
ABSTRACT 

BISHOP, SEANN MICHAEL GERWITZ.  Polytype Stability, Microstructural Evolution, 
and Impurities at the Interface of Homoepitaxial 4H-SiC( 0211 ) Thin Films Grown via Hot-
Wall Chemical Vapor Deposition. (Under the direction of Dr. Robert Davis). 
 

The electronic properties of 4H-SiC make it a leading semiconductor material for 

high-power applications.  Despite advances in SiC crystal growth, devices fabricated in 4H-

SiC(0001) continue to be limited by defects like micropipes, dislocations and stacking faults. 

Investigations performed here on non-basal 4H-SiC have demonstrated micropipe-free, 4H-

SiC( 0211 ) films comparable with conventional 4H-SiC(0001).  Improved device 

performance has been achieved for p-i-n rectifiers fabricated in 4H-SiC( 0211 ).   

Hot-wall chemical vapor deposition (CVD) is the most widely used growth process 

employed to meet the material demands for 4H-SiC-based high-power electronics; however, 

the suitability of this technique for the growth of thin films (<10 µm) is not well established.  

A detailed analysis of the epitaxial growth of 4H-SiC( 0211 ) thin films by vertical, hot-wall 

CVD has been performed in this work.  Two growth regimes were identified and termed 

sublimation growth and precursor growth.  In the former, the SiC coating decomposes and 

results in the in-situ (sublimation) growth of epitaxial SiC films.  It is proposed that in-situ 

layer aids in subsequent thin film growth from reactant gases.  Transmission electron 

microscopy revealed areas without observable defects and an indistinguishable interface 

between the substrate and sublimation grown layer.  Aluminum impurity concentrations to 

3x1018 cm-3 were identified near the interface with the substrate.  The influence of these 

impurities on the cathodoluminescence spectrum of 4H-SiC was studied.  A model based on 

boundary layer theory was developed to explain the origin and the profile of the aluminum 

impurities.  Secondary ion mass spectrometry revealed the SiC coating to be the major source 

of aluminum impurities.  An argon diluent reduced the concentration of aluminum at the 

interface to 2x1017 cm-3.  Films deposited via precursor growth exhibited specular surfaces.  

Optical and structural characterization showed the films replicate the polytype of the 

underlying substrate exactly.   

The microstructural evolution of [ 0211 ]-oriented SiC and III-nitride films was 

investigated.  4H-SiC  (1120) films showed evidence of step-flow growth in the sublimation-



driven regime, while both step-flow and terrace nucleation and growth were observed in the 

precursor-driven regime.  AlN initially grew via the Stranski-Krastanov mode on 4H-

SiC  (1120), while the Volmer-Weber mode was observed for GaN on AlN  (1120). 
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1.1 Brief History 
 
 SiC is an indirect, wide band gap semiconductor of considerable interest for high 

power, high frequency, and high temperature device applications.  Although research in the 

past 20 to 30 years has led to rapid maturation of SiC, the history of this material predates the 

twentieth century.  Synthetic SiC was first discovered in 1824 by Berzelius [1].  The first 

viable process to manufacture SiC was realized by Acheson in the late nineteenth century [2], 

which led to the commercialization of SiC primarily as an abrasive material.  In 1905, 

naturally occurring SiC was first observed by Moissan while investigating meteorites [3].  

Lely [4] introduced an alternative, sublimation-based process in 1955 that employed 

concentric SiC and graphite tubes heated to ~2100°C.  Single crystal SiC platelets grew 

unconstrained from the reaction of Si vapor with the surface of the graphite.  Research 

conducted by Tairov and Tsvetkov to increase the purity and size of SiC crystals led to the 

development of the modified-Lely technique in 1978 and enabled the growth of single crystal 

SiC boules [5].  The modified-Lely technique (with minor adaptations) remains the 

predominant method in which SiC substrates are grown currently [6].  SiC substrates became 

commercially available in the late 1980s [7].  In the 1990’s, SiC light emitting diodes became 

commercially available; however, because of the indirect band gap of SiC and the consequent 

low internal quantum efficiency, they were soon replaced by optoelectronic devices 

fabricated in direct band gap III-nitride alloys.  Silicon carbide and sapphire soon became the 

substrate materials of choice on which to grow the material structures for the nitride-based 

devices [8].  Recently, semi-insulating and n- and p-type conducting SiC substrates have 

become available with diameters to four inches [9], and SiC devices such as Schottky barrier 

diodes [10] and metal-semiconductor field effect transistors [11] are now commercially 

available. 

 

1.2 SiC Crystallography and Polytypism 
 

Although SiC crystal growth technology has been investigated for several decades, 

control of the crystal structure of this material during growth is still an issue encountered 

today.  The latter is due largely to polytypism.  Polytypism is common in many 

semiconducting materials and is defined as one dimensional polymorphism [12].  More than 
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250 polytypes have been reported for SiC [13].  The differences between the polytypes occur 

in the stacking of the Si/C bilayer sheets along the c-axis.  Each bilayer contains one closed-

packed layer of Si atoms and one of C atoms.  The crystal structures of the SiC polytypes are 

hexagonal (H), rhombohedral (R), and cubic (C).  All of the hexagonal and rhombohedral 

polytypes are collectively referred to as α-SiC.  SiC has only one cubic polytype, which is 

referred to as β-SiC.   

All of the polytypes in SiC can be described by different stacking arrangements of A, 

B, and C sheets along the <0001>.  The A, B, and C designation correspond to atomic 

positions, as shown in Fig. 1(a).  There is one restriction to the stacking order; sheets with the 

same letter cannot be stacked atop each other.   

Due to the large number of polytypes of SiC, different naming schemes have been 

proposed by Zhadanov [14], Ramsdell [15], and Jagodzinski [16].  The most widely used 

notation is the Ramsdell notation, where the polytype is designated with a number indicating 

the stacking direction periodicity and a letter for the unit cell (H, R, or C).  Figure 1(b) shows 

the unit cells for the 3C-, 4H- and 6H-SiC polytypes, and Table 1 lists important 

crystallographic information for these SiC polytypes.  

The basic structural unit of all of the SiC polytypes is the Si- (or C-) tetrahedra, where 

each silicon atom is surrounded by four carbon atoms (or each carbon atom by four silicon 

atoms).  As a result, SiC has a binary tetrahedral structure, which is shown in Fig. 1(c).  The 

thin lines that form a pyramid at the base of Fig. 1(c) indicate the Si tetrahedra.  The silicon 

atoms outline the corners of the C tetrahedra in the same figure.  All tetrahedra (either Si or C) 

have tetrahedral coordination at each corner.  The Si-C bond is 88%-90% covalent and 10-

12% ionic [12].  

 

1.3 Theories for Polytypism in SiC 
 

SiC has more polytypes than any other semiconducting material.  Many theories have 

been proposed to explain this phenomenon in SiC.  These theories can be grouped into two 

categories: kinetic and growth considerations and thermodynamic stability.  With regard to 

the former, growth theories have been based primarily on spiral formation around screw 

dislocations [18-19], where polytype replication is determined by the step height.  Although 

spiral growth has successfully explained the occurrence of many of the polytypes in SiC - 
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especially when the theory was modified to include growth in faulted structures [20-24] - 

major obstacles to this theory include: lack of experimental evidence and information 

regarding the initial dislocation [25].  Other kinetic and growth considerations such as 

stoichiometry [26-28], impurities [2,29-36], point defects [37-38] and the growth rate [39] 

have been employed to explain polytype formation in SiC.   

Jagodzinski proposed an alternative theory based on thermodynamic considerations 

[40]. This investigator assumed that the internal energies of the polytypes were similar, 3C 

was the most stable polytype of SiC, and that all other structures could be derived from 

stacking fault ordering in this polytype.  The driving force for the ordering of stacking faults 

was claimed to be the contribution of the vibrational entropy to the free energy.  Contrary to 

Jagodzinski’s theory, the cubic polytype was later determined to be a metastable polytype, 

instead of a stable, low-temperature phase as he originally assumed [41].  Schneer [42] 

treated polytypism as an order-disorder phenomenon, but no evidence has been reported that 

correlates a critical temperature with any polytype occurrence in SiC [25].  Fissel has 

recently used classical nucleation theory to explain SiC hetereopolytypic structures grown by 

solid-source molecular beam epitaxy [43].  Polytypism has also been studied by energy ab 

initio calculations based on layer interactions [44-50]. 

The thermodynamic stability of basic polytypes in SiC has been studied 

experimentally [2,51] by mapping polytype formation with temperature (Fig. 2).  Though no 

single theory has thus far universally explained polytypism in SiC, general characteristics of 

the basic polytypes have been determined by experimentation. For example, the 6H polytype 

is the stable phase at high temperature, while the 4H polytype is more stable at lower 

temperatures.  Because the 2H polytype has the highest formation energy, it is the most 

difficult polytype to produce. In addition, the 3C polytype is not an equilibrium phase at any 

temperature.   

 

1.4 Properties of SiC 
 

SiC has many favorable properties that have spurred interest in this material for high 

power, high frequency, and high temperature applications.  These properties include: a wide 

bandgap, high thermal conductivity, good thermal stability, high breakdown electric field 

strength, high saturation electron velocity, and chemical inertness [52].  Of all the SiC 



 5

polytypes, 4H-SiC is currently the leading candidate for next-generation SiC-based devices.  

The latter is due largely to its high electron mobility.  Table 2 compares the principal 

properties of this SiC polytype to those of Si and GaAs.  

The high thermal conductivity and thermal stability of 4H-SiC enable higher 

temperature device operation than Si.  4H-SiC devices can routinely operate up to ~500°C, 

while most Si-based devices are limited to 125°C.  Because the thermal conductivity of 4H-

SiC is 2-3 times greater than Si, 4H-SiC devices dissipate larger amounts of excess heat 

while operating at high power [53]. 

High breakdown electric field strength allows higher voltages to be sustained during 

operation. When a p-i-n power device is under reverse bias, the maximum blocking voltage, 

Vmax, can be calculated from the breakdown electric field strength, Emax, by: 

 

 
2

WE
V max

max =      (eq. 1) 

 
where W is the depletion layer width, and a triangular spatial electric field distribution is 

assumed [54].  Since the 4H-SiC breakdown electric field strength is more than ten times 

larger than Si, 4H-SiC power devices can maintain operation at significantly higher voltages, 

as shown in Fig. 3.  Figure 3 compares the blocking voltage and forward voltage,Vf, (at 100 

A/cm2) for selected 4H-SiC and commercial Si p-i-n diodes (solid line) [55].  The high 

breakdown electric field strength of 4H-SiC is the primary reason p-i-n diodes fabricated 

from this SiC polytype have been demonstrated with the highest blocking voltage (19.5 kV) 

ever reported for any semiconductor material [55].   

In addition to its wide bandgap, thermal properties, and high breakdown strength, 4H-

SiC has received attention for high power device applications because of its high-saturated 

electron velocity.  This property allows 4H-SiC devices to handle large current densities.  

High voltage (V) and high current density (I) result in high power densities (i.e P = IV) for 

devices.  This is an important design consideration for high power microwave devices since 

device size is determined by the wavelength of operation [52]. 
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1.5 SiC Crystal Growth - Chemical Vapor Deposition 
 

SiC bulk crystals are currently produced by the modified-Lely technique described 

above.  The reader is referred to Ref. [7] and Ref. [56] for an overview of SiC bulk crystal 

growth and to Refs. [57-59], and the bibliographies therein, for a discussion of recent 

modifications to this technique that allow better process control and that reduce problems 

associated with the latter, such as doping, defects and electrical non-uniformities.  Growth of 

single crystal SiC epitaxial layers has been achieved by a variety of growth techniques, 

namely, molecular beam epitaxy (MBE) [see, e.g., [60-61] and the references therein], liquid 

phase epitaxy (LPE) [62-63], sublimation epitaxy (SE) [64], and chemical vapor deposition 

(CVD) (or vapor phase epitaxy (VPE)). While a hallmark of MBE is precise control of the 

composition and doping concentration [60], the low growth rates that accompany this 

technique render it unsuitable for producing thick epitaxial layers (typically >100 µm) for 

SiC power devices.   LPE [62-63] and SE [64] have been reported with growth rates greater 

than 100 µm/hr; however, both of the latter techniques have been hindered by the lack of 

high purity sources and the inability to achieve low background impurity concentrations [59].  

The latter is an additional requirement for SiC-based power devices.  Because CVD is suited 

for both of these metrics (i.e. growth rate and impurity concentration), this growth technique 

is the predominant method used to produce SiC device-quality layers.  Kimoto et al. [65] and 

Neudeck et al. [66] have reported that further improvement in SiC epitaxial growth 

technology is needed to fully realize the potential of SiC and SiC devices.  These demands 

have spurred the development of new SiC CVD platforms over the past 10 to 15 years and 

served as an impetus for the work performed here.  The most successful modifications 

include: horizontal [67] and vertical [68-69] (or chimney-style) hot wall CVD and high 

temperature CVD [70-71].  The reactor designed and fabricated in this research is a variation 

on the vertical, hot wall CVD concept and is described in detail in the research chapters and 

the Appendix of this document.  The sections that follow are a brief overview of the 

development of SiC CVD. 
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1.5.1  Cold Wall Chemical Vapor Deposition 
 

The first microwave power transistor structures [72] and active layers for power 

rectifiers (i.e. Schottky barrier [73] and p-i-n diodes [74]) were achieved using horizontal, 

cold wall CVD (CW-CVD) [75].  A schematic of a horizontal, CW-CVD system is shown in 

Fig. 4(a).  Growth rates from 2-6 µm/hr have been reported for this growth technique from 

1500-1600°C [77-78].  In 2002, growth rates to 6 µm/hr were reported for “high speed” 

horizontal, CW-CVD [79].  Thirty micron thick layers were used to produce Schottky diodes 

with net donor concentrations in the low 1014 cm-3 range.  The diodes exhibited a maximum 

blocking voltage of 3.6 kV [79].  

Limitations associated with this technique have been reported.  To obtain a 100 µm 

thick epitaxial layer for a kV-class power device, the growth time could require a period of 

~50 hours, based on the growth rates mentioned above.  The growth time is ultimately 

influenced by the lifetime of the SiC coating on the graphite susceptor and other parts 

because of the extended time needed to grow very thick films [70].  In addition, the thermal 

gradient, as a result of the cold wall, and the buoyancy-effects in a horizontal reactor can 

cause non-uniformities in the growth rate, film composition and doping profile [80]. 

 

1.5.2  Hot Wall Chemical Vapor Deposition 
 

SiC homoepitaxial growth via horizontal, hot wall CVD (HW-CVD) was introduced 

in 1994 to obtain high heating and hydrocarbon cracking efficiency [81].  To minimize the 

radiation losses experienced in horizontal, CW-CVD, insulation was placed around the 

susceptor [82].  The growth chamber of a horizontal, HW-CVD system is illustrated in Fig. 

4(b).  Using this growth technique, the first 4.5 kV SiC p-i-n device was produced.  The 

active region thickness and nitrogen doping level were 45 µm and 1x1015 cm-3, respectively 

[83].  Horizontal HW-CVD has been improved since its original inception [70]. Epitaxial 

layers have been grown with a thicknesses in excess of 150 µm, at growth rates to 20 µm/hr 

[85] and with better than 5% thickness uniformity [67].   

Interest in achieving growth rates greater than 10 µm/hr spurred the development of a 

vertical (chimney-style), HW-CVD [68-69] system.  Reports of the use of this technique first 

appeared in 1984 [86] and concerned the growth of abrupt heterojunctions in III-V materials 
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via metal organic chemical vapor deposition (MOCVD).  The advantages of this technique 

(and chamber orientation) include improved mass transport and uniformity [87].  In addition, 

the bottom-up gas flow configuration results in high gas velocities [82,88].  A vertical, HW-

CVD system is illustrated in Fig. 4(c). 

Using vertical HW-CVD, Ellison et al. [68] were able to achieve growth rates ranging 

from 10-50 µm/hr at 1650-1850°C.  SiC epitaxial layers were grown to more than 100 µm 

with 5% thickness uniformity at growth rates of 20-25 µm/hr.  The lowest n-type doping 

level observed by these authors was 6x1013 cm-3.  In addition, Schottky diode structures were 

processed with 42 µm thick epitaxial layers having an n-type carrier concentration of 5x1014 

cm-3.  The measured breakdown voltage ranged from 2 to 3.85 kV.  Kimoto et al. [69] in 

2001 was able to obtain growth rates to 21 µm/hr with 4% and 6% thickness and doping 

uniformity, respectively, as well as a low n-type background doping concentration of 

7.2x1014 cm-3 using a vertical, HW-CVD system.  Recently, reproducible growth rates to 60 

µm/hr were achieved [89].  The net donor concentration of these films was reported to be 

nominally 1013 cm-3; the best value obtained was 5x1012 cm-3 for a 75 µm epitaxial layer 

grown at 1700°C [89].  

 

1.5.3  High Temperature Chemical Vapor Deposition 
 

High temperature chemical vapor deposition (HT-CVD) is another growth technique 

developed to improve growth rates and is illustrated in Fig. 4(d).  The main distinction 

between vertical, HW-CVD and HT-CVD is the operating temperature, because the growth 

chambers are similar for each technique.  Generally, the temperatures used in vertical, HW-

CVD range between 1600°C and 1800°C.  High temperature chemical vapor deposition is 

performed at temperatures typically ≥1800°C.  While these temperatures increase surface 

mobility and result in high growth rates, an intrinsic drawback to HT-CVD is significant 

sublimation and hydrogen etching of both SiC substrates and the SiC protective coating on 

graphite parts [82].  As a result, the graphite in the growth chamber is often not coated with 

SiC in HT-CVD and inert diluent gases (e.g. helium and argon) are employed to eliminate 

the reaction between hydrogen and silicon carbide and/or graphite [90].  Eliminating the 
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protective SiC coating and using inert diluent gases, in addition to gas-phase chemistry [87], 

comprise the remaining major distinctions between vertical, HW-CVD and HT-CVD. 

The HT-CVD concept was pioneered by Kordina et al. [88].  In 1996, these 

investigators reported growth rates up to 500 µm/hr at 2300°C [88].  In 1997, Kordina and 

co-workers obtained thicknesses of 2 mm using HT-CVD [82].  The growth rate was 200 

µm/hr at 2200°C, and the SiC was primarily n-type and possessed carrier concentrations in 

the range of 1015-1017 cm-3, with lowest doping level being 6x1015 cm-3.  Because the growth 

rates of this technique approach those obtained by seeded sublimation growth (of SiC boules), 

HT-CVD can serve a dual-purpose role as a method of growing thick, SiC epitaxial layers or 

bulk crystals [82].  However, as mentioned earlier, obtaining epitaxial layers suitable for high 

power devices requires lower residual background impurity levels.  

Progress in reducing the unintentional background impurity concentration in SiC 

grown by HT-CVD has been reported.  With growth rates up to 25 µm/hr, Ellison et al. 

obtained epitaxial layers with residual n-type doping concentrations in the mid-1014 cm-3 to 

low-1015 cm-3 range [87].  Hallin et al. performed epitaxial growth by HT-CVD at 1800-

1850°C [68]; the background donor concentration of their films was consistent with the 

reduced values obtained by [87].   

 

1.5.4  Commercial SiC Chemical Vapor Deposition   
  Systems 

 
Commercial SiC CVD systems are available from Epigress AB.  The three models 

sold by Epigress AB - VP508R&D, VP508GFR, and VP2000HW - are based on the 

horizontal, HW-CVD platform [91].  The VP508R&D system can accommodate one 2 in. 

diameter wafer and can be configured with one or two growth chambers [91].  The latter 

option alloys n-type and p-type doping of SiC to be performed in individual growth chambers, 

reducing memory-effects.  The VP508GFR system is made for pilot scale production and can 

accommodate two 4 in. wafers as well as multiple 2 in. wafers [91].  The VP508GFR is 

intended for atmospheric and reduced-pressure epitaxial growth and can also be equipped 

with two growth chambers [91].  The VP2000HW is a large scale production model and can 
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accommodate seven 2 in. or five 3 in. SiC wafers and can be upgraded for wafers with a 

maximum diameter of 4 in. [91].   

 

1.6 Defects in SiC - Stacking Faults 
 
 Although tremendous progress has been achieved in SiC CVD (and bulk growth 

technology), the density of structural defects, such as stacking faults and dislocations, 

remains sufficiently high to limit the performance of SiC-based devices.  Recent attempts to 

reduce the number of defects within SiC substrates and subsequently grown epitaxial layers 

have been reviewed in [92] and [9,93-94] (and the references therein), respectively.  One of 

the advantages for using [ 0211 ]-oriented SiC substrates instead of their [0001]-oriented 

counterparts is defects, such as micropipes, do not propagate into the overgrown epitaxial 

layers (as shown in Chapter 7).  However, films epitaxially grown on substrates with this 

orientation typically contain a high density of stacking faults [92].  Because stacking faults 

are the primary structural defects within 4H-SiC( 0211 ) crystals, a review of these defects 

and their formation in 4H-SiC is presented below.   

 

1.6.1  Perfect Dislocation Dissociation 
 
 As discussed above, all of the polytypes of SiC are comprised of a periodic stacking 

of close-packed bi-layers parallel to the <0001> (α-SiC) or the <111> (β-SiC). 

Discontinuities, i.e. faults, in the stacking order are known as stacking faults [95].  As shown 

in Fig. 5(a), these defects can be created by the dissociation of a perfect dislocation (i.e. edge, 

screw, mixed) into two imperfect dislocations.  A perfect dislocation has a Burgers vector 

with a magnitude equal to one lattice spacing, is parallel to a close-packed direction, and 

connects two equivalent lattice sites. An imperfect dislocation is not parallel to a close-

packed direction and does not connect equivalent lattice sites.  Perfect (b1) and imperfect (b2 

and b3) dislocations are shown in Fig. 5(b).  The two-step path b2 + b3 (shown in Fig. 5(b)), is 

equivalent to the shear displacement caused by b1, i.e. b1→b2+b3.  Though the shear 

displacement is equal, the two-step displacement is more energetically favorable since the 

strain energy is proportional to the square of the Burgers vector [96].  As a result, according 
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to Heidenreich and Shockley [97], perfect dislocation dissociation occurs due to strain energy 

reduction when:  

 
 b1

2 > b2
2 + b3

2     (eq. 2)  
 

1.6.2  Partial Dislocation Characteristics 
 
 Imperfect dislocations are commonly referred to as partial dislocations.  There are 

two types of partial dislocations, Shockley- and Frank-type. Shockley-type partial 

dislocations are produced by the dissociation of perfect dislocations (described above).  

Frank-type partial dislocations form as a result of point defect coalescence.  Frank partial 

dislocations are sessile because the Burgers vector is aligned perpendicular to the plane of the 

stacking fault. Because a sessile dislocation cannot glide, a Frank partial dislocation can only 

move by the diffusion of atoms or vacancies via the climb process. The Burgers vector of 

Shockley partial dislocations and the stacking fault plane are parallel; therefore, Shockley 

partial dislocations are glissile and can glide on the slip plane [96]. 

 

1.6.3  Classification and Formation of Stacking Faults in  
  4H-SiC 

 
 In 4H-SiC, slip occurs on the basal plane ((0001)).  Perfect dislocations in the basal 

plane can reduce their stain energy by dissociating into Shockley partial dislocations 

according to:  

 

 0110
3
10011

3
10112

3
1

+→     (eq. 3) 

 
Single Shockley faults form in 4H-SiC by the motion of these Shockley partial dislocations 

with Burgers vectors of the type b= 0011
3
1 . Recall that the stacking sequence of 4H-SiC is 

ABAC.  Shear on the basal plane along 1100 will change the stacking sequence above the 

shear plane, according to: A→C→B→A. Similarly, multiple faults can be generated when 

Shockley partial dislocations shear on neighboring basal planes.  Examples of single and 

double Shockley faults are shown in Fig. 6. 
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Intrinsic Frank faults in 4H-SiC are produced by vacancy coalescence, while extrinsic 

Frank faults are produced by the agglomeration of interstitial atoms.  Intrinsic and extrinsic 

refer to the removal or insertion of a plane in the crystal, respectively.  The stacking 

sequences of the aforementioned faults are listed in Table 3, where ↓ and the bold text 

indicate the removed and inserted layers [98].  Intrinsic and extrinsic Frank faults are bound 

by Frank partial dislocations with b= [ ]1000
2
1  and b= [ ]0001

2
1 , respectively [99]. 

 

1.6.4  Stacking Fault Development in 4H-SiC 
 
 Stacking faults in 4H-SiC have been reported to develop during mechanical 

deformation, thermal annealing, oxidation, crystal growth, and during forward operation in 

[0001]-oriented p-i-n devices.  This last topic has been the subject of considerable research 

over the past five years and is currently the primary factor halting the commercialization of 

SiC p-i-n devices, and is described in detail in section 1.6.5. 

Pirouz and co-workers [100] have performed TEM studies on deformation-induced 

dislocations to calculate the stacking fault energy for various SiC polytypes.  Single crystals 

of 4H-SiC were deformed in compression at 1300°C.  All induced dislocations were found to 

have a total Burgers vector b = >< 0112
3
1  and dissociated according to the reaction 

described by Eq. 3, resulting in Shockley partial dislocations with b= 0011
3
1  and 

b= 0110
3
1 .  The only faults observed were single-layer Shockley faults.  The stacking fault 

energy was determined to be 14.7±2.5 mJ/m2, based on the separation distance between the 

two dissociated partial dislocations [100]. 

 Skromme et al. [101] and Okojie et al. [102] have reported a 4H to 3C polytype 

transformation in highly doped 4H-SiC after thermal oxidation.  Photoluminescence studies 

performed by the former authors indicated a partial 4H to 3C polytype conversion near the 

film-substrate interface [101].  Skromme et al. proposed that the partial polytype conversion 

occurred as a result of extrinsic Frank fault formation during oxidation in a similar manner to 

stacking fault formation during the oxidation of silicon [101].  Oxidation of silicon has been 



 13

found to cause a high concentration of silicon interstitial atoms that agglomerate into larger 

defects to reduce free energy [103].  The extended defects that result (as discussed above) are 

extrinsic stacking faults bound by Frank partial dislocations with b= [ ]0001
2
1  [99].  Using 

transmission electron microscopy, Okojie et al. observed single and multiple layer stacking 

faults following oxidation as well as 3C-SiC bands in the 4H-SiC matrix [102].  These 

authors speculated that the stacking faults may be the result of nucleation and propagation of 

Shockley partial dislocations (with b= 0110
3
1 ) in order to reduce strain resulting from stress 

associated with high doping levels [102].   

 Recent publications have indicated an increase in the number of stacking faults in 

heavily nitrogen-doped 4H-SiC epitaxial layers after annealing in argon at 1150°C.  

Skowronski and co-workers [98,104] have proposed the “quantum well action model” to 

explain this phenomenon.  According to the model, in highly doped 4H-SiC epitaxial layers, 

the energy gained from transitions between the matrix and the lower energy, quantum-well-

like states of the stacking faults provides an adequate driving force for the development of 

these defects.   

Stacking faults can also form during crystal growth.  The occurrence of these defects 

during growth is influenced by many factors and can result in the formation of many 

different stacking faults, including intrinsic and extrinsic Frank faults in addition to single 

layer Shockley faults [105].  Reports have shown stacking faults form as a result of imperfect 

nucleation [106] and the density of these defects is affected by parameters such as the growth 

rate [107].  Stacking faults can also originate from defects on the original wafer surface.  In 

addition, partial dislocation glide can be activated during growth at temperatures greater than 

2000°C [108].   

 

1.6.5  Stacking Fault Formation and Growth in 4H-SiC p-i-n 
  Devices 

 
As mentioned above, the major obstacle for the realization of SiC p-i-n devices is Vf 

drift (i.e. increase in forward voltage (Vf)) during long-term forward operation [109].  Vf drift 

has been attributed to the formation and growth of stacking faults within the (0001) planes in 
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device active areas [110].  In an operating device, the presence of electrically active stacking 

faults reduces the numbers of carriers, which leads to an increase in the device resistance and 

to the drift in the forward voltage from the solid line to the dotted line in Fig. 7(a).  The 

separation between these two lines increases with time as the stacking faults become larger.  

Stacking faults formed in 4H-SiC(0001) p-i-n devices after long-term forward operation are 

shown in Fig. 7(b).  A basic description of stacking fault formation and growth within p-i-n 

devices is given below; for a more in-depth treatment, see the recent review by Skowronski 

and Ha on 4H-SiC p-i-n device degradation [112].  

 

1.6.5.1  Stacking Fault Formation 
 

It is generally agreed that stacking faults in 4H-SiC p-i-n devices are formed by basal 

plane dislocation dissociation; however, other theories have been proposed.  Lendenmann et 

al. were the first to propose that perfect dislocation dissociation is the reason for stacking 

fault formation in 4H-SiC p-i-n devices [113].  Persson et al. have proposed that partial 

dislocations with b= 0110
3
1  or b= 0101

3
1  are created by the dissociation of threading 

dislocations or dislocation loops with b= 0211
3
1  [114].  The stacking faults then form when 

partial dislocations slip on the (0001) basal plane [114].  Jacobson et al. later observed 

stacking faults in 4H-SiC(0001) p-i-n devices that formed by partial dislocations created 

from the dissociation of deflected, threading edge dislocations [115].  They argued that the 

threading edge dislocations bend along the film-substrate interface as a result of step-flow 

growth, causing these dislocations to glide and climb along the basal plane.  Synchrotron 

white beam x-ray topography has shown that the deflected dislocations exhibit the 

characteristics of screw dislocations [115].  Further, the deflected dislocations were believed 

to dissociate during growth into partial dislocations and expand under forward bias [115].  

Jacobson et al. later reported on the formation of stacking faults with different geometries 

[116].  Another theory for stacking fault formation in 4H-SiC(0001) p-i-n devices has been 

proposed by Stahlbush et al. [106].  Based on observations from electroluminescence 

imaging, Stahlbush et al. found dislocation loops that formed on step-free regions and 

created stacking fault nucleation sites [106]. 
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1.6.5.2  Stacking Faults – Electrically Active Defects  
 

Stacking faults in SiC are expected to be electrically benign because they are not 

associated with broken or chemically perturbed bonds [117], but theoretical [118-121] and 

experimental investigations [109] have found that stacking faults are electrically active 

defects.  Based on first principles calculations, Skowronski [108] and Bechstedt et al. [110] 

have suggested that stacking faults exhibit quantum well-like behavior in 4H-SiC as well as 

other polytypes.  The local decrease in the conduction band arises as a result of the band-

offset between polytypes.  A stacking fault with the 3C-polytype stacking order and its 

corresponding band structure is shown in Fig. 8(a).  Experimental investigations performed 

by Bergman have confirmed the quantum well-like behavior of these defects [109].  Using 

photoluminescence (PL), Bergman reported the presence of a stacking fault band in 4H-SiC 

[109].  The photoluminescence spectra obtained by Bergman is shown in Fig. 8(b). 

 

1.6.5.3  Stacking Fault Growth and the Driving Force 
 
After the stacking faults form, enlargement of these defects occurs under forward bias 

as a result of the motion of the partial dislocations bounding the stacking faults.  Studies by 

Galeckas et al. [117] have shown that the energy resulting from electron-hole recombination 

is insufficient to promote partial dislocation motion, and therefore a driving force exists that 

must be exceeded in order for stacking faults to propagate. 

Early work performed by [122-125] using transmission electron microscopy 

suggested that the driving force for the expansion of stacking faults in 4H-SiC p-i-n devices 

was mechanical stress.  However, using computational modeling, Miao et al. [121] reported 

that the amount of energy gained by electrons entering stacking fault quantum well-like 

states is greater than the energy barrier for partial dislocation motion required to enlarge the 

stacking fault area.  The results of Miao et al. [121] are contrary to the experimental work 

performed by Galeckas et al. [117], where non-radiative electron-hole recombination 

provided a significant portion (~2.20 eV) of the total activation energy (~2.50 eV) for partial 

dislocation motion [117].  The overall driving force should therefore supply the remaining 

energy (~0.27 eV [117]) for stacking fault growth in 4H-SiC(0001) p-i-n devices.  Stahlbush 

et al. [106] have also refuted the results of Miao et al. [121] in favor of mechanical stress 
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based on investigations performed by electroluminescence imaging.  In [112] it has been 

argued that the driving force for fault expansion is not related to mechanical stress and 

therefore remains an open area of debate. 

 

1.7 Dissertation Overview 
 

 A vertical, hot-wall chemical vapor deposition system has been designed, constructed 

and commissioned for the growth of silicon carbide thin films.  While others have focused on 

obtaining high growth rates in similar CVD platforms, low temperature epitaxial growth on 

4H-SiC( 0211 ) substrates has been investigated in this work.  We have shown that a 

sublimation-effect occurs in this reactor configuration and results in the in-situ deposition of 

homoepitaxial SiC films (Chapter 2).  We have proposed that the in-situ deposited layer aids 

in subsequent thin film growth from reactant gases (Chapter 3).  A drawback of the in-situ 

layer is an increase in aluminum impurities near the film-substrate interface.  The influence 

of interfacial aluminum impurities on the cathodoluminescence spectrum of 4H-SiC is shown 

and a model is also presented to explain the origin and the profile of aluminum impurities 

near the film-substrate interface (Chapter 4).  In Chapter 5, process routes were developed to: 

(1) control the sublimation-effect and interfacial impurity incorporation and (2) to investigate 

the microstructural evolution of [ 0211 ]-oriented 4H-SiC thin films.  In Chapter 6, the 

polytype stability of homoepitaxial films grown on 4H-SiC( 0211 ) and other SiC substrates 

was studied.  In Chapter 7, structural, microstructural, electrical and optical characterization 

has been conducted to compare and contrast the characteristics of 4H-SiC( 0211 ) and 8º off-

axis 4H-SiC(0001) substrates and homoepitaxial films; the results of initial investigations of 

p-i-n devices fabricated in 4H-SiC( 0211 ) and 4H-SiC(0001) are also presented.  The 

Appendix contains results on the: (1) initial stages of growth of III-nitride films on 4H-

SiC(1120) substrates and (2) reduction of defects via pendeo-epitaxial growth of [1120]-GaN 

films.  Also, contained in the Appendix are sample calculations for the site-competition 

model proposed in this research as well as an overview of the design and layout of the CVD 

system used for the studies summarized above. 
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1.9 Tables 
 
Table 1 – Crystallographic information for basic SiC polytypes [12]. 
 

Crystal Information Polytype 
Ramsdell Notation 3C 4H 6H 

Structure Zinc-blende Wurtzite Wurtzite 
Type β α α 

Stacking Sequence ABC ABAC ABCBAC 
a (Å) 4.358 3.078 3.079 
c (Å) - 10.061 15.108 

Atoms/Unit Cell 2 8 12 
    
Table 2 – Electronic properties of SiC and other conventional semiconductors materials [52]. 
 

Material Property Si GaAs 4H-SiC 
Bandgap (eV) 1.12 1.43 3.25 

Thermal Conductivity
(W/cm-K) 

1.50 0.50 4.90 

Breakdown Field 
(MV/cm) 

0.25 0.30 3.00 

Sat. Elect. Vel. 
(x107 cm/s) 

1.00 1.20 2.00 

800 
(⊥ to c-axis) 

800 

Electron Mobility 
@ Nd = 1016 cm-3 

(cm2/V-s) 
1200 6500 

(⊥ to a-axis) 
 

Table 3 – Stacking sequences for intrinsic and extrinsic Frank faults in 4H-SiC [98]. 
 

Fault Stacking Sequence 
Intrinsic Frank# ABACAB↓CABACA 
Extrinsic Frank* ABACABCACABA 

   #↓ – symbol for removed bilayer. 
   *bold text – symbol for inserted bilayer. 



 26

1.10 Figures 

 

 

 
 
Figure 1.   (a) Representation of atoms in “A-sites” (black circles) on close-packed planes.  
 Equivalent close-packed planes with atoms in “B-sites” (diamonds) or “C-sites” 
 (black squares) can occur above or below the plane in (a) [12].  Unit cells for 
 3C-, 4H, and 6H-SiC are shown in (b) [17]. (c) Schematic of the binary 
 tetrahedral structure of SiC.  Silicon and carbon atoms are represented by light 
 and dark  spheres, respectively [17].  

(a) 

(b) 

(c) 
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Figure 2.  SiC polytype stability diagrams ((a) [2] and (b) [51]). 
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Figure 3.   Plot of forward voltage (Vf) versus the blocking voltage for 4H-SiC and Si p-i-n 
 devices (solid line).  The Vf (at high blocking voltage) for SiC devices is lower 
 than the extrapolated values for Si devices (dotted line) [55]. 
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Figure 4. Illustrations of the growth chambers for (a) horizontal, CW-CVD [76], HW-
 CVD ((b) horizontal [84] and (c) vertical [70]), and HT-CVD [88]. 

(a) 

(b) (c) 

(d) 
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Figure 5. (a) Stacking fault created by perfect dislocation (b1) dissociation into partial 
 dislocations (b2 and b3) in the face-center cubic lattice.  (b) Perfect (b1) and 
 partial dislocations (b2 and b3) in a close-packed arrangement, showing two 
 pathways that result in the same shear displacement [96]. 

(a) 

(b) 
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Figure 6.  Formation of single (b) and double (c) Shockley faults from perfect 4H-SiC (a) 
 [98]. 
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Figure 7.   (a) The separation between the solid and dotted lines illustrates the drift in the 
 forward voltage that occurs in 4H-SiC(0001) p-i-n devices after long-term 
 forward operation [111].  (b)  Cathodoluminescence image (left) and x-ray 
 topograph (right) of stacking faults formed in 4H-SiC(0001) p-i-n devices 
 [109]. 
 

(a) 

(b) 
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Figure 8. (a) Schematic showing the crystal structure and associated band structure for a 
 quantum well-like stacking fault.  The local decrease in the conduction band is a 
 result of the band-offset between the 3C- and 4H-SiC polytypes [119].  (b) 
 Photoluminescence spectra showing the variation in the stacking fault 
 emission(s) as a function of temperature.  The emission(s) between 415 and 430 
 nm is (are) attributed to recombination at a stacking fault [109]. 
 
 
 
 

(a) 

(b) 
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2.1 Abstract 
 
 Homoepitaxial growth of 4H-SiC( 0211 ) epitaxial layers has been performed by 

chemical vapor deposition from 1250-1600ºC using two process routes: (1) with and (2) 

without the addition of SiH4 and C2H4 to the growth ambient.  With precursors (1), an 

activation of 3.72 eV was determined and correlated with reactions in the gas phase and/or 

the potential barrier associated with the temperature-dependent sticking coefficient.  In the 

absence of reactant gases, the activation energy for process route (2) was 5.64 eV, which is 

consistent with published values for SiC sublimation epitaxy.  This sublimation-effect 

dominated the growth process at temperatures ≥1600ºC and resulted in the presence of a thin 

unintentional epitaxial layer (~100 nm) that deposited in-situ, while heating to 1450ºC.  The 

surface microstructure of this layer was specular with a roughness of 0.31 nm RMS 

determined by atomic force microscopy.  The in-situ deposited layer was thus employed as a 

buffer layer prior to epitaxial layer growth from route (1) at 1450ºC. Cross-sectional 

transmission electron microscopy studies of these layers revealed large volumes of material 

free of defects and indistinguishable interfaces between the substrate and epitaxial layers.  
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2.2 Introduction 
 

The extreme properties of 4H-SiC have fostered the development of this material for 

high-power applications.  Typically, high-power devices require active layers in excess of 

100 µm in order to sustain operation at voltages in the kV-range.  As a result, growth 

techniques have been developed in order to achieve high growth rates and thereby produce 

epitaxial layers with thicknesses suitable for these devices.  Hot-wall chemical vapor 

deposition (CVD) and sublimation epitaxy are two such techniques capable of achieving 

growth rates greater than 20 µm/hr [1-2].  

Although sublimation epitaxy and hot-wall CVD are both high growth rate platforms, 

the reaction chamber design and crystal growth mechanisms are different for each technique.  

In sublimation epitaxy, polycrystalline SiC serves as the source material [3].  The growth 

chamber is a composite design in which a cylindrical (dense) graphite crucible is 

encapsulated on all sides by graphite foam insulation.  The crucible serves as a susceptor and 

is heated by a radio frequency induction coil, in which the position of the crucible is varied 

vertically to maintain a temperature gradient between the source and seed crystal [3].  The 

distance between the source and seed ranges typically from 0.5 – 1.0 mm [3-5].  At high 

temperatures (> ~1700ºC), the polycrystalline SiC source material at the crucible-bottom 

sublimes and the resulting gases travel to the cooler seed at the crucible-top.  Crystallization 

then occurs on the seed because of the supersaturation resulting from the source-to-seed 

temperature gradient [5].  Growth rates greater than 2 mm/hr are achievable with this 

technique, with the growth rate being strongly impacted by the temperature gradient, growth 

temperature, and growth pressure [3].   Epitaxial growth of SiC by sublimation epitaxy has 

been reviewed in detail in Ref. [6]. 

 The reaction chamber in a hot-wall CVD system is similar in design to the growth 

cell employed in sublimation epitaxy.  The reaction chamber is comprised of a dense graphite 

susceptor (cylindrical or rectangular) that is inductively heated and enveloped in graphite 

foam insulation.  This configuration enables a high heating efficiency and facilitates high 

growth temperatures - both are beneficial for obtaining high growth rates.  Contrary to the 

design of the sublimation epitaxy system, the entrance and exit points of the susceptor are 

open to allow gas flow.  Hot wall CVD is performed in both horizontal and vertical 

geometries, and therefore, samples can be mounted in the susceptor or suspended in the 



 37

middle of the hot zone and heated radiantly.  The latter method is employed in this research 

and is described in more detail in the sections that follow.  In hot wall CVD, silane (SiH4) 

and either propane (C3H8) or ethylene (C2H4) typically serve as the sources of silicon and 

carbon, respectively.  While supersaturation in sublimation epitaxy is controlled primarily by 

the temperature gradient, supersaturation in CVD is determined predominantly by the 

composition of the input gases [5].  Hot-wall CVD is routinely performed at temperatures 

≥1500ºC; growth rates to 60 µm/hr have been reported for this technique [7].  Recently, a 

modified version of the hot-wall CVD concept (high-temperature CVD) has enabled growth 

rates up to 500 µm/hr at 2300°C [8]. 

 An additional difference between these two growth techniques is the composition and 

role of the atmosphere in the crystal growth process.  Sublimation epitaxy can be performed 

either in vacuum or using an inert atmosphere, such as argon.  Currently, the latter 

atmosphere is the most commonly employed.  One advantage of an inert atmosphere is 

control over the total pressure, which ultimately allows the supersaturation of the vapor phase 

species (over the growing crystal) to be tailored.  SiC decomposes into silicon- and carbon-

containing species in vacuum or in the presence of argon (at high temperatures).  The 

resulting vapor is comprised mainly of Si(g), Si2C(g), and SiC2(g) [9], in which the first two 

species have partial pressures that far exceed that for the latter specie [10].  As a result, the 

stoichiometry in the vapor phase is silicon-rich at the initial stages of growth and it 

continuously changes towards a carbon-rich condition because of the preferential loss of 

silicon-species from the source [11].  This fluctuation leads to variations in the 

concentrations of unintentional impurities along the growth axis via the site-competition 

effect [12-14]. 

 Hydrogen is the most widely used diluent gas in hot-wall CVD.  While argon in 

sublimation epitaxy is introduced into the reaction chamber by diffusion through the open 

volume (i.e. porosity) of the graphite insulation and crucible, hydrogen is injected directly 

into the hot zone in hot-wall CVD via a gas inlet or nozzle.  At the extreme process 

conditions of hot-wall CVD, the hydrogen diluent gas can react with (1) the SiC substrate 

and (2) the graphite parts and/or the protective silicon carbide coating on these parts.   

The reaction between the hydrogen and the SiC substrate (1) is commonly referred to 

as hydrogen etching and is used routinely as a surface treatment step prior to SiC epitaxial 
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growth.  Hydrogen etching was first reported by Chu and Campbell in 1965 [15].  

Thermodynamic calculations have been performed by multiple researchers in order to predict 

the reaction pathway for hydrogen etching [15-17].  It has been proposed that SiC etches in 

flowing hydrogen via the evaporation of silicon and the formation of hydrocarbons [15-16].  

Further, Kumagawa et al. suggested the SiC surface dissociates initially into liquid silicon 

and solid carbon, and the former subsequently vaporizes [16].  However, experimentally, 

silicon droplets have been observed after hydrogen etching by Hallin et al [18]. Burke and 

Rowland [19], and Powell et al. [20].  The work of Hartman et al. predicts that the formation 

of atomic hydrogen is necessary for the etching process to proceed thermodynamically [17].  

Based on the calculations by Harman et al., the reaction between atomic hydrogen and the 

silicon and/or the carbon resulting from the dissociation of SiC produces Si(g) or SiH4(g) 

and/or CH4(g) [17].  The same authors contend that free silicon could remain on the surface 

in the form of droplets at low etching temperatures (1400-1500ºC) due to, for example, the 

decreased concentration of atomic hydrogen and slower reaction kinetics [17].  

 In a similar manner, hydrogen can also react with the SiC coating on graphite parts 

(labeled (2) above) within the growth chamber.  The coating is used both as a barrier to 

prevent impurities within graphite from incorporating into SiC epitaxial layers [21] and to 

prevent hydrogen from reacting with graphite to form hydrocarbons that can significantly 

influence the growth ambient, especially at high temperature [22].  Theoretical calculations 

by Raback et al. show that at the experimental conditions employed in this work (i.e. total 

pressure ~10-2 atm and 1400-1600ºC) the H2-SiC reaction will create a primarily carbon-rich 

atmosphere [5].  The three byproducts with the highest partial pressures were determined to 

be C2H2(g), CH4(g), and SiH(g) [5].  It is of interest to note because SiC decomposes in 

hydrogen, forming a carbon rich vapor phase, hydrogen-argon mixtures are currently being 

researched as a means to better control the stoichiometry of the growth ambient in 

sublimation epitaxy [11].  

In the research presented herein, a critical analysis of SiC CVD has revealed the 

presence of significant SiC coating decomposition (termed sublimation) in hot-wall epitaxy. 

The latter results in the epitaxial growth of SiC thin films in both flowing hydrogen and 

argon.  The kinetic factors associated with this phenomenon are examined.  We have 

successfully characterized and exploited this effect to produce an in-situ deposited buffer 
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layer that enables the epitaxial growth of areas containing defect-free material on 4H-

SiC( 0211 ) substrates.   

 

2.3 Experimental Procedure 
 

Homoepitaxial growth of the SiC films was achieved using the radiantly-heated, 

vertical, hot wall CVD system illustrated in Fig. 1.  In this configuration, the holder-sample 

assembly is heated by radiation from an inductively-coupled susceptor.  The holder and 

susceptor were machined from semiconductor-grade graphite.  These parts were purified in a 

Cl-containing atmosphere and coated with SiC prior to insertion into the CVD system.  

Porous graphite insulation located above the holder and around the susceptor acted as a 

radiation shield and thermal barrier, respectively, and protected the surrounding growth 

chamber.  One susceptor and three different holders were employed in this research; the latter 

are referred to as A, B, and C.  To minimize effects due to variability in the fabrication 

process, these holders were machined from the same graphite preform and purified and 

coated simultaneously.  

Commercially available 4H-SiC( 0211 ) wafers, diced from 4H-SiC boules grown in 

the [0001]-direction were used as substrates.  The growth pressure and temperature range 

were 20 Torr and 1250-1600ºC, respectively.  Hydrogen served as the diluent during heating, 

epitaxial growth, and cooling; the flow rates ranged between 0.59-1.00 slm.  Epitaxial growth 

was performed using the two process routes illustrated in the temperature-time diagrams in 

Fig. 2.  For process route 1 (PR1), SiH4 (2% in H2) and C2H4 (2% in H2) served as sources of 

silicon and carbon, respectively, as shown in Fig. 2(a).  Two flow rates of the SiH4 mixture 

were employed, 1.20 sccm and 3.43 sccm, while the flow rate of the C2H4 mixture was 

maintained at 0.60 sccm; the resulting C/Si ratios were 1.00 and 0.35.  During process route 2 

(PR2), epitaxial growth was achieved without precursors.  The experimental conditions of 

PR2 were identical to PR1; however, as shown in Fig. 2(b), hydrogen was the only gas 

flowing during the growth process.  The epitaxial layers were not intentionally doped.   

The surface microstructure of the epitaxial layers was investigated using atomic force 

microscopy (AFM (JEOL 5200)).  Scanning electron microscopy (SEM (JEOL 6400F)) was 

also employed to determine epitaxial layer thickness.  Concentration depth profiles 
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determined via secondary ion mass spectrometry (SIMS (Cameca 6F)) were used to measure 

the atomic concentration of nitrogen and aluminum in select substrates and epitaxial layers, 

as well as the thickness of the latter.  Cross-sectional transmission electron microscopy (TEM) 

was performed using a JEOL 3010 microscope operated at 300 kV.  TEM samples were 

prepared by mechanical polishing followed by dimpling to 10 µm and Ar ion milling at 5 kV 

until perforation. 

 

2.4 Results and Discussion  
 

2.4.1 Identification and Growth of In-Situ Deposited SiC 
  

The presence of an in-situ deposited SiC layer was identified by monitoring the 

epitaxial layer thickness as a function of increasing growth time.  Epitaxial growth was 

performed using PR1 at 1450ºC and a C/Si ratio of one.  As shown in Fig. 3, the epitaxial 

layer thickness increased linearly from a nonzero intercept.  This trend was independent of 

the diluent flow rate for holders A and C.  The slope of the trendline corresponds to the 

growth rate, which at these conditions is 509 nm/hr.  When the trendline is extrapolated back 

to zero, the y-intercept indicates the presence of a ~100 nm thick layer that deposited during 

the heating stage of the growth process outlined in Fig. 2(a).  Prior to precursor injection into 

the growth system, an intercept of zero is expected because the silicon and carbon precursor 

gases have not been admitted into the growth chamber and therefore no epitaxial layer should 

be present.  Without precursor gases in the growth ambient, the only source available for the 

growth of SiC is the SiC coating on the holder and susceptor, which decomposes in flowing 

hydrogen, as described above [23].  The results shown in Fig. 3 indicate epitaxial growth is 

occurring as a result of the decomposition and subsequent re-deposition of the SiC coating 

prior to precursors being admitted into the growth chamber.  Similar results (not shown) were 

obtained for holder B, where the growth rate and y-intercept were 907 nm/hr and 194 nm, 

respectively; both of these values are ~1.8 times larger than analogous values obtained for 

holder A and C.  Because holders A and C exhibited the same growth rate and intercept at 

1450ºC, these data suggest that epitaxial growth derived from the decomposition of the 

coating and reactant gases is independent of the flow rate (over the range of 590-1000 sccm) 

of the hydrogen diluent for these holders.  This relationship was assumed for the entire 
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temperature range investigated in this study, as the remaining results reported below were 

obtained only using holder A and C, 

A similar set of experiments were performed by Syväjärvi et al. to measure the layer 

thickness as a function growth time for epitaxial growth of SiC by sublimation epitaxy in an 

argon atmosphere at 1900ºC [3].  Using the data obtained by Syväjärvi et al., a y-intercept of 

~6.5 µm is calculated, indicating that epitaxial growth occurred in their process prior to 

reaching the growth temperature.  The intent of experiments performed by these authors was 

to look for perturbations in the growth rate [3], while the purpose of the experiments reported 

here-in was to identify epitaxial growth during heating.  No discussion of the origin (i.e. 

coating or source decomposition) or influence of this initial epitaxial layer was presented by 

the aforementioned authors. 

Secondary ion mass spectrometry (SIMS) was employed to determine the atomic 

concentration of nitrogen and aluminum impurities within the in-situ deposited layer and the 

epitaxial layer derived from precursor gases.  Concentration depth profiles for nitrogen and 

aluminum are shown in Figs. 4(a) and 4(b), respectively.  Epitaxial growth was performed 

using PR1 at 1450ºC and holder C; the flow rate of the hydrogen diluent was 1.00 slm and 

the C/Si was 0.35.  The presence of the in-situ deposited layer is unambiguously 

demonstrated in both concentration depth profiles, in which the epitaxial layer from 

precursors (EL), the in-situ layer (IL) and the substrate (S) are markedly delineated.  The 

thickness of the IL is ~100 nm, while the EL is 560 nm.  These results show that the IL 

thickness is not dependent upon the subsequent conditions used during precursor growth; the 

thickness of the IL is identical despite the C/Si ratio being 1.00 and 0.35 for the data in Fig. 3. 

and the SIMS analyses in Fig. 4, respectively.   

The average impurity concentrations of nitrogen and aluminum for the substrate, the 

in-situ layer and the epitaxial layer are summarized in Table 1.  The atomic concentration of 

nitrogen in the EL (2.0x1018) is higher than in the IL (1.3 x1017), while the converse is true 

for the atomic concentration of aluminum, namely, 9.0x1015 and 6.0x1016, respectively.  The 

spike in Al concentration at the outset of deposition of the IL layer is under investigation (see 

Chapter 4). It occurs during heating at low temperatures where the evaporation of Si is 

negligible.  Initial results indicate that it is derived from the decomposition of the SiC 

coatings.  The evaporation rates of both Al and Si increase with increasing temperature; 
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however, Si successfully competes for most of the metal sites and for bonding to C, and the 

incorporation of Al into the growing film is markedly reduced.  The concentrations of 

nitrogen and aluminum in the IL remain approximately constant independent of the growth 

conditions employed during subsequent epitaxial growth from precursors.  In this research, 

changing the input partial pressures of the silicon and carbon reactant gases (and as a result, 

the C/Si ratio) at 1450ºC leads to a large variation in the concentration of nitrogen and 

aluminum unintentionally incorporated into the EL during precursor growth.  This effect is 

consistent with site-competition epitaxy [12-14].  Alternatively, these results in concert with 

the increased growth rate during precursor growth may suggest that a shift in the growth 

dynamics occurs when precursors are injected into the growth chamber at this temperature.  

The latter phenomenon is discussed in more detail below. 

 

2.4.2 Kinetics Factors in SiC Epitaxial Growth 
 

2.4.2.1 Epitaxial Growth without Precursors (PR2) 
 

Further growth experiments were performed using PR1 and PR2 to evaluate the 

influence of the SiC coating decomposition on the growth of epitaxial SiC.  Figure 5 shows 

the thickness for epitaxial layers grown in holder A for one hour with precursors (PR1) and 

without precursors (PR2) from 1450-1600ºC.  The hydrogen flow rate for these experiments 

was 0.59 slm and the C/Si ratio was 1.0 for PR1.  The epitaxial layer thickness increased with 

temperature independent of the presence of precursor gases.  At 1450ºC the thickness values 

for the epitaxial layers grown by PR1 and PR2 were 0.67 µm and 0.42 µm, respectively, 

which corresponded to a thickness ratio of 0.63.  Conversely, epitaxial layers grown by PR1 

and PR2 at 1600ºC exhibited the same thickness.  Because the layer thicknesses were the 

same, these results indicate (1) that at temperatures ≥1600ºC the growth ambient is 

dominated by silicon- and carbon-containing species resulting from SiC coating 

decomposition and (2) the concentrations of these species is in excess of the input 

concentrations of the precursors gases during PR1.   

Figure 6 shows an Arrhenius plot of the thickness values contained in Fig. 5. for PR2 

(open squares) as well as data reported elsewhere for epitaxial growth of 6H- and 4H-SiC by 

sublimation epitaxy (open circles) [3].  The activation energy and pre-exponential factor 
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from [3] were determined to be 5.62 eV and 5x1015 µm/hr, respectively; the analogous values 

calculated in the present research using (PR2) were 5.64 eV and 1x1016 µm/hr.  Similar 

activation energies have been attributed to the sublimation of the SiC source material in 

sublimation epitaxy [see, e.g., [3] and the references therein].  The activation energy and pre-

exponential factor reported here are in excellent agreement with those from [3].  However, 

contrary to the hydrogen atmosphere used in this research, SiC sublimation epitaxy is 

conventionally performed in an argon atmosphere; the latter atmosphere was employed in the 

work described above by [3].  As discussed in the section 2.2, the gaseous species that result 

from the decomposition of SiC in argon and hydrogen are different [5]; thus, the by-products 

contributing to the re-deposition of SiC observed in this research are not the same as those in 

sublimation epitaxy.  To clarify this disparity, hydrogen was replaced with argon and 

epitaxial growth without precursors (PR2) was performed over the temperature range 1450-

1600ºC.  The results are plotted as closed circles in Fig. 6.  From these data, an activation 

energy of 5.37 eV was calculated.  The latter value is consistent with the activation energy 

determined in our process for a hydrogen diluent and provides further support that the in-situ 

layer is a result of SiC coating decomposition and subsequent re-deposition on the substrate.   

Although the experiments performed here in hydrogen and argon yielded equivalent 

activation energies, the pre-exponential factors (A) vary by two orders of magnitude.  

Furusho et al. have reported similar results in which they found the activation energy for 

sublimation epitaxy to be independent of the growth atmosphere [4].  In addition, the same 

authors also reported enhanced growth rates for sublimation epitaxy performed in a hydrogen 

atmosphere [4].  Specifically, Furusho et al. found that the pre-exponential factor for 

sublimation growth in hydrogen at ~1840ºC is approximately 1.3 times larger than the 

analogous value for sublimation growth in an argon atmosphere.  The increased growth rates 

in a hydrogen atmosphere were attributed to the main reactive species having a higher vapor 

pressure than in an argon atmosphere [4].  The value of 1.3 is significantly smaller than the 

pre-exponential value found here; at the time of this writing the reason for this difference is 

not known. 
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2.4.2.2 Epitaxial Growth with Precursors (PR1) 
 

Figure 7 shows an Arrhenius plot of the growth rate of epitaxial layers of SiC 

deposited using PR1 from 1250 to 1450ºC and holder C.  The hydrogen flow rate was 1.00 

slm and the C/Si ratio was maintained at one.  Note that holder and the diluent flow rate for 

Fig. 6 were A and 0.59 slm, respectively.  In accordance with the assumption described 

earlier, the impact of the difference in the holder and hydrogen flow rate between Fig. 6 and 

Fig. 7 was considered negligible.  From Fig. 7 an activation energy of 3.72 eV was 

determined for epitaxial growth with precursor gases, which is significantly less than the 

activation energy calculated from Fig. 6 for epitaxial growth without precursors gases.   

In general, the activation energy is regarded as the energy barrier associated with the 

mechanism limiting (or controlling) the growth process.  The ~2 eV difference in the 

activation energies from PR1 and PR2 indicates that different rate-limiting mechanisms are 

operative in each process route.  Further, these results indicate the existence of two separate 

growth regimes in PR1, which is supported by the SIMS results described above.  The first 

regime is present during heat-up to the growth temperature, which is analogous to the 

sublimation–driven growth during PR2.  The onset of the second regime in PR1 occurs when 

reactant gases are admitted into the growth chamber.  The activation energy decreases from 

5.64 eV to 3.72 eV.  The two growth regimes are strongly dependent upon temperature, as 

shown in Fig. 5.  In our process, these two regimes exist in PR1 at temperatures <1600ºC.  

For temperatures ≥1600ºC, the sublimation-effect dominates the growth process and the layer 

thickness resulting from PR1 and PR2 is identical. 

 To better understand the activation energy of the precursor-driven regime in PR1, a 

brief overview of the activation energies associated with the epitaxial growth of SiC is given 

below.  The focus is placed on the influence of the growth technique and process conditions.  

The reader is referred to [23] for an in-depth discussion of the role of the degree of substrate 

miscut on epitaxial growth of SiC. 

Activation energies ranging between 0.12 eV and 0.95 eV have been reported [23-25] 

for homoepitaxial growth of SiC by CVD in cold-wall systems between 1200 and 1600ºC.   

The former value was correlated with mass-transport limited growth by calculations 

involving a stagnant layer model [23].  An activation of 0.52 eV was attributed by [24] to 

surface-reaction controlled growth. Because 3.72 eV is more than 30 times greater than 0.12 
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eV, mass-transport through a boundary is not likely the rate limiting mechanism.  In addition, 

in the mass-transport limited regime, the relationship between the growth rate (Rg) and 

growth temperature (Tg) is: Rg α (T/To)n, where To is room temperature and n ~ 0.25-0.45 

[26].  From a plot of log Rg as a function log T (not shown), n for the present CVD process 

(with precursors) was determined to be 26.4.   This value is significantly larger than the n-

values noted above for mass-transported limited growth and implies a strong temperature 

dependence of the growth rate. 

The activation energies associated with SiC sublimation epitaxy have been discussed 

above.  SiC epitaxial layers grown by gas-source molecular beam epitaxy over the 

temperature range of 1350-1500ºC yielded an activation energy of 0.55 eV [27].  In vertical, 

hot wall CVD the activation energy is greatly determined by the process conditions 

employed, since gas phase reactions have been demonstrated as the major, rate-limiting step 

[7,28-30].  Fujihira, Kimoto and Matsunami identified two activation energies, 4.16 eV and 

6.30 eV, associated with vertical, hot wall CVD in the temperature range of 1500-1700ºC [7].  

6.30 eV was attributed to the formation of Si clusters in the gas phase and was reduced to 

4.16 eV by increasing the flow rate of the hydrogen diluent [7].  By increasing the diluent 

flow rate, the reduced SiH4 partial pressure suppressed the formation of gas phase Si clusters 

[7].  Similarly, Ellison et al. located two growth regimes between ~2000-2200ºC using 

vertical, hot wall (high-temperature) CVD [28].  In the regime below 2050ºC homogeneous 

gas phase nucleation was observed and an activation energy of 5.42 eV was calculated [28].  

Above this temperature the activation energy reduced to 3.04 eV in the absence of gas phase 

particles [28].  The same author has reported activation energies of 1.91 eV and 2.60 eV for 

vertical, hot wall CVD growth at 1700-1800ºC [30] and 1750-1900ºC [29], respectively.   

Because the activation energy of the precursor-driven regime (3.72 eV) is consistent 

with analogous values from the literature, it is reasonable to assume that gas-phase reactions 

are limiting the current CVD process for epitaxial growth from reactant gases during PR1.  In 

addition, homogeneous gas phase nucleation has been observed during SiC epitaxial growth 

in a vertical, radiantly-heated hot wall CVD system [31] similar to that employed in this 

research.  Meziere et al. have analyzed gas phase reactions in SiC CVD by computational 

modeling and found the energy related to ethylene (i.e. C2H4) decomposition 

( 22242 HHCHC +→ ) in the gas phase to be 3.57 eV [32].  Because ethylene is the carbon 
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precursor used in our process and the reaction energy determined by Meziere et al. is quite 

similar to the 3.72 eV reported here, these results suggest that the growth in the pre-cursor 

driven regime is carbon-supply limited.  Contrary to the body of evidence that supports gas 

phase-limited growth, the activation energy of the sticking coefficient for the growth of SiC 

epitaxial layers has also been determined to be 3.73 eV [33], which was reported to be 

consistent with the bond energy of SiC (3.17 eV).  The activation energy during the 

precursor-driven regime is identical to this value; thus, it could be concluded that absorption 

barrier which must be overcome by species on the substrate surface is limiting epitaxial 

growth in this regime.   

 

2.4.3 Microstructural Characterization of In-Situ Deposited SiC 
 
 AFM and TEM studies have been performed to evaluate the influence of the IL layer 

on the subsequent epitaxial growth of SiC using PR1.  The representative AFM image shown 

in Fig. 8(a) reveals the surface microstructure of an as-received 4H-SiC(  1120) substrate.  The 

roughness of the 5 x 5 µm height image is 0.81 nm RMS.  The depth of the polishing 

scratches on this surface range from 1-to-2 nm in depth [34].  In contrast, the surface 

microstructure of the ~100 nm IL, grown by heating the substrate shown in Fig. 8(a) to 

1450ºC in 1 slm flowing H2 and immediately cooling, was specular and possessed the 

microstructure shown in the 10 x 10 µm AFM height image in Fig. 8(b).  The RMS 

roughness was 0.31 nm.  Pits and scratches were not observed.  Low amplitude undulations 

and linear surface features run left-to-right and diagonally in Fig. 8(b), respectively.  The 

undulations are predominantly aligned in the vertical direction and are most likely a 

manifestation of the polishing scratches on the original substrate surface shown in Fig. 8(a).  

The linear features are more apparent in the high magnification 2.5 x 2.5 µm inset in Fig. 

8(b).  From the inset, the average width (standard deviation) of the linear features was 

calculated to be 89.8 nm (± 23.5 nm), while their height was less than the vertical resolution 

of the AFM and therefore could not be determined.  The origin of the linear features is a 

subject of on-going research (see Chapter 5). 

In a previous communication [35], we reported similar features present on the surface 

of epitaxial layers after precursor growth for the same film-substrate orientation at 1450ºC.  



 47

The width of the linear features was significantly less (36.1 nm) than reported here.  In 

addition, it was speculated that these surface characteristics result from competitive growth 

between the in-plane, i.e., [0001] and [ 0011 ], and out-of-plane directions, i.e., [ 0211 ].  

Similar anisotropic growth has been reported for crystal growth of SiC [35-39] as well as 

other material systems [34, 40-41].  The origin of these features and their role in the epitaxial 

growth of SiC are a topic of on-going research, as resolution of this issue is fundamental to 

the understanding of the growth mechanism on this surface. 

 The presence of these markings on the surface preceding and following precursor-

driven epitaxial growth suggests that the microstructure of the in-situ deposited layer is 

inherited by the overgrown epitaxial layer.  Further, the specular surface of the in-situ 

deposited layer is significantly smoother than the damaged substrate surface.  Because 

defects in epitaxial layers have been reported to form as a result of poor substrate surfaces 

and morphological and crystallographic defects impeding epitaxial growth [19-20], growth 

on the in-situ deposited layer is expected to lead to decreased densities of defects compared 

to traditional epitaxial growth on the as-received substrates surface.  The data here support 

the role of the in-situ deposited layer as a buffer layer between the substrate and epitaxial 

layer from precursors.   

Companion TEM studies of epitaxial layers grown using PR2 are shown in Fig. 9(a) 

and 10(b).  These films were grown to a thickness of approximately 1 µm with the intention 

of delineating the in-situ deposited layer from the substrate; no growth using precursor gases 

was performed.  Growth was performed at 1450ºC using holder C and 1 slm of diluent 

hydrogen.  Figure 9(a) is a cross-sectional TEM image obtained along the [ 0101 ] zone axis, 

while Fig. 9(b) shows a higher magnification image obtained along the [0001] zone axis of 

the same sample.  In addition to an indistinguishable interface between the layer and 

substrate, large volumes of material were without observable defects.  The former indicates 

that the microstructure of the underlying substrate was mimicked exactly by the overgrown 

in-situ deposited layer.  The dark curved lines in Fig. 9 are attributed to thickness fringes that 

resulted from specimen preparation.   

Transmission electron microscopy analyses were also performed on epitaxial layers 

grown from PR1 with a C/Si of 1.  All other conditions were identical to those described 

above for the sample shown in Fig. 9.  Figure 10 is a cross-sectional TEM micrograph of a 
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~1 µm thick epitaxial layer grown from precursors and was acquired along the [0001] zone 

axis.  Again, no interfaces between either the in-situ deposited layer (~100 nm) and the 

substrate or between the former layer and the film deposited from precusors could be 

distinguished.  In addition, no defects were observed propagating into the epitaxial layers 

from the substrate or originating at any of the interfaces.  These results are identical to those 

reported previously by this group for the same film-substrate orientation [35] and further 

support the in-situ deposited layer as a buffer layer and a primary contributor to the reduced 

defect nature of our films. 

 

2.5 Conclusions 
 

Two process routes have been employed to critically analyze the epitaxial growth of 

4H-SiC( 0211 ) films on 4H-SiC( 0211 ) substrates as a function of temperature in a vertical, 

hot-wall chemical vapor deposition system.  Route (1) was performed with reactant gases; 

the activation energy for growth was 3.72 eV.  The only source of reactants in route (2) was 

the decomposition of the SiC coating from several parts within the growth chamber.  

Activation energies of 5.37 eV and 5.64 eV, consistent with sublimation epitaxy, were 

calculated for the latter conditions in argon and hydrogen, respectively.  At temperatures 

≥1600ºC, the coating sublimation superseded epitaxial growth from the reactant gases; this 

phenomenon is potentially unidentified and deleterious for doping and process control in 

other high-temperature SiC growth processes.  The sublimation-effect has been exploited 

advantageously here in the form of an in-situ deposited buffer layer that enabled the epitaxial 

growth of regions containing defect-free material on 4H-SiC( 0211 ) substrates.  Further work 

is necessary to ascertain the role of an in-situ deposited layer on the epitaxial growth of SiC 

on substrates with different polytypes and crystallographic orientations. 
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2.8 Tables 
 
Table 1 – Comparison of the atomic concentration of nitrogen and aluminum impurities 
within epitaxial layers on 4H-SiC( 0211 ) substrates. 
 

Atomic Impurity Concentration Location 
N (cm-3) Al (cm-3) 

Substrate (S) 3.9x1018 3.8x1015 
In-situ Buffer Layer (IL) 1.3 x1017 6.0x1016 

Epitaxial Layer (EL) 2.0x1018 9.0x1015 
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Figure 1.  Schematic of the radiantly heated, vertical hot-wall chemical vapor deposition 

system used for SiC epitaxy growth.  All of the dense graphite parts are coated 
with SiC.  
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Figure 2.  Temperature-time diagrams that illustrate the two process routes (PR) used for 
homoepitaxial growth of SiC films.  In PR1 (a), SiH4 and C2H4 were admitted at 
the growth temperature.  No precursors gases were used during PR2 (b).  
Hydrogen was the diluent gas during all steps of (a).  For (b) hydrogen or argon 
were employed as the diluent gas. 

(a) 

(b) 
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Figure 3.  Thickness as a function of growth time at 1450ºC for epitaxial growth using 
PR1 and holders A and C.  The growth rate (slope) was 509 nm/hr and the in-
situ layer thickness (intercept) was 108 nm for holders A and C, independent of 
the hydrogen flow rate.  The flow rate of the hydrogen diluent was 590 sccm for 
holder A; 590 and 1000 sccm of hydrogen were used for holder C.  The C/Si 
ratio was held constant at 1.00.    
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Figure 4.  SIMS concentration depth profiles for (a) nitrogen and (b) aluminum in the 
epitaxial layer (EL), the in-situ deposited buffer layer (IL), and the 4H( 0211 ) 
substrate (S) after epitaxial growth using PR1 and holder C at 1450ºC.  The 
hydrogen flow rate was 1 slm, and the C/Si ratio was 0.35. 

(a) 

(b) 
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Figure 5.  Bar graph of the thickness after 1 hour of growth using PR1, PR2 and holder A 

between 1450-1600ºC.  The ratio of the thicknesses from latter and former 
routes (PR2/PR1) increased from 0.63 to 1.00 over this temperature range.  The 
hydrogen flow rate was 0.59 slm, the C/Si ratio was 1.00. 
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Figure 6.  Arrhenius plots for epitaxial layers grown using PR2 and holder C compared 
with literature [3].  The hydrogen and argon flow rate was 1.00 slm. 
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Figure 7.  Arrhenius plot for epitaxial layers grown using PR1 and holder C.  The 
hydrogen flow rate was 1.00 slm and the C/Si ratio was 1.00. 
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Figure 8.  AFM height images of (a) the as-received substrate surface (5 x 5 µm) and (b) 
the epitaxial surface of a ~100 nm thick in-situ buffer layer (10 x 10 µm) after 
heating to 1450ºC in 1.00 slm of hydrogen with holder C.  The RMS roughness 
for (a) and (b) were 0.81 nm and 0.31 nm, respectively.  The high-resolution 
inset in (b) is 2.5 x 2.5 µm with a roughness of 0.10 nm RMS.   

(a) 

(b) 
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Figure 9.  (a) Cross-sectional TEM image of a ~1 µm epitaxial layer grown using PR2 and 

holder C on a 4H( 0211 ) substrate at 1450ºC.  (b) Higher magnification image 
of the same sample as (a).  Images (a) and (b) were acquired along the [ 0101 ] 
zone axis and the [0001] zone axis, respectively.  The white diagonal feature in 
each image is the glue line.  The hydrogen flow rate was 1.00 slm and the C/Si 
ratio was 1.00. 

(a) 

(b) 
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Figure 10.  Cross-sectional TEM image of a ~1 µm epitaxial layer and a ~100 nm in-situ 
deposited buffer layer after epitaxial growth on a 4H( 0211 ) substrate at 1450ºC 
using PR1 and holder C.  The image was acquired along the [0001] zone axis; 
the black diagonal feature is the glue line.  The hydrogen flow rate was 1.00 slm 
and the C/Si ratio was 1.00. 
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3.1 Abstract 
 
 Epitaxial growth of films on 4H-SiC( 0211 ) and 6H-SiC(0001) substrates via 

sublimation of SiC in a hot-wall deposition system has been investigated.  Films deposited on 

the former replicated the polytype and those deposited on the latter were 3C-SiC.  The 

roughness of the specular surface of the 4H( 0211 ) films was 0.31 nm RMS.  Defect etching 

of this surface using molten KOH revealed etch features with a density ~5x105 cm-2.  

Companion transmission electron microscopy studies of selected 4H( 0211 ) samples revealed 

neither defects intersecting  the surface nor film/substrate interfaces.  Macrosteps and 

microsteps, indicative of step bunching, dominated the surface of the 3C-SiC layers; the 

average roughness for these surfaces was 3.65 nm RMS.  Synthesis of the foregoing results 

indicated the influence of the in-situ deposited films on the character of homoepitaxial films 

subsequently grown from SiH4 and C2H4. 
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3.2 Introduction 
 

Although significant progress has been made in recent years in the reduction of 

defects in SiC crystals [1], defects such as micropipes, dislocations, grain boundaries, and 

epitaxial defects hinder the realization of 4H-SiC-based devices [2].  Studies have shown that 

commercial SiC substrates contain deep scratches and sub-surface damage [3].  These 

process-induced artifacts, in addition to defects within the substrate, may be the source of 

morphological and crystallographic defects present in overgrown epitaxial layers [4-5].    

To reduce the influence of the substrate, ex-situ and in-situ processes have been 

employed.  Grinding/lapping and mechanical polishing, chemical-mechanical polishing, and 

wet oxidation followed by reactive-ion etching comprise some of the ex-situ processes [3].  

The most widely utilized in-situ technique is exposing SiC to flowing H2 between 1400-

1700ºC prior to growth [3,5,9-16].  Polishing scratches are removed from substrates because 

hydrogen reacts with SiC incongruently to form volatile hydrocarbons and free silicon [3].  

Other gas-phase etching techniques include mixtures of H2 and HCl [4,17-18] and H2 and a 

carbon source (i.e. C3H8 or C2H4) [4,19].  Additional in-situ preparation has been achieved 

through the use of SiC buffer layers. Buffer layers have led to reduced x-ray rocking curve 

full-width half-maxima values in subsequently grown epitaxial layers [6] and have been used 

to reduce strain between highly nitrogen-doped SiC substrates and low nitrogen-doped active 

layers [7].  In addition, thick buffer layers have been integrated into SiC p-i-n device 

structures.  These layers prevent minority carriers from recombining in the substrate and 

thereby prohibit stacking fault propagation into device layers [1,8].   

 In a previous paper [20], we showed that the reaction between hydrogen and the SiC 

coating in a hot wall chemical vapor deposition (CVD) system operated between 1250 and 

1600°C produces Si- and C-containing by-products that result in the in-situ deposition of 

homoepitaxial SiC films.  Under optimized growth conditions, the sublimation-effect was 

exploited to grow in-situ deposited buffer layers that mimicked the microstructures of the 

underlying 4H-SiC( 0211 ) substrates.  Each homoepitaxial film subsequently grown from 

reactant gases contained large volumes of defect-free material [20].  In the research presented 

here-in, polytype determination and microstructural characterization have been conducted on 
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the in-situ deposited films.  The influence these layers have on the subsequent epitaxial 

growth is also described.  

 

3.3 Experimental Procedure 
 

Commercially available 4H( 0211 ) and 6H(0001) on-axis wafers from Cree, Inc. 

(Durham, NC, USA) were used as substrates. The 4H( 0211 ) wafers were fabricated from 

4H-SiC boules grown along the [0001]-direction.  The substrates were cleaned prior to 

loading into the growth chamber in a 10% HF solution to remove the native oxide.  Growth 

of the SiC films was performed using a radiantly-heated, vertical, hot-wall chemical vapor 

deposition (CVD) system described previously [20].   In this configuration, the holder-

sample assembly is heated by radiation from an inductively-coupled graphite susceptor.  All 

heated graphite parts were halogen purified.  The total pressure and temperature during film 

growth were 20 Torr and 1450ºC, respectively.  Hydrogen served as the diluent gas during 

heating, growth and cooling; the flow rate was 1.00 slm.  Deposition was achieved using two 

process routes: precursor growth (PG) and sublimation growth (SG).  The primary sources of 

Si and C in the PG route were SiH4 and C2H4, respectively; however, a thin layer of SiC was 

initially epitaxially grown in-situ as a result of the reaction of H2 with the SiC coatings 

during heating to the growth temperature [20].  Two flow rates of SiH4 were employed: 1.20 

sccm and 3.43 sccm. The flow rate of C2H4 was maintained at 0.60 sccm.  The resulting C/Si 

ratios were 1.00 and 0.35.  In the SG route, growth was achieved only from the products of 

the reaction of H2 with the SiC coatings.  The experimental conditions for SG were 

essentially the same as those used in PG; however, hydrogen was the only gas used during 

the SG process route.  No intentional doping was employed in either process. 

Characterization was performed to determine the polytype of the epitaxial layers and 

to compare their surface and defect microstructures.  The thickness of the epitaxial layers 

analyzed was 1 µm unless otherwise stated.  High-resolution triple-axis x-ray diffraction 

(HRTXD), cathodoluminescence (CL), Raman spectroscopy, and transmission electron 

microscopy (TEM) were employed in the former study.  HTXRD was conducted in a manner 

similar to [21] using a Philips X’Pert MRD diffractometer equipped with a fourfold Ge(220) 

monochromator, a threefold Ge(220) analyzer, and an Eulerian cradle.  A CamScan MaXim 
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2040 S scanning electron microscope (SEM) equipped with an Oxford MonoCL system was 

used for CL measurements at 6 K.  The electron beam energy used in these experiments was 

25 keV, as Monte-Carlo simulations showed this accelerating voltage to yield emission 

spectra from both the substrate and epitaxial layers [22].  CL spectra were fit with a Gaussian 

peak-type and linear background subtraction.  Micro-Raman spectroscopy was performed 

with a backscattering geometry at room temperature using a Jobin-Yvon spectrometer 

coupled with a Zeiss optical microscope.  A thermoelectrically-cooled charge coupled device 

(CCD) was used as the detector.  The 441.6 nm line from a He-Cd laser (Kimmon Electric) 

was used as a Raman excitation source.  The laser beam with a nominal power of 80 mW 

was focused onto the sample with a spot size ~5 µm in diameter.  The polarization states of 

both the incident and the scattered light were not specified and the direction of E-field was 

randomly oriented onto the ( 0211 ) surface in order to increase the number of modes detected.  

Cross-sectional transmission electron microscopy (TEM) was performed using a JEOL 

3010 microscope operated at 300 kV.  TEM samples were prepared by mechanical polishing 

followed by dimpling to 10 µm and Ar ion milling at 5 kV until perforation. 

The surface microstructure of the epitaxial layers was investigated using atomic force 

microscopy (AFM (JEOL 5200)).  SEM (JEOL 6400F) was also employed in this analysis to 

determine epitaxial layer thickness.  Secondary ion mass spectrometry (SIMS (Cameca 6F)) 

concentration-depth profiles were used to measure the atomic concentration of nitrogen and 

aluminum in select epitaxial layers and substrates, as well as the thickness of the former.  

Defect etching was performed in molten KOH at 700ºC for one minute and compared to 

TEM analyses performed on the same type of sample. 

 

3.4 Results  
 

3.4.1 In-Situ Layer Identification 
 

The atomic concentrations of the N and Al impurities in SiC films, grown on 4H-

SiC( 0211 ) and 6H-SiC(0001) substrates via the PG route (C/Si = 1) and determined from the 

SIMS concentration-depth profiles, are shown in Fig. 1 and summarized in Table 1.  The 

concentrations of N within the epitaxial layers (substrate) on the former and latter substrates 

are 1.5x1017 cm-3 (6.0x1018 cm-3) and 1.0x1017 cm-3 (1.2x1018 cm-3), respectively.  Neither 
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depth-profile in Figs. 1(a) and 1(b) shows a change in the N doping concentration beyond the 

film-substrate interface that indicates the existence of an in-situ deposited layer.  In contrast, 

the epitaxial layer, the in-situ layer, and the substrate are each delineated by the changes in 

the Al profiles shown in Figs. 1(c) and 1(d).  The atomic concentrations of Al in the layers 

grown on the 4H( 0211 ) and 6H(0001) substrates are 5.0x1016 cm-3 and 6.0x1017 cm-3, 

respectively.  The concentration of Al increases throughout the IL layers and markedly near 

the IL/substrate interfaces.  The concentrations of N impurities are similar in the EL and IL 

layers on each substrate; however, the Al concentration is approximately an order of 

magnitude greater in the layers grown on the 6H(0001) substrates.   

 The thicknesses of the in-situ deposited layer and epitaxial layer were ~600 nm and 

~110 nm, respectively, and the same for both film-substrate orientations.  The growth rate is 

independent of the surface orientation on these two polytypes.  The former value is consistent 

with the thickness of the in-situ deposited layer we reported previously (~108 nm) from 

measurements of the thickness as a function of the growth time in the precursor-driven 

regime [20].  The thickness of the in-situ deposited buffer layer also correlates with the 

thickness of this layer (88 nm ±10 nm) determined from the SEM image shown in Fig. 2 

acquired from a sample grown using the PG route and a C/Si ratio of 0.35. 

 
3.4.2 Polytype Distribution 

 
The results from HRTXD studies of epitaxial layers grown via SG on 6H(0001) and 

4H( 0211 ) substrates are shown in Figs. 3 (a) and (b), respectively.  Figure 3(a) shows a ω-2θ 

scan of the (00.18) reflection for a 1 µm thick epitaxial layer on the former substrate.  The 

difference between the Bragg angles (2θS-2θE) associated with the substrate peak (2θS) and 

the epitaxial layer (2θE) was determined from this spectrum to be -0.23º.  This is consistent 

with the expected separation of the (00.18) reflection and the (333) reflection for 6H-SiC and 

3C-SiC, respectively.   The theoretical peak splitting (2θS-2θE) was calculated [23] from bulk 

properties for these SiC polytypes [24] to be -0.24º; thus, we conclude that the extra peak 

results from an epitaxial film of the 3C-SiC polytype.  These results agree with several 

previous studies in which 3C-SiC(111) films were reported (see e.g., Ref. [25]) to grow on 

on-axis 6H(0001) substrates.   
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The representative HRTXD ω-2θ scan of the (11.0) reflection for a 1 µm thick layer 

on the 4H( 0211 ) substrate presented in Fig. 3(b) does not show a satellite peak indicative of 

either an additional polytype or strain between the film and the substrate.  However, these 

data are not sufficient to prove that the epitaxial layer is the same polytype as the substrate, 

as the penetration depth of the x-rays at this wavelength exceeds the 1 um layer thickness 

[23].  An additional indication of the presence of a single polytype layer in these samples was 

obtained from a Raman spectrum acquired between 550 and 1000 cm-1and shown in Fig. 4.  

A high-resolution spectrum between 760 and 820 cm-1 shown in the inset in this figure 

reveals that the peaks in the broader spectrum are not clearly resolved.  The peak positions 

from Fig. 4 are summarized in Table 2 and are consistent with those obtained in a similar 

study on as-received 4H-SiC( 0211 ) substrates [21].  No extra phonon lines were observed, 

which indicates that only the 4H-SiC polytype was present in the analyzed volumes.  

However, the laser light employed in this research has a large penetration depth in these 

materials [26].  As such, deep-UV Raman spectroscopy must be conducted for the 

unambiguous identification of the polytype of the epitaxial layer [27].   

Confirmation of polytype replication was obtained from plan-view 

cathodoluminescence and electron diffraction studies.  Curve fitting of the CL spectra shown 

in Fig. 5 allowed the identification of peaks 402 nm, 423 nm and 506 nm and denoted as (1), 

(2) and (3), respectively.  All of the peaks are associated with impurity-related transitions in 

4H-SiC.  The position of peak 1 has been identified as the conduction band-to-acceptor (Al) 

level transition (CA) [28].  Peaks (2) and (3) are commonly observed CL emissions in 4H-

SiC, are caused by transitions between a nitrogen donor level and aluminum and boron 

acceptor levels, [29] and are typically referred to as blue luminescence (BL) and green 

luminescence (GL), respectively.  Band-to-band emission for 4H-SiC was not observed. This 

information is summarized in Table 3. 

The electron diffraction pattern shown in Fig. 6 was acquired along the [ 0211 ] zone 

axis.  The polytype can be therefore be determined by counting the number of reflections, n, 

between the incident beam and the [000n] diffraction spot [30].  The latter is indicated in Fig. 

6 as (1), which is the fourth reflection from the incident beam, and therefore reveals that the 

deposited film has the 4H-SiC polytype.  This pattern was fully indexed as the 4H polytype; 
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no evidence of other polytypes was present.  Both the CL results and the electron diffraction 

pattern unequivocally show the homoepitaxial growth of 4H-SiC 

 

3.4.3 Surface Microstructure 
 

The 6H(0001) and 4H( 0211 ) surfaces of the as-received substrates contained 

numerous polishing scratches.  A representative microstructure of the surface of the former 

substrate is shown in Figure 7 and has a roughness value of 1.43 nm RMS.  A similar 

microstructure with an RMS value of 0.81 nm was determined for the latter substrate [20].  

To examine the surface microstructure of the in-situ layer deposited prior to PG, both 

substrates were heated to the growth temperature and immediately cooled in flowing 

hydrogen.  The thickness of each of these layers is shown in Figs. 1(c and d) and 2 to be 

~100 nm.  The microstructures of the surfaces of the layers deposited on the 4H( 0211 ) and 

the 6H(0001) substrates are shown in the 10 x 10 µm AFM height images in Figs. 8(a) and 

(b), respectively.  The former surface is specular with an RMS roughness of 0.31 nm; it is 

described in detail in [20].  The latter surface is comprised primarily of macrosteps and 

microsteps, indicative of step bunching, which account for the high roughness value of 3.65 

nm RMS.  The dimensions of the surface features are summarized in Table 4.  The 

microstructure of the latter films is similar in appearance to previously reported results for 

3C-SiC deposited on 6H-SiC(0001) substrates studied by scanning probe microscopy [31].   

 

3.4.4 Defect Microstructure 
 
 The optical micrograph shown in Fig. 9(a) of the etched surface of a 1 µm 4H( 0211 ) 

layer deposited via SG shows an inhomogeneous array of randomly oriented features having 

a density of ~5x105 cm-2 that were not revealed prior to etching.  In contrast, the 

representative cross-sectional TEM micrograph acquired along the [ 0101 ] zone axis (Fig. 

9(b)) of a similarly prepared sample does not reveal either stacking faults or dislocations 

intersecting the surface of the 1 µm epitaxial layer, which is denoted by the white glueline.  

The interface between the film and substrate is located in the upper right corner of the image.  

In addition, no defects were observed intersecting the surface of this layer in similar analyses 
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performed along the [0001] zone axis (not shown).  Finally, the interface between the 

substrate and the epitaxial layer could not be distinguished, which is consistent with the 

results of previous research [20].   

 

3.5 Discussion 
 
 Secondary ion mass spectrometry depth profiles of the aluminum concentration in 

epitaxial layers grown on 4H( 0211 ) and 6H(0001) substrates revealed an initial in-situ 

deposited layer between the substrate and an epitaxial layer subsequently grown using Si- 

and C-containing precursors.  The presence of an in-situ layer on the latter substrate has not 

been previously identified.  Fluctuations in the concentration of aluminum were found to be 

the best indicator of interfaces in this research.  The atomic concentration of aluminum 

within the in-situ layer is not uniform for both film-substrate orientations.  In addition, it 

dramatically increases to a maximum near the substrate surface.  The nature of the sharp 

increase is not completely understood, but because the in-situ layer is deposited during the 

heating stage of the growth process, the increasing temperature plays a large role in the non-

uniformity of the aluminum profile in this region.  At the growth temperature employed in 

our process, silicon-containing by-products from the reaction between hydrogen and the SiC 

carbide coating have a lower partial pressure than the carbon-containing by-products [3].  

The source of silicon is therefore the rate limiting precursor for the re-deposition of SiC.  

During the growth of the IL regions, the reactor temperature is increasing rapidly resulting in 

an increasing partial pressure of the silicon-containing byproducts.  According to the theory 

underlying site-competition epitaxy [32-34], the unintentional aluminum concentration in the 

layers should decrease as the partial pressure of the silicon-containing byproducts increases 

with the reactor temperature.  This effect is seen in the exponential-like decay of the 

aluminum profile in the in-situ layers for both film-substrate orientations, as shown in Figs. 

1(c) and (d).  Thus, more silicon is available for the growth of SiC and the aluminum 

incorporation is suppressed as a result.  This explains the reduced contrast in the aluminum 

profile as the thickness of the in-situ layer increases away from the substrate surface.  The 

contrast in the aluminum concentration between the in-situ layer and epitaxial layer marks 
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the onset of precursor introduction into the growth chamber and a change in the growth 

regime from sublimation-driven to precursor-driven growth [20]. 

Our results and those of others indicate that the incorporation of aluminum into the 

growing SiC films is controlled primarily by the orientation rather than by the polytype of the 

film.  The approximately 10-fold higher atomic concentration of aluminum in the 3C-

SiC(111) layers grown in this research on 6H-SiC(0001) substrates than in the [ 0211 ]-

oriented layers has also been reported by Rowland et al. [35] for 6H-SiC(0001) films grown 

on vicinal 6H-SiC(0001) substrates compared to [ 0211 ]-oriented layers grown on similarly 

oriented substrates.  Both groups used a C/Si ratio of ~1 in the precursor gases.   

The total thicknesses of the in-situ deposited layer (~110 nm) and epitaxial layer from 

PG (~600 nm) were the same on both substrates.  This similarity implies that the extant 

growth mode and kinetics of growth are either the same or, if different, not measurably 

affected either by the film-substrate orientation or the polytype of the layer.   

The polytype of the epitaxial layers on 6H(0001) substrates was 3C-SiC and polytype 

replication was confirmed by all of the characterization techniques for epitaxial layers on 

4H( 0211 ) substrates.  These findings suggest that polytype replication occurs more readily at 

low temperatures on the latter substrate compared to the former substrate, as SG begins at 

temperatures less 1450ºC in our process.  Because the substrate stacking sequence lies within 

the growth plane for the non-basal 4H-SiC substrate, little thermal energy is required for 

surface adatoms to migrate and be accommodated at a lattice site where the deposited layer 

will assume the substrate crystal structure.  Conversely, high growth temperatures are 

required in case of [0001]-oriented 6H-SiC because adatoms require more thermal energy to 

migrate sufficient distances on the surface, be  incorporated at a step edge or kink site and 

thereby replicate the substrate polytype [36]. 

The surface microstructures of the in-situ deposited layers deposited on both 

substrates were markedly different.  The surface of the in-situ deposited layer on 4H( 0211 ) 

was specular, while the analogous surface on the 6H(0001) substrate was dominated by 

significant step bunching.  Because substrate surface flaws resulting from polishing scratches 

have been implicated in the generation of crystallographic and morphological defects within 

SiC epitaxial layers [37], subsequent growth (via the PG route) on the specular ( 0211 ) in-situ 
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layer surface is anticipated to yield films that contain low densities of defects related to the 

starting substrate.  This is supported by observations reported here from TEM, wherein no 

defects were observed intersecting the surface of thick (1 µm) epitaxial layers from SG.  

Moreover, PG on a thin (~100 nm), in-situ deposited layer in the [ 0211 ]-orientation was 

demonstrated previously; the resulting assembly exhibited polytype replication in addition to 

areas free of defects and indistinguishable interfaces between the substrate and epitaxial 

layers [20-21].   

 Defect etching molten KOH,  revealed an etch feature density of ~5x105 cm-2, while 

companion TEM studies showed no defects were observed intersecting the epitaxial layer 

surface, propagating from the substrate or originating at the substrate surface.  The disparity 

in these results indicates the difficulty of determining the nature of structural defects in 

[ 0211 ]-oriented SiC.  If the surface features resulting from KOH etching are related to 

stacking faults, they should be oriented in the same direction because stacking faults are 

aligned perpendicular to the ( 0211 ) surface and intersect the surface as lines.  Instead, these 

etch features are randomly oriented in an inhomogeneous array, similar to [38].  Further, no 

stacking faults were observed in Fig. 9(b), which was obtained along the [ 0101 ] zone axis; 

stacking faults imaged along this zone axis appear as lines in cross-sectional TEM images.  

An additional complication in the correlation of these results arises from the low defect 

densities in SiC.  Densities of ~105 cm-2 or less are difficult to locate and characterize with 

cross-sectional TEM; the latter technique is better suited for analyzing defects with densities 

of 107 cm-2 or higher [39].  Although the defect density and microstructure of the in-situ 

deposited layer remains unclear, the indistinguishable film-substrate interface, the replication 

of the polytype and the results of surface characterization indicate that the in-situ deposited 

layer on 4H(  1120) substrates is not deleterious to subsequent epitaxial growth (via the PG 

route). 

 

3.6 Summary 
 
 Homoepitaxial growth on non-basal surfaces enables reduced growth temperatures 

and alleviates issues related to polytype replication.  In this research, both the former and 

latter issues have been investigated.  SiC epitaxial layers that exhibited polytype replication 
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were grown on 4H(  1120) substrates without using precursors gases.  Analogous growth on 

6H(0001) substrates yielded epitaxial layers with the 3C-SiC polytype.  The sublimation-

effect that produces these layers is operative at temperatures less than our growth 

temperature (1450ºC).  Heating to the 1450ºC yielded a specular, epitaxial surface on the 

former substrate and a step-and-terrace microstructure with significant step bunching on the 

latter substrate.  Prior to these studies, in-situ growth without precursors had not been 

identified as a potential cause for the formation of 3C-SiC on 6H(0001) substrates.  Defect 

etching in molten KOH revealed etch features with a density ~5x105 cm-2 on the surface of 

sublimation-grown 4H( 0211 ) epitaxial layers, while cross-sectional transmission electron 

microscopy studies revealed no observable defects intersecting the epitaxial surface.  

Although the defect microstructure results remains unclear, the polytype and microstructural 

characterization indicate the in-situ deposited layer on 4H( 0211 ) substrates is not deleterious 

to subsequent epitaxial growth. 
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3.9 Tables 
 
Table 1 - Comparison of atomic concentrations of N and Al impurities within epitaxial layers 
on 4H-SiC( 0211 ) and 6H-SiC(0001) substrates. 
 

4H( 0211 ) 6H(0001) Location 
N (cm-3) Al (cm-3) N (cm-3) Al (cm-3) 

Substrate (S) 6.0x1018 3.0x1015 1.2x1018 2.0x1015 
In-situ Buffer Layer (IL) 1.5x1017 >5.0x1016 1.0x1017 >7.0x1017 

Epitaxial Layer (EL) 1.5x1017 5.0x1016 1.0x1017 6.0x1017 
 
Table 2 - Mode designations and positions of Raman peaks for homoepitaxial layers grown 
on 4H-SiC( 0211 ) substrates. 
 

Mode  
Designation 

Peak Position  
(cm-1) 

A1(AA) 610 
E2(PO) 777 
A1(TO) 781 
E1(TO) 797 
A1(AO) 837 

LO 977 
 
Table 3 - Summary of the cathodoluminescence spectrum from homoepitaxial layers grown 
on 4H-SiC( 0211 ) substrates at 6K. 
 

Peak Wavelength (nm) Polytype Emission Transition 
1 402 4H CA* (Aluminum) 
2 423 4H Nitrogen to Aluminum DAP# 
3 506 4H Nitrogen to Boron DAP# 

 *CA – conduction band to acceptor transition 
 #DAP – donor to acceptor pair transition 
 
Table 4 - Dimensions of surface feature for epitaxial layers grown on 6H-SiC(0001) 
substrates. 
 

Dimension Feature 
Step Height (nm) Terrace Width (µm) 

Microstep 2.69 0.11 
Macrostep 14.41 2.07 
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3.10 Figures 
     

4H-SiC( 0211 ) 6H-SiC(0001) 

      
Figure 1.  SIMS concentration-depth profiles for nitrogen (N) and aluminum (Al) within 

the epitaxial layers on ((a) and (c)) 4H-SiC( 0211 ) and ((b) and (d)) 6H-
SiC(0001) substrates (S).  The layer grown via the PG route and the in-situ 
deposited layer are denoted as EL and IL, respectively.  The hydrogen flow rate 
was 1 slm and the C/Si ratio was 1.00. 

 

(a) (b) 

(c) (d) 
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Figure 2.  Cross-sectional SEM micrograph of the epitaxial layer (EL), in-situ deposited 

layer (IL), and 6H-SiC(0001) substrate (S).  The flow rate of the diluent 
hydrogen was 1 slm and the C/Si ratio was 0.35. 
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Figure 3.  HRTXD ω-2θ scans of symmetric reflections for epitaxial layers grown via the 
SG route on (a) 6H-SiC(0001) and (b) 4H-SiC( 0211 ) substrates. 

(a) 

(b) 
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Figure 4.  Raman spectrum from 550-1000 cm-1 of a 1 µm thick epitaxial layer from SG 
on a 4H-SiC( 0211 ) substrate.  Inset is a high-resolution Raman spectrum from 
760-820 cm-1.   
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Figure 5.  Cathodoluminesence spectrum obtained at 6 K for a 1 um thick epitaxial layer 
grown via the SG route on a 4H-SiC( 0211 ) substrate.    
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Figure 6.  Plan-view TEM electron diffraction pattern obtained from an epitaxial layer 
grown via the SG route on a 4H-SiC( 0211 ) substrate along the [ 0211 ] zone-
axis.  The numbered diffraction spots indicate (1) = [0004], (2) = [ 2101 ], and  
(3) = [ 0101 ]. 
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Figure 7.   5 x 5 µm AFM height image of the as-received 6H-SiC(0001) substrate surface. 
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Figure 8.  10 x 10 µm AFM height images of the epitaxial surface of a ~100 nm thick in-
situ layer on (a) 4H-SiC( 0211 ) and (b) 6H-SiC(0001) substrates after heating to 
the growth temperature in 1 slm H2.  The RMS roughness values for (a) and (b) 
are 0.31 nm and 3.65 nm, respectively.   

(a) 

(b) 
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Figure 9.   (a) Optical micrograph of the surface of a 1 µm thick 4H( 0211 ) layer deposited 

via SG after etching at 700ºC for one minute. (b) Cross-sectional TEM image of 
a similarly deposited epitaxial layer on a 4H-SiC( 0211 ) substrate.  The zone 
axis is [ 0101 ].  The white diagonal feature is the glue line.   The area that 
contains the film-substrate interface (not distinguishable) is located in the upper 
right corner of the figure. 

(a) 

(b) 
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4.1 Abstract 
 
 The spatial origin of emissions from 1 µm thick, sublimation-grown 4H-SiC( 0211 ) 

epitaxial layers has been studied by cathodoluminescence.  At 10 keV and 300 K, the 

spectrum was generated from within the epitaxial layer and was dominated by a broad, 

boron-related emission at 488 nm.  Increasing the beam energy to 15 keV revealed additional 

emissions at 421 nm and 454 nm, which were attributed, respectively, to aluminum and 

oxygen impurities near the interface separating the epitaxial layer and the substrate.  The 

most intense emission in the latter spectrum was located at 389 nm and corresponded to the 

nitrogen donor-to-valence band transition.  At 25 keV the penetration depth increased to 3.6 

µm, and the primary peak shifted to 402 nm.  Further deconvolution of this band, revealed 

the presence of subsequent peaks, with the most intense emission centered at 393 nm  The 

remaining two peaks were located at 410 nm and 427 nm and are consistent with transitions 

involving aluminum impurities.  The emissions comprising the 402 nm band at 6 K and 25 

keV were the same as those in the spectrum acquired at 300 K and 25 keV.  The difference in 

the relative intensities of the peaks in the 6 K and 300 K spectra was attributed to thermal 

ionization of impurities and the concentration of aluminum at the film-substrate interface.  

The latter was confirmed by secondary ion mass spectrometry where the atomic 

concentration of aluminum increased from 7x1016 cm-3 to a maximum of 3x1018 cm-3 in this 

region.  A model based on boundary layer theory and the decomposition reaction of SiC has 

been developed to explain the presence of aluminum interfacial impurities in sublimation 

grown epitaxial layers.  The significance of the correlation between the model and 

experimental data is also discussed. 
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4.2 Introduction 

 4H-SiC has long been a leading candidate material for high-temperature and high-

power applications because its wide bandgap, high thermal conductivity, high saturation 

electron velocity and large breakdown electric field [1].  Because of occupied deep levels in 

the 3.4 eV bandgap due to unintentional doping, 4H-SiC does not become an intrinsic 

semiconductor until temperatures >900ºC [2].  As such, donor and acceptor dopant atoms 

with relatively shallow energy levels must be added to produce a material having electrical 

and optical properties of a semiconductor.  Aluminum is commonly employed as an acceptor 

impurity, while the most widely used donor impurity is nitrogen.  The former gives rise to an 

acceptor level at 190-230 meV above the valence band [3], while the latter can occupy either 

hexagonal or cubic sites within 4H-SiC that result in donor levels at 45-65 meV and 105-125 

meV, respectively [3-4].  The achievement of low residual background impurity levels within 

epitaxial layers of SiC as well as enhanced control of the concentrations of the donor and 

acceptor dopants have been realized with the discovery of site-competition epitaxy.  In site-

competition epitaxy, the individual and/or relative amounts of silicon- and carbon-precursors 

in the growth ambient dictate the concentration of aluminum and nitrogen impurities 

incorporated into the epitaxial layer [5-7].  The competition between the impurity atoms and 

constituent atoms of SiC arises because aluminum occupies the silicon sub-lattice and 

nitrogen the carbon sub-lattice within 4H-SiC [8-9].   

Growth parameters, such as the diluent flow rate and the total pressure, can alter the 

concentrations of aluminum [10] and nitrogen [11] within 4H-SiC epitaxial layers.  Burk and 

Rowland [12] have shown that pre-growth conditions have a dramatic influence on 

unintentional aluminum impurities at the 4H-SiC film-substrate interface.  Specifically, these 

authors exposed the substrate surface to H2 and a H2/C3H8 mixture prior to epitaxial growth 

and observed increases in the aluminum impurity concentration at the interface for both cases.  

This spike in aluminum concentration influenced the current-voltage characteristics of 

Schottky diodes [12].  The presence of interfacial aluminum impurities was attributed to the 

site-competition-effect [12] described above; however, these authors did not discuss the 

impurity source(s) and offered no explanation for the exponential decay in the impurity 

profile as thickness increased away from the interface.   Burke and Rowland were able to 
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remove the increase in the aluminum concentration when gaseous HCl was substituted as a 

pre-growth treatment [12]. 

 Cathodoluminescence (CL) is an optical characterization method that has been used 

previously to study impurity-related emissions in 4H-SiC [13-20].  Because CL can 

simultaneously obtain spectral and spatial information, this technique has been employed in 

this research to determine the spatial origin of aluminum-related emissions within 4H-

SiC( 0211 ) epitaxial layers.  The influence of interfacial aluminum impurities on the CL 

spectrum of 4H-SiC is shown and a model is also presented to explain the presence and the 

profile of interfacial aluminum impurities. 

 

4.3 Experimental Procedure 
 

Commercially available 4H-SiC( 0211 ) wafers, diced from 4H-SiC boules grown in 

the [0001]-direction were used as substrates.  The substrates were cleaned prior to loading 

into the growth chamber in a 10% HF solution to remove the native oxide.  SiC thin films 

were grown on these substrates by sublimation epitaxy was conducted in a radiantly-heated, 

vertical, hot wall CVD system described previously [21].  Hydrogen served as the diluent gas 

during heating, epitaxial growth, and cooling; the flow rates ranged between 0.59-1.00 slm.  

The reactants were the Si- and C-containing products produced via reactions of the hydrogen 

with the SiC coatings on the inductively-coupled graphite susceptor and the holder-sample 

assembly.  The growth pressure and temperature were 20 Torr and 1450ºC, respectively.  

Intentional doping was not investigated. 

Cathodoluminescence (CL) measurements were performed with a CamScan MaXim 

2040 S scanning electron microscope (SEM) equipped with an Oxford MonoCL system at 6 

K and 300 K.  The electron beam energy varied between 10 and 25 keV.  

Cathodoluminescence spectra were fit with a Gaussian peak-type and linear background 

subtraction.  The trajectories of the electrons within epitaxial and bulk SiC were simulated 

using a Monte-Carlo-based routine [22].  The simulations were performed as a function of 

energy from 5 to 25 keV to spatially estimate the source of the emissions observed in the CL 

spectra.  The number of electrons used in the simulations ranged between 200 and 1000, and 

the electron beam radius was varied from 10 to 1000 nm.  Secondary ion mass spectrometry 
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(SIMS (Cameca 6F)) concentration-depth profiles were used to measure the atomic 

concentration of nitrogen, aluminum and boron in select epitaxial layers and substrates, as 

well as the thickness of the former.   

 

4.4 Results and Discussion 
 

4.4.1 Evolution of Cathodoluminescence Emissions 
  

The results from Monte-Carlo simulations are shown in Fig. 1 as a plot of the 

penetration depth of the interaction volume as a function of the energy of the electron beam.  

The former increased as a result of the latter, independent of the simulation conditions. 

 The cathodoluminescence spectrum acquired at 300 K and 25 keV from an as-

received 4H-SiC( 0211 ) substrate is shown in Fig. 2.  The sharp, primary peak is located at 

394 nm and is attributed to the nitrogen donor level-to-valence band transition (N-DV) [3].  

An additional peak may be present in this spectrum within the broad, low intensity band at 

~490 nm.  This wavelength is similar in position to that observed for boron impurity-related 

emissions in 4H-SiC [3] that are described in more detail below.  This emission was ignored 

in this analysis due to its low intensity relative to the primary peak at 394 nm. 

Figure 3. shows the cathodoluminescence spectra acquired as a function of electron 

beam energy from 10 to 25 keV at 300 K from a 4H-SiC layer grown using a hydrogen flow 

rate of 1.00 slm is shown in Fig. 3.  The depth of the interaction volume at 10 keV is 0.75 µm, 

and therefore the spectrum shown in Fig. 3(a) was generated from emissions within the 1 µm 

thick epitaxial layer. This spectrum was dominated by a broad emission centered at 488 nm.  

These results are similar to those obtained by Kakanakova-Georgieva et al. [16] at the same 

beam energy and temperature.  A single broad peak, located within the range of 510-520 nm, 

was present in their spectra acquired between 380 and 700 nm and attributed to transitions 

related to boron occupation of the C sites in the SiC lattice [16].  The peak observed in this 

research at 488 nm has been correlated with the NB-DAP transition, where the energy of the 

boron acceptor level was taken as ~0.65 eV above the valence band [3].  The depth of the 

interaction volume at 10 keV is 0.75 µm, and therefore the spectrum shown in Fig. 3(a) was 

generated from emissions within the 1 µm thick epitaxial layer.  The average atomic 

concentration of boron within the sublimation-grown epitaxial layers was determined from 
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companion SIMS data shown in Fig. 5(b) to be ~2x1016 cm-3. The latter concentration has 

been shown by others to be sufficiently high to yield emissions related to this element [16].  

Although the origin of these peaks is somewhat uncertain, collectively they are referred to as 

the green luminescence emission for 4H-SiC [16].  The remaining CL spectra acquired here 

all exhibit peaks at longer (>485 nm) wavelengths within the range attributed to this emission.  

Unless otherwise noted, a recombination process involving boron is assumed to be the origin 

of the peaks at these wavelengths. 

When the electron energy beam is increased to 15 keV, the interaction volume 

extends a total depth of 1.5 µm and therefore across the film-substrate interface.  The 

spectrum acquired at this energy is shown Fig. 3(b) and is comprised of five impurity-related 

emissions, of which the most intense is the N-DV transition at 389 nm.  The peak at 492 nm 

corresponds to the NB-DAP transition [3].  The location of the 389 nm and 492 nm peak is 

close to those observed in Figs. 2 and 3(a), respectively.  The two peaks located at 454 nm 

and 526 nm in Fig. 3(b) are not present in the 10 keV spectrum.  The last two wavelengths 

are similar to the values of 456 nm and 517 nm determined via CL at 250 K by Díaz-Guerra 

and Piqueras [19] and associated with the presence of oxygen.  The latter peak (526 nm) can 

also be correlated with the green emission.  The 421 nm emission in the 15 keV spectrum 

was also not observed at 10 keV and is consistent with the NAl-DAP transition.  Because the 

penetration depth at 15 keV is1.5 µm, the sources of the additional peaks in this spectrum 

reside near the film-substrate interface.  Secondary-ion mass spectrometry was employed to 

determine the aluminum impurity level in this region. 

The film analyzed via SIMS was 530 nm thick and was grown using a hydrogen flow 

rate of 0.59 slm.  Although the total thickness of the epitaxial layers analyzed by CL and 

SIMS were different, the impurity profile at the interface is expected to be the same.  As 

shown in Fig. 5(b), the atomic concentration of aluminum within the epitaxial layer is not 

uniform and increases from 7x1016 cm-3 to a maximum of 3x1018 cm-3.   The dramatic 

increase in the aluminum concentration accounts for the evolution of the NAl-DAP transition 

at 421 nm from 10-15 keV.  In addition, the simulation results in conjunction with the 

emergence of the 454 nm and 526 nm peaks from 10-15 keV provide further support for the 

work performed by [19] and evidence that these two emissions originate near the film-

substrate interface. 
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At 25 keV the interaction volume extends to a maximum depth of 3.6 µm.  Two 

peaks are immediately apparent in the spectrum acquired at this beam energy (Fig. 3(c)) and 

are located at 402 nm and 522 nm (see below).  The primary peak at 402 nm is located 

between reported wavelengths involving nitrogen and/or aluminum [3].  Further 

deconvolution of this band, reveals the presence of three additional peaks, with the most 

intense emission centered at 393 nm (N-DV transition).  The remaining two peaks are located 

at 410 nm and 427 nm and are related to aluminum impurities.  The peak at 427 nm was 

associated above in the 15 keV spectrum with the NAl-DAP transition, but an emission 

centered at 410 nm is not observed in any of the other CL spectra obtained at lower beam 

energies.  This wavelength falls within the range of values reported for the conduction band-

to-aluminum acceptor level (Al-CA) transition [3].  Because the atomic concentration of 

aluminum near the film-substrate interface is approximately two orders of magnitude higher 

than in the substrate, the source of the 410 nm peak is attributed to aluminum impurities 

within this region.  The aforementioned is supported by the CL spectrum of the as-received 

substrate, in which no aluminum-related emissions were observed and the sharp, primary 

peak was consistent with transitions only involving nitrogen impurities (i.e. N-DV transition).  

In addition, following the work of [23], maximum electron-hole pair generation occurs at 

approximately one-third of the penetration depth of the interaction volume.  At these beam 

conditions (25 keV), one-third of the penetration depth is ~1.2 µm.  Therefore, emissions in 

the 25 keV spectrum are predominantly generated at the interface between the substrate and 

the 1 um epitaxial layer. 

The results of cathodoluminescence measurements performed at 25 keV and 6 K 

shown in Fig. 4 revealed the same band centered at 403 nm as observed at 300 K.  A broad 

peak centered at 506 nm and 522 nm was also observed in both the 6 K and 300 K spectra, 

respectively.  The 522 nm emission is in close proximity to the 526 nm peak in the 15 keV 

spectrum.  The shift in the peak position from 522 nm to 506 nm in the 25 keV spectra 

suggests this peak is related to boron processes instead of oxygen defects because the 

position of the former peak is insensitive to temperature change [19], while the wavelength 

of the latter peak is temperature-dependent [16].   

The emissions comprising the 403 nm band at 6 K were the same as those in the 

spectrum acquired at 300 K and 25 keV.  The locations of these emissions shifted to lower 
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wavelengths due to the temperature dependence of the 4H-SiC bandgap.  In order of 

decreasing relative intensity, the 402 nm band at 300 K consists of emissions from the N-DV 

transition, Al-CA transition, and NAl-DAP transition.  In the spectrum at 6 K, the Al-CA 

transition dominates the 402 nm band.  The difference in the relative peak intensities at 6 K 

and 300 K can be explained by considering impurity ionization and the concentration of 

aluminum at the film-substrate interface.  As shown in Fig. 5, the concentration of aluminum 

near the interface exceeds the concentration of nitrogen.  The nitrogen concentration in the 

substrate (5x1018 cm-3) abruptly decreases and remains constant throughout thickness of the 

epitaxial layer (1.5x1017 cm-3).  At 6 K, neither the aluminum nor nitrogen impurities are 

ionized by thermal energy [3,24].  Therefore, because the concentration of unionized 

aluminum impurities is greater than the concentration of unionized nitrogen impurities in this 

region, electrons from the conduction band and nitrogen donor-level recombine at the 

aluminum acceptor-level before reaching the conduction band.  For this reason, the Al-CA 

transition is enhanced and the N-DV transition is suppressed at 6 K.  Conversely, all of the 

aluminum and nitrogen impurities are ionized by thermal energy at 300 K [3,24].  At this 

temperature, the N-DV transition dominates because electrons from the nitrogen donor-level 

can recombine in the valence band as a result of the aluminum acceptor-states being ionized 

(occupied by electrons).  In the spectrum of the as-received substrate and the 15 keV 

spectrum of the epitaxial layer, the most intense peak was located between 389-394 nm and 

was attributed to the N-DV transition.  The most intense peak in the 25 keV spectrum for the 

latter sample occurred at ~402 nm at 6 K and 300 K.  The CL and SIMS results show the red-

shift in the primary peak is due to aluminum impurities at the film-substrate interface. 

 

4.4.2 Model for Site-Competition in SiC Sublimation Growth 
 

As noted above, the dramatic increase in the interfacial concentration of aluminum 

impurities has been observed previously by us in SIMS concentration-depth profiles for 

epitaxial layers on 4H-SiC( 0211 ) and 6H-SiC(0001) substrates [25] and by Burk and 

Rowland in epitaxial layers on 4H-SiC(0001) substrates [12].  In both studies the impurity-

spike and subsequent decay in the aluminum concentration were attributed to site-

competition-effects [5-7].  A model has been developed in the present research to further 
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explain this phenomenon and is comprised of three sections:  decomposition of SiC, film 

thickness as a function of temperature, and influence of temperature on the concentration of 

aluminum at the interface.   

 

4.4.2.1 SiC Decomposition 
 

During the heating stage prior to epitaxial growth, the reaction between hydrogen and 

the SiC coating produces silicon- and carbon-containing by-products that can result in the in-

situ re-deposition of homoepitaxial SiC [21].  As discussed in the Introduction to Chapter 2, 

the silicon resulting from the dissociation of SiC (at high temperatures) can take multiple 

reaction pathways in the presence of hydrogen.  Free silicon can vaporize and form Si(g) or 

react with molecular or atomic hydrogen to form hydrosilicon molecules, such as SiH, SiH2, 

SiH4, etc. [26-28].  The carbon on the surface will also react and form various hydrocarbons 

[26-28].  At the temperatures employed in this research, the silicon-containing species in the 

vapor phase have a lower partial pressure than the major hydrocarbons that are formed (e.g. 

C2H2(g) and CH4(g)) [27-28].  Based on the work of Råback et al., the primary silicon- and 

carbon-containing species are C2H2(g) and SiH(g), respectively, between 1400-1600ºC, 

assuming a hydrogen pressure of 10-2 atm [28].  Epitaxial growth has been performed in our 

investigations at 1450ºC and a total pressure of 20 Torr (2.6x10-2 atm).  The latter value is 

consistent with the pressure used in the model by Råback et al., in which the partial pressure 

of C2H2(g) and SiH(g) are approximately 1x10-6 atm and 2x10-8 atm, respectively (at 

temperatures similar to our process) [28].  The difference in the partial pressures increases 

with decreasing temperature [28].  Because the partial pressure of the silicon-containing 

molecules is orders of magnitude lower, these species will serve as the rate-limiting 

precursors during the re-deposition of SiC.  An additional result of the hydrocarbons having a 

higher partial pressure is the homogeneous nitrogen concentration near the film-substrate 

interface.  The higher partial pressure leaves excess carbon on the surface that could suppress 

nitrogen-incorporation on the carbon sub-lattice.  While the aluminum concentration at the 

film-substrate interface is very sensitive to the temperature-time profile, it should be 

mentioned that boron, which also occupies the silicon sub-lattice like aluminum, does not 

exhibit the sharp increase in concentration at the film-substrate interface.  The homogeneous 
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boron profile is attributed to boron-containing species having a lower vapor pressure than 

aluminum-containing species [14,29].  As a result of the higher vapor pressure, more species 

containing the aluminum will be present in the growth ambient. 

 

4.4.2.2 Film Thickness: Temperature-Dependence 
 

Mathematically, the growth rate, G, is linearly proportional to the partial pressure of 

the limiting-reactant species.  The latter is shown below in terms of boundary layer theory.  

The individual flux, J, of the gas phase constituents through the boundary layer thickness, δ, 

is described by:  

  

 ( )Ipp
RT

DJ −
δ

=      (Eq. 1)  

 
where D is the diffusion coefficient, p is the partial pressure, and pI is the equilibrium partial 

pressure [30]. 

In order to further develop Eq. 1, an important point from the section above is 

summarized here: the silicon-containing by-products are the rate-limiting precursors for the 

re-deposition of SiC.  Based on the aforementioned, Eq. 2 becomes: 
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where the subscript Si indicates the major silicon-related species in the gas phase.  Because 

the activation energy for the in-situ re-deposition of SiC (i.e. 5.64 eV) has been shown 

previously to be consistent with the activation energy for the decomposition reaction of SiC 

[21], the formation of the silicon-containing byproducts is limited by the decomposition 

reaction of SiC.  Therefore, the partial pressure of the silicon-containing byproducts can be 

related to the temperature, T, by: 
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Si
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where A is a proportionality constant and EA is 5.64 eV.  By substituting Eq. 3 into Eq. 2, 

with the additional assumption that pSi>> I
Sip , Eq. 2. becomes: 
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The general relationship between the diffusion coefficient and temperature is summarized in: 
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=      (Eq. 5) 

 
where D0 is the diffusion coefficient at room temperature, P0 is 1 atm, T0 is 300 K, P is the 

total pressure (in atm), and n is an experimental exponent equal to ~1.8 [30].  Substituting Eq. 

5 into Eq. 4 and taking n as 2 results in: 
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Flux is related to the growth rate, G, by the molecular mass of the atom, M, traversing 

through the boundary layer and the density of the growing material, ρ, [30], as shown in Eq. 

7: 
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The film thickness, f, can therefore be calculated by: 
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where t is growth time at temperature T and B is a proportionality constant equal to 

PRT
PMAD

2
0

00

δρ
.   
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4.4.2.3 Aluminum Concentration: Temperature-  
  Dependence 
 

 Following the work performed by Stringfellow in predicting the role of impurities in 

other compound semiconducting materials [31], a derivation is presented below in order to 

explain aluminum incorporation during sublimation growth of SiC.  

In accordance with Eq. 2, the expression for the flux of aluminum impurities through 

the boundary layer is shown below: 

 

 ( )I
AlAl

Al
Al pp

RT
D

J −
δ

=      (Eq. 9) 

 
Because aluminum occupies the silicon sub-lattice in SiC, incorporation of this impurity is 

strongly influenced by JSi.  If the diffusion coefficients in Eq. 4 and Eq. 9. are considered 

approximately equal, the concentration of aluminum in the film, CAl, relative to the 

concentration of silicon, CSi is equal to the ratio of JAl and JSi [31], yielding Eq. 10. 
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Assuming the partial pressure of the aluminum-containing species is greater than the 

equilibrium value (i.e I
AlAl pp >> ), Eq 10. reduces to: 
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Equation 11 provides a simple mathematical basis for site-competition epitaxy [5-7].  

Physically, Eq.11 illustrates that the aluminum concentration within the epitaxial layer is 

inversely proportional to the partial pressure of silicon-containing species, as shown 

experimentally in [32].  A similar equation could be derived for the case of nitrogen 

impurities occupying sites within the carbon sub-lattice, in which the concentration of 

nitrogen would be inversely proportional to the partial pressure of the carbon-containing 

species.  The latter is consistent with the results from Larkin et al. [6], where the nitrogen 

doping concentration was modulated by only changing the partial pressure of propane in the 
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growth ambient.  The partial pressures of both silane and nitrogen were held constant in the 

experiments performed in [6].   

Finally, Eq. 12 is obtained after substituting Eq. 3 into Eq. 11, and it relates the 

concentration of aluminum in the re-deposited SiC epitaxial layer to the temperature: 
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E is equal to 







A
pC Al

Si , where CSi and pAl are taken as constants. 

 

4.4.2.4 Correlation and Significance 
 
 From the model developed above, Eqs. 8 and 12 were used to calculate the film 

thickness and aluminum concentration as a function of temperature, respectively.  The 

specific details of the calculations are outlined in the appendix at the end of this document.  

The results are plotted in Fig. 6 with the aluminum concentration on the y-axis and the 

thickness on the x-axis.  The aluminum concentration-depth profile in Fig. 5(b) are also 

shown in Fig. 6.  For clarity, the origin in Fig. 6 is defined as the film-substrate interface in 

Fig. 5(b) that is located at ~530 nm and coincides with an aluminum concentration of 

~3x1018 cm-3.  The value of 100 nm was chosen as one of the fitting conditions for these 

calculations because the film thickness corresponds to this value after the heating stage in our 

epitaxial growth process [21].  The values calculated based on the model are in excellent 

agreement with the SIMS data, especially at thicknesses ≥20 nm.  This agreement provides 

additional support that the activation energy we determined previously [21] for sublimation 

growth correlates with the SiC decomposition reaction.  For further validation of the model, 

other film-substrate orientations were considered. Similar agreement was achieved in the 

near-interface region between the model and the aluminum concentration-depth profiles of 

epitaxial layers on other 4H-SiC( 0211 ) and 6H-SiC(0001) substrates.  Although the latter 

epitaxial layers were grown at different experimental conditions than the example described 
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above, the fitting conditions (i.e thickness at the end of the heating cycle and aluminum 

concentration) were the only values changed to apply the model to these cases. 

 The correlation between the model and experimental data also exposes further details 

associated with the sublimation-effect occurring during SiC epitaxial growth.  We have 

previously proposed that the contrast in the aluminum profile at the interface results from 

site-competition between silicon and aluminum atoms while heating to the growth 

temperature [25].  In this work: a model has been derived that supports our previous 

hypotheses; and we have proven the layer thickness (Eqs. 2-3, 7-8) and concentration of 

aluminum (Eq. 11) within the epitaxial layer are both controlled by pSi.  The significance of 

the former and latter is that both show that the aluminum concentration at the surface and the 

decomposition and re-deposition of SiC are intimately related.  A description of the mutual 

interplay that has been discovered as a result of the studies performed here is summarized 

below.  The increasing temperature is causing an exponential increase in the partial pressure 

of the silicon-containing species that can react with carbon-containing species to form SiC.  

As a result, more silicon is available to occupy more of the surface-sites of SiC, decreasing 

the sites available for aluminum.  The concentration of aluminum is thereby suppressed in 

the film that is simultaneous increasing in thickness with temperature.   

Burk and Rowland also observed a similar increase in the aluminum concentration 

when the substrate surface was exposed to a carbon overpressure prior epitaxial growth [12].  

The sublimation-effect described above is analogous to the overpressure condition employed 

by Burk and Rowland because the decomposition of the SiC coating in hydrogen produces a 

carbon-rich environment.  While these authors did not implicate the decomposition and re-

deposition of the SiC coating as a source for interfacial aluminum impurities, it is plausible 

the latter was occurring in their process.  A large concentration of aluminum at the film-

substrate interface was also observed by Burk and Rowland when epitaxial growth was 

performed after hydrogen etching.  Further, the aluminum concentration as a function of 

depth for epitaxial layers grown with the two pre-growth procedures described above are 

markedly similar to Fig. 5(b) and do not show a distinct transition when epitaxial growth 

from precursors is commenced. 

   

 



 102

4.5 Summary and Conclusions 
 
 The influence of interfacial aluminum-impurities on cathodoluminescence spectra 

from sublimation grown 4H-SiC( 0211 ) has been demonstrated.  Aluminum-related 

emissions evolved as a function of electron beam energy.  At 15 keV, the nitrogen-to-

aluminum donor-to-acceptor pair transition occurred at 421 nm and was generated near the 

film-substrate interface.  The most intense peak in this spectrum was located at 389 nm, 

consistent with the nitrogen donor-to-valence band transition.  At 25 keV, the primary peak 

shifted to ~402 nm in the 6 K and 300 K spectra.  Deconvolution of the 402 nm band 

revealed the conduction band-to-aluminum acceptor level transition, which was not observed 

at lesser beam energies.  Because maximum electron-hole pair generation occurs at ~1.2 µm 

for a beam energy of 25 keV, the emissions within these spectra were predominantly 

generated at the interface between the substrate and the 1 um epitaxial layer.  Concentration-

depth profiles of this region from secondary ion mass spectrometry revealed aluminum 

impurity levels to 3x1018 cm-3.  These results show that the red-shift in the primary peak is 

due to aluminum impurities at the interface.  A model was developed to explain the presence 

and concentration profile of aluminum impurities at the film-substrate interface.  The 

correlation between the model and experimental data exposed further details associated with 

a sublimation-effect occurring during SiC chemical vapor deposition.  Specifically, the 

aluminum concentration and the decomposition and re-deposition of SiC are intimately 

related and controlled by the partial pressure of the silicon-containing reaction byproducts.   
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4.8 Figures 

 
 

Figure 1.   Plot of the interaction volume as a function of electron beam energy.  
Simulation conditions are summarized by N/R.  N refers to the number of 
electrons and R is the radius of the electron beam. 
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Figure 2.  Cathodoluminescence spectrum of an as-received 4H-SiC( 0211 ) substrate 

obtained at 25 keV and 300 K.  N-DV is the nitrogen donor-to-valence band 
transition. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 108

 
 
 

 

(b) 
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Figure 3.   Cathodoluminescence spectra for a 1 µm epitaxial layer on a 4H-SiC( 0211 ) 
substrate obtained 300 K and (a) 10 keV, (b) 15 keV, and (c) 25 keV.  N-DV is 
the nitrogen donor-to-valence band transition.  NAl-DAP and NB-DAP refer to 
the nitrogen-to-aluminum and nitrogen-to-boron donor-to-acceptor pair (DAP) 
transitions, respectively.  The conduction band-to-aluminum acceptor level 
transition is Al-CA, and Int. Ox. is an abbreviation for interface oxygen-related 
emission. 

(c) 
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Figure 4.   Cathodoluminescence spectrum for a 1 µm epitaxial layer on a 4H-SiC( 0211 ) 

substrate obtained 6 K and 25 keV.  N-DV is the nitrogen donor-to-valence 
band transition, and the conduction band-to-aluminum acceptor level transition 
is Al-CA.  NAl-DAP and NB-DAP refer to the nitrogen-to-aluminum and 
nitrogen-to-boron donor-to-acceptor pair (DAP) transitions, respectively. 

 
 



 111

 

 
 
Figure 5.  Secondary ion mass spectrometry concentration-depth profiles for (a) nitrogen 
 and (b) aluminum and boron.  EL and S denote epitaxial layer and substrate, 
 respectively. 

(a) 

(b) 
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Figure 6.  Aluminum concentration as a function of film thickness from Fig. 5(b) (cirlces) 

and calculated based on Eqs. 8 and 12 (line).  The calculations are shown in the 
appendix.  0 nm signifies the film-substrate interface located at ~530 nm in Fig. 
5(b).   
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5.1 Abstract 
 
 Process routes have been investigated in order characterize the microstructural 

evolution of 4H-SiC( 0211 ) thin films and reduce impurities in these films near the interface 

with the substrate.  Heating in a hydrogen diluent to 1250-1450°C and immediately cooling 

resulted in the deposition of a thin epitaxial layer, which varied in thickness from 15-100 nm.  

The aluminum impurity concentration at the interface ranged from 1-3x1018 cm-3.  The 

surface of these films exhibited a step-and-terrace microstructure; the average step height 

(0.23 nm) and terrace width (90.0 nm) varied little with temperature.  Heating in an argon 

diluent to T≤1350°C showed no evidence of growth after a 60 minute dwell time.  The same 

experiment performed at 1450°C yielded measurable film deposition (20 nm), as evidenced 

by the increase in the aluminum concentration to 2x1017 cm-3 at the film-substrate interface; 

the average step height and terrace width were 0.21 nm and 66 nm, respectively.  Employing 

a carbon overpressure while heating to 1450°C was unsuccessful in minimizing impurities at 

the interface.  Results from atomic force microscopy and x-ray photoelectron spectroscopy 

revealed the presence of carbon structures on the surface after heating in an ethylene 

overpressure of 1.15x10-2 Torr.  An extensive investigation of the microstructural evolution 

of 4H-SiC( 0211 ) thin films grown from 1250-1450ºC has been performed with atomic force 

microscopy.  A step-flow growth mechanism is proposed for sublimation-driven growth, 

while competition between the latter and terrace nucleation and growth was observed during 

precursor-driven growth.  The affect of experimental parameters on unintentional impurity 

incorporation and the surface microstructure were also examined. 
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5.2 Introduction 
 

4H-SiC has many favorable properties that have spurred interest in this material for 

high-power, high-frequency, and high-temperature applications.  These properties include: a 

wide bandgap, high thermal conductivity, good thermal stability, high breakdown electric 

field strength, high saturation electron velocity, and chemical inertness [1].  Because high-

power devices, such as kV-class p-i-n rectifiers, often require active layers ≥100 µm, 

considerable effort has led to the development of epitaxial growth techniques capable of high 

growth rates.  Liquid phase epitaxy [2-3] and sublimation epitaxy [4] have been reported 

with growth rates greater than 100 µm/hr; however, both of the latter techniques have been 

hindered by the lack of high purity sources and the inability to achieve low background 

impurity concentrations [5].  Chemical vapor deposition (CVD) (or vapor phase epitaxy) is 

the most widely researched growth process employed to meet the material demands for SiC-

based high-power electronics.  The most successful modifications are horizontal [6] and 

vertical [7-8] (or chimney-style) hot-wall CVD.  While growth rates to 20 µm/hr have been 

reported with the former [9], the bottom-up gas flow configuration of the latter is an inherent 

advantage [10-11] that has enabled reproducible growth rates to 60 µm/hr [12].   

 To achieve high growth rates, CVD is routinely performed at temperatures >1500ºC.  

At these extreme process conditions, the hydrogen diluent gas can react with the graphite 

parts and/or the protective silicon carbide coating to produce hydrocarbons and hydrosilicons.  

These by-products can influence the C/Si ratio in the gas phase and can re-deposit on the 

substrate as a film.  We have shown that the latter can yield growth rates >8 µm/hr and, 

thereby, overwhelm the growth process at T≥1600ºC [13].  The re-deposition of SiC is also a 

cause of aluminum impurities near the film-substrate interface [13-15].   

 To reduce the reaction between hydrogen and SiC, several in-situ processes have 

been employed by others. Argon has also been added to the hydrogen diluent to limit the 

formation of hydrocarbons in SiC high-temperature CVD [11].  The differences in the 

decomposition of SiC in argon and the reaction between SiC and hydrogen are discussed in 

detail in Chapter 2.  Burk and Rowland [16] and Hallin et al. [17] have controlled the etch 

rate of SiC in hydrogen by using a hydrogen-propane mixture to create a carbon overpressure 

in the growth ambient. 
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Another method to minimize the hydrogen reaction is to lower the growth 

temperature; however complications arise when growing [0001]-oriented SiC films at these 

low temperatures.  Lu et al. have recently investigated the epitaxial growth of SiC at 1400-

1600ºC.  These investigators were able to achieve 20 µm/hr at 1400ºC on 6H-SiC(0001) 

substrates with a 3.5º miscut, but the epitaxial layer contained faceted grains [18].   

Increasing the growth temperature to 1600ºC and the off-angle of the substrate to 8º resulted 

in a specular surface microstructure and higher growth rates (to 90 µm/hr) [18].  These 

results highlight the aforementioned obstacles affecting SiC(0001) growth: (i) reduced 

growth rates and (ii) complete replication of the substrate polytype in the overgrown film.   

Homoepitaxial growth of a single polytype in the [0001]-orientation is usually 

achieved through the use of vicinal substrates which are intentionally miscut towards [ 0211 ] 

[19].  The polytype of the substrate is inherited by the epitaxial layer as a result of step-

controlled epitaxy [20-23], wherein the terrace width is narrower than the diffusion distance.  

By lowering the growth temperature, surface adatoms may not have sufficient time to 

migrate to and be accommodated at a step edge and/or kink site [19].  Nucleation on the 

terrace will form the 3C-SiC polytype.   

 Because the substrate stacking sequence lies within the growth plane, theoretically, 

crystal growth on substrates with non-basal orientations offers an attractive solution to reduce 

process temperatures and mitigate issues related to polytype replication.  For example, 

polytype replication has been achieved on 6H-SiC( 1410 ) substrates at 1100ºC [24].  Powell 

and Will have reported successful polytype replication on 6H-SiC ‘a-axis’ (i.e. specific 

orientation not noted) substrates between 1320-1390ºC, while polycrystalline 3C-SiC 

occurred outside of this temperature range [25].  Matching film and substrate polytypes have 

also been reported for epitaxial layers grown on 4H-SiC( 0211 ) and 4H-SiC( 0011 ) substrates 

above 1200ºC and 990ºC, respectively, while films grown on the former substrate were 

amorphous below 1100ºC [26].  

 In the present work, we have investigated process routes to: (1) reduce the re-

deposition of the SiC coating and decrease the concentration of impurities at the film-

substrate interface; and (2) characterize the microstructural evolution of [ 0211 ]-oriented SiC 

thin films.  The process routes utilized low temperature epitaxial growth on 4H-SiC( 0211 ) 
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substrates in tandem with heating experiments in hydrogen, argon, and hydrogen-ethylene 

mixtures.  The affect of the C/Si ratio on unintentional impurity incorporation was also 

examined. 

 

5.3 Experimental Procedure 
 
 Commercially available 4H( 0211 ) wafers, diced from 4H-SiC boules grown in the 

[0001]-direction, were used as substrates.  Prior to loading, the substrates were cleaned in a 

HF:H2O (1:10) solution for 10 min. at room temperature and blown dry with nitrogen.  All 

heating and epitaxial growth experiments were performed using a radiantly-heated, vertical, 

hot wall chemical vapor deposition (CVD) system [13] after reaching a base pressure of 

<5x10-6 Torr.  In this configuration, the holder-sample assembly is heated by radiation from 

an inductively-coupled, (dense) graphite susceptor.  Porous graphite insulation located above 

the holder and around the susceptor acted as a radiation shield and thermal barrier, 

respectively, and protected the surrounding growth chamber.  All graphite parts comprising 

the growth chamber were purified in a Cl-containing atmosphere, and the dense graphite 

components were subsequently coated with SiC.  The total pressure throughout these 

experiments was maintained at 20 Torr.   

 Three heating conditions (HC) were used to analyze the SiC coating decomposition 

and re-deposition prior to epitaxial growth (see (1) in the section above).  In these 

experiments, no growth from precursor gases was performed.  For the first heating condition 

(HC1), hydrogen was employed as the diluent gas.  Argon served as the diluent gas for the 

second heating condition (HC2).  Three temperatures were investigated for HC1 and HC2: 

1250ºC, 1350ºC, and 1450ºC.  The dwell time at each temperature ranged from 0 to 60 

minutes. For the third heating condition (HC3), C2H4 was added to the hydrogen diluent to 

create a carbon overpressure in the heating ambient.  C2H4 was introduced at two 

temperatures (1200ºC and 1400ºC) while heating to 1450ºC in flowing hydrogen.  The dwell 

time at 1450ºC ranged from 0 to 15 minutes.  The main conditions used in these experiments 

are listed in Table 1. 

 For (2) (see section above), epitaxial growth was performed after heating to the 

growth temperature using HC1-HC3.  Independent of the heating condition, hydrogen served 
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as the diluent gas, and SiH4 (2% in H2) and C2H4 (2% in H2) were employed as the silicon 

and carbon precursor gases, respectively.  Because hydrogen was employed as the diluent gas 

during HC1 and HC3, SiH4 and C2H4 were immediately admitted into the reactor after 

reaching the growth temperature.  For HC2, growth was suspended for 5 minutes prior to 

precursor injection.  This step was performed to stabilize the growth temperature after 

switching from an argon to a hydrogen diluent.  The dwell time before growth for HC1 and 

HC2 was 0 minutes, while the dwell time ranged from 0 to15 minutes for HC3.  The epitaxial 

layers were not intentionally doped.  The main experimental conditions used in these 

experiments are listed in Table 2. 

Atomic force microscopy (AFM (JEOL 5200)) and scanning electron microscopy 

(SEM (JEOL 6400F)) were used to investigate the surface microstructure after heating (HC1-

HC3) and following epitaxial growth.  Chemical information from the surface was obtained 

by x-ray photoelectron spectroscopy (XPS (Riber LAS-3000 equipped with a Mg anode 

source)).  The atomic concentration of individual elements on the surface, Ci, was determined 

using Eq. 1: 
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i SI

SIC      (Eq. 1) 

 
where I is the integrated area under the appropriate peak, S is the atomic sensitivity, and ∑

j
 

is summed over all of the elements observed in the spectrum [27].  Argon ion sputtering was 

performed before the XPS analyses to remove surface contaminants; the sputter time was 4 

minutes.  Concentration-depth profiles determined via secondary ion mass spectrometry 

(SIMS (Cameca 6F)) were used to measure the atomic concentration of nitrogen, aluminum, 

and boron; samples were coated with a 20 nm thick gold-palladium film prior to being 

analyzed.   The ionized donor concentration (ND-NA) was determined using capacitance-

voltage (CV (MDC CSM/2-VF6)) measurements, in tandem with a mercury probe, in the 10 

kHz to 1 MHz frequency range.  The thickness of the epitaxial layers was determined by 

SEM and SIMS.   
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5.4 Results and Discussion 
 

5.4.1 Heating Prior to Epitaxial Growth 
 

5.4.1.1 H2 Atmosphere (HC1) 
 
 Figure 1 shows the ( 0211 ) surface microstructure after heating to temperatures 

between 1250-1450ºC and immediately cooling in 1 slm of flowing hydrogen.  A step-and-

terrace microstructure resulted at 1250ºC, 1350ºC, and 1450ºC; 5.00 x 5.00 µm AFM height 

images are shown in Fig. 1 and labeled (a), (b), and (c), respectively.  Higher resolution 0.75 

x 0.75 µm images ((c), (d), and (e)) of the same surfaces are also included in Fig. 1.  The 

average step height and terrace width measured at each temperature is summarized in Table 3. 

 The topographic, step-and-terrace microstructure that results from heating to 1250ºC 

is shown in Figs. 1(a) and (d).  At this temperature, the terrace width is inhomogeneous.  The 

large variation in this feature is indicated by the magnitude of the standard deviation, 73.4 

nm, relative to the average (90.6 nm).  Undulations are also apparent on this surface and 

likely result from polishing scratches on the as-received substrate surface.  The roughness at 

1250ºC was 0.59 nm RMS.  Increasing the temperature, leads to a reduction in the surface 

roughness and topography.  The trend in the roughness as a function of temperature is shown 

in Fig 2(a).  The microstructure after heating to 1350ºC is shown in Figs. 1(b) and (e), while 

Figs. 1(c) and (f) are analogous images after heating to 1450ºC.  At higher temperatures, the 

width of the terraces becomes more homogeneous with the standard deviation decreasing to 

19.6 nm at 1450ºC.  Additional details regarding the surface microstructure after HC1 at 

1450ºC can be found in [13] and [14].  The variation in the terrace width is shown in Fig. 2(b) 

as a function temperature.  Between 1250-1450ºC, the average terrace width is approximately 

equal (~90 nm).  Similarly, there is little change in the step height, which has an average 

value of 0.23 nm over this temperature.  Figure 3(a) is a line scan from Fig. 1(d) that 

unambiguously shows the step-and-terrace microstructure of the ( 0211 ) surface.  All of the 

high resolution 0.75 x 0.75 µm images in Fig. 1 (i.e. (d)-(f)) show small features located on 

the terraces and at step edges.  These features have a volcano-like morphology, where the 

base is circular, the height is conical, and the apex is a crater.  The influence of the heating 
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stage and growth temperature on both the re-deposition of SiC and the presence of interfacial 

aluminum impurities is described in section 5.4.2 below. 

  
5.4.1.2 Ar Atmosphere (HC2) 

 
 Figure 4 shows the ( 0211 ) surface microstructure after heating to 1250-1450ºC and 

immediately cooling in 1 slm of flowing argon.  The 5.00 x 5.00 µm AFM height images in 

Fig. 4 are labeled (a), (b), and (c) and correspond to 1250ºC, 1350ºC, and 1450ºC 

respectively.  Higher resolution 0.75 x 0.75 µm images ((c), (d), and (e)) of the same surfaces 

are also included in Fig. 4.  The average step height and terrace width measured at each 

temperature is summarized in Table 4. 

 Similar to heating in flowing hydrogen (HC1), a step-and-terrace microstructure is 

observed after heating to 1250-1450ºC in an argon diluent.  An additional similarity is the 

lack of a change in the step height over this temperature range, as listed in Table 4.  The 

average step height between 1250-1450ºC is 0.22 nm, which is within the range of values 

reported above for hydrogen.  The surface after heating to 1250ºC in argon is shown in Figs. 

4(a) and (d).  The remnants of polishing scratches are apparent in Fig. 4(a).  Figure 4(d) 

shows a depression surrounded by circular step-structures.  A line scan from this depression 

is shown in Fig 3(b).  The presence of circular depressions and polishing scratches suggests 

surface decomposition is occurring at 1250ºC.  The roughness at this temperature is 0.86 nm 

RMS.  Increasing the temperature to 1350ºC, results in a decrease in the roughness to 0.61 

nm RMS (Fig. 2(a)).  The surface after heating to 1350ºC is shown in Figs. 4(b) and (e).  

Polishing scratches were not observed at this temperature; however, the wavy steps on the 

surface at 1250ºC (Figs. 4(a) and (d)) are also present at 1350ºC (Figs. 4(b) and (e)).  The 

average terrace width is much larger at the latter temperature.  From 1250ºC to 1350ºC, the 

average terrace width increases from 70.6 nm to 133.2 nm, respectively.  The terrace width 

and step height are shown as a function of temperature in Fig. 2(b).  A change in the surface 

morphology occurs upon heating to 1450ºC.  While a step-and-terrace microstructure still 

exists at this temperature, the topography observed at T≤1350ºC is reduced (Fig. 4(c)).  The 

steps are also more aligned than at previous temperatures and the terrace width is 79.5 nm 

(Fig. 4(f)); the RMS roughness at 1450ºC is 0.70 nm. 
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 The difference in the surface characteristics at 1450ºC, compared to the lesser 

temperatures, may be the result of surface decomposition or re-deposition of the SiC coating. 

To determine if re-deposition was occurring during HC2, samples were heated, held for 60 

min., and cooled to room temperature in an argon diluent at 1 slm.  Figure 5(a) shows the 

SIMS concentration-depth profiles for aluminum impurities within the samples heated to 

1350ºC and 1450ºC.  At both temperatures the depth profiles show an increase in the 

aluminum concentration to ~2x1018 cm-3 within the first 10 nm.  This initial rise and 

subsequent dramatic decrease can be a result of sample handling or near-surface effects that 

occur during sputtering in SIMS.  For the former, aluminum impurities can be incorporated 

into the metal coating sputtered on the sample prior to SIMS analyses (see coating 

description in section 5.3) [28].  In addition, ubiquitous impurities such as aluminum can also 

be incorporated into the native oxide [28] that forms on the surface of SiC.   In both cases, 

the presence of impurities on the surface limits the depth resolution of SIMS in this region 

and can prohibit accurate measurements of the film thickness when layers are sufficiently 

thin.  Another factor influencing the depth resolution is the “knock-on effect,” where direct 

collisions between primary (incident) ions and sample atoms cause the latter to be driven into 

the sample [29].  The knock-on effect can therefore cause peak broadening in a SIMS 

concentration-depth profile [29]. 

At a thickness of 30 nm, the profile for the sample heated to 1450ºC shows a second 

increase in the aluminum concentration to 2x1017 cm-3; this is indicative of SiC deposited 

from decomposed SiC coating [13-15].   Beyond 30 nm the profile subsequently decays to a 

constant level at 2x1015 cm-3.  Contrary to these results, the profile for the sample heated to 

1350ºC immediately decreases to 2x1015 cm-3.  Secondary-ion mass spectrometry analyses 

reported in Ref. [30] show the latter value to be equivalent to the aluminum impurity 

concentration within the as-received 4H-SiC( 0211 ) substrates used in this research.  To 

further elucidate whether a film was present on the substrate surface after the experiment at 

1350ºC, the nitrogen impurities within the sample were also profiled by SIMS; the results are 

shown in Fig. 5(b).  Similar to the aluminum depth-profile at this temperature, the nitrogen 

concentration significantly decreases within the first 20 nm.  However, the profile for 

nitrogen does not reach a constant level until ~40 nm.  The nitrogen concentration at this 

thickness (~4x1018 cm-3) is equivalent to the nitrogen level in the substrate [30].  Because the 
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nitrogen profile does not decay as quickly as the aluminum profile, this may suggest a layer 

is present on the substrate.  On the contrary, the same issues discussed above for aluminum 

also limit the ability of SIMS to resolve the concentration of nitrogen near the surface.  

Because the depth-profiles of both aluminum and nitrogen do not show any abrupt changes to 

depths ≥70 nm, it is reasonable to conclude that either no deposition occurred at 1350ºC or 

the thickness is sufficiently thin that it cannot be differentiated by SIMS. 

  Previously, we showed that the re-deposition of SiC in an argon diluent follows the 

Arrhenius relationship in Eq. 2: 
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where G is the growth rate in µm/hr, k is 8.616x10-5 eV/K, and T is temperature in degrees K 

[13].  Extrapolating Eq. 2 to the temperatures used in this study, the growth rate at 1250ºC, 

1350ºC, and 1450ºC is 1.7x10-4 µm/hr, 2.1 x10-3 µm/hr, and 2.0x10-2 µm/hr, respectively.  

Assuming a dwell time of 1 min., the calculated layer thicknesses (temperature) are 0.003 nm 

(1250ºC), 0.035 nm (1350ºC), and 0.333 nm (1450ºC).  The two former values (0.003 nm 

and 0.035 nm) are taken as zero.  These calculations, in concert with the SIMS results in Fig. 

5, show two mechanisms are operative and causing the differences in the microstructures in 

Fig. 4.   At low temperatures, it is proposed that surface decomposition is occurring that 

results an increase in the terrace width and removal of the polishing scratches between 1250-

1350ºC.  However, after heating to 1450ºC, a layer is deposited on the substrate that leads to 

a reduction in the surface topography. 

 

5.4.1.3 H2/C2H4 Atmosphere (HC3) 
 
 Investigations by plan-view and cross-sectional SEM (not shown) revealed that 

carbon overpressure values ≤7.84x10-3 Torr did not eliminate the re-deposition of the SiC 

coating.  In the latter experiments, C2H4 was introduced into the hydrogen diluent at 1200ºC.  

Increasing the overpressure to 1.15x10-2 Torr showed no discernable evidence of coating re-

deposition by SEM in either geometry.  The results from more surface-sensitive techniques 

are summarized below.  
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 Figures 6(a) and (b) are AFM images of the surface microstructure following HC3, 

where the C2H4 overpressure was 1.15x10-2 Torr and cooling occurred in flowing hydrogen 

immediately after reaching 1450ºC.  Elongated features are present in the 5 x 5 µm height 

image in Fig. 6(a).  The phase image in Fig. 6(b) shows a more detailed view of the same 

area; the surface features in this image appear to exhibit a random morphology and show no 

evidence of crystallographic structure, such as faceting.  The RMS roughness at these 

conditions is 17.65 nm, which is significantly higher than the RMS-values achieved after 

HC1 and HC2.  Increasing the exposure time at 1450ºC to 15 min. prior to cooling causes a 

further increase in the surface roughness to 27.60 nm RMS.  The trend in the roughness as a 

function of time is shown in the column graph in Fig. 6(e).  X-ray photoelectron 

spectroscopy was used to analyze the surface chemistry of an as-received 4H-SiC( 0211 ) 

substrate and the sample held at 1450ºC for 15 min.  The XPS spectrum obtained for the 

former is shown in Fig. 7(a), while Fig. 7(b) is the spectrum for the latter.  The atomic 

percent of carbon, CC, and silicon, CSi, on the surface was calculated using Eq. 1.  For the as-

received substrate, the ratio of CC to CSi is 1.0, which indicates the atomic percent of silicon 

and carbon on the surface is equal.  The same ratio increases to 1.5 for the sample subjected 

to the C2H4 overpressure. The latter value shows that the surface composition is not 

stoichiometric SiC and excess carbon is present after HC3.  Qualitatively, the increase in the 

surface-carbon can be seen by the larger intensity of the C1s peak in Fig. 7(b) compared to 

Fig. 7(a).  In additional, the intensity of the Si2p peak is attenuated in Fig. 7(b) relative to Fig. 

7(a).  Based on the AFM images above and these XPS results, it is likely that the features 

shown in Figs. 6(a) and (b) are large clusters of amorphous carbon on the substrate surface.  

These clusters appear to completely cover the substrate in the latter images and the height 

scale in Fig. 6(a) indicates their vertical extent is ~100 nm.  Therefore, the presence of silicon 

peaks in Fig. 7(b) suggests: (1) the amorphous carbon clusters are present on the surface in 

localized regions and (2) the substrate is sufficiently exposed to generate detectable Si2s and 

Si2p photoelectrons.  To prevent carbon from condensing on the surface and simultaneously 

suppress the re-deposition of the SiC coating, C2H4 was introduced into the hydrogen diluent 

at 1400ºC with the same input pressure employed above (1.15x10-2 Torr).   Similar to the 

previous results, aligned features dominated the microstructure following this experiment, as 

shown in Figs. 6(c) and (d).  Introducing C2H4 at 1450ºC led to a reduction in the surface 
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roughness to 13.65 nm (Fig. 6(e)).  The influence HC3 has on the presence of impurities near 

the film-substrate interface is described in section 5.4.2 below.  

 

5.4.2 Epitaxial Growth 
 

5.4.2.1 H2 Atmosphere (HC1) 
 
 Epitaxial growth was performed between 1250-1450ºC following HC1.  The 

hydrogen diluent flow rate was 1.00 slm prior to and during growth.  Details regarding the re-

deposition of the SiC coating and its influence on epitaxial growth and unintentional impurity 

incorporation at 1450ºC are presented in detail in [13-15, 30].  The results for experiments 

performed here at 1250ºC and 1350ºC are summarized below; for comparison purposes, 

select results from Refs. [13-15, 30] are reproduced in the text that follows.  

 Figure 8 shows SIMS concentration-depth profiles for aluminum within the films 

grown at 1250ºC and 1350ºC.  Both profiles show two spikes in the aluminum concentration.  

The first is indicative of aluminum impurities at or near the film-substrate interface and is 

related to the decomposition and re-deposition of the SiC coating.  The second spike is an 

abrupt change in the aluminum concentration brought on by the injection of SiH4 and C2H4 

into the growth ambient; the influence of the precursors on unintentional doping is discussed 

below along with impurity sources.  The peak in the aluminum concentration at the film-

substrate interface corresponds to 1.5x1018 cm-3 and 3.0x1018 cm-3 for epitaxial growth 

performed at 1250ºC and 1350ºC, respectively.  The latter values are similar to 2.0x1018 cm-3 

[14] and 3.0x1018 cm-3 [15], which were obtained by analogous experiments performed at 

1450ºC.  Recall that the maximum of the aluminum profile in Fig. 5 was 2x1017 cm-3.  By 

heating in an argon diluent, the concentration of aluminum at the film-substrate interface was 

reduced by greater than one order of magnitude.  Based on the contrast in depth profiles in 

Fig. 8, the film thicknesses deposited prior to reaching the grow temperature are 15 nm 

(1250ºC) and 30 nm (1350ºC).  These values are significantly less than the 100 nm thick film 

that deposits while heating to 1450ºC in flowing hydrogen [13].  In addition, they indicate 

that deposition, as opposed to etching, is occurring on the substrate surface while heating in 

flowing hydrogen to growth temperatures between 1250-1450ºC.  As a result, all of the 
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images in Fig. 1 show the surface of a thin epitaxial layer, rather than the etched 4H-

SiC( 0211 ) substrate surface.   

 The films grown at 1250-1350ºC exhibited a step-and-terrace microstructure; 

micrographs of the surface after deposition at 1250ºC and 1350ºC are shown in Figs. 9(a) and 

Fig. 9(b), respectively.  Epitaxial growth at 1250ºC resulted in a film thickness of 40 nm and 

an undulating surface morphology with a 0.33 nm RMS roughness.  As discussed above, 

surface undulations were also present after heating to this temperature (Fig. 1(a)).  The 

surface microstructure following growth was different from the surface after heating to 

1250ºC.  The average step height and terrace width were 0.20 and 145.1 nm, respectively.  

Pits were present on the epitaxial layer surface following growth.  These features extended 1-

3 nm below the surface and.  The white arrows in Figs. 9(a) and (d) indicate areas where pits 

are present on the surface.  Figure 9(d) shows a magnified view of the same surface imaged 

in Fig. 9(a). 

Growth at 1350ºC resulted in a film thickness of 120 nm, and the topography and 

RMS roughness (0.13 nm) reduced at this temperature compared to the epitaxial layer surface 

at 1250ºC.  In addition, the terrace width at 1350ºC became smaller (97.6 nm) and more 

homogeneous (Fig. 9(b)) than at the latter temperature.  Both the terrace width and surface 

roughness continued to decrease as a function of temperature to 1450ºC (Fig. 9(c)).  The step 

height after epitaxial growth at 1350ºC and 1450ºC was unable to be determined with the 

AFM tips used in this study; however, the terrace width ranged from 145.1 nm (1250ºC) to 

36.1 nm (1450ºC) (Table 5).   

 Representative micrographs of SiC films of varying thickness deposited on a 100 nm 

IL at 1450ºC are shown in Fig. 10.  All of the images comprising Fig. 10 were obtained such 

that the vertical and horizontal directions (black arrows) correspond to the [0001] and [ 0011 ] 

crystallographic directions, respectively.  Figure 10(a) is a 1.5 x 1.5 µm AFM height image 

of the IL surface shown in Figs. 1(c) and (e).  Further inspection of the step-and-terrace 

microstructure reveals the steps to be oriented at an angle intermediate between the 

aforementioned crystallographic directions.  The surface roughness of the films shown in Fig. 

10. is plotted as a function of layer thickness in Fig. 11.  The RMS roughness of the as-

received 4H-SiC( 0211 ) substrate is 0.60 nm and decreased significantly to 0.14 nm for the 

IL.  The substrate and IL are indicated in Fig. 11 by thicknesses of 0 nm and 100 nm, 
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respectively.  Epitaxial growth from precursors to 10 nm resulted in an approximately 

constant RMS-value of 0.16 nm.  Subsequent epitaxial growth led to a further reduction in 

the surface roughness to 0.08 nm at a thickness of 1000 nm.  The microstructural evolution of 

the 4H( 0211 ) thin films is discussed in detail in section 5.5.  

  

5.4.2.2 Ar Atmosphere (HC2) 
  
 In section 5.4.1, no measurable film growth occurred after heating in an argon 

atmosphere at 1350ºC (60 minute dwell time).  Based on these results, we have studied the 

influence of an argon heating-step on the presence of interfacial impurities and the 

microstructural evolution of SiC thin films at T≤1350ºC. 

 Figure 12 shows the concentration-depth profile for aluminum impurities within an 

epitaxial layer grown at 1350ºC for 60 minutes.  In order to perform epitaxial growth from 

precursor gases and maintain a constant temperature, an additional step was introduced for 

these experiments.  Prior to precursor injection, growth was suspended for 5 minutes to 

switch the argon diluent to hydrogen and to allow the temperature to stabilize.  As shown in 

Fig. 12, there is a rise in the aluminum concentration in the region labeled IL.  The latter is 

attributed to the SiC coating decomposition and re-deposition after the argon-to-hydrogen 

switchover.  Although aluminum impurities are present at the film-substrate interface, 

employing argon as a diluent gas during heating is advantageous compared to hydrogen.  

With an argon diluent the thickness is of the IL is ~15 nm and the maximum concentration of 

aluminum in this region is 5x1017 cm-3.  The analogous values for a hydrogen diluent at 

1350ºC are 30 nm and 3x1018 cm-3 (Fig. 8).  After precursor injection, the aluminum level in 

the epitaxial layer drops to 5x1016 cm-3 independent of HC1 or HC2. 

The microstructural evolution after heating in argon to 1350ºC and subsequent 

epitaxial growth is shown in Fig. 13.  All of the images were obtained such that the vertical 

and horizontal directions (black arrows) correspond to the [0001] and [ 0011 ] crystallographic 

directions, respectively.  The wavy steps present on the surface after heating in argon to 

1350ºC are shown in Fig. 13(a); the same surface is captured in Figs. 4(b) and (e). Figure 

13(b) shows the microstructure after 1 minute of exposure to hydrogen.  Increasing the 

exposure time to 5 minutes, produced a 15 nm thick IL and the surface in Fig. 13(c).  At 
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these conditions, the microstructure is strongly oriented along the image diagonal.  Epitaxial 

growth from SiH4 and C2H4 to 95 nm resulted in the specular surfaces shown in Figs. 13(d)-

(f).  The roughness determined from the surfaces in Fig. 13 is plotted as a function of layer 

thickness in Fig. 14(a).  Similar to the trend observed at 1450ºC for HC1 (Fig. 11), the 

surface roughness decreases as the layer thickness increases in Fig. 14(a); the RMS-value at a 

total thickness of 95 nm was 0.30 nm.   

 The microstructural evolution after heating in argon to 1250ºC and subsequent 

epitaxial growth is shown in Fig. 15.  The black arrows denote the [0001] and [ 0011 ] 

crystallographic directions, respectively.  Figure 15(a) shows the ( 0211 ) surface after heating 

in argon to 1250ºC; the same surface is captured in Figs. 4(a) and (d).  Further inspection of 

the step-and-terrace microstructure in Fig. 15(a), reveals that the steps are oriented at an 

angle intermediate between the aforementioned crystallographic directions.  These results are 

contrary to the step-direction observed in Figs. 10 and 13.  The microstructure after 5 

minutes of exposure to hydrogen is shown in Fig. 15(b).  Recall the results from Fig. 12, 

where switching from an argon to hydrogen diluent resulted in the deposition of a 15 nm IL 

at 1350ºC.  Because the thickness of the IL at 1250ºC was not determined by SIMS, the 

thickness after exposure to hydrogen was estimated using the relationship below: 
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Previously, we showed that the re-deposition of SiC in a hydrogen diluent follows the 

Arrhenius relationship in Eq. 3, where G is the growth rate in µm/hr, k is 8.616x10-5 eV/K, 

and T is temperature in degrees K [13].  The growth rate at 1250ºC is 2.2x10-3 µm/hr, 

resulting in a nominal thickness of 0.20 nm after 5 minutes of exposure to hydrogen.  

Epitaxial growth from SiH4 and C2H4 for 1 minute resulted in the microstructure shown in 

Fig. 15(c) and a total thickness of nominally 0.90 nm.  In Fig. 15(c) a step-and-terrace 

microstructure remains apparent; however, the steps appear diffuse compared to Figs. 15(a)-

(b).  The roughness of the surfaces shown in Figs. 15(a)-(c) is plotted as a function of layer 

thickness in Fig. 14(b).  The RMS-values decrease from 0.40 nm after heating to 1250ºC in 

argon to 0.20 nm after epitaxial growth from precursors.  The microstructural evolution of 

the 4H( 0211 ) thin films is discussed in detail in section 5.5.  
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5.4.2.3 H2/C2H4 Atmosphere (HC3) 
 
 The 10 x 10 µm AFM image in Fig. 16(a) shows the contoured film surface following 

epitaxial growth for 60 minutes at 1450ºC with a hydrogen diluent flow rate of 0.59 slm.  For 

this experiment, heating was performed in an C2H4 overpressure of 1.15x10-2 Torr from 

1200-1450ºC.  The roughness of the surface shown in Fig. 16(a) is 1.57 nm, which is a 

dramatic decrease compared to the RMS-value for the analogous surface prior to epitaxial 

growth (Fig. 6(a)).  Increasing the C2H4 injection temperature to 1400ºC, does not change the 

microstructure significantly.  Figure 16(b) shows similar curvilinear markings to Fig. 16(a); 

however, the RMS roughness of the former is larger (3.27 nm).  Growth pits were present on 

the surfaces of the epitaxial layers, independent of the temperature at which C2H4 was 

introduced.  The dark circle in Fig. 16(a) is a growth pit that extends ~150 nm into the film.  

Although no pits are present in Fig. 16(b), they were observed by plan-view SEM on the 

same sample.  Further analyses (not shown) using AFM and SEM revealed the density of pits 

to be the same on each surface; the values ranged between 1-5x106 cm-2.  To aid in 

determining the origin of the growth pits, epitaxial growth was performed after heating in a 

hydrogen atmosphere without an overpressure of C2H4.  The surface of the sample was 

specular, similar in appearance to Fig. 10(e), and did not contain any growth pits.  In addition, 

the RMS roughness was significantly less (0.35 nm).  Based on these results, it is reasonable 

to conclude that the cause of these defects and the high RMS-values is related to heating in a 

H2/C2H4 mixture. 

 Figure 17 shows the aluminum impurity profile near the film-substrate interface for 

the same sample analyzed by AFM in Fig. 16(a).  The aluminum concentration in the 

substrate is 1x1015 cm-3, which is similar to the levels observed for the substrate in Fig. 5 and 

Fig. 12.  After the film-substrate interface (850 nm), the aluminum profiles significantly 

increases to 1x1019 cm-3 at ~825 nm.  
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5.4.2.4 Site-Competition and Impurity Sources 
 

Previously, we developed a model that correlated the re-deposition of the 

(decomposed) SiC coating with aluminum impurities at the film-substrate interface [15].  

This model was based on site-competition between silicon and aluminum atoms.  In site-

competition epitaxy, competition between the impurity atoms and constituent atoms of SiC 

arises because aluminum occupies the silicon sub-lattice and nitrogen the carbon sub-lattice 

within 4H-SiC [31-32].   Further work has performed here to investigate site-competition and 

to determine the source of impurities, namely aluminum, within the growth system.  Epitaxial 

growth (following HC1) was performed at 1450ºC in flowing hydrogen (0.59-1.00 slm).  

Figure 18 shows the results from CV and SIMS measurements plotted as a function of the 

C/Si ratio.  It should be noted that the CV measurements were performed to determine the 

ionized impurity concentration within the epitaxial layers from precursors.  Therefore, these 

films were grown to a sufficient thickness to prevent impurities within the in-situ deposited 

layer from influencing the results.  In Fig. 18, the ionized donor concentration (ND-NA) (open 

circles) decreases from ~5x1018 cm-3 to ~5x1016 cm-3 as a result of changing the C/Si ratio in 

the gas phase from 0.35 to 1.00.  Analogous results have been reported by Burk et al. for 

[ 0121 ]-oriented 6H-SiC films; these authors attributed their results to site-competition 

epitaxy [33].  Analyses via SIMS were performed on samples grown at C/Si ratios of 0.35 

and 1.00.  The nitrogen concentration ([N]) and aluminum concentration ([Al]) were 

subtracted ([N]-[Al]) and are plotted in Fig. 18 (dark circles).  The nitrogen and aluminum 

concentration at a C/Si ratio of 1.00 are 3x1017 cm-3 and 5x1016 cm-3, respectively ([N]-[Al]= 

8x1016 cm-3).  Decreasing the C/Si ratio to 0.35, results in an increased nitrogen 

concentration of 2x1018 cm-3 and a decreased aluminum concentration of 8x1015 cm-3 ([N]-

[Al]= 2x1018 cm-3).  The subtracted impurity concentrations from SIMS are similar to ND-NA 

values determined by CV.  These results indicate the ionized nitrogen and aluminum 

impurities are the major contributing species to the ND-NA values.  In addition, based on the 

framework described above and the similarity of our data to Ref. [33], the CV and SIMS 

results are consistent with site-competition epitaxy.   

 Further analysis of SIMS concentrations depth-profiles (Figs. 5, 8, 12, and 17), 

reveals that the increase (and subsequent decrease) in the aluminum impurity level near the 
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film-substrate interface occurs over a distance >10 nm.  If a spike in the aluminum 

concentration was observed in the depth profiles on the order of a few nanometers, processes 

related to sample preparation and handling could be implicated as contaminations sources.  

Instead, the change in the profile is gradual; this suggests the impurity source is active during 

the growth process.  The data contained in Fig. 18 can be used to evaluate the likelihood of 

process gases being impurity sources.  Hydrogen is purified with a palladium-cell purifier 

prior to injection into the growth system and, therefore, is not a likely source of 

contamination.  In addition, three hydrogen diluent flow rates were employed in the 

experiments comprising Fig. 18, and there is no observable trend between these values and 

the concentration of impurities.  Contrary to hydrogen, both SiH4 and C2H4 are not purified.  

On one hand, assuming the former to be the source of aluminum, the flow rate change from 

1.20 to 3.43 sccm should result in an increase in the aluminum concentration within the 

epitaxial layer.  On the other hand, if the latter is the source, the concentration of aluminum 

should remain the same because the flow rate of C2H4 was unchanged.  Neither of these cases 

occurred; instead, the aluminum level does not remain constant and decreases with a 

reduction in the C/Si ratio from 1.00 to 0.35.  The nitrogen concentration within the epitaxial 

layers increases with the SiH4 flow rate (or a decrease in C/Si ratio).  The level of nitrogen  

contamination within the SiH4 from the manufacturer is <0.1 ppm [34], which is insufficient 

to produce the nitrogen concentrations listed above.  Based on the results shown in Fig. 18 

and the foregoing discussion, process gases can likely be ruled out as potential sources of 

impurities.  The impurity levels in the protective SiC coating on the graphite parts used in our 

process were analyzed by SIMS.  The profiles for nitrogen, aluminum and boron are shown 

in Fig. 19.  The atomic concentrations within the coating are 2x1020 cm-3, 1.5x1019 cm-3, and 

4x1017 cm-3, respectively.  These levels are sufficient to generate the impurity concentrations 

observed in our films.  In addition, this data provides further evidence that the aluminum 

impurity profile near the film-substrate interface is directly related to the decomposition and 

re-deposition of the SiC coating. 

 

5.5 Supplemental Discussion - Microstructural Evolution 
 
 Two regimes of growth have been investigated in this study; the first is sublimation 

growth and the second is precursor-driven growth.  Based on the microstructural 
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characterization presented in section 5.4, it is proposed that two growth mechanisms are 

occurring: (1) step-flow growth during the former and (2) for the latter, there is a competition 

between step-flow growth and terrace nucleation and growth. 

 
5.5.1 Sublimation Growth Regime 

 
 Sublimation growth experiments were performed in two different atmospheres, 

hydrogen and argon.  Growth occurred in a hydrogen diluent at all temperatures investigated 

(i.e. 1250-1450ºC), while in an argon diluent, measurable deposition occurred at 

temperatures greater than 1350ºC.  For a hydrogen diluent, the surfaces at all temperatures 

contained a step-and-terrace microstructure (Fig. 1), in which the average step height (0.23 

nm) and terrace width (~90.0 nm) remained essentially constant in the temperature range 

studied.  These results can be explained by considering the kinetically-controlled, step-flow 

growth mode.  In step-flow growth, when the terrace width is narrower than the diffusion 

distance of surface adatoms, the adatoms will have sufficient time to migrate to and be 

accommodated at a step edge and/or kink site rather than nucleating on the terrace [19].  

Matsunami and co-workers have thoroughly investigated the step-flow mechanism in [0001]-

oriented SiC epitaxially growth by CVD; see Ref. [19] for a detailed review of their work.  

Selected aspects of their work have been reproduced here in Fig. 20.  Figure 20(a) shows a 

schematic illustration of the surface model developed by Kimoto and Matsunami [35], which 

they based on the crystal growth theory originally proposed by Burton, Cabrera, and Frank 

(BCF) [36].  The flux of reactants arriving at the surface is J, and the Js is the flux of the 

atoms migrating on the surface in the ±y-direction.  The step height and terrace width are 

denoted by h and λo, respectively.  Based on the model, step-flow growth is promoted when 

the diffusion distance, λs, is greater than half the terrace width: 

 

  os 2
1
λ>λ       (Eq. 4) 

 
 The adatom diffusion distance on the ( 0211 ) surface has never been determined (to 

the best of the authors’ knowledge).  Kimoto and Matsunami [35] have estimated the 

diffusion distance on step-free (0001)Si and ( 1000 )C surfaces of 6H-SiC; their work is shown 

in Fig 20(b).  For the former, the diffusion distance varies from 3x10-5 to 1x10-5 cm between 
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1250-1450ºC, while the analogous values on the latter surface range from 7x10-3 to 8.7x10-4 

cm.  It is worthwhile to note that the diffusions distance decreases because of enhanced 

adatom desorption as temperature increases.  Because the ( 0211 ) surface is terminated by 

equal numbers of silicon and carbon atoms, intuitively, it is expected that this surface would 

exhibit intermediate properties between the (0001)Si and ( 1000 )C surfaces.  All of the 

aforementioned values from the work of Kimoto and Matsunami are greater than the terrace 

widths measured in this work for sublimation growth in a hydrogen atmosphere (~90 nm = 

9x10-6 cm); thus, the criteria for step-flow growth (Eq. 4) is satisfied and it is reasonable to 

conclude that growth is occurring by the step-flow mode at these conditions.  Recall that the 

terrace width was independent of temperature for sublimation growth in a hydrogen 

atmosphere.  These results are consistent with step-flow growth, if the step velocity (in the y-

direction in Fig. 20(a)) is the same for every advancing step.   

Sublimation growth in an argon atmosphere produced analogous results to those 

obtained from growth in a hydrogen atmosphere.  The step height and terrace width after 

heating in argon to 1450ºC (dwell time 0 minutes) were 0.22 nm and 79.5 nm, respectively 

(Figs. 4(c) and (f)).  After a dwell time of 60 minutes at 1450ºC, a 20 nm thick film was 

deposited, a step-and-terrace microstructure remained (Fig. 21), and the change in the step 

height (0.21 nm) and the terrace width (66 nm) was negligible.  These results provide further 

support for growth via the step-flow mode and that the velocity of the steps is uniform.  

The discussion thus far has been based on the dimensions of surface features analyzed 

after sublimation growth.  To sufficiently slow the sublimation-effect and study the initial 

stages of growth in this regime, controlled experiments were performed at 1250ºC and 

1350ºC, using both argon and hydrogen diluent gases.  After heating to 1250ºC in an argon 

diluent, the surface contained steps with sharp, resolvable edges (step height 0.23 nm), as 

shown in Fig.  15(a) and the line scan in Fig. 3(b).  After 5 minutes of exposure to hydrogen, 

the estimated film thickness was 0.20 nm and the steps became less abrupt (Fig. 15(b)).  The 

step height was 0.21 nm.  The apparent roughening of the steps is believed to be a result of 

the nucleation of adatoms at step edges.  Evidence for step-flow growth is not as clear for the 

experiments performed at 1350ºC.  Growth was not limited sufficiently to observe nucleation 

at the terraces in these experiments.  The surface after heating in argon to 1350ºC had steps 

that were curvilinear (Fig. 13(a)).  After 1 minute of exposure to hydrogen, a 3 nm film was 
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deposited (Fig. 13(b)) that mimicked the aforementioned step-and-terrace microstructure; the 

step height and terrace width were 0.23 nm and 57.5 nm.  Continued exposure to hydrogen 

for 5 minutes at this temperature resulted in a continuous film in which the step height was 

not able to be measured (Fig. 13c). 

 
5.5.2 Precursor Growth Regime 

 
A change in the growth mechanism was observed during experiments performed in 

the precursor-driven regime.  Evidence of this change is shown in Fig. 15.  As mentioned in 

the section on sublimation growth, the surface after exposure to hydrogen for 5 minutes at 

1250ºC showed evidence of nucleation at step edges (Fig. 15(b)).  After growth from 

precursors for 1 minute on the latter surface, the resulting microstructure appeared diffuse 

(Fig. 15(c)).  The majority of the steps observed on this surface had dimensions that were 

immeasurable.  On the few steps in which the height could be determined, the average value 

was 0.22 nm.  These observations are based on many AFM scans taken from multiple areas 

on the sample.  Both the diffuse appearance and the lack of measurable step dimensions are 

attributed to nuclei at both the edges of steps and on the terraces.  

 Further indication of nucleation and growth on the terraces is revealed in the 

evolution of the microstructure shown in Fig. 10.  After heating to this temperature in 

hydrogen, the surface of the 100 nm IL contained an oriented, step-and-terrace 

microstructure (Fig. 10(a)).  The step height and terrace width were 0.21 nm and 89.8 nm, 

respectively.  After 1.5 nm (total thickness 101.5 nm) of epitaxial growth from precursors, 

elongated features were present on the surface, and the microstructure of the IL was no 

longer distinguishable (Fig. 10(b)).  The width of these features was less than the terrace 

width of the IL, which suggests nucleation primarily occurred on the terraces of the IL.  The 

elongation direction is intermediate to the [0001] and [ 0011 ] crystallographic directions.  It 

should be noted that the apparent difference in the orientation of these features and the 

microstructure of the IL is attributed to sample-alignment in the AFM.  Subsequent precursor 

growth to 5 nm (105 nm) resulted in continued lateral growth along the intermediate 

direction and the emergence of individual rows of SiC (Fig. 10(c)).  The morphology of the 

rows of SiC and the elongated features in Fig. 10(b) was irregular and showed no periodicity 

indicative of steps and/or terraces.  Regions of coalescence between the individual rows also 
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became apparent at 5 nm.  By 10 nm (110 nm), complete coalescence was achieved (Fig. 

10(d)).  No significant changes in the surface microstructure of the precursor-grown films 

occurred between 10 and 1000 nm (1100 nm).   

 Thus far the growth mechanism in the precursor-driven regime has been described in 

terms of terrace-nucleation followed by subsequent lateral growth.  Evidence of a step-flow 

mechanism in this regime also exists.  After heating in hydrogen to 1250ºC and performing 

growth from precursors, a step-and-terrace microstructure resulted, as shown in Fig. 9(a).   

The white arrows in this figure indicate areas where steps were been pinned by growth pits.  

Figure 9(d) shows a magnified view of the same surface imaged in Fig. 9(a); in the former, 

two pits are apparent in which step-flow growth has “folded around” these crystal 

imperfections.  Similar perturbations to step-flow growth have been implicated with the 

formation of morphological defects in [0001]-oriented SiC films [16, 37].   

 We speculate that the reason for the contrast in the growth mechanisms is primarily 

associated with the difference in the partial pressures of the reactant species in each regime. 

For simplicity, sublimation growth of SiC in hydrogen, is considered. Råback et al. have 

performed an extensive analysis of the role of hydrogen in the sublimation growth of SiC 

[38].  At conditions similar to our process, the work of Råback et al. predicts that C2H2(g) 

and SiH(g) are the major carbon- and silicon-carrying species in the vapor phase [38].  The 

partial pressures of C2H2(g) and SiH(g) at 1450ºC, for example,  are approximately 1x10-6 

atm and 2x10-8 atm, respectively [38].  By comparison, the input partial pressures of C2H4 

(3x10-5 atm) and SiH4 (3x10-5 atm) used during the initial growth experiments are greater by 

at least order of magnitude.  Thus, it is proposed that the increase in the partial pressures of 

the reactant species during precursor-driven growth is sufficiently large to: (1) increase the 

supersaturation in the gas phase over the growth interface and (2) thereby promote terrace 

nucleation.  Because the difference between step-flow growth and terrace nucleation and 

growth is not a step-function, it is believed that the process conditions employed in the 

precursor-driven regime cause growth to occur in a continuum between the two growth 

mechanisms.  In vertical, hot-wall CVD, values for the precursor-to-diluent flow rate ratio 

typically range from 0.1-1.0% [39].  In our process, the precursor-to-diluent flow rate ratio is 

0.18% ((1.2 sccm SiH4 + 0.6 sccm C2H4)/(1000 sccm H2)).   Therefore, further work is 

necessary to see if increasing the partial pressure of the reactant species facilitates that 
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complete transition from step-flow to terrace nucleation and growth.  Similar comparisons 

can be made between precursor-driven growth and sublimation growth in an argon 

atmosphere; however, the major species in the gas phase of the latter are Si(g), Si2C(g), and 

SiC2 (g) [39]. 

 

5.6 Summary 
 
 Three process routes were investigated to reduce the concentration of impurities at the 

film-substrate interface.  Heating in hydrogen and/or a hydrogen-ethylene mixture resulted in 

aluminum impurities at the interface with concentrations of 1-3x1018 cm-3 (1250-1450ºC) and 

1x1019 cm-3 (1450ºC), respectively.  The thickness of the film deposited in the former 

atmosphere ranged from 15-100 nm.  Employing an argon atmosphere was the most 

successful process route in reducing both the re-deposition of the SiC coating and the 

interfacial aluminum concentration.  Temperatures ≤1350°C showed no evidence of film 

growth.  At 1450ºC the aluminum impurity concentration was decreased by more than one 

order of magnitude (2x1017 cm-3) compared to the other process routes, and the film 

thickness after a 60 minute dwell time was 20 nm. 

 Analysis of the surface after heating in hydrogen and argon revealed a step-and-

terrace microstructure at all temperatures; however, after heating in a hydrogen-ethylene 

mixture to 1450ºC the surface contained carbon structures, as evidenced by AFM and XPS.  

Both the step height (0.23 nm) and terrace width (90.0 nm) were independent of temperature 

in the case of a hydrogen atmosphere.  Conversely, when argon comprised the atmosphere, 

the average terrace width changed with temperature.  From 1250ºC to 1350ºC the terrace 

width increased from 70.6 nm to 133.2 nm due to surface decomposition.  Raising the 

temperature to 1450ºC resulted in film growth and a reduction in the terrace width to 79.5 nm.  

A step-flow growth mechanism has been proposed for the sublimation-driven regime. 

 Epitaxial growth from SiH4 and C2H4 resulted in a change in the growth mechanism.  

Both step-flow growth and terrace nucleation and growth were observed via AFM.  The 

concentration of unintentional impurities within films grown in precursor-driven regime was 

investigated.  The results from CV and SIMS were consistent with site-competition epitaxy.  

The protective SiC coating was determined to be the major source of impurities.  The average 

RMS surface roughness was 0.18 nm for films grown with C/Si ranging from 0.35 to 1.00. 
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5.9 Tables 
 
Table 1 – Important process conditions used during heating experiments. 
 

HC Temperature  
(ºC) 

Dwell Time* 
(min.) Diluent C2H4 Input Pressure 

(x10-2 Torr) 
1 1250-1450 0-60 H2 (0.59-1.00 slm) 0 
2 1250-1450 0-60 Ar (1.00 slm) 0 

H2 (0.52 slm) 3 1450 0-15 
C2H4 (0-0.30 sccm) 

0-1.15 

*Dwell time means time at temperature. 
 
Table 2 – Important process conditions used during epitaxial growth experiments. 
 

HC Temperature  
(ºC) 

Dwell Time# 
(min.) Diluent SiH4 

(sccm) 
C2H4  

(sccm) 
1 1250-1450 0 H2 (0.59-1.00 slm) 1.20-3.43 0.60 
2 1250-1450 0 Ar (1.00 slm) 1.20 0.60 
3 1450 0-15 H2 (0.59 slm) 1.20 0.60 

#Dwell time means time at temperature before epitaxial growth. 
 
Table 3 – Surface feature dimensions after heating in a hydrogen diluent (HC1). 
 

Step Height Terrace Width Temperature^  
(ºC) Average 

(nm) 
Std. Dev.  

(nm) 
Average  

(nm) 
Std. Dev.  

(nm) 
1250 0.25 0.09 90.6 73.4 
1350 0.22 0.06 89.5 27.7 
1450 0.21 0.05 89.8 19.6 

^Dwell time at each temperature was 0 minutes. 
 
Table 4 – Surface feature dimensions after heating in an argon diluent (HC2). 
 

Step Height Terrace Width Temperature^ 
(ºC) Average 

(nm) 
Std Dev. 

(nm) 
Average 

(nm) 
Std Dev. 

(nm) 
1250 0.23 0.06 70.6 40.2 
1350 0.20 0.04 133.2 85.1 
1450 0.22 0.04 79.5 36.7 

^Dwell time at each temperature was 0 minutes. 
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Table 5 – Surface feature dimensions after heating in a hydrogen diluent (HC1) and 
subsequent epitaxial growth. 
 

Step Height Terrace Width Temperature 
(ºC) Average 

(nm) 
Std Dev. 

(nm) 
Average 

(nm) 
Std Dev. 

(nm) 
1250 0.20 0.04 145.1 45.7 
1350 - - 97.6 27.7 
1450 - - 36.1 6.9 
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5.10 Figures 
 

   
 

   
Figure 1.  5 .00 x 5.00 µm AFM images of the ( 0211 ) surface microstructure after heating in hydrogen (HC1) to (a) 1250°C, 
 (b) 1350°C, and (c) 1450°C.  Higher resolution 0.75 x 0.75 µm AFM images are shown in (d)-(f).  The vertical scale is 
 given in the upper right corner of each image. 

(a) (b) (c) 

(d) (e) (f) 
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Figure 2.  (a) The RMS surface roughness and (b) the step height and terrace width plotted 
 as a function of temperature for HC1 (open circles) and HC2 (dark squares).  
 The RMS values in (a) are based on the 5.00 x 5.00 µm AFM images in Fig. 1 
 (HC1) and Fig. 4 (HC2). 

(a) 

(b) 
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Figure 3.  Line scans showings the presence of a step-and-terrace microstructure on the 
 ( 0211 ) surface after heating to 1250ºC in (a) hydrogen (HC1) and (b) argon 
 (HC2).  The line scans were extracted from Fig. 1(d) and Fig. 4(d), respectively.  
 The black arrows indicate steps. 

(a) 

(b) 
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Figure 4.  5 .00 x 5.00 µm AFM images of the ( 0211 ) surface after heating in argon (HC2) to (a) 1250°C, (b) 1350°C, and (c) 
 1450°C.  Higher resolution 0.75 x 0.75 µm AFM images are shown in (d)-(f).  The vertical scale is given in the upper 
 right corner of each image.  The white arrows in (a) indicate surface undulations reminiscent of polishing scratches.

(a) (b) (c) 

(d) (e) (f) 
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Figure 5.  SIMS concentration-depth profiles for (a) aluminum and (b) nitrogen after HC2.  
 The temperatures are indicated in the upper right corner of each image; the 
 dwell time was 60 minutes.  

(a) 

(b) 
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Figure 6. 2.50 x 2.50 µm AFM height images of the ( 0211 ) surface microstructure after 
 heating from (a) 1200-1450ºC and (b) 1400-1450ºC in an C2H4 overpressure
 of 1.15x10-2 Torr (HC3).  The corresponding phase images are shown in (c) and 
 (d), respectively.  The RMS roughness is plotted as a function of dwell time  at 
 1450°C in (e).  The dwell time for (a)-(d) was 0 minutes. 

(a) (b) 

(c) (d) 

(e) 
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Figure 7.  XPS spectra of the ( 0211 ) surface (a) before and (b) after heating in an C2H4 
 overpressure of 1.15x10-2 Torr from 1200-1450ºC (HC3).  The dwell time was 
 15 minutes are 1450°C for (b).  CC and CSi are the atomic percent of carbon and 
 silicon on the surface, respectively.   
 

(a) 

(b) 
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Figure 8.  SIMS concentration-depth profiles of aluminum impurities within epitaxial 
 layers grown at 1250°C (squares) and 1350°C (circles).  Hydrogen was the 
 diluent gas during heating (HC1), growth and cooling. 
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Figure 9.  5.00 x 5.00 µm AFM height images of the ( 0211 ) surface microstructure after 
 heating in hydrogen (HC1) and epitaxial growth at (a) 1250°C and (b) 1350°C.  
 The RMS roughness and terrace width are plotted versus temperature in (c).  
 The RMS values in (c) were determined from 5.00 x 5.00 µm AFM images.   
 (d) 2.50 x 2.50 µm image of the surface in (a).  Growth pits are marked by white 
 arrows in (a) and (d).   

(a) (b) 

(c) 

(d) 
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Figure 10.  1.50 x 1.50 µm AFM height images showing the microstructural evolution of ( 0211 ) SiC after (a) heating to 1450°C in 

hydrogen (HC1) and (b)-(f) subsequent epitaxial growth from SiH4 and C2H4.  The layer thickness is shown in the lower 
left corner of each image.  The black arrows indicate the [0001] and [ 0011 ] crystallographic directions.
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Figure 11.  RMS roughness of SiC layers of different thickness epitaxially grown at  
 1450°C.  Heating was performed in hydrogen (HC1) prior to film deposition 
 from SiH4 and C2H4.  The RMS values were determined from the 1.50 x 1.50 
 µm AFM images shown in Fig. 10. 
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Figure 12.  SIMS concentration-depth profile of aluminum following epitaxial growth at 

1350°C.  Argon was the diluent gas during heating (HC2).  Prior to precursor 
injection, growth was suspended 5 minutes after switching to a hydrogen diluent; 
the latter resulted in the decomposition and re-deposition of the SiC coating and 
an increase in the aluminum impurities in the region labeled IL (in-situ layer).  
Epitaxial layer refers to film growth resulting from SiH4 and C2H4.  
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Figure 13. 1.50 x 1.50 µm AFM height images showing the microstructural evolution of ( 0211 ) SiC after (a) heating to 1350°C in 
 argon (HC2), a (b) 1 minute and (c) 5 minute exposure to hydrogen, and (d)-(f) subsequent epitaxial growth from SiH4 
 and C2H4.  The layer thickness is shown each image.  The black arrows indicate the [0001]- and [ 0011 ]-direction. 
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Figure 14.  RMS roughness of SiC layers of different thickness epitaxially grown at (a) 
 1350°C and (b) 1250°C.  Heating was performed in an argon diluent (HC2), the 
 atmosphere was switched to hydrogen, and growth was suspended 5 minutes 
 prior to film deposition from SiH4 and C2H4.  The RMS values were determined 
 from the 1.50 x 1.50 µm AFM images shown in Fig. 13 (1350°C) and Fig. 15 
 (1250°C). 

(a) 

(b) 



 156

 
 

Figure 15. 1.50 x 1.50 µm AFM height images showing the microstructural evolution of ( 0211 ) SiC after (a) heating to 1250°C in 
 argon (HC2), a (b) 5 minute exposure to hydrogen, and (c) subsequent epitaxial growth from SiH4  and C2H4.  The layer 
 thickness is shown in the lower left corner of each image.  The black arrows indicate the [0001] and [ 0011 ] 
 crystallographic directions.



 157

 
 

 
 
Figure 16. 10 x 10 µm AFM height images of the ( 0211 ) surface microstructure 
 following epitaxial growth at 1450°C.  Heating was performed from (a) 1200-
 1450ºC and (b) 1400-1450ºC in an C2H4 overpressure of 1.15x10-2 Torr (HC3).  
 The dwell time at 1450°C was 0 minutes for (a) and (b) prior to precursor   
 injection.  The dark circle in (a) is a growth pit. 

(a) 

(b) 
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Figure 17.  SIMS concentration-depth profile of aluminum impurities near the film-
 substrate interface, following epitaxial growth at 1450°C.  Heating was 
 performed from 1200-1450ºC in an C2H4 overpressure of 1.15x10-2 Torr (HC3).  
 The dwell time at 1450°C was 0 minutes prior to precursor injection. 
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Figure 18.  Plot of the ionized donor concentration (ND-NA) and the difference in the 
 atomic concentration ([N]-[Al]) as a function of the C/Si ratio.  The ND-NA 
 values were determined by CV measurements and the atomic concentration of 
 nitrogen [N] and [Al] were determined by SIMS.  The C/Si was changed by 
 varying the flow rate of SiH4 from 1.20-3.43 sccm.  The C2H4 was held constant 
 at 0.60 sccm. 
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Figure 19.  SIMS concentration-depth profiles of nitrogen, aluminum, and boron impurities 
 within the protective SiC coating on the graphite parts used in this research. 
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Figure 20.  (a) Schematic illustration of the surface diffusion model developed in Ref. [32]. 
 (b) Temperature dependence of the surface diffusion length on the (0001)Si and 
 ( 1000 )C surfaces of 6H-SiC. 

 

(a) 

(b) 
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Figure 21.  (a) 5.00 x 5.00 µm and (b) 0.75 x 0.75 µm AFM images of the ( 0211 ) surface 
  after heating in argon (HC2) to 1450°C.  The dwell time for (a) and (b) was 60 
  minutes. 

(a) 

(b) 
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6.1 Abstract 
 

The polytype and surface and defect microstructure of epitaxial layers grown on 

4H( 0211 ), 4H(0001) on-axis, 4H(0001) 8º off-axis, and 6H(0001) on-axis substrates have 

been investigated.  High resolution x-ray diffraction revealed the epitaxial layers on 4H( 0211 ) 

and 4H(0001) 8º off-axis to have the 4H-SiC polytype, while the 3C-SiC polytype was 

identified for epitaxial layers on 4H(0001) and 6H(0001) on-axis substrates.  

Cathodoluminescence, Raman spectroscopy, and transmission electron microscopy 

confirmed these results.  The epitaxial surface of 4H( 0211 ) films was specular with a 

roughness of 0.16 nm RMS, in contrast to the surfaces of the other epitaxial layer-substrate 

orientations, which contained curvilinear boundaries, growth pits (~3x104 cm-2), triangular 

defects >100µm, and significant step bunching.  Molten KOH etching revealed large defect 

densities within 4H( 0211 ) films that decreased with film thickness to ~106 cm-2 at 2.5 µm, 

while cross-sectional transmission electron microscopy studies showed areas free of defects 

and an indistinguishable film-substrate interface for 4H( 0211 ) epitaxial layers. 
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6.2 Introduction 
 

The fundamental properties of SiC make it a principal candidate semiconductor 

material for high-power and high-temperature applications.  Recent reductions in the 

densities of micropipes and dislocations in bulk wafers and epitaxially grown films of SiC [1] 

have enabled the commercial realization of Schottky rectifiers and metal semiconductor 

field-effect transistors (MESFETs) [2].  However, these defects as well as grain boundaries, 

and epitaxial defects limit the performance of SiC-based devices [3].  Investigations 

concerned with growth on non-basal surfaces have successfully demonstrated micropipe-free, 

[ 0211 ]-oriented 4H-SiC crystals [4-5] and epitaxial layers with comparable purity and 

surface morphology to conventional 4H-SiC(0001) [6].  In addition, dramatically improved 

device performance has been reported for 4H-SiC MOSFETs [7] and p-i-n rectifiers [8-9] 

fabricated on [ 0211 ]-oriented material.   

 An additional obstacle is the inability to grow [0001]-oriented SiC films that replicate 

completely the polytype of the underlying substrate.  Homoepitaxial growth of a single 

polytype in this orientation is usually achieved through the use of vicinal substrates which are 

intentionally miscut towards [ 0211 ] [10].  The polytype of the vicinal substrate is inherited 

by the epitaxial layer as a result of step-controlled epitaxy [11-14], wherein the terrace width 

is narrower than the diffusion distance.  Thus surface adatoms will have sufficient time to 

migrate to and be accommodated at a step edge and/or kink site rather than nucleating on the 

terrace [10].  However, considerable step bunching commonly occurs at the high 

temperatures of SiC epitaxial growth leading to step heights that are non-multiples of the unit 

cell of the underlying substrate.  For this reason and others including abnormally wide 

terraces, inclusions containing additional polytypes have been identified in epitaxial layers 

grown on SiC(0001) substrates having a vicinal surface [15-17]. 

 Because the substrate stacking sequence lies within the growth plane, crystal growth 

on substrates with non-basal orientations offer an attractive solution to mitigate issues related 

to polytype replication.  Takahashi et al. have demonstrated that 4H-SiC and 6H-SiC bulk 

crystals grown in both the [ 0211 ] and [ 0011 ] directions using the modified-Lely technique 

exhibit the polytype of the starting substrate [4,18].  Polytype replication has also been 

achieved by homoepitaxial growth on 6H-SiC( 1410 ) [19], 6H-SiC( 0121 ) [20], 4H-SiC( 0211 ) 
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[5-6,21], and 4H-SiC( 8303 ) [6] substrates by chemical vapor deposition (CVD).  Despite 

these results, epitaxial layers grown on substrates with non-basal orientations do not always 

reproduce the polytype of the underlying substrate.  Powell and Will have reported successful 

polytype replication in epitaxial layers grown on 6H-SiC ‘a-axis’ (i.e. specific orientation not 

noted) substrates between 1320-1390ºC, while polycrystalline 3C-SiC occurred outside of 

this temperature range [22].  Matching film and substrate polytypes have been reported for 

epitaxial layers grown by metalorganic vapor phase epitaxy (MOVPE) on 4H-SiC( 0211 ) and 

4H( 0011 ) above 1200ºC and 990ºC, respectively, while films grown on the former substrate 

were amorphous below 1100ºC [23].  In addition, Hallin reported results from x-ray 

diffraction studies that showed the strain between an epitaxial layer grown at 1550ºC by 

CVD and the 4H( 0110 ) substrate to be consistent with published values for 6H-SiC, 

suggesting that polytype replication was not observed [15]. 

In the present study, microstructural, optical, and defect characteristics have been 

investigated for homoepitaxial films grown on 4H( 0211 ), 4H(0001) on-axis, 4H(0001) 8º 

off-axis towards [ 0211 ], and 6H(0001) on-axis substrates.  While others have reported 

polytype replication on 4H-SiC( 0211 ) substrates within limited growth conditions, there has 

not been the extensive characterization reported here on the resultant films. 

 

6.3 Experimental Procedure  
 

Commercially available wafers of different polytypes and orientation from Cree, Inc. 

(Durham, NC, USA) were used as substrates in this research; these included 4H( 0211 ), 

4H(0001) on-axis, 4H(0001) 8º off-axis towards [ 0211 ], and 6H(0001) on-axis substrates.  

The 4H( 0211 ) wafers were fabricated from 4H-SiC(0001) boules.  The substrates were 

cleaned prior to loading into the growth chamber in a 10% HF solution to remove the native 

oxide.  Homoepitaxial growth of the SiC films was performed using a radiantly-heated, 

vertical, hot wall CVD system similar to that described elsewhere [24]. In this configuration, 

the holder-sample assembly is heated by radiation from an inductively-coupled susceptor. 

The growth pressure and temperature range were 20 Torr and 1460-1480ºC, respectively. 

SiH4 (1.2 sccm) and C2H4 (0.6 sccm) were the precursor gases; hydrogen (1 slm) served as 
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the diluent gas.  A C/Si ratio of one was maintained throughout these experiments. A thin in-

situ deposited SiC buffer layer was grown under these conditions during heat-up to the 

growth temperature.  The thickness of the epitaxial layers grown for 1 hr. on the 4H(0001) 8º 

off-axis substrates was ~950 nm; the thickness on the remaining substrates was lower and 

similar, namely ~700 nm.  The epitaxial films were not intentionally doped.   Thicknesses to 

2.5 µm were analyzed in this study. 

Samples were characterized to determine the polytype of the epitaxial film and to 

compare their surface and defect microstructures.  High resolution triple-axis x-ray 

diffraction (HRTXD), cathodoluminescence (CL), Raman spectroscopy, and transmission 

electron microscopy (TEM) were employed in the former study.  HTXRD was conducted 

using a Philips X’Pert MRD diffractometer equipped with a fourfold Ge(220) 

monochromator, a threefold Ge(220) analyzer, and an Eulerian cradle.  Measurements were 

performed using symmetric and asymmetric reflections in the form of ω-2θ scans and x-ray 

reciprocal space maps (ω vs. ω-2θ) to delineate between the substrate and epitaxial layer.  

The symmetric reflections employed were (11.0), (00.12), and (00.18) for 4H( 0211 ), 

4H(0001) 0º on-axis and 8º off-axis, and 6H(0001) on-axis substrates, respectively.  The 

asymmetric reflection for all 4H-SiC substrates was (11.8), while (11.12) was analyzed for 

6H(0001) on-axis substrates.  A CamScan MaXim 2040 S scanning electron microscope 

(SEM) equipped with an Oxford MonoCL system was used for CL measurements at 6 K and 

300 K.  The electron beam energy used in these experiments was 25 keV, as Monte-Carlo 

simulations [25] showed this accelerating voltage to yield emission spectra from both the 

substrate and epitaxial layers.  CL spectra were fit with a Gaussian peak-type and linear 

background subtraction.  Micro-Raman spectroscopy was performed with a backscattering 

geometry at room temperature using a Jobin-Yvon spectrometer coupled with a Zeiss optical 

microscope.  A thermoelectrically-cooled charge coupled device (CCD) was used as the 

detector.  The 441.6 nm line from a He-Cd laser (Kimmon Electric) was used as a Raman 

excitation source.  The laser beam with a nominal power of 80 mW was focused onto the 

sample with a spot size ~5 µm in diameter.  For high-resolution Raman spectra, the peak 

positions were determined by fitting the Raman peaks with Lorentzian curves.  The 

polarization states of both the incident and the scattered light were not specified and the 

direction of E-field was randomly oriented onto the ( 0211 ) surface in order to increase the 
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number of modes detected.  Cross-sectional and plan-view samples were prepared for TEM 

using the sequence of mechanical polishing, dimpling, and argon ion milling until perforation. 

TEM analysis was performed with a JEOL 3010 microscope operated at 300kV.   

The surface microstructure of the epitaxial layers was investigated using optical 

microscopy in the Nomarski interference contrast mode (NDIC), and atomic force 

microscopy (AFM (JEOL 5200)).  SEM (JEOL 6400F) was also employed in this analysis to 

determine epitaxial layer thickness.  Concentration depth profiles from secondary ion mass 

spectrometry (SIMS) (Cameca 6F) were used to measure the atomic concentration of 

nitrogen in select substrates and epitaxial layers, as well as the thickness of the latter.  Defect 

etching was performed in molten KOH at 700ºC for 1-5 min. and compared to TEM analyses 

performed in a manner similar to those described above. 

 

6.4 Results and Discussion 
 

6.4.1. Polytype Analysis 
 

X-ray diffraction has been used previously to analyze the polytype distribution and 

strain in SiC epitaxial layers grown on 4H(0001) [15,26-28] and 6H(0001) [29-30] substrates.  

The HRTXD measurements described here have been performed to determine the differences 

between polytype replication for epitaxial films grown on 4H( 0211 ) substrates with that 

achieved on other film-substrate orientations.  Figure 1 shows HRTXD ω-2θ scans of 

symmetric reflections for epitaxial films on the substrates listed above.  Asymmetric HRTXD 

ω-2θ scans were also generated; however, they are not shown, as they were similar in 

appearance to the symmetric scans with the only difference being the magnitude of the peak 

splitting. 

As described in the previous section, epitaxial layers on 4H( 0211 ) substrates were 

analyzed using the (11.0) symmetric and (11.8) asymmetric reflections, and both HRTXD ω-

2θ scans and x-ray reciprocal space maps (RSM) were performed using these reflections. The 

(11.0) reflection for an epitaxial layer grown on a 4H-SiC( 0211 ) substrate is shown in Fig. 

1(a). There is no satellite peak. The same results were obtained for asymmetric HTXRD ω-2θ 

scans of the (11.8) reflection.  No secondary peaks were observed in either the ω-direction or 

the ω-2θ-direction of RSMs obtained for the (11.0) and the (11.8) reflections.  These results 
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clearly demonstrate that no additional polytype is present and further indicate that there is no 

strain between epitaxial layer and substrate.  While the former results are supported by the 

research of others [18], the latter are in contrast to previous work.  Strain as a result of the 

difference in nitrogen doping between the film and substrate has been reported previously for 

unintentionally doped epitaxial layers (<1E16 cm-3) grown on 4H( 0211 ) (>1E18 cm-3) 

substrates [15].  Impurity analysis by SIMS of the layers grown here on 4H( 0211 ) substrates 

revealed the nitrogen concentration in the film and substrate to be 1.5x1017 cm-3 and 4.0x1018 

cm-3, respectively.  These results thus support the HRTXD measurements; that is, a moderate 

difference (approximately one order of magnitude) in the nitrogen concentration between 

film and substrate reduces impurity-related strain.  The lack of additional peaks in the ω-

direction of the RSMs indicates there is minimal mosaicity in the areas analyzed.  The full-

width half-maxima (fwhm) of epitaxial layers grown on 4H( 0211 ) substrates has been shown 

to be reduced by using an intentional SiC buffer layer between the epitaxial film and 

substrate [6].  All of the epitaxial layers investigated here have been grown on an in-situ 

buffer layer, which may contribute to polytype replication and lack of mosaicity for the 

epitaxial layers mentioned above. 

Epitaxial layers grown on 4H(0001), 4H(0001) 8º off-axis, and 6H(0001) substrates 

were analyzed in the same manner as described above.  The results for the symmetric 

HRXTD ω-2θ scans are shown in Fig. 1(b)-(d), respectively.  Analyses of the epitaxial layers 

grown on 4H(0001) and 6H(0001) substrates reveal an additional peak, while the film and 

substrate peaks occur at the same 2θ value for the 4H(0001) 8º off-axis substrate orientation.  

As ω-2θ scans are sensitive to crystal structure and strain, either (or both) can be the cause of 

the additional peaks [31].  The difference between the angles associated with the substrate 

peak (2θS) and the epitaxial layer peak (2θE) were measured and compared to corresponding 

values calculated from bulk properties of SiC to identify the origin of the additional peaks 

[32-33].  The measured and calculated values for the symmetric and asymmetric scans are 

tabulated in Tables 1 and 2, respectively.  The measured peak separation (2θS-2θE) for 

epitaxial layers on 4H( 0211 ) and 4H(0001) 8º off-axis substrate are labeled as 0 in Tables 1 

and 2 since both exhibited a single peak in the symmetric and the asymmetric HRTXD 

analyses.  The measured peak separation for the epitaxial film on 4H(0001) was -0.350º and -
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0.115º from ω-2θ scans of the symmetric (00.12) reflection and asymmetric (11.8) reflection, 

respectively.  The calculated peak separation for the (00.12)4H and (333)3C reflections was -

0.392º, while the peak separation for the (11.8)4H and (402)3C reflections was -0.080º.  These 

values are close to the values measured above; thus, one can conclude that the extra peak 

results primarily from the film being the 3C-SiC polytype.  Similar analyses between the 

measured and calculated peak separation for the epitaxial layer grown on 6H(0001) 

substrates also reveal the film to be the 3C-SiC polytype.  These results are consistent with 

previous studies in which 3C-SiC(111) films on 6H(0001) [29] and 4H(0001) [17] substrates 

were reported.  Note that the difference between measured and calculated peak separation 

values for both the 4H(0001) and 6H(0001) cases can result from the presence of film-

substrate strain. 

Plan-view CL measurements at 6 K and 300 K were also performed to ascertain the 

polytype of 1 µm epitaxial layers on 4H( 0211 ) and 6H(0001) on-axis substrates.  The spectra 

obtained at 300 K are shown in Fig. (2) and the peak information is summarized in Table 3.  

As epitaxial layers on the latter substrate were found to be 3C-SiC by HRTXD, they were 

employed as the reference for these measurements.  Figure 2(a) shows the spectrum acquired 

for the reference 6H-SiC(0001) sample in which the polytype of the substrate and epitaxial 

layer are evident.  Three peaks were identified at 432 nm, 463 nm, and 528 nm and 

distinguished as (1), (2) and (3), respectively.  While peaks (1) and (2) are associated with 

impurity-related transitions in 6H-SiC, peak (3) corresponds to the band-to-band transition 

(BB) for 3C-SiC.  The CL spectrum acquired at 6 K for the reference (not shown) also 

indicated the presence of both SiC polytypes, with the temperature dependence of the 

emissions being consistent with that of the bandgaps of 6H- and 3C-SiC [34]. 

In contrast to the spectra obtained for the reference sample, the CL spectra at 6 K and 

300 K for epitaxial SiC on 4H-SiC( 0211 ) exhibited only the 4H-SiC polytype, in support of 

the HRTXD results above.  Three peaks, (4)-(6), were identified after deconvolution of the 

spectrum obtained at 300 K, as shown in Fig. 2(b).  The emission peak at 396 nm, (4), is 

consistent with the nitrogen donor-to-valence band (DV) transition for the 4H-SiC polytype 

[34].  Fitting the spectra in Fig. 2(b) also revealed peaks at 425 and 502 nm.  The latter peak 

is similar in wavelength to the nitrogen-to-boron donor-to-acceptor pair (DAP) transition 

which was calculated as ~500 nm for 4H-SiC [34] and is commonly referred to as the green 
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luminescence (GL) emission for 4H-SiC.  Though its origin is still somewhat unclear, GL is 

indicative of 4H-SiC as it has been attributed to boron-involved recombination processes in 

the energy gap of this polytype [35-37].  Another reported impurity-related transition in 4H-

SiC is the nitrogen-to-aluminum DAP transition [34] at ~420 nm, known as the blue 

luminescence (BL) [36-37].  The emission peak found here at 425 nm is thus associated with 

the BL.  Subsequent cross-sectional CL studies were performed on the same epitaxial film-

substrate orientation at 300 K.  Neither these studies nor the 6 K and 300 K plan-view spectra 

showed any evidence of a polytype other than 4H-SiC.  

Raman spectroscopy was an additional technique employed in this study to 

characterize the polytype distribution of epitaxial layers to 2.5 µm on 4H-SiC( 0211 ) 

substrates.  Figure 3 shows the Raman spectrum of (a) the reference substrate (referred to as 

R) and (b) the epitaxial layer/substrate (referred to as E).  Although there are differences in 

relative intensities, these samples exhibit the Raman spectrum of the 4H polytype.  From the 

spectra, the major peaks observed are 610 cm-1, 775 cm-1 (or 776 cm-1), 781 cm-1 (or 782 cm-

1), 796 cm-1 (or 797 cm-1), 836 cm-1, and 975 cm-1, and these peaks are labeled as A1(AA), 

E2(PO), A1(TO), E1(TO), A1(AO), and E1(LO), respectively [38-41].  The weak mode 

phonon lines were used to characterize the polytype of R and E as their spectral peak position 

is polytype-dependent.  The A1(AA) and A1(AO) were observed at 610 cm-1 and 836 cm-1, 

respectively, for both R and E, and are indicative of the 4H-SiC polytype.   

Figure 4 shows high-resolution Raman spectra for the samples R and E.  The peaks 

that were not resolved in Fig. 3 can now be clearly identified.  Multiple peak locations (i.e. 

775 cm-1, 777 cm-1, and 781 cm-1) have also been observed by Ivanov et al. [42].  In their 

analysis, a combination of unpolarized and polarized incident and scattered light was used to 

analyze the Raman spectra of [ 0211 ]-oriented 4H-SiC.  In our spectra, we were able to 

observe these three peaks which correspond to E2(PO), A1(TO), and E1(TO) modes from 4H-

SiC.  The peak positions and their designation are summarized in Table 4.  From Fig. 3 and 4, 

no extra phonon lines were observed beyond those attributed to 4H-SiC, which suggests no 

other polytypes existed in the areas analyzed.  However, it should be noted that due to the 

large penetration depth for the laser light employed in this experiment [43], deep-UV Raman 

spectroscopy needs to be conducted for unambiguous identification of the epitaxial layer 

polytype [44]. 
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Both spectra in Fig. 3 show a longitudinal-optical (LO) phonon band at 975 cm-1.  

Burton et al. [45]  and Harima et al. [46] have shown that the peak location of the LO band 

shifts to a higher wavenumber and decreases in intensity as the nitrogen doping concentration 

increases, which is produced by optical phonon-plasmon coupling.  Although SIMS analysis 

of similar epitaxial layers (see above) analyzed by Raman spectroscopy have shown the 

nitrogen level in R to be greater than E by more than one order of magnitude, no observable 

difference in the peak position of the LO band was observed. The lack of a LO phonon shift 

is further evidence of the large penetration depth of the visible laser light (441.6 nm) used in 

this work and, as a result, the large contribution of the substrate to the Raman spectra. 

Further confirmation of polytype replication for epitaxial layers grown on 4H( 0211 ) 

substrates was obtained from electron diffraction patterns in both cross-sectional and plan-

view geometries.  Diffraction patterns from the two geometries are shown in Figure 5.  

Figure 5(a) shows the cross-sectional electron diffraction pattern along the [ 0101 ] zone-axis.  

The interplanar spacing, d, for the three innermost diffraction spots (1)-(3) were calculated to 

be 0.252 nm, 0.131 nm, and 0.154 nm, which correspond to d1, d2, and d3, respectively.  No 

information regarding the polytype of the epitaxial layer could be determined from this 

diffraction pattern, since these interplanar spacings are the same for multiple SiC polytypes.  

For example, the [0004] and [0006] reflections for 4H-SiC and 6H-SiC, respectively, have 

the same interplanar spacing of 0.252 nm.  Therefore, an electron diffraction pattern in plan-

view was obtained to determine the polytype unambiguously.  Figure 5(b) shows the 

diffraction pattern with a [ 0211 ] zone-axis.  The interplanar spacing for the three innermost 

diffraction spots (4)-(6) were calculated to be 0.252 nm, 0.236 nm, and 0.267 nm, 

respectively.  Once again, the interplanar spacing calculations do not identify the polytype of 

the epitaxial layer, because multiple SiC polytypes produce these same values.  However, as 

discussed by Jepps and Page [47], the order of the polytype in plan-view can be determined 

by counting the number of reflections, n, between the incident beam and the [000n] 

diffraction spot.  The [000n] diffraction spot is indicated in Fig. 5(b) as (6), which is the 

fourth reflection from the incident beam, and shows the film to be the 4H-SiC polytype.  

Thus the electron diffraction patterns in Fig. 5 have been indexed as the 4H-SiC polytype; 

they do not show evidence of other polytypes or polytype mixing. 
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6.4.2. Surface Microstructure 
 

NDIC, SEM, and AFM were employed to characterize the surface microstructure of 

epitaxial films grown on 4H( 0211 ), 4H(0001) on-axis and 8º off-axis, and 6H(0001) on-axis 

substrates.  The resulting surface microstructures are markedly different. The surface shown 

in Fig. 6(a) is specular, which is indicative of epitaxial layers grown on 4H( 0211 ) substrates.  

Similar results are have been reported by others [48].  The two pits observed in Fig. 6(a) 

were used to focus on the epitaxial surface; however, the average density of this feature was 

much lower than depicted in Fig. 6(a). 

In contrast to the specular surfaces observed for epitaxial films grown on 4H( 0211 ) 

substrates, epitaxial layers grown on 4H(0001) on-axis substrates result in a microstructure 

dominated by curvilinear depressions similar to that reported by Kimoto, et al. [17].  Trench-

like boundaries have been reported previously by Matsunami and Kimoto [10] in 3C-SiC(111) 

films on 6H-SiC(0001) on-axis substrates that separate double positioning twins of 3C-SiC.  

Double positioning boundaries form in these films at coalescence between variant 

islands/domains of 3C-SiC [29].  The epitaxial surface described above is shown in Fig. 6(b).  

The similarity of this figure to the work of Matsunami and co-workers suggests the epitaxial 

surface is a mosaic microstructure of 3C-SiC domains, which supports the XRD results 

mentioned above.  Additionally, the presence of 3C-SiC indicates that the epitaxial layer 

formed via the Volmer-Weber mode (island growth) on the 4H(0001) on-axis surface.  

Figure 6(c) shows a typical surface of epitaxial films grown on 4H(0001) 8º off-axis 

substrates and reveals regions that were either specular or contained circular and triangular 

surface features.  Neither of the latter defects was observed on the surface of epitaxial layers 

on 4H( 0211 ) substrates.  Although Fig. 6(c) shows several circular defects, large specular 

regions are also observed on this surface.  SEM analysis of the same epitaxial surface shown 

in Fig. 6(c) revealed the circular features to be pits or depressions, and the density of these 

defects was ~3x104 cm-2.  Triangular surface features occurred at a higher density and had a 

larger lateral extent, often greater than 100 µm.  Pits were frequently observed at the apex of 

the triangular defects, which implies the former defect is related to growth rather than etching.  

Growth pits have been reported to form as a result of poor substrate surfaces and 

morphological and crystallographic defects impeding epitaxial growth [16,49].  Triangular 
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defects have been observed on the surface of epitaxial layers grown on 3.5º off-axis 4H-

SiC(0001) substrates and some of these defects were found to contain inclusions of 3C-SiC 

[15,17].  

 Figure 6(d) shows an SEM micrograph of the wavy surface of 3C-SiC(111) deposited 

on 6H(0001) on-axis substrates.  AFM analysis of this surface found these wavy lines to be 

macrosteps indicative of step bunching, a phenomenon associated with SiC growth [50-52].  

The results from the AFM analysis are described in more detail below.  On the basis of SEM 

analysis, the terrace width associated with these macrosteps was found to be >500 nm.  

Similar features with a terrace width of ~368 nm have been reported for the same epitaxial 

film-substrate orientation by scanning tunneling microscopy [53]. 

 Companion AFM studies have been performed on epitaxial films grown on the same 

substrates discussed above.  AFM height images of these epitaxial surfaces are shown in 

Figure 7.  The average root-mean-square (RMS) roughness and feature dimensions, i.e., step 

height and terrace width, are summarized in Tables 5 and 6, respectively.  The 4H( 0211 ) 

epitaxial layer exhibited the lowest RMS roughness value, 0.17 nm, which reinforces the 

specular character of this surface observed in the optical micrograph in Fig. 7(a).  A 

representative AFM image of the 4H( 0211 ) epitaxial surface microstructure is shown in the 

inset of Fig. 7(a), in which low amplitude undulations are present left-to-right and linear 

surface features run parallel with the undulation direction.  The surface undulations are more 

apparent on larger AFM scans and have been reported previously [23,48].  Similar, less-

resolved linear surface features have also been observed, but neither their origin nor 

dimensions were discussed [48].  Although it was not the intent to ascertain the 

crystallographic directions associated with the undulations and linear features, it is speculated 

that these surface characteristics result from competitive growth between the in-plane, i.e., 

[0001] and [ 0011 ], and out-of-plane directions, i.e., [ 0211 ].  Similar anisotropic growth has 

been reported for bulk [54] and epitaxial film [55-56] growth of SiC, selective epitaxial 

growth of SiC [57], pendeo-epitaxial growth of GaN [58-59] and for III-nitride thin films 

grown on 4H-SiC( 0211 ) [60].  The origin of these features is a subject of on-going research.  

Although steps have been reported previously on this surface [61], a step-and-terrace 

microstructure was not observed for 4H( 0211 ) epitaxial layers grown at the conditions 
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employed here.  The average width of the linear features was 36.12 nm, while their height 

was less than the vertical resolution of the AFM and therefore could not be determined. 

 AFM analysis on the remaining surfaces revealed a significantly different surface 

microstructure than described above for 4H( 0211 ) epitaxial layers.  A step and terrace 

microstructure was observed on the surfaces of multiple domains of 3C-SiC epitaxial films 

on 6H(0001) on-axis substrates.  The 5 x 5 µm AFM scan size in Fig. 7( b) does not show the 

boundary of one of these domains.  The average RMS roughness from scans of multiple 

domain surfaces was 0.17 nm.  The average step height and terrace width were 0.30 nm and 

468.86 nm, respectively.  The step height corresponds closely to the height of a single Si-C 

bilayer (~0.25 nm).  The circles in Fig. 7(b) occurred with a density of ~5x109 cm-2 and were 

located primarily at step edges and not on terraces.  Their white color indicates the vertical 

dimension of these features is greater than the step height.  

 As described above with respect to the optical micrographs, epitaxial films grown on 

8º off-axis 4H(0001) substrates exhibited a duplex microstructure, comprised of specular 

(region 1) and defect-containing (region 2) areas.  Extensive AFM investigations showed the 

former region to have an average surface roughness of 0.33 nm RMS.  Step structures were 

not observed in region 1, which indicates that these areas were either step-free or the terrace 

width exceeded than the scan range.  However, AFM investigations revealed significant step 

bunching in region 2. An AFM scan which contains both regions is shown in Fig. 7(c).  A 

line scan is inset in Fig. 7(c) to compare the vertical extent of the macrosteps in region 2 to 

region 1.   The surface roughness in region 2 was measured to be 2.46 nm, and the average 

step height and terrace width were 7.4 nm and 380.83 nm, respectively.  The step height is 

approximately equivalent to 30 times the height of a single Si-C bilayer.  Large variation in 

terrace width has been reported for epitaxial films grown on off-axis 4H(0001) substrates 

[50,52], although the size of the terraces described by these authors is much smaller than 

reported here.  The variation is indicated by the magnitude of the standard deviation, 356.77 

nm, which is comparable to the average terrace width.  No growth pits were observed in 

either region. 

 The surface of 3C-SiC films grown on the on-axis 6H(0001) substrates also exhibited 

significant step bunching, as shown in Fig. 7(d).  AFM analysis of this surface identified a 

higher density of steps than SEM.  The average surface roughness, step height, and terrace 
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width were 2.26 nm RMS, 1.64 nm, and 242.04 nm, respectively.  This step height is ~7 

times the Si-C bilayer height.  The wavy step structure shown in the AFM height image in 

Fig. 7(d) is comparable to images obtained by STM for 3C-SiC(111) on 6H(0001) on-axis 

[53] and Si(111) [62] substrates.  Similar to the epitaxial films on 8º off-axis 4H(0001) 

substrates, the width of the terraces for this epitaxial film-substrate orientation also showed a 

wide variation, with the standard deviation being 156.61 nm.  Macrosteps similar in size to 

those observed by Steckl et al. [53] are shown in the inset in Fig. 7(d).   

  

6.4.3. Defect Microstructure 
 

In the discussion above, epitaxial layers grown on 4H( 0211 ) substrates have been 

shown to exhibit polytype replication and specular surfaces free of step bunching and 

domains and inclusions of other polytypes.  To further ascertain the defect characteristics of 

epitaxial layers on this substrate, molten KOH defect etching and cross-sectional TEM 

studies have been performed. 

Figure 8 shows the results from KOH defect etching at 700ºC of the surfaces of an as-

received 4H( 0211 )substrate and 1 µm and 2.5 µm thick epitaxial layers.  The etched surfaces 

were dominated by irregularly shaped surface features; these observations emphasize the 

difficulty of determining the nature of structural defects in [ 0211 ]-oriented SiC by this 

technique.  Although the correlation between the defects within [ 0211 ]-oriented SiC and the 

features resulting from KOH etching is not well understood, similar etch features have been 

attributed to basal plane dislocations [63] and stacking faults [15] in 4H( 0211 ) crystals.  The 

surface of the as-received substrate is shown in Fig. 8(a) after 5 minutes of etching. Etching 

under these conditions revealed a high density of features with regions of significant defect 

clustering, as shown on the right side of Fig. 8(a).  It is noted that the high density of defect 

clustering may result from substantial etching of the substrate surface which allowed adjacent 

defects to appear as one etch feature.  An accurate count of the defect population could not be 

estimated as a result of the inhomogeneous array of defects present on this surface.  Because 

of potential over-etching of the substrate surface shown in Fig. 9(a) and because molten 

KOH has a high etch rate at these temperatures, the epitaxial layers were only etched for 1 

minute in order to preserve the epitaxial layer and not expose regions of the underlying 
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substrate.  The etched surfaces of the 1 µm and 2.5 µm thick epitaxial layers are shown in Fig. 

8(b) and 8(c), respectively.  The feature size is smaller on these etched epitaxial surfaces, an 

effect that is attributed to the shorter exposure time.  The feature density is more 

homogeneous on the etched surface of the 1 µm epitaxial layer shown in Fig. 9(b).  These 

data suggest that the defect density decreases as the epitaxial layer thickness increases.  This 

is indicated by the smaller number of etch features present on the surface of the 2.5 µm 

epitaxial layer shown in Fig. 9(c) compared to that shown in Fig. 9(b).  The defect density for 

the latter sample is ~106 cm-2, which is one order of magnitude higher than the density 

reported by Zhang et al. [63] for similar etch conditions and the same epitaxial layer-

substrate orientation.  The reduced defect density reported by Zhang et al. can be ascribed to 

the 60 µm thickness of their epitaxial layer, if one assumes that the direct relationship 

between the reduction in defect density and an increasing layer thickness relationship 

established in the present research is applicable for their growth conditions. Further reduction 

in the defect density may be achieved by epitaxial growth on 4H( 0211 ) off-axis substrates 

[64] and  4H( 0211 ) on-axis substrates fabricated from a boule grown in the [ 0211 ]-direction 

[65].  Bulk crystals grown on the former have exhibited an average stacking fault density <10 

cm-1 [64], while epitaxial film growth on the latter achieved stacking fault densities as low as 

~102 cm-1 [65].  

Cross-sectional TEM studies of 1 µm thick epitaxial layers grown on 4H( 0211 ) 

substrates revealed results contrary to the defect populations identified by KOH etching.  

Figure 9(a) is a cross-sectional TEM image of a 1 µm epitaxial layer, while Fig. 9(b) shows a 

higher magnification image of the same sample.  Both images were acquired along the [ 0101 ] 

zone axis; the corresponding electron diffraction pattern is shown above in Fig. 5(a).  In 

addition to an indistinguishable interface between the epitaxial layer and substrate, areas 

without observable defects are shown.  The dark curved lines in Fig. 9 are attributed to 

thickness fringes resulting from specimen preparation.  Companion analyses were performed 

along the [0001] zone-axis and yielded identical results (not shown).  A complication arises 

when comparing the results from KOH etching and TEM because of the low defect densities 

in SiC.  Densities of ~105 cm-2 or less are difficult to locate and characterize with TEM; this 

technique is better suited for analyzing defects with densities of 107 cm-2 or higher [66].  
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Therefore it is reasonable to conclude that the defect density within the 4H( 0211 ) epitaxial 

layers analyzed here with TEM is <105 cm-2.   

Contrary results from TEM studies along the [ 0101 ] zone-axis for epitaxial layers 

grown on hydrogen-etched, 4H( 0211 ) substrates at 1580°C have been reported previously 

[5].  In an area similar in size to Fig. 9(b), dislocations within the basal plane were identified, 

and stacking faults separated by 10 µm were observed propagating across the epitaxial layer-

substrate interface [5].  A distinguishing feature of the epitaxial layers characterized in this 

research is that these films have been grown on an in-situ deposited buffer layer, which may 

account for the improved characteristics of the epitaxial layer shown by TEM and HRTXD 

(see above) and the lack of defects in our films compared to others.  The role of the buffer 

layer on the epitaxial growth of 4H( 0211 ) films is the subject of continuing research. 

 

6.5 Conclusions 
 
Epitaxial layers grown on 4H( 0211 ) substrates have been shown by HTXRD, CL, 

Raman spectroscopy, and TEM to replicate the polytype of the underlying substrate exactly, 

while epitaxial growth on 4H(0001) and 6H(0001) on-axis substrates yielded 3C-SiC. The 

microstructural characteristics on 4H( 0211 ) surfaces have been demonstrated to be superior 

to those on other surface orientations in which the polytype was not replicated. The epitaxial 

surface of 4H( 0211 ) films was specular with low amplitude undulations that are attributed to 

competitive and anisotropic growth between in-plane crystallographic directions.  Epitaxial 

growth on other substrates yielded larger roughness values to 2.46 nm RMS and numerous 

surface defects in the form of curvilinear depressions, growth pits, triangular features and 

macrosteps as a result of step bunching.  KOH defect etching delineated defect populations 

that decreased with film thickness to ~106 cm-2, while cross-sectional TEM studies revealed 

an indistinguishable epitaxial layer-substrate interface and areas without observable defects.  

Further work is necessary to ascertain the role of an in-situ buffer layer on the epitaxial 

growth of 4H( 0211 ) films. 
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6.8 Tables 
 
Table 1 – Values of measured and calculated peak separation of symmetric reflections for 
epitaxial films on 4H- and 6H-SiC substrates. 
 

Substrate Measured (2θS-2θE) 
(Deg.) 

Calculated (2θS-2θE) 
(Deg.) 

4H( 0211 ) 0.000 (11.0)4H-(220)3C 0.058 

4H(0001) On-Axis -0.350 

4H(0001) 8º Off-Axis 0.000 
(00.12)4H-(333)3C -0.392 

6H(0001) On-Axis -0.243 (00.18)6H-(333)3C -0.268 
 

Table 2 – Values of measured and calculated peak separation of asymmetric reflections for 
epitaxial films on 4H- and 6H-SiC substrates. 
 

Substrate Measured (2θS-2θE) 
(Deg.) 

Calculated (2θS-2θE) 
(Deg.) 

4H( 0211 ) 0.000 

4H(0001) On-Axis -0.115 

4H(0001) 8º Off-Axis 0.000 

(11.8)4H-(402)3C -0.080 

6H(0001) On-Axis -0.076 (11.12)6H-(402)3C -0.057 
 

Table 3 – Summary of the cathodoluminescence spectra from epitaxial films on  
4H-SiC( 0211 ) and 6H-SiC(0001) substrates at 300 K. 
 

Substrate Peak Wavelength (nm) Polytype Emission Transition 
1 432 6H Nitrogen DV* 
2 463 6H Nitrogen to Aluminum DAP# 6H(0001) 
3 528 3C BB^ 
4 396 4H Nitrogen DV* 
5 425 4H Nitrogen to Aluminum DAP#  4H( 0211 ) 
6 502 4H Nitrogen to Boron DAP#  

*DV – donor to valence band transition 
#DAP – donor to acceptor pair transition 
^BB – band to band transition 
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Table 4 - Mode designation and position of the Raman peaks for epitaxial films on  
4H-SiC( 0211 ) substrates. 
 

Mode 
Designation 

Peak Position (in cm-1) for 
Substrate (R) 

Peak Position (in cm-1) for 
Film/Substrate (E) 

A1(AA) 610 610 
E2(PO) 775 776 
A1(TO) 781 782 
E1(TO) 796 797 
A1(AO) 836 836 

LO 975 975 
 
Table 5 – AFM surface roughness comparison for epitaxial films on 4H- and 6H-SiC 
substrates. 

 

Substrate Average RMS 
(nm) 

Standard Deviation 
(nm) Comment 

4H( 0211 ) 0.16 0.05 - 
4H(0001) 0º 0.17 0.01 - 

2.46 0.32 Step Bunching Present 
4H(0001) 8º 0.33 - No Step Bunching 

6H(0001) 2.26 1.18 - 
 
Table 6 – Surface feature dimensions for epitaxial films on 4H- and 6H-SiC substrates. 
 

Substrate Avg. Step Height 
(nm) 

Std. Dev.
 (nm) 

Avg. Terrace Width  
(nm) 

Std. Dev.
 (nm) 

4H( 0211 ) - - 36.12* 6.92 
4H(0001) 0º 0.30 0.04 468.86 70.64 
4H(0001) 8º 7.40 1.95 380.83 356.77 

6H(0001) 1.64 0.42 242.04 156.61 
*Terraces not observed on this surface; terrace width taken as width of linear features. 
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6.9 Figures 

 

 
 
Figure 1.   HRTXD ω-2θ scans of symmetric reflections for epitaxial layers on (a) 

4H( 0211 ), (b) 4H(0001) on-axis, (c) 4H(0001) 8º off-axis,  and (d) 6H(0001) 
on-axis substrates.   

 

(a) (b) 

(c) (d) 
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Figure 2.   Cathodoluminesence spectra at 300 K for 1 um thick epitaxial layers on (a) 

6H(0001) on-axis and (b) 4H( 0211 ) substrates.    

(a) 

(b) 
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Figure 3.   Raman spectra of (a) the reference 4H( 0211 ) substrate and (b) a 1 µm epitaxial 

layer on a 4H( 0211 ) substrate. 

(a) 

(b) 



 189

 
Figure 4.   High-resolution Raman spectra of (a) the reference 4H( 0211 ) substrate and (b) 

a 1 µm epitaxial layer on a 4H( 0211 ) substrate. 

(a) 

(b) 
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Figure 5.   (a) Cross-sectional and (b) plan-view TEM electron diffraction patterns 
obtained from an epitaxial layer on a 4H( 0211 ) substrate along the [ 0101 ] zone-
axis and [ 0211 ] zone-axis, respectively.  The diffraction spot: (1) = [0004], (2) 
= [ 4211 ], (3) = [ 0211 ], (4) = [0004], (5) = [ 2101 ], and (6) = [ 0101 ]. 

(a) 

(b) 
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Figure 6.   Optical (NDIC) micrographs of the epitaxial surface of layers on (a) 4H( 0211 ), 

(b) 4H(0001) on-axis, and (c) 4H(0001) 8º off-axis.  The surface of an epitaxial 
layer on a 6H(0001) on-axis substrate is shown in the SEM image marked (d). 
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Figure 7.   5 µm x 5 µm AFM height images of the epitaxial surface of layers on (a) 

4H( 0211 ), (b) 4H(0001) on-axis, (c) 4H(0001) 8º off-axis, and (d) 6H(0001) 
on-axis substrates.  The vertical scale for (a)-(d) is 1.35 nm, 1.18 nm, 19.30 nm, 
and 2.54 nm, respectively.  The inset in (a) is 500 nm x 500 nm and the vertical 
scale is 0.40 nm.  1 and 2 denote a specular area and region with macrosteps in 
(c), respectively.  The insets in (c) and (d) are line scans that detail the change in 
surface topography as a result of step bunching. 

 

1 
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Figure 8.   Optical (NDIC) micrographs (etch time) of (a) an as-received 4H( 0211 ) 

substrate (5 min.), (b) a 1 µm epitaxial layer (1 min.), and (c) a 2.5 µm epitaxial 
layer (1 min.) after defect etching in molten KOH at 700ºC. 
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Figure 9.   (a) Cross-sectional TEM image of a 1 µm epitaxial layer on a 4H( 0211 ) 

substrate.  (b) Higher magnification image of the same sample as (a).  Both 
images were acquired along the [ 0101 ] zone axis; the corresponding electron 
diffraction pattern is shown in Fig. 5(a). 
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7.1 Abstract 
 
 Homoepitaxial films of 4H-SiC( 0211 ) and 8° off-axis 4H-SiC(0001) have been 

grown and characterized.  The number of domains and the range of full-width half-maxima 

values of the x-ray rocking curves of the [ 0211 ]-oriented wafers were smaller than the 

analogous values acquired from the (0001) materials.  Hydrogen etching of the former 

surface for 5 and 30 minutes reduced the RMS roughness from 0.52 nm to 0.48 nm and to 

0.28 nm, respectively; the RMS roughness for a 30 µm ( 0211 ) film was 0.52 nm. Micropipes 

in the substrates did not thread beyond the film-substrate interface.  The separation distance 

between stacking faults was determined to be 10 µm by transmission electron microscopy.  

Hall mobilities and carrier concentrations of 12,200 cm2/Vs and 3.1x1014 cm-3 and 800 

cm2/Vs and 7.4x1014 cm-3 were measured at 100°K and 300°K, respectively.  

Photoluminescence indicated high purity.  4H-SiC( 0211 ) p-i-n devices exhibited average 

blocking voltages to 1344 V and a minimum average forward voltage drop of 3.94 V.  
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7.2 Introduction 
 
 The fundamental properties of 4H-SiC make it the principal candidate semiconductor 

material for very high-power devices.  However, commercial realization of the p-i-n diode in 

[0001]-oriented 4H-SiC has been hindered by the formation of stacking faults during the 

application of a high field.  This phenomenon causes a drop in the forward voltage which 

renders useless these devices in an electrical circuit.  Investigations concerned with 

alternative orientations have successfully demonstrated micropipe-free, [ 0211 ]-oriented 4H-

SiC crystals [1] and epitaxial layers with comparable purity and surface morphology to 

conventional 4H-SiC(0001) [2].  In addition, dramatically improved device performance has 

been reported for 4H-SiC MOSFETs [3] and p-i-n rectifiers [4] fabricated on [ 0211 ]-oriented 

material.   

 In the research presented herein, structural, microstructural, electrical and optical 

characterization has been conducted to compare and contrast the characteristics of 4H-

SiC( 0211 ) and 8° off-axis 4H-SiC(0001) substrates and homoepitaxial films and to 

determine the nature of the ( 0211 ) film/substrate interface.  The results of initial 

investigations of p-i-n devices fabricated in 4H-SiC( 0211 ) and 4H-SiC(0001) are also 

presented. 

 

7.3 Experimental Procedure 
 
 X-ray rocking curve (XRC) mapping, using a Phillips X’Pert MRD diffractometer, 

and atomic force microscopy (AFM) with a Digital Nanoscope 3000 in the tapping mode 

were conducted on both the 4H-SiC( 0211 ) and the 8° off-axis 4H-SiC(0001) substrates 

obtained from Cree, Inc. (Durham, NC, USA) to compare and contrast the full-width half-

maxima (FWHM) of the XRC and their surface morphologies, respectively.  The effect of 

hydrogen etching on the surface microstructure of these wafers was investigated for times 

ranging from 5 to 30 minutes.   

 Homoepitaxial films were grown on substrates etched in flowing hydrogen for 5 to 15 

minutes using an RF-heated, horizontal, hot wall reactor at 1580°C and 200 mbar pressure.  

The precursor gases (flow rates) for silicon and carbon were SiH4 (9.3 ml/min) and C3H8 (3.1 
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ml/min), respectively.  Hydrogen was used as the carrier gas. Growth rates to 5 µm/hr were 

achieved. 

 XRC mapping and AFM were also used to characterize the epitaxial layers. Nomarski 

interference optical microscopy (NOM) and cross-sectional transmission electron microscopy 

(TEM) were employed to interrogate the film-substrate interface.  Samples for TEM were 

mechanically thinned using tripod polishing.  Final thinning to electron transparency was 

achieved with argon ion milling.  The TEM analysis was performed with a JEOL 2010F 

operated at 200 kV. 

  Bulk mobilities and carrier concentrations in the ( 0211 ) films were determined using 

Hall measurements (Van der Pauw configuration) and compared with analogous published 

data for 8° off-axis 4H-SiC(0001) materials. The Hall samples were prepared as assemblies 

containing a 70 µm thick, unintentionally donor-doped (mid 1014 cm-3), epitaxial layer 

topped by a 2 µm thick layer that was n-doped (mid 1018 cm-3). A nickel-based alloy, 

prepared at 950oC, was used as the contact material.  The substrate was removed by polishing 

and the n+ region between the contact points was etched away by KOH at 500oC.  

Low temperature photoluminescence (LTPL) experiments were performed in a bath cryostat 

with liquid helium pumped below the lambda point (2K). The excitation source was the 244 

nm line of a FreD laser (the double frequency of a 488 nm Ar+ ion laser).  A single JY-

HR460 monochromator, fitted with a grating with 2400 groves/mm blazed at 330 nm, was 

used to disperse the luminescence into a UV-sensitive CCD camera.  To accurately compare 

the [ 0211 ]- and [0001]-oriented samples, all LTPL spectra were acquired in the [ 0211 ] 

direction.  

 The p-i-n device structures were grown on hydrogen etched, n-type 4H-SiC( 0211 ) 

and (0001) substrates using the same process parameters described above for epitaxial layer 

deposition.  The thickness and the doping concentrations for each layer are summarized in 

Table 1.  The fabrication of 0.06 – 4.00 mm2 p-i-n devices included a junction termination 

extension implant, field oxide deposition, and a metallization step for frontside (20 nm of 

aluminum) and backside (100 nm of nickel) ohmic contacts.  The metal sintering cycle was 

1070°C for 10 seconds in argon.  The blocking voltage and forward voltage drop at 100 

A/cm2 in the devices were subsequently measured.   
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7.4 Results and Discussion 
 
 Maps of the FWHM of the XRC acquired from the as-received wafers reveal that 

both the number and the degree of tilt of the domains in the [ 0211 ]-oriented wafers were 

smaller than those observed for the 8° off-axis [0001]-oriented wafers (Fig. 1).   The average 

FWHM values for the former and the latter were 22.93 and 50.96 arcsec, respectively.  The 

RMS roughness of the ( 0211 ) and the (0001) surfaces of the as-received wafers was 0.52 nm 

and 1.67 nm, respectively.  Hydrogen etching of the former for 5 and 30 minutes resulted in 

an increasingly smoother surface with RMS values of 0.48 and 0.28 nm, respectively.  A 

step-and-terrace microstructure was never observed on the etched ( 0211 ) surface, by analogy 

with the atomically flat and featureless microstructure obtained on this surface in laterally 

grown GaN films [5]. 

 The thickness of the epitaxial layers varied from 30-to-80 µm. The size and 

distribution of the domains in the 30 micron thick films for both orientations mimicked those 

of the underlying substrates, and the range of the FWHM of the films was larger than the 

substrates for each orientation (Fig. 1).  The RMS surface roughness values of these films 

were 0.52 (( 0211 )) and 2.70 ((0001)) nm.  The results of NOM showed that micropipes from 

the substrate do not propagate into the [ 0211 ]-oriented film (Fig. 2). 

 The cross-sectional TEM micrograph in Fig. 3 shows the interface between a 20 µm 

thick, unintentionally doped n-type film grown on a p-type ( 0211 ) substrate which was 

etched immediately prior to growth in flowing hydrogen for 5 minutes.  A large number of 

dislocations are present within the basal plane and, therefore, are oriented vertically in the 

film.  Preliminary analysis indicated these dislocations are partial dislocations that outline 

stacking faults separated by 10 µm.  These faults also penetrate into the substrate.  Because 

the dislocations have a dotted-line contrast, they appear to be inclined to the ( 0101 ) image 

plane.  The character of the dislocations was not determined and is the subject of future work.   

 The values of the bulk mobility of the n-type, [ 0211 ]-oriented samples were 

determined as a function of temperature by Hall measurements and ranged from 12,200 to 
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800 cm2/Vs at 100°K to 300°K, respectively, as shown in Fig. 4.  The carrier concentrations 

in these samples ranged from 3.1x1014 cm-3 (100°K) to 7.4x1014 cm-3 (300°K). 

 The LTPL spectra obtained for undoped 4H-SiC(0001), n-doped 4H-SiC(0001), and 

[ 0211 ]-oriented 4H-SiC samples are shown in Fig. 5.  The spectrum acquired from the 

[ 0211 ]-oriented sample indicates good sample purity based on the intensity ratio of the 

nitrogen-bound exciton (N-BE) line and the free exciton (FE) line [6].  The presence of sharp 

free exciton emission indicates the nitrogen doping concentration is in the range of 1014 to 

1016 cm-3.  The N-BE to FE ratio for the ( 0211 ) is comparable to that obtained from the 

undoped (0001) sample, where the LTPL spectrum was acquired in the [ 0211 ]-direction.  

These data are in contrast to the sharp N-BE line and suppressed FE signature acquired from 

an n-doped (0001) sample in the same geometry. 

 Preliminary results from breakdown voltage and forward voltage measurements for 

both 4H-SiC( 0211 ) and 4H-SiC(0001) p-i-n devices are summarized in Table 2.  The net-

donor concentration (ND-NA) in the device active regions was determined by capacitance-

voltage (CV) measurements to be 6.07x1014 (( 0211 )) and 5.17x1014 ((0001)) cm-3.  The 

average blocking voltage for the ( 0211 ) devices of all sizes except those having dimensions 

of 4 mm2 was greater than the blocking voltage for equivalent (0001) devices.  

  The average forward voltage drop at 100 A/cm2 for the ( 0211 ) devices having areas 

of 0.06, 0.25, and 1.00 mm2 was higher than the average forward voltage drop measured for 

corresponding (0001) devices.  However, as the device size increased to 2.25 and 4.00 mm2, 

the average forward voltage drop for the ( 0211 ) devices became smaller than that for the 

(0001) devices.  It should be noted that optimum conditions for the growth of these device 

structures is the subject of ongoing work.  Moreover, a standard metallization  procedure 

must be developed for the [ 0211 ]-oriented materials and devices, as it was determined in this 

research that procedures now used for [0001]-oriented devices are not applicable for the 

[ 0211 ]-oriented structures.  Therefore, the aforementioned results may have been 

compromised by un-optimized processing. 
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7.5 Summary 
 
 Structural, microstructural, electrical and optical characterization have been 

conducted to compare and contrast the characteristics of 4H-SiC( 0211 ) and 8° off-axis 4H-

SiC(0001) homoepitaxial films and substrates.  The RMS roughness of the ( 0211 ) and the 

(0001) surfaces of the as-received wafers was 0.52 nm and 1.67 nm, respectively.  The 

number of domains and the range of full-width half-maxima values of the x-ray rocking 

curves of the ( 0211 ) wafers were smaller than the analogous values acquired from the (0001) 

materials.  Micropipes intersecting the film-substrate interface did not propagate into the 

overgrown films.  Hall mobilities measured on the n-type, ( 0211 )-oriented samples were 

higher than analogous values measured by other groups on (0001)-oriented samples.  

Preliminary TEM investigations of ( 0211 ) films indicate stacking faults separated by 10 µm.  

The p-i-n devices fabricated in 4H-SiC( 0211 ) films exhibited promising results, with average 

blocking voltages to 1344 V and a minimum average forward voltage drop of 3.94 V at 100 

A/cm2.  Improved results may be realized from the optimization of the device processing, 

especially the ohmic contacts. 
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7.8 Tables 
 
Table 1 - Layer thicknesses and doping concentrations in the p-i-n device structures. 
 

Layer Thickness (µm) 
Plane H2 Etch  

(min.) n+ buffer 
(1x1018 cm-3) n- layer p layer 

(1x1018 cm-3) 
p+ layer 

(1x1019 cm-3) 
( 0211 ) 15 0.3 26.7 1.7 1.0 
(0001) 15 0.3 29.1 1.9 1.0 

 
Table 2 - Average blocking voltage and forward voltage drop at 100 A/cm2 for 4H-
SiC( 0211 ) and 4H-SiC(0001) p-i-n devices of varying size. 
 

Average Blocking 
Voltage (V) 

Average Forward 
Voltage Drop (V) Size  

(mm2) 
( 0211 ) (0001) 

No.  
Tested 

( 0211 ) (0001) 

No.  
Tested 

0.06 1344 373 8 7.56 4.97 12 
0.25 1295 350 12 6.92 4.51 18 
1.00 1049 328 16 4.97 4.34 24 
2.25 501 145 4 4.58 5.41 6 
4.00 258 664 4 3.94 6.09 6 

 



 204

7.9 Figures 
 

 
Figure 1.   Maps of the full-width half-maxima (FWHM) of the XRC for a 4H( 0211 ) and 

4H(0001) 8º off-axis substrate and films epitaxial grown on the latter substrates.  
The range in FWHM for the 4H( 0211 ) and 4H(0001) 8º off-axis substrate is 0-
140 and 0-224, respectively.  The range in FWHM for the epitaxial layers on 
these substrates is 0-141 and 0-246.  
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Figure 2.   Nomarski interference optical micrograph of a defect on the surface of a 
4H( 0211 ) epitaxial layer.  The dark line ending in the middle of the image is a 
micropipe intersecting the epitaxial layer-substrate interface at a shallow angle.  
The micropipe does not penetrate through the interface; the origin of the surface 
defect is likely related to the micropipe. 
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Figure 3.  Cross-sectional, bright field TEM ( 0101 ) micrograph of the film-substrate 

interface (indicated by white arrows), with associated diffraction pattern.   
Partial dislocations most likely bounding stacking faults are oriented vertically, 
but appear with alternating light and dark contrast, indicating inclination to the 
image plane.  The stacking faults penetrate into the substrate. 
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Figure 4.   Hall mobility versus temperature in an n-type [ 0211 ]-oriented 4H-SiC film 

grown in this research and in similar [0001]-oriented films grown by other 
investigators [7-10]. 
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Figure 5.   LTPL spectrum for a [ 0211 ]-oriented film showing an FE and N-BE emission 

line (bottom) as compared to an undoped [0001]-oriented sample with a sharp 
FE line (middle) and an n-doped [0001]-oriented sample with sharp N-BE line 
emission and a suppressed FE line (top).   
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8. SUMMARY 
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 In this research, a vertical, hot-wall chemical vapor deposition system has been 

designed, constructed and commissioned for the growth of silicon carbide thin films.  While 

others have focused on obtaining high growth rates in similar CVD platforms, low 

temperature epitaxial growth on 4H-SiC( 0211 ) substrates has been investigated in this work.  
Through a critical analysis of SiC thin film growth by vertical, hot-wall CVD, a 

sublimation-effect (previously unidentified) was discovered.  This phenomenon is the result 

of the reaction between the hydrogen diluent and the SiC coating at high temperatures.  The 

silicon- and carbon-containing reaction byproducts are sufficient in their vapor phase 

concentrations to promote SiC thin film growth in the absence of other precursor sources.  At 

temperatures ≥1600ºC, the coating sublimation superseded epitaxial growth from reactant 

gases.  This phenomenon is potentially unidentified and deleterious for doping and process 

control in other high-temperature SiC growth processes.   

 A result of the sublimation-effect was the in-situ growth of SiC during the heating 

stage of the growth process.  Extensive optical and structural characterization has shown the 

sublimation-grown films replicate the polytype of the underlying 4H( 0211 ) substrates.  In 

addition, high-resolution atomic force microscopy revealed the surface of these films to be 

specular, with average RMS roughness values on the order of 0.2 – 0.4 nm.  Due to the 

polytype stability and inherent-smoothness, it has been proposed here that the sublimation-

grown films serve as an in-situ deposited buffer layer for subsequent growth from precursor 

gases.  To this end, transmission electron microscopy revealed (1) an indistinguishable 

epitaxial layer-substrate interface and (2) regions containing defect-free material when a in-

situ deposited buffer layer was employed between the 4H( 0211 ) substrate and precursor-

grown film.  Contrary, results from KOH defect etching delineated defect populations that 

decreased with film thickness to ~106 cm-2.  Although the defect microstructure results 

remains unclear, the polytype and microstructural characterization indicate the in-situ 

deposited layer on 4H( 0211 ) substrates is not deleterious to subsequent epitaxial growth 

(from precursors). 

 While the sublimation-effect has advantages for SiC film growth, this research has 

shown it is also a cause of aluminum impurities near the film-substrate interface.  

Concentration-depth profiles of the interface from secondary ion mass spectrometry revealed 

aluminum impurity levels to 3x1018 cm-3.  As a result of the increased concentration of 
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aluminum, spatially-resolved cathodoluminescence from this region showed an enhanced 

conduction band-to-aluminum acceptor level transition at ~402 nm.  A model was developed 

based on boundary layer theory and site-competition epitaxy to explain the presence and 

concentration profile of aluminum impurities at the film-substrate interface.  The protective 

SiC coating was determined to be the major source of impurities.   

Three process routes were investigated to reduce the concentration of impurities at the 

film-substrate interface.  Heating in hydrogen and/or a hydrogen-ethylene mixture resulted in 

aluminum impurities at the interface with concentrations of 1-3x1018 cm-3 (1250-1450ºC) and 

1x1019 cm-3 (1450ºC), respectively.  The thickness of the film deposited in the former 

atmosphere ranged from 15-100 nm.  Employing an argon atmosphere was the most 

successful process route in reducing both the re-deposition of the SiC coating and the 

interfacial aluminum concentration.  Temperatures ≤1350°C showed no evidence of film 

growth.  At 1450ºC the aluminum impurity concentration was decreased by more than one 

order of magnitude (2x1017 cm-3) compared to the other process routes, and the film 

thickness after a 60 minute dwell time was 20 nm. 

 Analysis of the surface after heating in hydrogen and argon revealed a step-and-

terrace microstructure at all temperatures; however, after heating in a hydrogen-ethylene 

mixture to 1450ºC the surface contained carbon structures, as evidenced by AFM and XPS.  

Both the step height (0.23 nm) and terrace width (90.0 nm) were independent of temperature 

in the case of a hydrogen atmosphere.  Conversely, when argon comprised the atmosphere, 

the average terrace width changed with temperature.  From 1250ºC to 1350ºC the terrace 

width increased from 70.6 nm to 133.2 nm due to surface decomposition.  Raising the 

temperature to 1450ºC resulted in film growth and a reduction in the terrace width to 79.5 nm.  

A step-flow growth mechanism has been proposed for the sublimation-driven regime.  

Epitaxial growth from SiH4 and C2H4 resulted in a change in the growth mechanism; both 

step-flow growth and terrace nucleation and growth were observed via AFM.   

 Similar investigations were performed to characterize the microstructural evolution of 

III-Nitride thin films on [ 0211 ]-oriented SiC.  AlN nucleated and grew via the Stranski-

Krastanov mechanism on 4H-SiC  (1120).  GaN  (1120) islands primarily nucleated and grew 

on the AlN surface via the Volmer-Weber growth mode.  Initial coalescence between the 

individual rows of GaN covered the AlN between 5 and 10 nm of growth.  Continued 
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deposition resulted in both faster vertical growth along [1120] relative to the lateral growth 

along [0001] and a   [1100] -oriented microstructure containing separated rows of GaN.  

Coalesced regions emerged as the thickness increased from 50 to 100 nm.  Fully dense GaN 

films developed between 100 and 250 nm of growth.  The preferred in-plane orientation 

changed to [0001] and remained in this orientation to thicknesses >1000 nm.   
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A1.1 Abstract  
 

The initial and subsequent stages of growth of AlN on 4H-SiC(1120) and GaN on 

AlN  (1120) have been investigated using atomic force microscopy and x-ray photoelectron 

spectroscopy.  The AlN nucleated and grew via the Stranski-Krastanov mode.  Densely 

packed, [0001]-oriented individual islands were observed at 10 nm.  Additional deposition 

resulted in the gradual reorientation of the growth microstructure along the [1100].  GaN 

formed via the Volmer-Weber mode with rapid growth of islands along the [1100] to near 

surface coverage at a thickness of 2 nm.  Continued deposition resulted in both faster vertical 

growth along [ 0211 ] relative to the lateral growth along [0001] and a [ 0011 ]-oriented 

microstructure containing rows of GaN.  Fully dense GaN films developed between 100 and 

250 nm of growth, and the preferred in-plane orientation changed to [0001].  Lateral growth 

of GaN films reduced the dislocation density from ~4x1010 to ~2x108 cm-2.  The high 

concentration of stacking faults (~106 cm-1) was also reduced two orders of magnitude.  
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A1.2 Introduction 
  

Heterostructures containing III-Nitride materials having the wurtzite structure possess 

both stress-induced piezoelectric polarization between materials of different composition and 

naturally occurring spontaneous polarization within each material parallel to <0001>.  The 

total polarization produces electrostatic fields that reduce electron-hole recombination 

efficiencies and oscillator strength as well as red-shift emissions from light-emitting devices.  

These deleterious effects do not occur in III-nitride materials grown along non-polar 

directions, e.g., [  1120] and [1100].  Research concerned primarily with growth of GaN in 

these directions has been conducted using LiAlO2 [1], Al2O3 [2-4], 4H-SiC [5], and 6H-SiC 

substrates [6]; few reports have been published regarding microstructural evolution [6]. 

III-Nitride thin films grown along [0001] on either sapphire (Al2O3) or SiC substrates 

contain 109-1010 cm-2 threading dislocations.  Lateral epitaxial overgrowth (LEO) [7-9], 

cantilever epitaxy [10], and pendeo-epitaxy (PE) [11] have been used to achieve regions 

within GaN(0001) films with reduced defect populations. 

We contend that the problems caused by polarization and the high-density of defects 

can be reduced via the coupled use of a non-polar substrate and lateral overgrowth in the 

initial GaN film.  This approach has been investigated using SiC[  1120]  and Al2O3[r-plane] 

substrates in tandem with PE [12] and LEO [13].  The present research has been concerned 

with (1) all stages of growth of AlN on SiC[  1120] and GaN on AlN[1120] and (2) reduction 

of defects via pendeo-epitaxial growth of GaN[1120]. 

 

A1.3 Experimental Procedure 
 

The epitaxial AlN buffer layers, the subsequently deposited epitaxial GaN seed films 

and the PE-GaN layers were grown in-situ in a cold-wall, vertical, pancake-style 

metalorganic vapor phase epitaxy (MOVPE) system on research grade, on-axis 4H-

SiC )0211(  substrates which had been previously etched in a 10% HF solution to remove the 

native oxide.  The AlN buffers layers and GaN seed layers were grown at 20 Torr and 1100 

and 1020ºC, respectively.  Trimethylaluminum (TMA), triethylgallium (TEG), and ammonia 

were used as the precursors; hydrogen was used as both the carrier and the diluent.  The V/III 
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ratios used during the growths of AlN and GaN were 24000 and 1300, respectively.   The 

procedures employed to achieve uncoalesced and coalesced PE-GaN have been reported 

elsewhere [12]. 

Evolution of the AlN and GaN films was investigated using atomic force microscopy 

(AFM (JEOL 5200)) and x-ray photoelectron spectroscopy (XPS (Riber LAS-3000 equipped 

with a Mg anode source)).  The methods employed to determine the growth modes of AlN 

and GaN on 4H-SiC and 2H-AlN, respectively, via XPS, were similar to those used by Sitar, 

et al. [14].  The Si2p (Al2p) spectra were fit using a linear background subtraction and a 

Gaussian peak type.  The ratio of the initial integrated intensity, I0, of the Si2p (Al2p) core 

level from the SiC (AlN) substrate was measured against the integrated intensity, IS, of the 

Si2p (Al2p) core level from the AlN/SiC (GaN/AlN) interface.  The values of the normalized 

intensity (i.e. IS/I0) were plotted against the layer thickness along with theoretical attenuation 

curves for the different modes of growth: Volmer-Weber (VW), Stranski-Krastanov (SK), 

and Frank-van der Merwe (FM).  The Al2p and the Ga2p spectra of the AlN and the GaN films 

were also acquired as a function of thickness. 

The PE-GaN films were characterized via AFM (Digital Instruments D3000), SEM 

(JEOL 6400F) and both cross-sectional and plan-view TEM (JEOL 3010 operated at 300kV). 

 

A1.4 Results and Discussion 
 
 The AFM image shown in Fig. 1(a) reveals that the surface morphology of the as-

received 4H-SiC(  1120) substrate contained 1-2 nm deep polishing scratches (0.60 nm RMS).  

This morphology was unchanged during heating under the conditions used prior to growth of 

the nitride films.  Associated XPS studies (see below) revealed that AlN was present on the 

SiC surface following a deposition period determined from prior studies to produce AlN 

films having a nominal thickness of 2 nm (the thinnest layer analyzed in this study).  The 

morphology of the AlN was very similar to that of the polished substrate surface, as revealed 

in Fig. 1(b).  At this thickness, the RMS roughness had decreased to 0.50 nm, islands of AlN 

were not identified, and polishing marks from the substrate were less resolved as their depth 

had decreased to <1 nm.  Quasi-circular islands which almost completely covered the surface, 

as shown in Fig. 1(c), and indicative of the transition from 2D to 3D growth (i.e. Stranski-
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Krastanov (SK) growth mode) were first observed via AFM at a nominal film thickness of 5 

nm. The RMS roughness had again decreased slightly to 0.45 nm. The steady decrease in 

roughness with increasing thickness to 5 nm is attributed primarily to the formation of an 

initial, continuous layer of AlN that covered the damaged surface of the SiC substrate. 

Companion XPS studies using the Al2p and Si2p peaks were performed on the same 

AlN layers described above.  The intensity of the latter peaks decreased as a function of 

thickness of the AlN films, as shown in Fig. 1(d).  Figure 1(e) shows that the integrated-area 

(IS/I0) of the Si2p peaks for the 2 and 2.5 nm AlN films followed the attenuation curve for the 

SK mode of growth in support of the AFM results described previously.  The marked 

attenuation by the 5 nm AlN film support the AFM results that revealed significant 

coalescence and surface coverage at this thickness. 

Subsequent growth of the AlN films resulted in an increase in the surface roughness.  

Competitive growth between the [0001] and the [  1100] in-plane directions was first observed 

at 10 nm.  As shown in Fig. 2(a), the surface contained islands that appear to be slightly 

elongated parallel to [0001].  At 25 nm, the preferred orientation remains weak, as shown in 

Fig. 2(b); however, it appears to have shifted to be parallel to [  1100].  The microstructures of 

the nominally 50 and 100 nm thick AlN films shown in Figs. 2(c) and Fig. 3(a), respectively, 

exhibit both strong alignment parallel to the [  1100] and increasing coalescence parallel to 

both in-plane directions as a function of increasing thickness.  The surface roughness 

increased markedly from 0.89 to 2.28 nm RMS as a function of film thickness, as indicated 

in the plots shown in Fig. 2(d). 

AFM studies of the surface microstructure of the GaN deposited on 100 nm 

AlN(  1120) and having a nominal thickness of 2 nm revealed that a significant fraction of the 

AlN surface was covered with GaN islands,  as shown in Fig. 3(b). These islands are aligned 

parallel to the [  1100] direction (inset in Fig. 3(b)).  A perusal of Fig. 3 reveals that the islands 

remained aligned along [  1100] to a thickness of 5nm, and that the overall microstructure 

evolved to consist of distinct individual rows of GaN oriented along [ 0011 ]. These results 

indicate that the initial growth of GaN on 100 nm AlN(  1120) occurred via the VW mode in 

agreement with the AFM results of Craven, et al. [6]. 
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The XPS spectra of the AlN surface and the 2, 5 and 10 nm thick GaN layers were 

acquired using the Al2p and Ga2p photoelectrons; the spectra of the former are shown in Fig. 3 

(d).  The normalized, integrated-area (IS/I0) under each of the Al2p peaks is plotted as a 

function of the GaN layer thickness in Figure 3(e) along with the theoretical attenuation 

curves for the VW, SK, and FM growth modes.  The area normalized, integrated-area (IS/I0) 

of the Al2p peak decreased rapidly with the GaN layer thickness, indicating marked 

attenuation indicative of considerable surface coverage, and followed a curve that most 

closely matched that for FM growth.  These results are contrary to the island microstructure 

observed in the AFM studies.  This discrepancy is attributed to the immediate nucleation, 

growth and considerable coalescence of the GaN islands and the subsequent vertical film 

growth of many of the islands.  These results collectively point to a VW mode of growth.  

The substantial coverage of the AlN surface is also supported by an increase in the integrated 

area associated with the Ga2p photoelectron peaks over the thickness range investigated by 

XPS.    

AFM studies of the surface microstructure of the GaN  (1120) films having a nominal 

thickness of 10, 50, 100 and 1000 nm revealed continued island coalescence, microstructural 

anisotropy and vertical growth, as shown in Figs. 4 (a) - (d). Three stages of GaN growth as a 

function of film thickness were identified from these studies and correlated with RMS and 

PV roughness values, as shown in  Fig. 4(e).  The stages are marked I, II, and III and 

correspond to thickness ranges of 2-50 nm, 50≤t<250 nm, and ≥250 nm, respectively.   

During stage I, GaN nucleates via the VW mode and has a   [1100] -oriented 

microstructure, as described above.   Initial coalescence between the individual rows of GaN 

occurred between 5 and 10 nm of growth, as shown in Fig. 4(a).  These results provide 

additional support for the marked attenuation of the Al2p photoelectron peak.  Beyond a 

nominal thickness of 10 nm, faster vertical growth occurs along [1120] relative to lateral 

growth along [0001] and results in the microstructure shown in Fig 4(b) for 50 nm thick GaN.  

At this thickness [1100]-oriented rows of GaN are apparent and separated by regions of 

uncoalesced material in the [0001].  And this growth rate anisotropy is apparent in Fig 4(e) 

by the sharp increase in the RMS and PV roughness values to 16.20 nm and 107.37 nm, 

respectively.  These values correspond to the highest RMS and PV values observed in this 
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study.  The latter value indicates the depth of the uncoalesced regions is larger than the 

nominal film thickness.  

The growth rate anisotropy in stage I is in contrast to previous results obtained by this 

group for uncoalesced, pendeo-epitaxial [0001]-oriented [15] and [ 0211 ]-oriented [12] GaN 

films.  In both studies, PE-GaN films grown at the conditions employed in this work resulted 

in larger and smaller growth rates along [0001] and [ 0211 ], respectively, independent of the 

substrate/film orientation.   

In stage II, coalescence along the [0001] direction emerged as the thickness increased 

from 50 to 100 nm, as shown in Fig.4(c) and by the decrease in the RMS and PV roughness 

values in Fig. 4(e) to 14.34 nm and 100.16 nm, respectively.  The dominant microstructural 

orientation remained [  1100] over this thickness range. 

In stage III, fully dense GaN films developed between 100 and 250 nm of growth and 

the preferred, in-plane orientation changed to [0001] and remained in this orientation to 

thicknesses ≥1000 nm (see Fig. 4(d)). Following densification both the RMS and PV surface 

roughness values decreased to 2.64 and 16.16 nm, respectively, as shown in Fig. 4(e). 

Transmission electron microscopy revealed both stacking faults (SF) and dislocations 

within the defect microstructure of the GaN (  1120) films [5].  The SFs varied in length from 

several tens of nanometers to several tens of micrometers and were terminated by Shockley 

partial dislocations. The density of the SF and these dislocations was ~1.6x106 cm-1 and 

~1.4x1010 cm-2, respectively.  Threading dislocations having a density of ~3.3x1010cm-2 were 

also observed and could be interpreted as having either pure screw (b= [ ]0001
2
1 ) or mixed 

(b= [ ]3211
3
1 ) character.  Related studies of the microstructure in cross-section revealed the 

origins of the threading dislocations to be at both the AlN buffer layer/SiC interface. 

Coalesced pendeo-epitaxial GaN )0211(  films were achieved via two process routes 

(growth temperature/V/III ratio/growth time): 1) a two-step growth process (1-

1100ºC/1323/1.5 hrs.; 2-1020ºC/660/1.5 hrs.); and 2) a single-step growth process (1-

1020ºC/660/6 hrs.).  The first material exhibited enhanced vertical growth in the [ 0211 ]-
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direction compared to either the lateral ([0001] or the ]1000[ ) growth direction.  Only a few 

regions contained coalesced material.  

Significantly more coalesced material was obtained using the second route.  The 

vertical growth rate in the [ 0211 ]-direction was compromised for a larger lateral growth rate 

in the [0001]-direction.  The RMS roughness values of the ( 0211 ) surface of the seed and 

wing regions were 1.20 nm and 0.95 nm, respectively.  Depressions having a density of 

2.5x109 cm-2 were observed on the (1120) surface.  These results were supported by the 

companion TEM studies shown in Figure 5., which revealed the density of threading 

dislocations (stacking faults) in the seed and wing material to be ~4.2x1010 (~1.3x106) and 

~1.0x108 cm-2 (~1.2x104 cm-1), respectively.  Thus, different densities in threading 

dislocations caused the difference between the microstructures of the seed and wing regions. 

 

A1.5 Summary 
 

AlN nucleated and grew via the Stranski-Krastanov mechanism on 4H-SiC  (1120).  

Films with thicknesses to 5 nm exhibited an overall decrease in the surface roughness, which 

is attributed primarily to the formation of an initial, continuous layer of AlN that covered the 

damaged surface of the SiC substrate.  The development of circular islands occurred at 5 nm.  

The normalized intensity (IS/I0) of the Si2p spectra for the 2 and 2.5 nm AlN films followed 

the theoretical attenuation curve for the Stranski-Krastanov mode of growth.  Densely packed, 

[0001]-oriented individual islands were observed at 10 nm.  Additional deposition of AlN 

resulted in the gradual reorientation of the growth microstructure along the [1100] to 100 nm. 

GaN  (1120) islands primarily nucleated and grew on the AlN surface via the Volmer-

Weber growth mode.  Initial coalescence between the individual rows of GaN covered the 

AlN between 5 and 10 nm of growth.  Continued deposition resulted in both faster vertical 

growth along [1120]  relative to the lateral growth along [0001] and a   [1100] -oriented 

microstructure containing separated rows of GaN.  Coalesced regions emerged as the 

thickness increased from 50 to 100 nm.  Fully dense GaN films developed between 100 and 

250 nm of growth.  The preferred in-plane orientation changed to [0001] and remained in this 

orientation to thicknesses >1000 nm. 
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Coalesced pendeo-epitaxial GaN )0211(  films were achieved via a single-step growth 

process having the parameters T = 1020ºC, V/III ratio = 660 and t = 6 hrs.  TEM studies 

revealed the density of threading dislocations (stacking faults) in the seed and wing material 

to be ~4.2x1010 (~1.3x106) and ~1.0x108 cm-2 (~1.2x104 cm-1), respectively.   
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A1.8 Figures 

 

 
 

Figure 1.  1.75 x 1.75 µm AFM height images of (a) surface of an as-received 4H-
SiC  (1120) substrate and (b) 2 nm and (c) 5 nm thick AlN  (1120) films. The 
insets in (b) and (c) are 0.5 x 0.5 µm.  (d) Plots of the intensity of the Si2p 
spectra acquired as a function of the thickness of the overgrown AlN films.  (e) 
Plots of the normalized integrated-area (IS/I0) for the Si2p peaks shown in (d) for 
the 2, 2.5 and 5 nm thick AlN films (squares) and the theoretical curves for the 
attenuation of the Si2p peaks for VW, SK, and FM growth modes (solid lines) as 
a function of the thickness of the overlying AlN films.  The escape depth, 
transition thickness, and surface coverage were taken as 1.1 nm, 5 nm, and 0.5, 
respectively. 

(d) (e)
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Figure 2.   1.75 x 1.75 µm AFM height images of (a) 10 nm, (b) 25 nm and (c) 50 nm thick 

AlN  (1120) grown on 4H-SiC  (1120); the inset in (a) is 0.5 x 0.5 µm.  (d) Plots 
of the root mean square (RMS) (squares) and peak-to-valley (PV) surface 
roughness (circles) of AlN layers of different thicknesses.  The RMS and PV 
roughness values are average values determined from multiple 2.5 x 2.5 µm 
AFM images obtained at each thickness. 

(d)
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Figure 3.  2 x 2 µm AFM height images of (a) surface of a 100 nm thick AlN(1120) buffer 

layer and (b) 2 nm and (c) 5 nm thick GaN(1120) films.  The inset in (b) is 0.5 x 
0.5 µm.  (d) Plots of the intensity of the Al2p spectra acquired as a function of 
the thickness of the overgrown GaN films.  (e) Plots of the normalized 
integrated intensity (IS/I0) for the Al2p peaks shown in (d) for the 2, 5 and 10 nm 
thick GaN films (squares) and the theoretical curves for the attenuation of the 
Al2p peaks for VW, SK, and FM growth modes (solid lines) as a function of the 
thickness of the overlying GaN films.  The escape depth, transition thickness, 
and surface coverage were taken as 1.1 nm, 1.3 nm, and 0.5, respectively. 

(d) (e)
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Figure 4.   2 x 2 µm AFM height images of (a) 10 nm, (b) 50 nm, (c) 100 nm, and (d) 1000 
nm thick GaN(1120) grown on 100 nm thick AlN(1120) buffer layers.  (e) Plots 
of the root mean square (RMS) (squares) and peak-to-valley (PV) surface 
roughness (circles) of GaN layers of different thicknesses.  The RMS and PV 
roughness values are average values determined from multiple 5 x 5 µm AFM 
images obtained at each thickness.  Areas I, II, and III indicate stages of 
microstructural development that occurred during the growth of 2 to 1000 nm 
thick GaN(1120) films.  

(e) 
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Figure 5.  (a) Cross-sectional and (b) plan-view TEM micrographs of the seed and  
 coalesced “wing” regions, respectively, of PE-GaN(1120) films achieved using 
 a single-step growth process, where T = 1020ºC and the V/III = 660 for 6 hrs. 
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A2. EXAMPLE CALCULATIONS FOR SITE-COMPETITION 
 MODEL 
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Equations 8 and 12 from Chapter 4 express the film thickness and aluminum concentration as 

a function of temperature, respectively.  These equations have been derived in order to 

explain the contrast in the profile of aluminum impurities that occurs while heating to the 

growth temperature.  The application of these equations is described below. 

 Figure 1 shows a typical temperature-time diagram for the heating step in our process.  

Figure 1 is similar to the temperature-time profile employed prior to the growth of the 

epitaxial layers analyzed by SIMS in Fig. 5 in Chapter 4.  The temperature during heating 

follows a complex function of time, in which the time at each temperature is not the same.  In 

order to apply Eq. 8 (Chapter 4), Fig. 1 must be approximated. This is accomplished by 

dividing the temperature-time graph into a series of steps, as shown in Fig. 2.  The height of 

the step s is the temperature Ts and the width is the time ts.  The film thickness at each step, fs, 

can then be calculated using Eq. A1 below: 
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The total layer thickness, ft, deposited while heating to the growth temperature is determined 

by summing the thicknesses calculated at each step from s = 1 to n according to: 
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where n is the total number of steps.  To calculate ft, the constant B must be determined.  To 

demonstrate the methodology used to approximate the temperature-time plot shown in Fig. 1, 

the steps in Fig. 2 have equal widths, where ts is 7.5 min.  Practically, this value of ts is too 

large to accurately approximate the temperature profile.  When ts=1 min., n = 45 and T can 

determined as illustrated in Fig. 2. Using these values, ( ) 
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expT = 1.2x10-12 (min.-K).  

After heating to the growth temperature, the re-deposited SiC epitaxial layer thickness is 

~100 nm.  B is equal to 8.3x1013 (nm/min.-K) (i.e. 100 nm/1.2x10-12 min.-K) and Eq. A2 

becomes: 
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Figure 3 shows the epitaxial layer thickness plotted as a function of the growth temperature, 

based on Eq. A3 (ts = 1 min.). 

In a manner similar to that described above, the constant E from Eq. 12 (Chapter 4) 

can be determined.  With the film thickness after heating to the growth temperature equal to 

~100 nm, the aluminum concentration at this thickness is 1.1x1017 cm-3 from Fig. 5(b) in 

Chapter 4.  For the epitaxial layer analyzed in Fig. 5(b), the growth temperature was 1480ºC 

(1753 K).  Using these values, E is ~6.8 cm-3, and therefore Eq. 12 can be re-written as: 
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Figure 4 shows the aluminum concentration plotted as a function of the growth temperature, 

based on Eq. A4.  Figure 6 (Chapter 4) is a superposition of Figs. 3 and 4 from this section. 
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Figure 1.  Temperature-time profile typical for the heating stage of the growth process for 
a growth temperature of 1450ºC. 



 233

 
 

Figure 2.  Schematic illustration of the temperature-time profile in Fig. 1 divided into 
discrete steps.  S, TS and ts refer to the number of the step, temperature at the 
step, and time at TS, respectively.  The arrows indicate the stepwise calculation 
employed to approximate Fig. l. 
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Figure 3.  Shows the epitaxial layer thickness plotted as a function of the growth 
temperature, based on Eq. A3 (ts = 1 min.). 

 
. 
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Figure 4.   Shows the aluminum concentration plotted as a function of the growth 
 temperature, based on Eq. A4. 
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A3. CHEMICAL VAPOR DEPOSITION SYSTEM DESIGN AND 
DESCRIPTION  
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A3.1 Abstract and Introduction 
 
 A hot-wall chemical vapor deposition (CVD) system has been designed, constructed 

and commissioned for the growth of silicon carbide (SiC) thin films.  This chapter is an 

overview of the design and layout of the CVD system.  The results of gas temperature and 

flow modeling employed during the initial design phase are presented.  The calculations 

performed regarding induction heating are also illustrated.  All of the important aspects and 

components of the CVD system are described and, where applicable, illustrated in technical 

drawings.  These include the growth chamber, the vacuum and high vacuum assemblies, and 

gas delivery and injection systems. 

 

A3.2 Gas Temperature and Flow Modeling 
 

A3.2.1 Overview and Model Assumptions 
 
 Gas temperature and flow modeling were performed to aid in determining the 

reaction chamber dimensions and process conditions necessary to 1) facilitate laminar flow 

across the substrate surface and avoid turbulent recirculation cells and 2) create a temperature 

gradient that allows sufficient time for gas heating.  All simulations were performed using 

CFD-ACE, Version 6.4.  The major variables and values employed are listed in Table 1.  In 

addition, a small number of simulations were performed that show the influence of total gas 

flow and the geometry of the gas inlet.   

 The major assumptions employed in the reactor model are summarized below.  The 

sample holder was assumed to be 3 in. wide and 1 in. thick and positioned perpendicular to 

the gas flow direction (up).  The temperature of the sample and sample holder were set equal 

to 1900ºC and radiation from a susceptor at 2000ºC served as the heat source.  These 

temperatures were held constant for all simulations.  The susceptor temperature was assumed 

to linearly decrease towards the gas inlet, which was maintained at room temperature.  The 

composition (mass %) of the process gases were 99% He, 0.5% CH4 and 0.5% SiH4.  Note 

the susceptor and holder temperatures chosen for these simulations were expected to be the 

maximum service temperatures employed in this research.   
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 Selected results from the simulations performed are included below in Fig. 1 through 

Fig. 5.  The temperature distribution and flow pattern results are shown on the left and right 

side of each figure, respectively.  A color bar relating the temperature and isothermal-profile 

lines is located at the left of each image.  The color of the flow pattern (right side) is for 

visualization only, and no conclusions regarding temperature or temperature distribution 

should be made from this portion of each figure.   

 

A3.2.2 Modeling Results – Mass Flow Rate and Total 
 Pressure 

   
 Figures 1 and 2 show the influence of mass flow rate and total pressure on the 

temperature distribution and flow profiles for two similar reaction chambers.  The reaction 

chamber in Fig. 1 has a 1 in. gas inlet diameter, 6 in. reactor length and 5 in. reactor inner 

diameter.  The variables shown range from 200-1000 mbar and 1-10 slm, respectively.  In 

Fig. 2, the reaction chamber has the same dimensions as Fig. 1 but the inner diameter is 4 in.  

The pressure range is the same while the flow rate range is 10-50 slm.   

 Figures 1 and 2 indicate that at high total pressures the probability of turbulent flow 

increases, which is displayed predominantly in Fig. 1 by the presence of recirculation cells at 

1000 mbar and 1 slm.  As shown in Figs. 1 and Fig. 2, increasing the flow rate decreases the 

presence of turbulent flow and these recirculation cells, most notably at a total flow rate of 50 

slm.   

 A trade-off exists between promoting laminar flow and managing temperature 

distribution.  One consequence of changing the total pressure and flow rate is the rate at 

which the gas heats.  In Figs. 1 and 2, low flow rates and low pressures cause the gases to 

heat the fastest, as indicated by the distance of the isothermal lines away from the holder and 

substrate surface.  In the parameter-space simulated here, gas flow rate appears to be a more 

dominant variable than pressure, as shown in Fig. 2.   At 50 slm and 200 mbar, laminar flow 

is established but the high velocity deters the gas from heating sufficiently and results in the 

formation of a cold finger.  A cold finger is present at all pressures between 200 and 1000 

mbar for 50 slm. 

 Note that the simulation results for total pressure and mass flow rate do not 

substantially change from to Fig. 1 to Fig. 2, indicating these variables are insensitive to the 
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difference in the reactor inner diameter (5 in. and 4 in., respectively).  The key points 

obtained from Fig. 1. and Fig. 2., as well as Figs. 3 through 5, are summarized in Table 2. 

 

A3.2.3 Modeling Results – Gas Inlet Diameter and 
 Reactor Length 

 
 Gas inlet diameter and inlet-to-substrate distance are the variables considered in Fig. 

3.  The reactor dimensions and process parameters held constant were the inner reactor 

diameter (4 in.) and total pressure (200 mbar) and mass flow rate(10 slm), respectively.  For 

all cases involving a gas inlet diameter of 0.375 in., turbulent flow and an abrupt temperature 

profile result.  Changing the reactor length from 3 in. to 9 in. does not influence the presence 

of the former but the thermal gradient of the latter decreases, especially for inlet diameters of 

1-2 in.  Increasing the inlet diameter significantly reduces regions of turbulent flow, while 

also aiding gas heating. 

 

A3.2.4 Modeling Results – Gas Inlet Diameter and 
 Reactor Diameter 

 
 Figure 4. shows the results for 200 mbar, 10 slm, and a 6 in. reactor length.  The 

variables are gas inlet diameter and reactor inner diameter.  Similar to Fig. 3, a small gas inlet 

diameter causes problems related to turbulent flow, and these flow problems are reduced by 

changing the inlet diameter from 0.375 in. to 2 in.  An increasing inlet diameter also 

promotes gas heating.  Increasing the reactor diameter from 4 in. to 6 in. has little influence 

on the flow and temperature profiles for the cases modeled in Fig. 4.  The results from Figs. 3 

and 4 emphasize the importance of the gas inlet for controlling turbulence and gas heating.  

Simultaneously, Figs. 3 and 4 support the findings from Fig. 1 and Fig. 2, which indicate 

reactor diameters of 4 in. to 6 in. contribute insignificantly to the temperature and flow 

dynamics. 
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A3.2.5 Modeling Results – Inlet Geometry and Total 
 Pressure 

 
 To further understand the role of the gas inlet, the inlet geometry was modeled versus 

total pressure.  Figure 5 shows the results for 10 slm, a 4 in. reactor inner diameter and a 6 in. 

reactor length.   Both a 0.375 in. gas inlet and a tapered inlet (0.375 in. to 1 in.) cause 

turbulent flow from 200 to 1000 mbar.  A gas inlet with a 1 in. diameter exhibited improved 

thermal profiles with no recirculation cells over the same pressure range, though turbulence 

increased at 1000 mbar. 

 

A3.3 Induction Heating Considerations 
 
 The gas flow dynamics and temperature profile modeling provide information about 

the reaction chamber dimensions and process conditions.  The information obtained from the 

former favors larger reactor lengths (i.e. 6-9 in.) to promote gas heating.  The reactor inner 

diameter was found to have little influence on the gas and temperature metrics described 

above.  A simple analysis of induction heating is summarized below and outlines the final 

design considerations employed during the development of the SiC CVD reactor employed in 

this research. 

 SiC CVD is a high temperature deposition process where temperatures typically 

range between 1450-1600ºC but homoepitaxial growth has been achieved at temperatures to 

2300ºC using this technique.  An Ameritherm L-Series radio frequency (RF) generator with a 

maximum power rating of 50 kW was chosen here with the intent of achieving temperatures 

up to the latter.   

 The thickness of the dense graphite susceptor was estimated based upon the output 

frequency range (5 to 15 kHz ) of the Ameritherm RF generator and by considering the “skin 

effect.”  When a magnetic field induces an alternating current, it is not uniform through the 

cross-section of the susceptor.  This is illustrated below in Fig. 6.  The current distribution 

from the surface to the center of the susceptor can be estimated by: 

 
 sy

oeII −=       (Eq. A1) 
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where I  is the current density (current per unit area) at a distance y from the surface, oI  is 

the current density (current per unit area) at the surface, and s is the penetration depth [1].  

When y = s the current density is equal to 1
oeII −=  or 36.8% ( e100 ) of the surface current 

density.  In addition, I2 is proportional to the power density (P=I2R) [1].  When the distance 

from the surface coincides with s, the power density at the surface ( 0P ) is reduced by 13.5% 

( 2
0

sy22
0 ePReIP −− == ).  Therefore, the penetration depth can be defined as a surface 

(“skin”) layer with thickness s that contains ~63%of the eddy current and ~86% of the power 

induced in the susceptor [1].   

 The skin depth, s, can be calculated using [1]: 

 

 ( )cmf2
2s
σµπ

=          (Eq. A2) 

 
where f  is the frequency, mµ  is the magnetic permeability of the material, cσ  is the 

electrical conductivity, and ρ  is the electrical resistivity (
c

1
σ

=ρ ).  Factoring out the 

magnetic permeability of free space and π  and converting to centimeters, the skin depth can 

be written as: 

 

 ( )rf
5.5033s

µ
ρ

=      (Eq. A3) 

 
where rµ  is the relative magnetic permeability. 

 For the dense graphite material used here, rµ =1 (i.e. non-magnetic material), f =12.5 

kHz, and ρ = ~1.11x10-3 Ω -cm, and the skin depth is therefore ~1.5 cm (0.59 in.).  The 

thickness of the susceptor(s) employed in this research was 0.25 in. based on these 

calculations and attempts to minimize the overall size of the growth chamber.  A susceptor 

with a 0.25 in. thickness contains approximately 57% ( ( )59.025.02
0 e1PP1 −−=− ) of the 

surface power density, which is 33% ( %86%571− ) less than the power achievable using a 

susceptor with the same thickness as the skin depth (0.59 in.).  
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 Porous graphite serves as the insulation material that separates the quartz wall and 

induction coil from the dense graphite susceptor.  Because the porous graphite resistivity (ρ = 

0.53 Ω -cm) is larger than the dense susceptor graphite, the skin depth increases to 32.8 cm 

(12.9 in).  Therefore, the insulation material is largely transparent to the induction field 

compared to the susceptor graphite.  For example, a layer of porous graphite 0.25 in. thick 

would contain 3.8% ( ( )9.1225.02e1 −− ) of the surface power density, which is 93% 

( %57%8.31− ) less than the value calculated above for dense graphite with the same 

thickness.   

 

A3.4 Final System Design and Layout 
 
A3.4.1 Reaction Chamber and Hot Zone 

 
 Based on the results from the modeling and calculations described above, a final 

reaction chamber design was obtained and is shown in Fig. 7.  The growth chamber and hot 

zone are comprised mainly of graphite material in two forms: solid, dense graphite and 

porous graphite insulation.  These two forms of graphite are distinguished in Fig. 7 with 

hatch marks.  Dense graphite is a misnomer, as graphite still contains a large open volume in 

the form of pores.  As a result of its porous microstructure, graphite can be cleaned in a 

process known as halogen purification, where impurities harmful to semiconductor 

applications are removed to trace levels.  Information regarding the impurity levels before 

and after purification for the graphite (dense and porous) employed in this research is shown 

in Tables 3 and 4.   

 Three components of the reaction chamber were manufactured from dense graphite.  

These are the susceptor, sample holder, and a graphite rod that connects the motor and rotary 

feedthrough to the sample holder.  Both the susceptor and sample holder were coated with 

SiC after being halogen purified.  The purpose of the SiC coating is two fold: it serves as a 

barrier for the impurities remaining after purification and it separates the reactive graphite 

from the growth ambient.  

 Porous graphite insulation separates the dense graphite susceptor and quartz wall and 

serves as a radiation barrier to the gas inlet and upper chamber components.  The primary 
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purpose of this graphite is to insulate, while acting as a transparent medium to the induction 

field.  The porous graphite insulation used in this research was fabricated in most cases (such 

as the susceptor insulation) with a vertical fiber orientation parallel to the applied magnetic 

field.  By arranging the fibers in this direction, eddy currents generated in the insulation 

could be reduced.    As a result of the limitations in the manufacturing process and issues 

related to part-geometry, a random fiber orientation was unavoidable in complex, custom 

pieces like the gas inlet cover.   In addition to qualifications regarding fiber direction, all of 

the porous insulation was halogen purified and coated with a slurry-like, graphite paint to 

reduce particle generation and improve impurity control.  Table 5 lists the vendor and 

graphite grade, important dimensions, and quantities of the dense and porous graphite that 

comprise the reaction chamber; useful electrical and thermal properties are summarized in 

Table 6. 

 The remainder of the growth chamber is metal in construction.  Immediately above 

and below the hot zone, custom-designed, water-cooled OFHC (oxygen-free hard copper) 

flanges were employed.  Flanges fabricated from this material were chosen over their 

stainless steel counterparts because of the large thermal conductivity of copper.  The top 

flange and exhaust ports, gas inlet, and entire base assembly comprise the rest of the growth 

system and are made from 304 stainless steel. 

 

A3.4.2 Vacuum Seals and Differential Pumping 
 
 To isolate the growth chamber from the ambient environment, o-ring and metal seals 

were employed.  For all connections between stainless steel flanges, OFHC conflat gaskets 

were used.   

 Above and below the hot zone, the quartz wall was sealed against the copper flanges 

by two silicone o-rings separated by a spacer ring with circular perforations.  The o-ring 

assembly is held in place by an o-ring clamp that is screwed into the copper flanges.  Two 

silicone o-rings form the seal between the top stainless steel and copper flanges as well as the 

base assembly and bottom copper flange.  Both copper flanges have custom-designed 

evacuation channels that allow the aforementioned o-rings to be differentially evacuated by a 

diaphragm pump (Varian Inc.).  Silicone was chosen as the o-ring material because it is 

designed for temperatures up to 300ºC.  A drawback to this o-ring material is its high 
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permeation rate, which influences the ultimate system pressure [2].  Standard Buna-N o-rings 

were employed for all kwik-flange connections.  Information for all of the seals employed in 

this work are summarized in Table 7.  System components relegated to manufacturer-specific 

seals are noted. 

 

A3.4.3 Low Vacuum System 
 
 The vacuum system portion of the growth system is shown in Fig. 8.  The low 

vacuum assembly is made up of the differential pump set-up already described and by a 

QDP80 Drystar vacuum pump (BOC Edwards, Inc.) which has a dual-service role as a 

process pump and backing pump for the high vacuum system (see below).  The QDP80 is an 

oil-free, hook and claw-style pump. One advantage of the process pump construction is the 

elimination of oil backstreaming or displacement into the growth chamber.  In order to 

protect the seals and dilute process gases entering the pump, N2 is used as a purge gas during 

growth runs.  In the absence of a purge gas, silane, a pyrophoric precursor gas used in SiC 

CVD, can react with oxygen inside the pump to form abrasive SiO2 particles and damage the 

internal pump components.  Note during times in which process gases are not flowing, 

compressed air (supplied by the building) is employed as the purge gas.  A foreline trap and 

filter are located upstream of the process pump to protect it from gases and particulates 

generated during the growth process.   

 Low vacuum pressure is monitored using two capacitance manometer Baratron 

pressure gauges (MDC Vacuum Corp.) with full-scale values of 10 Torr and 1000 Torr, 

respectively. To maintain near-constant total pressure during deposition, the latter Baratron 

gauge, a throttle valve (MDC Vacuum Corp.) and analog controller (MDC Vacuum Corp.) 

are employed in a PID control-loop configuration. 

 

A3.4.4 High Vacuum System and Gas Monitoring 
 
 The high vacuum configuration is also shown in Fig. 8.  The low and high vacuum 

systems are separated by two angle-isolation valves.  A manual gate valve (Kurt J. Lesker 

Co.) is connected to the base of the system (Fig. 7) and isolates the growth chamber from the 

turbo molecular pump (TMP).  A TMP361 turbo molecular pump (Leybold Vacuum 
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Products Inc.) was employed to enable short evacuation times for the relatively large 

chamber volume.  In the configuration established here, base pressures of <5x10-7 Torr are 

routinely obtainable.  The pressure at high vacuum is measured using a cold cathode gauge 

(MDC Vacuum Corp – HPS Division). 

 A H100M Transpector 2 residual gas analyzer (RGA) (Inificon Corp.) is also located 

at the base of the growth chamber and should be used at pressures <10-4 Torr.  The RGA is 

routinely used as a leak detector, but can also be employed to monitor the presence and levels 

of gaseous species for a variety of experimental conditions.  Prior to use (after long term 

inactivity) the stainless steel body of the RGA should be heated with heating tape to remove 

any adsorbed species.  Extreme temperatures should be avoided to prevent the o-ring from 

melting between the connection separating the stainless steel body and CPU of the RGA. 

 

A3.4.5 Gas Injection 
 
 Gas is introduced in the growth chamber by a custom-designed gas inlet (Fig. 9).  The 

gas inlet extends through the base assembly into the growth chamber 15.25 in.  The gas inlet 

is water cooled because its tip is located near the hot zone.  A baffle exists inside of the 

cooling jacket to concentrate cooling at the gas inlet nozzle.  To provide additional thermal 

protection, the entire body of the gas inlet is surrounded by graphite insulation inside the 

growth chamber. 

 The 1 in. inner diameter of the gas inlet was chosen to avoid turbulent flow, based on 

the gas transport modeling mentioned earlier.  An additional advantage of the inner diameter 

is the ability to facilitate temperature measurements through the base of the gas inlet.  An 

optical pyrometer (Ircon Inc.) is situated at the bottom of the gas inlet and monitors the 

sample temperature through a viewport conflat flange. 

 

A3.4.6 Process Gas and Dopant Delivery 
 
 The distribution of the process gases and reactant sources is accomplished by using 

the gas delivery system shown in Fig. 10 (top and bottom).  A run/vent configuration was 

chosen to facilitate the need for gas switching at steady-state conditions (i.e. flows), 

depending on the growth sequence.   
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 Hydrogen (grade - ultra-high purity (UHP)) is employed as both the diluent and 

carrier gas and is purified by palladium-cell purifiers (Johnson Matthey).  Three of these 

purifiers were placed in parallel to facilitate the potential need for high flow rates of purified 

hydrogen.  Typically one purifier is used during standard operation.  Helium (UHP) and 

argon (UHP) were included in the design to act as diluent gases in combination with 

hydrogen or independently.  Argon and helium are purified by a getter-based purifier 

(Johnson Matthey) common to both gas lines.  The latter line is split after purification for 

high and low flow rate capability.  The former also serves as a purge gas for the palladium-

cell purifiers and the hydrogen, silane, and ethylene cross purge assemblies (cross purge 

configurations not shown).  The silicon and carbon precursor gases (vol. % in hydrogen) are 

silane (2%) and ethylene (2%), respectively.   

 Figure 10 (bottom) depicts the portion of the gas delivery system designed for n-type 

and p-type doping of SiC epitaxial layers.  Nitrogen gas (UHP), purified by a catalytic 

reaction with nickel media (Johnson Matthey), and metalorganic tri-ethylaluminum (TEA) 

are the intended dopant sources.  A split-line geometry was developed for each dopant in 

order to achieve high levels of dilution with purified hydrogen, resulting in increased doping 

control.  After dilution, part of the mixture enters either the run or the vent lines and the 

remainder is discarded to exhaust.  The pressure in each split line is maintained using a 

pressure controller (MKS Instruments). 

 Gas selection and flow control of the aforementioned process gases and dopant 

sources/mixtures is achieved by pressure-driven diaphragm values (Swagelok Co.) and by 

using modular, metal-sealed mass flow controllers (MFC) (MKS Instruments).  The MFC 

full-scale values for the process and dopant gas lines are listed in Table 8.  

 

A3.5 References 
 
 [1]  V. I. Rudnev, D. Loveless, R. Cook, and M. Black, Handbook of Induction Heating 
  (Marcel Dekker, Inc., New York, 2002). 
 
 [2] J. F. O’Hanlon, A User’s Guide to Vacuum Technology (Wiley-Interscience,  
  New York, 1980).   
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A3.6 Tables 
 
Table 1 – Summary of the variables employed in the experimental matrix. 
 

Variables Values 
Inlet Diameter (in.) 0.375 1 2 

Reactor Diamter (in.) 4 5 6 
Inlet-Substrate Distance (in.) 3 6 9 

Flow Rate (slm) 1 10 50 
Pressure (mbar) 200 500 1000 

*Bold values were included in the final design based on the simulation results. 
 
Table 2 – Summary of the results obtained from the simulations.  
 

Figure Results 

1-2 
o Reduced pressure (≤200 mbar) and intermediate mass flow rates 

(≤10 slm) allow turbulent flow to be avoided while providing 
time for amble gas heating. 

3-4 

o Small gas inlet diameters (0.375 in.) result in recirculation cells 
(turbulent flow) that cannot be alleviated by increasing the reactor 
length (3-9 in.) or by increasing the chamber diameter (4-6 in.).
   

o Increasing reactor length and inlet diameter decreases thermal 
gradient, promoting gas heating. 
 

o Reactor diameter limited influence on flow and temperature 
profiles. 

5 
o A large gas inlet diameter (1 in.) without tapering and reduced 

pressure (≤200 mbar) allow adequate gas heating without regions 
of turbulence. 
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Table 3 - Purification information for porous graphite insulation employed in this research. 
 

Material 

 
TTSM - 1800-25

(Purified) 
 

Calcarb, Ltd - CBCF Material 
(Purified) 

Calcarb, Ltd - CBCF Material 
(Unpurified) 

Element Impurity Level (ppm) 
Al 0.08 0.05 17.3 
B 0.2 - - 
Ca 0.04 0.4 143 
Cr 0.07 0.01 8.83 
Cu 0.08 0.01 0.02 
Fe 0.52 0.08 3.71 
K 0.1 2 2 

Mg 0.02 0.07 0.09 
Mn 0.03 0.005 0.02 
Na 0.05 0.1 0.64 
Ni 0.4 0.02 0.76 
Si 0.4 2 43 
Ti 0.09 - - 
V 0.14 0.01 0.55 

Impurity levels are maximum values; some of the values are below the detection limit of the equipment employed. 
CBCF = Carbon Bonded Carbon Fiber 
TTSM = Toyo Tanso Specialty Materials, Inc. 
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Table 4 - Purification information for the dense graphite employed in this research. 
 

Material 

 
TTU - High Purified 

Graphite 
 

TTU - Ultra High Purified 
Graphite 

 

TTU - 
SiC Coating 

 
Element Impurity Level (ppm) 

Al 0.08 0.08 0.01 
B 1.4 0.2 0.04 
Ca 0.04 0.04 0.1 
Cr 0.07 0.07 0.1 
Cu 0.08 0.08 0.05 
Fe 0.07 0.04 0.01 
K 0.1 0.1 0.05 

Mg 0.02 0.02 0.01 
Mn 0.03 0.03 0.01 
Na 0.05 0.05 0.01 
Ni 0.1 0.1 0.01 
Si 0.7 0.1 - 
Ti 0.6 0.09 0.01 
V 0.23 0.07 0.005 

Impurity levels are maximum values; some of the values are below the detection limit of the equipment employed. 
TTU = Toyo Tanso USA, Inc. 
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Table 5 - Important vendor information, dimensions, and quantities for the graphite that comprise the reaction chamber 
 

Component 
Inner  

Diameter  
(in.) 

Outer  
Diameter 

(in.) 

Height  
(in.) Manufacturer Grade Coating 

Porous Graphite Insulation 
Susceptor Insulation (4) 4.6 6.5 5 

Shaft Insulation 
Bottom (2) 0.625 3 3 

Top (1) 0.625 5 1 
Gas Inlet Insulation 

Bottom (2) 1.5 6.5 4.5 
Top (1) 1.5 2.5 5 

Cover (1) 1 2.5 0.375 

Calcarb, Ltd./ 
TTSM 

Std. CBCF Cyl./ 
1800-25 

Calcoat/ 
? 

Dense Graphite 
Shaft (1) 0 0.5625 varies 

Sample Holder (1) 0 3 3 
Susceptor (1) 4 4.5 17.5 

Bay Carbon, 
Inc./ 
TTU 

SK05/ 
IG-610U SiC 

All graphite halogen purified. 
CBCF = Carbon Bonded Carbon Fiber 
TTSM = Toyo Tanso Specialty Materials, Inc. 
TTU = Toyo Tanso USA, Inc. 
( ) - Quantity in parentheses equals amount of each component used in the growth chamber. 
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Table 6 – Properties of the porous and dense graphite used in this research. 
 

Insulation Density  
(g/cm-3) 

Thermal 
Conductivity 

(W/m-K) 

Electrical 
Resistivity
(Ohm-in) 

Electrical 
Resistivity 
(Ohm-cm) 

Measurement 
Direction 

Porous Graphite Insulation 
Calcarb - Std. CBCF Cyl. 0.14 (+/- .02) 0.54 (1000ºC, N2)  0.25 parallel to fiber 

  1.24 (2000ºC, N2)  0.74 perpendicular to fiber 
Calcarb - Std. CBCF Brd. 0.17 (+/-.02) 0.72 (1000ºC, N2)  0.11 parallel to fiber 

  1.47 (2000ºC, N2)  0.41 perpendicular to fiber 
TTSM - 1800-25 0.25 0.33 (1000ºC, N2)  0.06  

  0.78 (2000ºC, N2)    
Dense Graphite 

TTU - IG-610U ~1.81 ~116 (RT)  ~1.1x10-3  
CBCF = Carbon Bonded Carbon Fiber 
TTSM = Toyo Tanso Specialty Materials, Inc. 
TTU = Toyo Tanso USA, Inc. 

 RT = Room Temperature 
 ( ) - Quantities in parentheses give the experimental temperature and atmosphere used to measure the thermal conductivity. 
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 Table 7 - Seal type(s) for the major vacuum system components. 
 

Seal Material Manufacturer Dimensions 
O-ring 

OFHC (Copper) Flange(s)   
Inner (2) Silicone^ ID = 3.56 in. (#2-373) 
Outer (2) Silicone^ 

Parker 
ID = 5.60 in. (#2-378) 

Miscellaneous 
Quartz Wall (4) Silicone^ Parker ID = 2.66 in. (#2-364) 

KF Vacuum Connections Buna-N (Nitrile) Kurt J. Lesker Co. KF10-50 
Throttle Valve See Manufacturer's Specifications 

Gate Valve See Manufacturer's Specifications 
Viewport Door See Manufacturer's Specifications 

Metal Gasket  
SS (Knife-edge) Flanges OFHC Kurt J. Lesker Co. 2.125-13.25 in. 

High Pressure Vacuum Gauges SS VCR Swagelok Co. 0.5 in. 
Gas Inlet (Run Line) SS VCR Swagelok Co. 0.5 in. 

 ^The hardness (durometer) of the silicone o-rings is S-70.  

SS = stainless steel 
OFHC = Oxygen-free hard copper
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Table 8 - MFC full-scale values for the process and dopant gas lines. 
 

Gas Line Range 
Process 

SiH4/H2 200 sccm 
C2H4/H2 200 sccm 

H2 20 slm 
Ar 10 slm 

500 sccm He 
10 slm 

Dopant 
H2 Diluent 2 slm 
H2 Carrier 200 sccm 
TEA/H2 100 sccm 
TEA/H2 1 slm A

l L
in

e 

Bubbler PC 1 slm 
H2 Diluent 100 sccm 

N2 10 sccm 
N2/H2 10 sccm N

 L
in

e 

N2/H2 1 slm 
   Plain text = MFC 
   Italicized text = Pressure Controller (PC)
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A3.7 Figures 

 
Figure 1.   Modeling results comparing the influence of mass flow rate and total reactor 

pressure on the temperature distribution and flow pattern in the hot zone.  The 
left side of each image shows the temperature distribution and the right side 
shows the flow pattern.  A color code relating the thermal profile lines and 
temperature in Kelvin is located at the left of each image.  The color of the flow 
pattern (right side) is not an indicator of temperature or temperature distribution. 
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Figure 2.   Modeling results comparing the influence of mass flow rate and total reactor 

pressure on the temperature distribution and flow pattern in the hot zone.  The 
left side of each image shows the temperature distribution and the right side 
shows the flow pattern.  A color code relating the thermal profile lines and 
temperature in Kelvin is located at the left of each image.  The color of the flow 
pattern (right side) is not an indicator of temperature or temperature distribution. 
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Figure 3.   Modeling results comparing the influence of the gas inlet diameter and the 

reactor length on the temperature distribution and flow pattern in the hot zone.  
The left side of each image shows the temperature distribution and the right side 
shows the flow pattern.  A color code relating the thermal profile lines and 
temperature in Kelvin is located at the left of each image.  The color of the flow 
pattern (right side) is not an indicator of temperature or temperature distribution. 
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Figure 4.   Modeling results comparing the influence of the gas inlet diameter and reactor 

inner diameter on the temperature distribution and flow pattern in the hot zone.  
The left side of each image shows the temperature distribution and the right side 
shows the flow pattern.  A color code relating the thermal profile lines and 
temperature in Kelvin is located at the left of each image.  The color of the flow 
pattern (right side) is not an indicator of temperature or temperature distribution. 
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Figure 5.   Modeling results comparing the influence of the gas inlet geometry and total 

reactor pressure on the temperature distribution and flow pattern in the hot zone.  
The left side of each image shows the temperature distribution and the right side 
shows the flow pattern.  A color code relating the thermal profile lines and 
temperature in Kelvin is located at the left of each image.  The color of the flow 
pattern (right side) is not an indicator of temperature or temperature distribution.  
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Figure 6.  Schematic illustrating the “skin effect” in induction heating.  δ is the skin depth 

referred to as s in the text [1]. 
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Figure 7. Final system design of the hot zone and base assembly. 
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Figure 9. Schematic of the water cooled gas inlet.
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Figure 10.  Schematic of the gas delivery system used to distribute process and precursor 

gases (top) and n-type and p-type dopants (bottom).  All of the purified 
hydrogen for the bottom is supplied from the top through D. 
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