found that the polycrystalline G-SiC with a preferred 

orientation of (111) was started to be deposited at the deposition time of 75 min at 

this temperature. Jacobson reported a similar phenomenon by using (CH3)2SiCl2 as 

the precursor to deposit #-SiC films on Si(100) substrates [8]. However, in contrast 

to our results, the preferred orientations are two of the {110} planes from #-SiC 

after the polycrystalline G-SiC(100) grains were observed. Therefore, the precursors 

used may play a role in obtaining the preferred orientation on the top surfaces of the 

films because of the differences in kinetic processes in the CVD procedure, such as 

surface adsorption, surface diffusion and various surface chemical reactions. 

In addition to the effects from the precursors, according to Sheldon et al. [2] 

and Cheng et al [9], it is believed that the surface roughness, which became 

prominent with increasing deposition time, can create a large number of nucleation 

sites by using the MTS/Hp» gas system to deposit G—-SiC films. As shown in Fig. 

4.10, it is clear that the topography of the SiC films deposited at this temperature 

was observed to be rougher with increasing deposition time, a typical phenomenon 

for CVD processes. Therefore after a certain deposition time, the growth of the 
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Figure 4.10: The topography of the @-SiC thin films deposited at 1150°C for (a) 

12.5 min, (b) 50 min, and (c) 100 min. 
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preferred orientation of #-SiC(111) was favored and thus controlled the nucleation 

and the microstructure of the deposited materials. Additionally, with increase in 

film thickness, the influence from the modified Si(100) substrates, which was 

believed to cause the formation of @-SiC(100) at the early stage of deposition, will 

be tenuous in the growing front of the deposited @-SiC films. Thus, the (111) 

preferred orientation, which is the most commonly observed preferred orientation 

from MTS/H» gas system, occurred after a certain deposited thickness [1,2,9,10]. 

4.4.2 Epitaxial growth of 6-SiC at 1100°C on modified Si(100). 

The XRD patterns for the films obtained at this temperature for various 

deposition times are shown in Fig. 4.11. In contrast to the #-SiC thin films 

deposited at 1150°C, the @-SiC(111) planes were not observed until the deposition 

time was increased to 200 min. And the highly preferred orientation of (100) from 

f-SiC was preserved up to the deposition times as long as 150 min. Figure 4.12 

shows the bright field TEM micrograph and the corresponding SAD pattern for the 

samples deposited for 12.5 min at this temperature, whose XRD pattern is given in 

Fig. 4.11(a). The sample preparation procedure was the same as that for the sample 

shown in Fig. 4.5. It is to be noted that, from the transmission electron diffraction 

pattern shown in Fig. 4.12, the film also showed a strong preferred orientation from 

the {100} planes and the polycrystalline ring pattern for 6-SiC. However, the dot 

pattern for single crystal with the <001> zone axis was much diffused when 

compared to that obtained at 1150°C (Fig. 4.5). This indicates that the nature of 

polycrystalline nature was more dominant than that for single crystal G-SiC. In 

comparison with the films deposited at 1150°C, it is evident that the growth 

temperature was a very important factor in the attainment of G-SiC matrix with 
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Figure 4.11: The XRD patterns of the (SiC films deposited at 1100°C for (a) 12.5 

min, (b) 25 min, (c) 50 min, (d) 75 min, (e) 100 min, (f) 150 min, and (g) 200 min. 
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Figure 4.12: Bright field TEM micrograph of the G-SiC film and the corresponding 

electron diffraction pattern of the polycrystalline G-SiC. The sample was obtained 

at 1100°C for 12.5 min. 
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the nature of single crystallinity. This matrix can only be deposited on modified 

Si(100) substrates at temperatures as low as 1150°C. At lower temperatures (e.g. 

1100°C), polycrystalline @-SiC was more evident even for the deposition times as 

short as 12.5 min. However, the films still showed a highly preferred orientation of 

G-SiC(100). The difference in the crystal structures of the deposited (—SiC films 

obtained at 1100°C from those obtained at 1150°C was believed to be due to the 

relatively lower surface mobilities and the slower chemical reactions. At the lower 

temperatures (7.e. 1100°C), chemisorption and other chemical reactions are slower, 

thus these processes may only be possible at relatively high—energy sites such as the 

{100} surface sites in this study. Furthermore, slower surface diffusion could limit 

the migration of the adsorbed species along the surface and resulted in deposition 

occurring inside the pores of the modified Si substrate and a poor surface 

morphology, as shown in Fig. 4.13, when comparing to the films deposited at a 

higher temperature (Fig. 4.3). Therefore isolated features of 4-SiC were formed and 

facilitated the formation of polycrystalline G-SiC with the preferred orientation 

from the {100} planes. 

4.4.3 Comparison to the #—SiC films deposited on smooth Si substrates. 

When comparing the results of this study to the G-SiC thin films deposited 

on smooth and carburized Si(100) substrates by using MTS as the precursor, it is 

interesting to note that, at the early stage of the CVD process, (100) direction is the 

only preferred orientation from the #-SiC thin films deposited on the modified 

Si(100) substrates instead of the preferred orientation from the (111) planes of 

G-SiC observed on smooth and carburized Si(100) substrates [1,2]. According to 

Sheldon et al. [2], the @-SiC(111) surfaces occurred because of the appearance of 
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Figure 4.13: A typical cross section scanning electron micrograph of the @—-SiC thin 

film deposited on a porous Si(100) substrate at 1100°C. The film was deposited for 

12.5 min. This image was taken at an angle of 60° with the vertical axis of the 

surface. 
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some orientated microtwins. These microtwins occurred in a {111} plane on the 

surface of smooth Si(100) substrate at the early stage of the CVD process, whose 

surface was converted into a SiC buffer layer by reacting the Si(100) surface with a 

hydrocarbon gas before the CVD process. Thus the subsequent new {111} surfaces 

of the deposited G-SiC thin films were nucleated at the intersection of the SiC 

buffer layer with a twin occurring on a {111} plane on the surfaces. Also the surface 

roughness on the carburized Si surface, which is caused by the high density of 

defects due to the lattice mismatch between the Si(100) substrate and the G—SiC 

buffer layer [11,12,13], was believed to play a role in obtaining the the @-SiC(111) 

deposit at the early stage of the CVD procedure [2]. For the @-SiC films deposited 

on the mofidied Si(100) substrates, it was believed that the growth of G-SiC film 

from MTS at the early stage of nucleation and the subsequent microstructure of the 

deposited materials were not controlled by the surface roughness of the modified 

Si(100) substrates. This is because, in the present study, the surfaces of the Si(100) 

substrates after reacting with CoH» were expected to be much rougher than those 

showing a smooth SiC buffer layer [1]. Similar types of defects were also believed to 

be presented on the top surfaces of our samples since the surfaces were also 

converted to SiC by using a hydrocarbon gas (C2H2). Thus the absence of the 

preferred orientation of (111) from the #-SiC films deposited on the modified 

Si(100) substrates could be due to the elimination of the microtwins which occurr in 

a {111} plane on the top surfaces of the Si(100) substrates. In fact, according to 

Schigeta et al [14], the porous nature of Si substrate can significantly reduce the 

defect density (z.e. stacking fault) between the SiC deposit and the Si interface. 

And thus the formation of single crystal G-SiC(100) is favored. Furthermore, the 

porous nature on the top surfaces of Si(100) substrates could provide the 
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surface—energy anisotropy in the early stage of CVD process [15]. That is, films 

with the orientation that minimize the interfacial free energy should grow 

preferentially (e.g. 6-SiC(100) in this study). The amount of strain due to lattice 

constant mismatches in the early stage of CVD process were also believed to be 

released by the porous nature of the Si(100) substrates. Therefore the formation of 

G-SiC(100) films with a single crystal matrix and a preferred orientation of (100) 

from $-SiC at 1150°C and 1100°C, respectively, were favored. The same 

phenomenon was also described for the CVD §-SiC films on Si(100) substrates by 

using cold wall reactors [16,17]. 

4.5 SUMMARY: 

Epitaxial 6-SiC(100) thin films with a single crystal matrix having smooth 

surfaces were grown at 1150°C in a hot wall LPCVD reactor by using MTS as the 

precursor for a short deposition time (12.5 min). As far as we know, this is the 

lowest temperature used to grow single crystal 6—SiC in a hot wall reactor and by 

using MTS. 

As the deposition time increased, the rotational @-SiC(100) crystals and 

polycrystalline @-SiC were observed on the top surface of the previously deposited 

matrix of single crystal #-SiC(100). The (100) orientation from polycrystalline 

B-SiC can only be grown with the deposition times shorter than 75 min in this 

study. Further increased the deposition time (time > 75 min), the appearance of 

the polycrystalline #-SiC(111) layers on the top surface of the polycrystalline 

G-SiC(100) film was observed. — 

At a lower deposition temperature (i.e. 1100°C), poor surface morphology 
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and no single crystal @-SiC deposit can be obtained for the deposition time as short 

as 12.5 min. However, the highly preferred orientation from {100} planes of @-SiC 

was preserved up to the deposition time of 150 min. The (111) orientation of the 

(@-SiC thin films was observed at the deposition of 200 min in this study. 
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Chapter 5: LOCAL EQUILIBRIUM PHASE DIAGRAMS: 

SiC DEPOAITION IN A HOT WALL LPCVD REACTOR 

5.1 ABSTRACT: 

Traditional CVD phase diagrams, which neglect the depletion effects in a hot 

wall reactor and assume the gaseous species concentrations at the substrate are the 

same as input concentrations, are at best valid for cold wall reactor. Due to the 

constant change of gaseous species concentration along the length of the reactor, 

traditional CVD phase diagrams do not accurately predict the phases in the deposit 

on the substrate in a hot wall CVD system. In this paper, a new approach to 

calculate the local equilibrium CVD phase diagrams at the substrate is presented by 

coupling the depletion effects in a hot wall reactor to the equilibrium 

thermodynamic computer codes SOLGASMIX—PV. The deposition of SiC using the 

gas system of methyltrichlorosilane (MTS) — hydrogen (H»2) under low pressures was 

chosen for this study. Differences between the new CVD phase diagrams and the 

traditional CVD phase diagrams, for this gas system, were discussed. The 

calculated CVD phase diagrams were also compared with the experimental results 

both from our own experiment and from the literature. The local equilibrium phase 

diagrams predicted the deposition of a single phase of SiC much better than those 

without the consideration of the depletion effects. The experimental regions for 

depositing the single phase SiC are larger than the calculated local phase diagrams. 

This is attributed to the higher linear velocity of the gas flux under low pressure 

and the polarity of the Si carrying intermediate species. 
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5.2 INTRODUCTION: 

Chemical vapor deposition (CVD) working under reduced pressure conditions 

and a hot wall reactor is currently used in semiconductor industry to manufacture 

microelectronic devices because of its high wafer throughput rate, improved layer 

thickness homogeneity, and the elimination of contamination from the susceptor by 

using a very low deposition pressure [1]. Although lots of models have been 

developed to study the CVD phase diagrams, all of the calculated phase diagrams 

are based on the cold wall assumptions in which the precursor concentrations at the 

substrate are assumed to be the same as those at the inlet of the reactor (2-4]. For 

a hot wall reactor, the temperature profile is contineously increasing from the inlet 

of the reactor to the position where the substrates located. Thus it is expected that 

the precursors will undergo some chemical reactions (7.e. depletion effects) along the 

reactor, which exhaust the precursor concentrations and generate some intermediate 

gaseous species. Moreover, the other kinetic factors such as thermal diffusion and 

thermal convection of the gas flux were also believed to play a role in the depletion 

effects. Therefore, with the constant changes in the reactive gaseous species along 

the length of hot wall CVD reactor because of the depletion effects, it is apparent 

that the local gaseous species concentrations at the substrate are significantly 

different from the input concentrations. This phenomenon will be more obvious 

under a higher deposition temperature {5]. Thus the current reported phase 

diagrams are apparently not suitable to study in hot wall reaction conditions [2-4]. 

Although various models have been proposed to study the hot wall CVD processes 

[6—9], none of them involve the study of the local CVD phase diagrams at the 

substrate under various processing conditions, which are of fundamental importance 
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in understanding and optimizing the processes. 

For the present study, a new approach was presented to calculated the local 

CVD phase diagrams in a hot wall reactor, which combined the depletion effects 

with the equilibrium thermodynamic calculation. The stchematic diagram for this 

approach is depicted in Fig. 5.1; the depletion effects were considered before 

performating the equilibrium thermodynamic calculation to obtain the local CVD 

phase diagrams. Detailed analytical method is described in next section. 

The deposition of silicon carbide (SiC) from the MTS—H» mixture in a hot 

wall reactor under low pressures was chosen to study the local equilibrium CVD 

phase diagrams. Silicon carbide prepared by chemical vapor deposition (CVD) has 

become a technologically important material in structural and _ electronic 

applications because of its outstanding properties [10—12]. Among various types of 

the CVD process, as stated above, the one operating at low pressure and at a hot 

wall reactor (hot wall CVD) is widely used in semiconductor industry to 

manufacture the microelectronic devices. In addition, composite structures utilizing 

this process to deposit the SiC matrix are being developed as a solution to high 

temperature materials needs [13]. 

In this paper, a model for studying the phase diagrams of hot wall CVD 

materials is proposed. Comparisons between the CVD phase diagrams for 

depositing SiC developed based on both the hot wall and cold wall assumptions are 

emphasized. Experimental results were also used to verify the calculated results. 

5.3 METHOD OF CALCULATION: 

In the hot wall CVD process, the reactive species are consumed or generated 
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Figure 5.1: The schematic of the method of calculation. 
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along the CVD reactor. In order to include this hot wall factor into the calculations 

of the CVD phase diagrams for SiC deposition, a kinetic model for this deposition 

process [14,15], which considers both the transport phenomena and deposition 

mechanism of the MTS—H, CVD system, was used to calculate the spatial 

dependence of the gaseous species concentrations. 

As shown in Fig. 5.1, in the kinetic model, the steps involved in the 

deposition of SiC from MTS/H» precursors are assumed to be: (i) gas phase 

decomposition of the MTS molecules into two major intermediates, one containing 

silicon (IPs;) and the other containing carbon (IP,), as well as gaseous byproducts 

(BP), (ii) adsorption of the intermediate species onto the surface sites of the 

growing film, and (iii) reaction of the adsorbed intermediates to form silicon 

carbide. Detailed description of the calculations was shown elsewhere [14]. 

For the present study, the kinetic analysis of silicon carbide deposition, in a 

hot wall CVD reactor, is first introduced to identify the partial pressures of the 

intermediate species (IPsi and IP,) and gaseous byproducts (BP) over the position 

where the substrate is located. Then, equilibrium thermodynamic calculations were 

performed at this position to calculated the CVD phase diagram for this hot wall 

reactor. 

The thermodynamic analysis in the present study was conducted with a 

modified form of the computer program SOLGASMIX-—PV to calculate the 

equilibrium composition of the system [16]. The procedures are based on 

free—energy minimization under given conditions of temperature, total pressure and, 

the input gas concentrations. Detailed descriptions of the calculation were reported 

by Eriksson [17] and White [18]. 

As mentioned above, for a hot wall CVD reactor, the MTS precursor will 
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decompose into some gaseous intermediate species while transporting from the 

entrance of the furnace to the substrates [19-21]. It was reported that the 

concentrations or the partial pressures of the gaseous species in a hot wall reactor 

can be predicted from the equilibrium calculations assuming no condensed phases 

present [1,20]. In these concentrations, the reactants are the same as those at the 

entrance of the furnace (t.e. no intermediate species and gaseous byproducts). 

However, these equilibrium calculations without the formation of condensed phases 

from thermodynamic analysis can only predict the partial pressures or 

concentrations for silicon bearing (IPs;), carbon bearing (IP.) species, and the 

gaseous byproducts (BP) in a hot wall CVD reactor. The experimentally 

determined concentrations of MTS along the reactor were much larger than those 

calculated from the equilibrium thermodynamic calculations assuming no condensed 

phases present, especially at high temperatures (T > 1200 K) [20]. Moreover, the 

concentrations of the MTS precursor and the intermediate gaseous species were also 

dependent on the thermal profile and the geometry of the reactor. Thus the 

analysis of the CVD system by merely using the equilibrium thermodynamic 

analysis is insufficient to understand the partial pressures or concentrations for each 

gaseous species in a hot wall reactor without considering the kinetic factors. 

For the present study, the partial pressures of MTS, the intermediate species 

(IP,; and IP,), and the gaseous byproducts (BP) in the gas phase above the 

substrate were obtained from the kinetic analysis stated above. Since the CVD 

processes were believed to be controlled by the surface reactions under low pressure 

[15], it is also assumed that, above the substrate, the partial pressures of the gas 

species (MTS, IPsi, IPc, and BP) in the boundary layer are the same as those in the 

gas phase. And the reactions in the boundary layer above the substrate come to a 
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rapid equilibrium, forming molecules which represent the most stable distribution. 

Before the thermodynamic analysis with the present of condensed phases, the orders 

and the ratios for the intermediate species (IPs; and IP,), and the gaseous 

byproducts (BP) above the substrate in the gas phase were obtained by assuming no 

condensed phases formed under equilibrium conditions and with the initial H2/MTS 

ratio at the entrance of the furnace. Since the kinetic analysis can only gives the 

total pressures of IP,;’s ,IP,’s, and BP’s, the individual real partial pressure of each 

IPs; ,[P,. and BP was obtained from the kinetic analysis and from the ratios of 

equilibrium thermodynamic calculation assuming no condensed phases. Then the 

equilibrium calculations were performed with the presence of the condensed phases 

in obtaining the CVD phase diagram in a hot wall reactor. In this study , 59 gas 

species and 6 condensed phases were considered, as listed in Table 5.1. The free 

energies, entropies, and enthalpies of formation of the species are available in 

SOLGASMIX-PV [16], JANAF thermochemical table [22], and Ref. [23]. Since the 

cubic form, (—-SiC, was more stable than the hexagonal polytypes for the 

temperatures considered, only one polymorph of SiC (i.e. cubic form @-SiC) was 

considered in the calculation. In most cases the results are presented as CVD phase 

diagrams as a function of temperature and H2/MTS ratios in the input gas for a 

specific system pressure. The calculated CVD phase diagrams were compared with 

the data from our own experimental results and from the literatures for the hot wall 

type of reactor under 10 Torr and from 1000 to 1500 K. Detailed experimental 

procedure was described elsewhere [15,24,25}. 
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Table 3.1: 

Intermediate Gaseous Species Considered in MTS-H), Gas 

System in a Hot Wall Reactor 

  
——! ——_ a 
  

  

ane nae nan aeeeneeeee 

  

  

C, CCl, CCl, CCl, CChy, 
CH, CH), CH3, CH3Cl, CHy, | ; 
C,, CzCh, C)H, C)Hp, CoH, Si, SiCl, SiCL, Cl, Cl,, H, HCI, SiC, 

CyHy, C3, N-C3H5, LC3H,, | SiCls, SiCly, SIH, | SiC, SiC,H)p, Si2C, 

C3Hg, Cy, N-C,Hjo, I-C4H io, SIHCI;, SIH,Ch, SIC3H6Cl, . 

Cs, C5He, C.He, C3Hg, SIH3CI, SiH, S15, SiC,H,¢Cl)>, SiCH, 

CgH¢, N-CgHig, I-CgHjg, | 53 

O-C 19H, Ci2Hig 

34 species 12 species 11 species       
Condensed Species Considered in MTS-H) Gas System 

in a Hot Wall Reactor 

C(graphite)» C7Hg1), CgHg1); Si(s), Sia), B-SIC) 
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5.4 RESULTS AND DISCUSSION: 

The CVD phase diagrams without considering the effects of the kinetic 

factors, which are valid for cold wall configuration, are shown in Fig. 5.2 for the 

system of MTS/Hp for various pressures. As can be seen in Fig. 5.2, G-SiC would 

be deposited under a wide variety of conditions. Carbon would be codeposited with 

G-SiC under small values of H2/MTS. In fact, according to Minato et al. [4], silicon 

would be codeposited with @-SiC at very high H./MTS values (>1000) at 0.1MPa 

from about 1300 to 1800 K. It is also depicted in Fig. 5.2 that the boundaries 

between #-SiC and #-SiC + graphite move toward smaller values of H2/MTS with 

increasing deposition pressure. Thus, for a cold wall CVD reactor and MTS—Hp gas 

system, a large quantity of H» carrier gas is required to deposit G—-SiC along 

especially at lower pressures. 

The experimental results of the present study together with the calculated 

CVD phase diagrams neglecting the depletion effects from a hot wall reactor are 

shown in Fig. 5.3. As shown in Fig. 5.3, the deposit compositions of the present 

experimental results were (-SiC. However, the calculated CVD phase diagrams 

indicated that the deposit compositions at thermodynamic equilibrium were 

graphite+4—SiC under small H,/MTS ratios for the considered deposition pressures 

(1.8, 5, and 8 Torr). And the region for graphite+(—-SiC expands toward higher 

values of H2/MTS ratios above 1100 K with decreasing deposition pressure. Thus 

these equilibrium phase diagrams without considering the depletion effects in a hot 

wall reactor can only predict the experimental deposit composition with higher 

deposition pressures, higher H2/MTS ratios ,and lower temperature for the present 

study. 
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In contrast to Fig. 5.3, the CVD phase diagrams for MTS—H2 system in a hot 

wall reactor and the comparison with the experimental results are given in Fig. 5.4. 

In comparison with the results from the cold wall CVD reactors (Figs. 5.2 and 5.3), 

the boundaries between graphite+@-SiC and Z-SiC essential are not influenced by 

the depletion factor from the hot wall reactor at temperatures lower than 1100 K. 

This is because the depletion effect was not prominent under lower deposition 

temperatures. However, it is clear that the boundaries between graphite+ (—SiC 

and 6-SiC move toward smaller values of H2/MTS with increasing deposition 

temperature (T > 1100K) and pressure. The regions for Sit+(-SiC and/or Si are 

also obtained with increasing deposition pressures and at high temperatures (e.g. 

Figs. 5.4(b) and 5.4(c)). With increasing temperature, the compositions of the 

deposit phases seem to be more dependent on the deposition pressure than those for 

cold wall reactor (Figs. 5.2 and 5.3) under the range of temperature and H./MTS 

ratios considered in this study. As shown in Fig. 5.4, the regions containing the 

deposition or codeposition of Si are to be moved toward lower temperatures and low 

H2/MTS ratios with increasing deposition pressure. This is because of the depletion 

effect inherited from the hot wall reactor, which is more significant with increasing 

deposition temperature and pressure. Therefore, @-SiC was expected to be 

codeposited with Si at higher deposition pressure in a hot wall CVD reactor. The 

codeposition of Si with SiC is also evidenced by the experimental results obtained 

from the literatures using MTS—H2 gas system as the SiC precursor in a hot wall 

reactor [26—29]. 

Since the calculated boundaries between graphite+G—SiC and G-SiC move 

toward smaller values of H2/MTS as shown in Fig. 5.4, the experimental data at 

1.8, 5, and 8 Torr agree much better than those without the consideration of 
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depletion factors, especially under high H2/MTS ratios (Figs. 5.2 and 5.3). 

However, for lower deposition pressures of 1.8 and 5 Torr (Figs. 5.4(a) and 5.4(b)), 

the experimental boundaries between the regions of graphite+@-SiC and @-SiC 

appear to be located at the lower values of H2/MTS ratios and temperatures. The 

boundary between $—-SiC and Si+(-SiC also seems to be moved toward the region 

of calculated region for Sit+(—SiC at 8 Torr (Fig. 5.4(c)). The same phenomenon is 

also depicted in Fig. 5.5 which shows the calculated phase diagram and the 

experimental results at 10 Torr from Motojima et al [29]. These indicate that the 

deposition of single-phase (-SiC is not only influenced by the thermodynamic 

equilibrium factor but also by the dynamic ones. According to Fischman et al. [2], 

the expansion of single phase G—SiC toward the region of graphite+(—SiC at lower 

H2/MTS ratios can be explained by a higher rate of deposition of silicon than carbon 

because the primary intermediate species carrying Si are polar molecules, whereas 

the primary molecules bearing carbon are nonpolar. On the other hand, the shift of 

the boundaries between 4—SiC and Si+6—SiC toward the region for Sit+(—SiC was 

believed to be due to the suppression of the deposition of free Si under high linear 

velocity of gas flux at low deposition pressures and high temperature. Therefore, as 

shown in Fig. 5.6, the experimental regions for single phase of G—-SiC should be 

larger than those from the calculated CVD phase diagrams at low pressure and in 

hot wall reactor. 

5.5 SUMMARY: 

A new model considering both the depletion effects and equilibrium 

thermodynamics was proposed to calculated the CVD phase diagrams in a hot wall 
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Figure 5.6: The schematic local CVD phase diagram representing the effects of (1) 

high velocity of gas flux and (2) polarity of the Si carrying interimediate species on 

the boundaries between regions. 
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reactor. For the deposition of SiC from MTS—H» gas system, in comparison with 

the CVD phase diagrams without considering the depletion effects, the calculated 

equilibrium CVD phases diagrams in a hot wall CVD reactor showed better 

agreement between the calculated and experimental results and depicted that the 

composition of the deposit was strongly influenced by the deposition pressure. It is 

also shown that Si starts to deposit or codeposit with SiC with increasing deposition 

temperature and pressure because of the depletion effects. The discrepancies 

between the calculated and experimental results were probably attributed to a high 

linear velocity of the gas flux at low pressure and polarity of the Si carrying 

molecules. 
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Chapter 6: SUMMARY 

The deposition of @-SiC thin films on Si(100) substrates has been 

systematically investigated by using the MTS—H>» gas mixture in a horizontal, hot 

wall LPCVD reactor. The results of the present research are summarized as follows: 

1. The procedure to form SiC buffer layers with smooth or porous 

morphology on Si(100) surfaces was developed. Optimum smooth SiC buffer layers 

with a thickness of 35A was obtained from the chemical conversion of the Si(100) 

surface at a temperature of 1050°C for 60 minutes by using C2H2 and Hz. The 

reaction was highly active and resulted in the formation of porous morphology at a 

lower temperature (e.g. 1000°C) and a shorter time without the presence of H». The 

Si—rich converted SiC layers indicated that the Si atoms were supplied faster to the 

interface between C 2H, and the converted SiC layer than the C atoms. The 

presence of defects provided effective paths for the Si out-diffusion in the 

carburization process. A possible process for the formation of defects was also 

proposed. 

2. With the formation of a smooth SiC buffer layer at 1050°C, 

stoichiometric and polycrystalline #-SiC thin films with smooth surfaces were 

successfully grown on Si(100) at the same temperature (1050°) by using a MTS—H, 

mixture in a hot wall CVD reactor. The deposited #-SiC thin films were also found 

to show a preferred orientation of #-SiC(111). Defect free Si substrates and smooth 

topography were favored by using lower MTS concentrations and/or lower 

deposition pressures. The stoichoimetric composition of the deposited film was also 

attributed to the lower deposition pressures which suppressed the formation of 

gaseous intermediate species and Cl radicals. The occurrence of the etching on 
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Si(100) substrates at higher MTS concentrations and deposition pressures was likely 

due to the presence of Cl radicals from the decomposition of MTS molecules while 

transporting from the entrance of the furnace to the substrate. Etching on Si(100) 

substrates at the temperature higher than that for buffer layer procedure (i.e. 

1050°C) could be due to the out-diffusion of Si atoms and the presence of Cl 

radicals. A kinetic model was proposed and predicts very well with the 

experimental data by analyzing the deposition rates and the hot wall CVD process 

using the finite element method (FEM). 

3. On porous Si(100) substrate, epitaxial 6-SiC(100) thin films with a single 

crystal matrix and smooth surfaces were grown at 1150°C in a hot wall LPCVD 

reactor from the MTS—H)> gas mixture for a short deposition time (12.5 min). This 

is the lowest temperature, which has been reported, used to grow single crystal 

B-SiC thin films in a hot wall reactor and using MTS as a precursor. Rotational 

B-SiC(100) crystals and polycrystalline G—SiC were formed on the top surface of the 

previously deposited matrix of single crystal G-SiC with increasing deposition time. 

The preferred orientation from (100) planes from polycrystalline G—SiC can only be 

grown with the deposition times shorter than 75 minutes. Further increased the 

deposition time (> 75 min), polycrystalline @-SiC(111) layer was observed. Poor 

surface morphology and polycrystalline 4-SiC deposit can only be obtained at a 

lower deposition temperature (i.e. 1100°C). The highly preferred orientation (100) 

planes from G~SiC could be observed up to the deposition time of 150 minutes at 

this temperature. The (111) orientation from #-SiC was obtained at the deposition 

time of 200 minutes at 1100°C. 
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4. A new method for the calculation of CVD phase disgrams in a hot wall 

reactor was proposed by coupling the equilibrium thermodynamics to depletion 

effects. For the deposition of SiC from the MTS—Hp2 gas system, the calculated 

CVD phase diagrams from this new method showed better agreement with the 

experimental results than the traditional CVD phase diagrams which do not 

consider the depletion effects in a hot wall reactor. It is also shown from the 

calculated CVD phase diagrams that the composition of the depsoit was strongly 

influenced by the deposition pressure and Si starts to deposit or codeposit with SiC 

at higher deposition temperatures and pressures. The disagreement with the 

experimental results were probably due to a high linear velocity of the gas flux at 

low pressure and the polarity of the intermediate Si carrying molecules. 
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