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ABSTRACT

Semiconductor grade single crystals of SiC were first produced in the late 1950’s
by Lely in Germany and by Hamilton in the United States. Over the last 30 years this
process has been improved and scaled to produce single crystal boules that yield 4”
diameter wafers. These substrates are of interest for two primary classes of
semiconductor devices because of its excellent thermal and high temperature electrical
properties compared to competing substrates such as Si, GaAs, or sapphire. For high
frequency radar applications semi-insulating SiC wafers are used as substrates for
GaN/AlGaN epitaxy. Production of high resistivity material relies on careful control of
the concentrations of impurities and point defects in the single crystal. Trace amounts of
boron and nitrogen are of particular concern as they act as residual p-type and n-type
dopants respectively. Silicon carbide is also an ideal semiconductor for high voltage and
high temperature power switching devices such as Schottky diodes, PiN diodes, and
MOSFET’s. The most challenging aspect of SiC substrate production and epitaxial layer
growth for power switching applications is the elimination of structural defects that lead
to device failure.
Many of the shortcomings of conventional SiC growth processes can be overcome
through the use of a novel halide chemical vapor deposition (HCVD) process for bulk
SiC and thick SiC epitaxial layers. The HCVD process provides significant advantages
over the conventional physical vapor transport (PVT) process for bulk crystal growth and
silane-based CVD for growth of epitaxial layers. However, the HCVD technique
requires the balance of several competing processes in order to successfully grow large
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crystals and high quality epitaxial layers. A detailed study of halide chemical vapor
deposition is required to understand the relationships between crystal growth conditions
and the resulting structural properties of the SiC deposited.
The goal of this thesis is to understand relationships between the major process
variables and the growth rate, doping, and defect density of SiC grown by HCVD.
Specifically this work addresses the maximum C/Si ratios that can be utilized for single
crystal SiC growth by providing a thermodynamic model for determining the boundary
between single crystal growth and SiC+C mixed phase growth in the Si-C-Cl-H system.
The impact of growth conditions, especially the C/Si ratio, on doping and overall
structural quality are assessed within the boundaries determined by the thermodynamic
model.
SiC epitaxial layers ranging from 50-200µm thick were grown at temperatures
near 2000°C on 6H and 4H-SiC substrates at rates up to 250µm/hr. Experimental trends
in the growth rate as a function of precursor flow rates and temperature closely match
those expected from thermodynamic equilibrium in a closed system. The equilibrium
model can be used to predict the trends in growth rate with the changes in precursor flow
rates as well as the boundary between deposition of pure SiC and deposition of a mixture
of SiC and C. Calculation of the boundary position in terms of the SiCl4 and CH4
concentrations provides an upper limit on the C/Si ratio that can be achieved for any
given set of crystal growth conditions. The model can be adjusted for changes in
temperature, pressure, and chlorine concentration as well. The boundary between phase
pure and mixed phase growth was experimentally shown to be very abrupt, thereby
providing a well defined window for Si-rich and C-rich growth conditions.
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Growth of SiC epitaxial layers by HCVD under both Si-rich and C-rich conditions
generally yielded the same trends in dopant incorporation as those observed in
conventional silane-based CVD processes. Nitrogen incorporation was highest on the Cface of 4H-SiC substrates but could be reduced to concentrations as low as 1x1015
atoms/cm3 at C/Si ratios greater than 1. Residual B concentrations were slightly higher
for epitaxial layers grown on the Si-face of substrates. However, changes in the C/Si ratio
had no effect on B incorporation at concentrations on the order of 1x1015 atoms/cm3.
No significant trends in structural quality or defect density were evident as the
C/Si ratio was varied from 0.72 to 1.81. Structural quality and defect density were more
closely related to substrate off-cut and polarity. The highest quality crystals were grown
on the C-face of 4° off-axis substrates as measured by HRXRD rocking curves. Growth
on on-axis substrates was most successful on the C-face, although the x-ray rocking
curves were nearly twice as wide as those on off-axis substrates. Etch pit densities
obtained by KOH etching layers grown on Si-face substrates were closely related to the
defect density of the substrate not the C/Si ratio.
Thick p-type layers with B or Al dopant concentrations on the order of 1019
atoms/cm3 were readily achieved with the HCVD process. Trimethylaluminum and BCl3
were successfully employed as dopant sources. Aluminum incorporation was sensitive to
both the substrate surface polarity and the C/Si ratio employed for growth. Dopant
concentrations were maximized under C-rich growth conditions on the Si-face of SiC
substrates. Boron incorporation was insensitive to both the surface polarity of the
substrate and the C/Si used for layer growth even though B appears to favor incorporation
on Si lattice sites. Boron acceptors in HCVD grown SiC are not passivated by H to any
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significant extent based on a comparison of net acceptor concentrations and B doping
concentrations. In addition, the lattice parameters epitaxial layers doped with B at
concentrations on the order of 1019 atoms/cm3 showed no change as a function of B
concentration. This was in contrast to the lattice parameter decrease as expected from a
comparison between the size of the Si and B atoms.
The HCVD process has demonstrated an order of magnitude higher growth rates
than conventional SiC CVD and while providing control over the C/Si ratio. This allows
the user to directly influence dopant incorporation and growth morphology. However,
this control should also permit several other material properties to be tailored. Future
work should focus on determining the range of C/Si ratios required to achieve specific
material characteristics. Electronic and structural defects should be the primary focus
since they directly impact SiC device design and performance.

vi

TABLE OF CONTENTS
LIST OF FIGURES……………………………………………………………..

x

LIST OF TABLES………………………………………………………………

xv

ACKNOWLEDGEMENTS…………………………………………………….

xvi

Chapter 1

1

Introduction……………………………………………………..

1.1

Motivation For Growth of SiC Single Crystals………………....
1.1.1
SiC for RF Devices……………………………………...
1.1.2
SiC for Power Devices…………………………………..
1.2
Conventional SiC Crystal Growth and Epitaxy Methods……….
1.3
Objectives for Halide Chemical Vapor Deposition of SiC……...
1.4
Chapter Summary……………………………………………….
1.5
References……………………………………………………….
Chapter 2
2.1

2.2

2.3
2.4

2.5
Chapter 3
3.1

1
2
4
5
8
10
12

Overview of SiC Bulk Crystal Growth and Epitaxy…………….

15

SiC Crystal Growth………………………………………………
2.1.1
Physical Vapor Transport………………………………..
2.1.2
Substrates for RF Applications…………………………..
2.1.3
Substrates for Power Switching Applications…………...
SiC Epitaxy by Chemical Vapor Deposition…………………….
2.2.1
Impact of Crystallographic Orientation on Epitaxy……...
2.2.2
Impact of Growth Conditions on Film Properties………..
2.2.2.1
Impact of C/Si Ratio and Surface Polarity on
Dopant Incorporation…………………………….
2.2.2.2
Impact of C/Si Ratio and Surface Polarity on
Electronic Defects……………………………….
2.2.2.3
Impact of C/Si Ratio and Surface Polarity on
Structural Defects……………………………….
Impact of Substrates and Epitaxy on Device Performance……..
Alternate SiC Growth Processes………………………………..
2.4.1
Hydrogen Assisted Physical Vapor Transport………….
2.4.2
Modified Physical Vapor Transport…………………….
2.4.3
High Temperature Chemical Vapor Deposition…………
2.4.4
Halide Chemical Vapor Deposition……………………..
References……………………………………………………….

15
16
18
19
21
22
23

26
27
28
28
30
30
32
34

Experimental Procedures…..…………………………………….

39

Introduction………………………………………………………

39

24
25

vii

3.2

Description of the Halide CVD Process Tools………………….
3.2.1
HCVD Hot Zone………………………………………...
3.2.2
CVD Tool Design……………………………………….
3.3
Silicon Source Delivery…………………………………………
3.4
Characterization Methods……………………………………….
3.4.1
Chemical Analysis………………………………………
3.4.2
X-ray Diffraction………………………………………..
3.4.3
Growth Surface Morphology……………………………
3.4.4
Etch Pit Density…………………………………………
3.4.5
Capacitance-Voltage Measurements……………………
3.5
Thermodynamic Equilibrium Calculations…………………......
3.5.1
Comparison of HSC Chemistry Calculations with
Published Data………………………………………….
3.6
References………………………………………………………
Chapter 4
4.1
4.2
4.3

4.4
4.5

4.6
4.7
Chapter 5

5.1
5.2
5.3
5.4

Thermodynamic Equilibrium Model of the Halide CVD Process.
Introduction…………………………………………………….
Thermodynamic Equilibrium Calculations…………………….
Precursor Selection for Growth of SiC by HCVD……………..
4.3.1
Silicon Source……………………………………………
4.3.2
Carbon Source…………………………………………...
4.3.3
Growth of SiC- Thermodynamic Estimates……………..
Growth Rate as a Function of Growth Conditions…………….
Boundary Between Deposition of SiC and SiC + C…………..
4.5.1
Experimental…………………………………………….
4.5.2
Thermodynamic Equilibrium Model……………………
4.5.3
Comparison of Experimental Data with Thermodynamic
Model……………………………………………………
4.5.4
Effect of Temperature and Pressure on the SiC to
SiC + C Transition………………………………………
4.5.5
Effects of Chlorine on Growth Rate and the SiC to
SiC + C Boundary………………………………………
4.5.5.1 Growth Experiments with Si2Cl6…………………
Conclusions…………………………………………………...
References…………………………………………………….

40
40
45
51
53
53
54
55
55
57
58
60
63
64
64
65
67
67
71
75
77
82
83
84
86
94
96
99
100
102

Effect of C/Si Ratio on Impurity Incorporation and Structural
Quality………………………………………………………...

104

Introduction……………………………………………………
Experimental Procedures……………………………………...
Substrate Preparation for Growth……………………………..
Structural Properties as a Function of C/Si Ratio …………….
5.4.1
Growth Surface Morphology………………………….
5.4.2
Effect of Impurities on Growth Morphology………….

104
105
107
112
112
117

viii

5.4.3

5.5

5.6
5.7
Chapter 6
6.1
6.2

6.3

6.4
6.5
Chapter 7
7.1
7.2

7.3

Structural Quality as a Function of C/Si Ratio
And Substrate………………………………………….
5.4.4
Defect Density as a Function of C/Si Ratio
And Substrate………………………………………….
Effect of C/Si Ratio on Impurity Incorporation……………….
5.5.1
Residual Nitrogen Doping…………………………….
5.5.2
Residual Boron Doping……………………………….
Conclusions……………………………………………………
References……………………………………………………..

122
127
128
131
132
135

Growth of P-type SiC by Halide CVD………………………..

138

Introduction……………………………………………………
Aluminum Doping…………………………………………….
6.2.1
Experimental…………………………………………..
6.2.2
Aluminum Doping Results……………………………
Boron Doping…………………………………………………
6.3.1
Experimental………………………………………….
6.3.2
Boron Doping Results………………………………...
6.3.3
Activation of Boron Acceptors……………………….
6.3.4
Lattice Parameter of Boron Doped SiC………………
Conclusions…………………………………………………..
References……………………………………………………

138
140
140
143
149
149
150
156
157
163
165

118

Thesis Summary and Future Work…………………………..

168

Summary……………………………………………………..
Future Work………………………………………………….
7.2.1
Process-Property Relationships
7.2.2
Electronic Defects……………………………………
7.2.3
Structural Defects…………………………………….
References……………………………………………………

168
174
174
175
177
179

ix

LIST OF FIGURES
Figure 2.1. Diagram of the typical PVT process showing placement of source
material, furnace geometry, and basic operating conditions………............. 17
Figure 2.2. Diagram of the typical HTCVD process showing delivery of source
gases, furnace geometry, and operating conditions……………………….. 31
Figure 3.1.
Drawing of a typical HCVD hot zone showing the major
components for heating, thermal management, and gas delivery…………. 41
Figure 3.2.
Photograph from the top of a typical HCVD hot zone showing the
induction coil, the susceptor, outlet ports, and the inner and outer injector
tubes. The quartz walls of the vacuum chamber are not shown………….. 43
Figure 3.3. Photograph of the HCVD tool constructed by Veeco showing the
control cabinet on the left and the vacuum chamber cabinet on the right… 46
Figure 3.4.
Typical hot zone and vacuum chamber arrangement for the
halide CVD process……………………………………………………….. 47
Figure 3.5
Schematic of the gas handling and control system for a typical
HCVD tool………………………………………………………………… 50
Figure 3.6.
SiCl4 delivery rate as a function of carrier gas flow rate through
the bubbler at a temperature of 15°C and a pressure of 800 Torr………… 52
Figure 3.7

Optical photomicrograph of a KOH etched 6H-SiC epitaxial layer. 56

Figure 3.8

Typical mercury probe capacitance voltage plot for n-type SiC….. 57

Figure 3.9
Equilibrium composition in the Si-Cl-C-O (3:8:1:1) system at a
pressure of 1 atm………………………………………………………….. 61
Figure 4.1. Thermodynamic equilibrium calculations predict that SiCl4(g)
will decompose to form a mixture of SiCl4(g) and SiCl2(g) in the
presence of carbon………………………………………………………… 68
Figure 4.2. Use of Si2Cl6 as a silicon source may result in the formation of
SiC(s) and Si(l) at low temperatures due to reaction with the graphite
injector tube………………………………………………………………. 69
Figure 4.3. Use of SiHCl3 as a silicon source results in the formation of large
quantities of SiC(s) and Si(l) across a wide temperature range essentially
depleting the source material before it reaches the exit end of the injector. 70

x

Figure 4.4. Thermodynamic equilibrium calculations predict that hydrocarbon
source gases will decompose inside the carbon source injector to form
solid carbon and acetylene (C2H2(g)). From these calculations acetylene
is the most like carbon source contributing to SiC growth………………... 71
Figure 4.5. Carbon tetrachloride is predicted to fully decompose to solid carbon
at temperatures above 1000°C. In the absence of hydrogen, higher
temperatures do not induce the formation of gas phase carbon species…… 73
Figure 4.6. High temperature decomposition of CF4 is predicted to yield other
gas phase halocarbon species with no solid carbon formed at temperatures
up to at least 2500°C………………………………………………………. 74
Figure 4.7. Solid SiC is predicted to be stable at temperatures up to 2150°C
using precursor flow rates and carrier gas flow rates routinely employed
for crystal growth………………………………………………………….. 76
Figure 4.8.
Growth rate as a function of CH4 flow rate using a constant SiCl4
flow rate of 50 sccm………………………………………………………. 79
Figure 4.9
Experimentally observed growth rate as a function of temperature
compared to the relative change expected from thermodynamic
equilibrium………………………………………………………………… 80
Fig. 4.10. Growth rate of single crystal 6H-SiC at 2000°C as a function of
reactor pressure using constant source and carrier gas flow rates………… 81
Fig. 4.11.
Thermodynamic prediction of the equilibrium solid and gas phase
species present at a temperature of 2025°C and a pressure of 400 Torr as
a function of the CH4 flow rate. The flow rates of SiCl4, H2, and Ar were
constant at 29sccm, 500sccm, and 1500sccm respectively……………….. 85
Fig. 4.12. Comparison of the normalized experimental growth rate and the
normalized quantity of SiC expected to form at thermodynamic
equilibrium as a function of the CH4 flow rate……………………………. 87
Fig. 4.13. Optical microscopy images showing the growth surface morphology
on the carbon face of 4° off-axis 4H SiC substrates transitions rapidly from
single crystal step flow growth to polycrystalline growth as the CH4 flow
rate increases from 22 sccm to 26 sccm corresponding to C/Si ratios of
0.78 and 0.93 respectively………………………………………………… 88
Fig. 4.14. Comparison of the normalized experimental growth rate and the
normalized quantity of SiC expected to form at thermodynamic
equilibrium as a function of the SiCl4 flow rate…………………………... 89

xi

Fig. 4.15. Boundary between deposition of SiC and SiC+C plotted as a
Function of C and Si precursor flow rates for at a temperature of
2025°C, a pressure of 400 Torr, and an H2 flow rate of 500 sccm………... 90
Fig. 4.16. The position of the SiC / SiC+C boundary shifts towards more C-rich
growth conditions with an increase in the H2 concentration in the growth
environment. Temperature and pressure were constant at 2025°C and
400 Torr respectively. The increase in H2 flow rate from 500sccm to
1000 sccm was offset by an equal decrease in Ar flow rate in order to
maintain a constant total carrier gas flow rate of 2000 sccm……………… 92
Fig. 4.17. Optical microscopy images of the surfaces of SiC deposits showing
that growth on the carbon face of a 4° off-axis 4H SiC substrate transitions
from polycrystalline growth (a) to single crystal step flow growth (b) as
the H2 flow rate increases from 500 sccm to 1000 sccm………………….. 93
Figure 4.18 The position of the SiC to SiC+C boundary at a fixed SiCl4 flow
rate moves to lower methane flow rates as the temperature is increased.
The boundary position was calculated using the same conditions as those
in Fig. 4.15………………………………………………………………… 94
Figure 4.19 The boundary position change as a function of temperature using
a H2 flow rate of 1000 sccm instead of the 500 sccm used for Figure
4.4.7……………………………………………………………………….. 95
Figure 4.20 Position of the SiC to SiC+C boundary as a function of the Cl/Si
introduced to the growth environment at a constant hydrogen flow rate of
500 sccm. Temperature and pressure were fixed at 2025°C and 400 Torr
respectively………………………………………………………………… 97
Figure 4.21 Impact of the Cl/Si ratio on the amount of SiC deposited with
respect to the amount deposited at a Cl/Si ratio of 4………………………. 98
Figure 4.22 Position of the SiC to SiC+C boundary as a function of the Cl/Si
introduced to the growth environment at a constant hydrogen flow rate of
1000 sccm. Temperature and pressure were fixed at 2025°C and 400 Torr
respectively………………………………………………………………… 98
Figure 5.1
Experimental CH4 and SiCl4 flow rates used to determine the
correlations between C/Si ratio and impurity incorporation, point defect
concentrations, and structural defect concentrations………………………. 106
Figure 5.2.
Correlation between substrate temperature and the flow rates of
H2, SiCl4, and CH4 required to maintain a well ordered surface. Carrier
gas flow rates are shown on the left sides of the graphs while precursor

xii

flow rates are shown on the right sides of the graphs……………………… 109
Figure 5.3.
AFM images showing the evolution of the surface of a C-face
4H-SiC 4° off-axis substrate as it is heated to a growth temperature of
2000°C……………………………………………………………………... 111
Figure 5.4.
Growth morphology of 75µm thick epitaxial layers grown on
the Si-face of on-axis 6H-SiC substrates as a function of C/Si ratio………. 113
Figure 5.5. Growth surface morphology of epitaxial layers grown on the
Si-face of 4H-SiC substrates………………………………………………. 114
Figure 5.6.
Growth surface morphology of epitaxial layers grown on the
C-face of 4H-SiC substrates………………………………………………. 116
Figure 5.7.
FWHM of 4H-SiC (0008) rocking curves as a function of the
C/Si ratio, substrate off-cut, and surface polarity…………………………. 118
Figure 5.8
Rocking curve of the (0008) reflection from an epitaxial layer
grown on the C-face of a 4° off-axis 4H-SiC substrate…………………… 120
Figure 5.9
Rocking curve of the (0008) reflection from an epitaxial layer
grown on the Si-face of an on-axis 4H-SiC substrate…………………….. 121
Figure 5.10 KOH etched 4H-SiC epitaxial layer grown on the Si-face of
an on-axis substrate showing line arrays of etch pits…………………….. 126
Figure 5.11 Etched surface of an epitaxial layer grown on the Si-face of
an on-axis 4H-SiC substrate showing the highly defective substratelayer interface region……………………………………………………… 127
Figure 5.12 Nitrogen concentration in unintentionally doped SiC epitaxial
layers grown on 4° off-axis substrates as a function of the C/Si ratio
and the growth surface polarity…………………………………………… 128
Figure 5.13 Nitrogen concentration in un-intentionally doped SiC epitaxial
layers grown on on-axis substrates as a function of C/Si ratio and
growth surface polarity…………………………………………………… 129
Figure 5.14 Residual B concentration as a function of the C/Si ratio and the
substrate surface polarity for layers grown on 4H-SiC substrates oriented
4° off-axis…………………………………………………………………. 132
Figure 6.1
Expected thermodynamic equilibrium composition as a function
of temperature for the H-C-Al system at a pressure of 300 Torr…………. 141

xiii

Figure 6.2.
Gas phase Al species expected to be present at thermodynamic
equilibrium in the Si-C-H-Cl-Al system at a pressure of 300 Torr……….. 143
Figure 6.3.
Aluminum concentration in 4H-SiC epitaxial layers as a
Function of the fraction of TMA in the total gas flow delivered to the
hot zone, and the surface polarity of the substrate……………………….... 145
Figure 6.4.
Gas phase B species expected to be present at thermodynamic
equilibrium in the Si-C-H-Cl-B system at a pressure of 300 Torr………… 150
Figure 6.5.
Boron concentration in 4H-SiC epitaxial layers grown on both the
Si-face and C-face of 4-degree off axis substrates as a function of the
fraction of BCl3 in the total gas flow delivered to the hot zone…………… 151
Figure 6.6.
Change in the c-lattice parameter of 4H-SiC as a function of B
doping concentration compared to the change expected for B substitution
on Si lattice sites…………………………………………………………… 160
Figure 6.7.
Change in the a-lattice parameter of 4H-SiC as a function of B
doping concentration compared to the change expected for B substitution
on Si lattice sites…………………………………………………………... 160

xiv

LIST OF TABLES
Table 1.1
Comparison of the physical and electrical properties of various
semiconductor materials…………………………………………………… 2
Table 3.1. Typical dimensions for HCVD reactor hot zone components………… 42
Table 3.2. Typical impurity in concentrations in halogen purified graphite and
halogen purified carbon fiber insulation used in the construction of the
HCVD hot zone. Graphite samples were analyzed by SIMS while
insulation samples were analyzed by GDMS……………………………… 45
Table 3.3.
Comparison of partial pressures in the Si-Cl-H calculated by
Herrick et al. and by HSC Chemistry at a total pressure of 1 atm and a
temperature of 1927°C…………………………………………………….. 62
Table 5.1
Etch pit density as a function of C/Si ratio for 100µm thick
6H-SiC epitaxial layers grown on an on-axis substrate. High, low,
and average values are given to illustrate the range of values measured
across each sample………………………………………………………… 123
Table 5.2
Etch pit density for 4H-SiC layers grown on off-axis and
on-axis substrates as a function of the C/Si ratio………………………….. 124
Table 6.1
Aluminum concentration measured by SIMS as a function of
the SiCl4 flow rate at constant TMA and CH4 flow rates…………………. 148
Table 6.2.
The B concentration measured by SIMS in thick epitaxial layers
grown on the C-face of 4H-SiC substrates as a function of the C/Si ratio,
which was varied by changing both the Si and C source flow rates as
noted……………………………………………………………………….. 154
Table 6.3.
Comparison of p- and n-type dopant concentrations measured by
SIMS with the net acceptor concentration calculated from mercury probe
capacitance-voltage plots for intentionally B doped 4H-SiC……………… 156

xv

ACKNOWLEDGEMENTS

No doctorate degree is obtained without the help, guidance, and encouragement of
a number of dedicated people. In my case the list starts with Dr. Joan Redwing and Dr.
David Snyder who provided the encouragement to begin and followed through with
valuable guidance on the direction of the research summarized in this thesis. The results
summarized in this document would not have been possible without the hard work and
extraordinary attention to detail of Brian Weiland, Rodney Ray, and Randy Cavalero,
who flawlessly executed a wide range of SiC crystal growth experiments.
My wife Stacy deserves a special thank you for her endless patience throughout
the last 4 years. Without her continuous support this would never have been possible. In
addition, I am grateful to our small group of friends for their prayers and encouragement.
I also need to thank my parents for instilling in me the love of hands on experimentation
and discovery that has served me so well.
This work was supported by the Air Force Research Laboratory at WrightPatterson AFB through NAVSEA Contract Number N00024-02-D-6604, Delivery Order
No. 0242.

xvi

Chapter 1

Introduction

1.1

Motivation For Growth of SiC Single Crystals
Semiconductor devices with the ability to operate at temperatures well above

200°C would greatly benefit numerous military, space, and commercial applications such
as vehicle health monitoring, compact radar systems for unmanned vehicles, high power
radar for ship self defense, high voltage power switches, and geothermal well
monitoring. 1,2 This is especially true if the devices can be operated without the cost and
size limitations imposed by the need for active cooling. Doped and un-doped single
crystal wafers of SiC offer many attractive advantages for fabrication of high voltage
power switching devices such as Schottky and PiN diodes as well as high frequency
devices such as SiC MESFET’s and AlGaN/GaN high electron mobility transistors
(HEMT’s). Silicon carbide is ideal for these applications because of its excellent thermal
and high temperature electrical properties compared to competing substrates such as Si,
GaAs, or sapphire, as shown in Table 1. Of key importance is the significantly higher
thermal conductivity and breakdown field. High thermal conductivity leads to enhanced

heat removal from the device while a higher breakdown field enables either thinner active
layers to be used or higher voltages to be applied to thicker layers.

Table 1.1

Comparison of the physical and electrical properties of various
semiconductor materials. 3, 4 , 5 , 6 , 7 , 8
Band

Breakdown

Thermal

Dielectric

Coefficient

Lattice

Gap

Field

Conductivity

Constant

of Thermal

Constants

(eV)

(MV/cm)

(W/m-K)

Expansion

a (nm)

c (nm)

┴ to c-axis
(10-6/K)
Si

1.1

0.25

150

11.8

2.6

0.5431

-

GaAs

1.4

0.40

50

12.8

5.7

0.5653

-

4H-SiC

3.2

3.5

400

9.7

4.3

0.3073

1.0053

6H-SiC

2.9

4.0

400

10.0

4.3

0.3081

1.5117

GaN

3.4

3.0

130

9.0

5.6

0.3188

0.5185

AlN

6.2

1.2

200

8.5

4.15

0.3111

0.4979

Sapphire

8.1

0.48

20

8.6-10.5

5.8

0.4765

1.2982

Diamond

5.6

5.0

2000

5.7

0.8

0.3567

1.1.1

-

SiC for RF Devices

Radio frequency military electronic systems operate over a frequency range of 1100 GHz. Use of wide bandgap materials such as SiC in these systems has the potential
to significantly increase performance and reduce system sizes.1 Much of this
performance increase is gained through the combination of much higher thermal
conductivity and higher breakdown voltage as compared to Si and GaAs based devices.
As a potential substrate material for the growth AlN, GaN, and AlGaN epitaxial layers
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the 6H and 4H polytypes of SiC are advantageous due to their close lattice match. While
GaN deposited on sapphire has been very successful for LED applications its low thermal
conductivity and severe lattice mismatch prevents its use in high power microwave
transistors. The higher thermal conductivity and better lattice match of SiC over sapphire
for AlGaN/GaN high electron mobility transistors (HEMT’s) results in RF power output
of up to 10 W/mm of gate length at frequencies up to 10GHz. 9 By comparison typical
GaAs MESFET’s provide an RF output power of only 1 W/mm.4
Current microwave and RF device designs require high resistivity substrates in
order to minimize losses caused by parasitic capacitances between the various
interconnections within the devices. 10 The root cause of high resistivity in SiC is not
well understood, but purity of the material clearly plays a role. SiC is easily doped with
boron or nitrogen at levels as low as 1x1015 atoms/cm3 to create low resistivity p-type and
n-type materials. However, it is also thought that the defect chemistry of the material
plays an important role in high purity, high resistivity SiC. Carlos et al. 11 at the Naval
Research Laboratory observed a carbon vacancy – carbon anti-site pair (VC-CSi) in SiC
grown by physical vapor transport (PVT). The presence of the carbon anti-site suggests
that carbon rich growth conditions may contribute to high resistivity. This defect was
also observed in semi-insulating material grown by high temperature chemical vapor
deposition (HTCVD), but the signature was much weaker. The defect pair was proposed
to be the dominant defect controlling semi-insulating behavior. If this defect pair is
influential in the development of semi-insulating behavior then it would open an avenue
for control of substrate resistivity through control of point defects influenced by the Si
and C concentrations during crystal growth.
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1.1.2

SiC for Power Devices

Silicon carbide is an ideal semiconductor for high voltage and high temperature
power switching devices such as Schottky diodes, p-i-n diodes, and MOSFET’s due to its
high breakdown field and low intrinsic carrier concentration even at temperatures above
300°C. 12,13 One of the most challenging aspects of SiC substrate and epitaxial layer
production for power switching applications is the elimination of structural defects that
lead to device failure. The defect most heavily focused on for SiC homoepitaxial devices
has been the micropipe, which can cause device failure under high electric fields by
providing an easy path for breakdown. 14 Micropipes are large hollow core dislocations
that are one to tens of microns in diameter, and propagate along the growth axis (c-axis)
of the crystal. Micropipes propagate into subsequent SiC epitaxial layers severely
degrading power device performance by providing a location for localized breakdown.
Micropipe densities in the best commercial material are on the order of 1-10 /cm2,
making large area devices on the order of 1 cm2 difficult to fabricate with a high yield. In
addition, simple threading and basal plane dislocations extending into active regions of
the device can also lead to device degradation and breakdown at high fields. 15,16 In
particular, the propagation of basal plane dislocations from the substrate into the epitaxial
layer is the primary motivation for pursuing growth of epitaxial layers on on-axis
substrates.
Device performance is also significantly impacted by impurities and point defects
that act as electron and hole traps. In many cases, both dopant concentrations and defect
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types and concentrations can be significantly effected by altering the CVD growth
conditions. The obvious impact is on unintentional and intentional dopant
concentrations. However, recent work has shown that the C/Si ratio can also influence
the concentration of deep traps, which are related to impurities and point defects in both
epitaxial growth and bulk growth of SiC. 17,18
With respect to power devices, the slow growth rate of current epitaxial CVD
processes limits the thickness of layers than can be produced economically, which in turn
places an upper limit on such things as the blocking voltage that can be achieved with
SiC diodes. For example, to achieve a blocking voltage of 20kV an epitaxial layer 150200µm thick with a net n-type doping of approximately 5x1014 cm-3 would be needed. 19
This is not feasible to produce at growth rates of 1-5µm/hr. Thus, higher growth rate
processes for high voltage device structures are needed.

1.2

Conventional SiC Crystal Growth and Epitaxy Methods

Single crystal SiC boules for use in semiconductor wafer applications are
produced on an industrial scale using a seeded sublimation growth process. 20 This
process is commonly referred to as physical vapor transport or PVT. The PVT process is
based on sublimation of SiC source material in the form of powders or solid
polycrystalline pieces at temperatures between 2000 and 2500°C and subsequent
condensation of the vapor on to a single crystal seed that is 50-100°C cooler than the
source material.
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The major disadvantage of the PVT method arises from the fact that SiC
sublimes to form mainly Si, Si2C and SiC2 in the gas phase. 21 The ratio of Si atoms to C
atoms in the gas phase depends on the particle size and preparation history of the source
material, and in general the vapor is Si-rich during a significant fraction of the growth
time. 22 As Si is depleted from the source, the surface of the source becomes enriched in
C, which slows Si transport to the vapor phase causing the C/Si ratio in the vapor to
increase as growth proceeds.
The changing flux of C and Si atoms to the growth surface has a significant
impact on the defect types and concentrations created in the crystal. For example, point
defect types and concentration vary along the axis of the boule, which significantly
impacts the electrical behavior of the material. 23 During any given growth run, the
microscopic growth conditions vary along the length and radius of the boule due
primarily to thermal gradients imposed on the growth environment. This results in a
variation in the concentration of impurities along the length and radius of the boule. 24
Because of these effects, wafers sliced from the finished crystal do not display uniform
electrical properties from one wafer to the next or even across a single wafer.
Various semiconductor junction structures can be fabricated from SiC using ptype and n-type doped epitaxial films. This is an essential step in SiC device processing
since SiC is not easily doped via diffusion processes. 25 Modern SiC CVD processes for
growth of high quality epitaxial layers use SiH4 and C3H8 as the respective Si and C
precursors. Precursor concentrations in the range of 0.01-0.5% are used at growth
temperatures of 1500-1800°C resulting in growth rates of 1-30µm/hr. 26 Most CVD
processes utilize the low end of the concentration range at temperatures of 1500-1600°C
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resulting in growth rates of less than 10μm/hr. Total reactor flow rates are commonly 1020slm in order to avoid gas phase nucleation of particles which can impinge on the
substrate and create defects in the growing film. In addition, SiH4 is highly reactive and
readily decomposes at CVD growth temperatures to form Si and SiH2 vapors. The
concentration of Si in the vapor phase can easily exceed the equilibrium concentration
causing liquid Si droplets or clusters to form on the surface of the substrate 27 creating
large structural defects. Condensation of Si also implies that the molar ratio of C and Si
atoms input to the growth environment is not the same as that at the growth surface.
It has been shown that modifications can be made to the PVT growth process in
order to allow the C/Si ratio during bulk crystal growth to be adjusted. The simplest
approach is to add a small quantity of H2 to the inert gas typically surrounding the growth
cell.18 Addition of H2 is thought to increase the vapor pressure of C-bearing species
inside the growth cell through the formation of hydrocarbons.
To address the issues of poor gas phase chemistry control in the PVT bulk growth
process, and to address the slow growth rates of typical SiC epitaxy processes two high
growth rate CVD processes have been developed. The first, high temperature chemical
vapor deposition (HTCVD) is based on the same silane-propane chemistry used for
epitaxy, but is performed at temperatures above 2000°C. 28 The second process, halide
chemical vapor deposition (HCVD)29, developed jointly by Carnegie Mellon University
and Penn State University, is also a high temperature process but uses a significantly
different chemical system and gas delivery method. The focus of this thesis is the halide
chemical vapor deposition method.
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1.3

Objectives for Halide Chemical Vapor Deposition of SiC

Initial experimental work has shown that the HCVD process has the potential to
produce high purity SiC boules at growth rates similar to the standard PVT process but
with much improved control over the gas phase composition, especially the C/Si ratio. 29
However, the HCVD technique requires the balance of several competing processes in
order to successfully grow large crystals. A detailed study of halide chemical vapor
deposition is required to understand the relationships between crystal growth conditions
and the resulting structural and electrical properties of the SiC material grown. The goal
of this thesis is to develop an empirical model of the HCVD process that provides the
relationships between the major process variables and the growth rate, doping, and defect
density of the resulting crystals.
Typical SiC CVD processes for growth of high quality epitaxial layers use SiH4
and C3H8 as precursors. Precursor concentrations in the range of 0.01-0.5% are
commonly used at growth temperatures of 1500-1800°C. In contrast, the HCVD process
uses precursor concentrations of 0.5-2.0% in the carrier gas and growth temperatures of
2000-2100°C to achieve growth rates of 50-250µm/hr, which may allow it to be used for
both bulk crystal growth and for growth of thick epitaxial layers. In addition, the HCVD
process utilizes chloride based precursors such as SiCl4. Addition of Cl to the Si-C-H
system significantly alters the types and concentrations of gas phase species that impact

8

crystal growth. As such it is necessary to determine the range of C/Si ratios that yield
single crystal growth in this chemical system, while simultaneously maintaining the high
precursor concentrations necessary for growth rates greater than 50µm/hr.
The HCVD process provides the ability to maintain a constant gas phase C/Si
ratio throughout the crystal growth process or to tailor growth conditions in order to
deposit material under either carbon rich or silicon rich conditions. The ability to directly
control the C/Si ratio provides a means for controlling low net doping levels through
application of site competition effects. 30 Growth under carbon rich conditions also can
be used to minimize the concentrations of deep traps that are thought to limit carrier
lifetimes. Gas phase stoichiometry control may also provide a means for reducing the
concentration of device killing structural defects such as micropipes and dislocations. The
HCVD process is designed to operate in a temperature regime that is 400-500°C higher
than conventional SiC CVD and 200-300°C lower than typical PVT growth processes. In
addition, the process chemistry is significantly different due to the high chlorine
concentration in the system, which may alter surface termination and surface reactions.
As such, the ability to use the C/Si ratio to control material properties during HCVD
growth must be thoroughly evaluated.
The HCVD process is ideal for growing layers 100µm thick and thicker for use in
power switching devices capable of sustaining blocking voltages over 10kV. However,
the ability to control the incorporation of p-type dopants at growth temperatures
approaching 2000°C in the presence of chlorine is unknown. In conventional CVD, ptype dopant concentrations are observed to decrease with increasing growth
temperature. 31 The growth temperature of the HCVD process is at least 400°C higher
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than conventional CVD, which may significantly increase dopant desorption from the
growth surface. In addition, the presence of Cl may result in the formation of chloride
species with high vapor pressures that could further minimize dopant incorporation at the
growth surface. The maximum concentrations of the p-type dopants, Al and B, that can
be achieved in the HCVD process must be quantified along with the influence of the C/Si
ratio and surface polarity on incorporation in comparison to conventional SiC CVD.

1.4

Chapter Summary

Chapter 2 provides a literature survey of relevant SiC crystal growth and epitaxy
techniques for comparison to the halide CVD process. The advantages and disadvantages
of each technique are discussed as motivation for developing an alternate growth method.
Structural and electronic defects that impact device performance are outlined along with
their origins in crystal growth.
Chapter 3 describes the experimental arrangement for the halide chemical vapor
deposition (HCVD) process. Details of the hot zone geometry and considerations for
materials of construction are provided. Gas handling, process control, monitoring, and
safety features are briefly described. Characterization techniques for electrical and
structural properties as well as chemical purity are also briefly described.
Chapter 4 provides a thermodynamic model for predicting trends in growth rate
with changes in growth conditions. The model is capable of predicting a critical
boundary between deposition of SiC and deposition of a mixture of C and SiC. Location
of the boundary is verified experimentally for a wide range of HCVD growth conditions.
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This chapter also provides the rationale for both Si and C source selection for the HCVD
process. Use of alternate halogenated Si sources is discussed and evaluated via the
thermodynamic model and experimentally.
Chapter 5 addresses whether or not changes in the C/Si ratio have the same
impact on material grown by HCVD as compared to crystals and epitaxial layers grown
by PVT and CVD. The HCVD process is designed to operate in a temperature regime
that is 400-500°C higher than conventional SiC CVD and 200-300°C lower than typical
PVT growth processes. In addition the process chemistry is significantly different due to
the high chlorine concentration in the system which may alter surface termination and
surface reactions. The results show that site competition effects are important for
incorporation of unintentional dopants in the HCVD process. In addition, the effect of
the C/Si ratio on structural and electronic defects are discussed.
Chapter 6 addresses the ability to control the incorporation of p-type dopants at
growth temperatures approaching 2000°C in the presence of chlorine. The focus is on
quantifying the maximum concentrations of the p-type dopants, Al and B, that can be
achieved in the HCVD process, and evaluating the influence of C/Si ratio and surface
polarity on incorporation in comparison to conventional SiC CVD. Activation of each
dopant is also assessed. In addition, the impact of B doping on the SiC lattice parameter
is characterized to determine if co-doping B with Al could offset the lattice expansion
observed when SiC is highly doped with Al.
Chapter 7 provides a brief summary of the results of this work. Based on these
results, suggestions for future work are outlined.
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Chapter 2

Overview of SiC Bulk Crystal Growth and Epitaxy

2.1

SiC Crystal Growth

Silicon carbide powder for industrial grinding and abrasive applications has been
synthesized on a commercial scale for over a century by the Acheson process which
reduces high grade SiO2 sand with coke to form SiC. Single crystals for studying the
semiconductor properties of SiC were produced in the late 1950’s by Lely 1,2 in Germany
and Hamilton 3 in the United States. The process used for crystal growth was based on
high temperature sublimation of SiC powder and subsequent condensation of the vapor
on a cooler graphite rod in the center of the SiC source charge. Crystal growth proceeded
by random nucleation and growth of crystals on the surface of the graphite rod. This
resulted in irregularly shaped single crystal platelets on the order of 1cm2 in area. This
process was subsequently modified in the 1970’s to create the basis for the modern
physical vapor transport process for SiC bulk crystal growth. Over the last 30 years this
process has been improved and scaled to produce single crystal boules that yield 100mm
diameter semiconductor grade wafers. As with the Si semiconductor industry, wafers are

commercially available in p-type doped, n-type doped, and intrinsic high resistivity
grades. The benefits and drawbacks of the standard bulk growth and epitaxy process are
outlined in following section.

2.1.1

Physical Vapor Transport

Single crystal SiC boules for use in semiconductor wafer applications are
produced on an industrial scale using a seeded sublimation growth process. 4, 5 This
process is commonly referred to as physical vapor transport or PVT. The PVT process is
based on sublimation of SiC source material in the form of powders or solid
polycrystalline pieces at temperatures between 2000 and 2500°C and subsequent
condensation of the vapor on to a single crystal seed that is 50-100°C cooler than the
source material. Most modern processes are based on the techniques described by Tairov
and Tsvetkov 6, 7 , which are modifications of the original Lely process.
A schematic representation of the PVT process is provided in Figure 2.1. The
graphite components comprising the susceptor and growth crucible are fabricated from
high purity halogen purified graphite. Carbon foam or carbon fiber insulation subjected
to halogen purification is used for thermal management. The furnace is heated
inductively and the temperature at the top and bottom of the growth cell is monitored via
optical pyrometers. The source to seed distance is on the order of 2-3 cm, but decreases
as the boule grows. Growth rates range from 0.1 to 1 mm/hr and depend primarily on the
temperature, temperature gradient between seed and source, and on the ambient pressure.
For example, the growth rate increases by a factor of ten as the temperature increases
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from 2100°C to 2300°C at a pressure of 5 Torr. At a growth temperature of 2300°C the
growth rate increases by a factor of three as the pressure is reduced from 13.5 Torr to 5
Torr. 8 This highlights the need to tightly control the temperature and pressure of the
PVT process in order to achieve a constant crystal growth rate both during a growth run
and between growth runs.

Figure 2.1. Diagram of the typical PVT process showing placement of source
material, furnace geometry, and basic operating conditions.
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The major disadvantage of the PVT method arises from the fact that SiC sublimes
to form mainly Si, Si2C and SiC2 in the gas phase. 9 The ratio of Si atoms to C atoms in
the gas phase depends on the particle size and preparation history of the source material,
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and in general the vapor is Si-rich during a significant fraction of the growth time. 10 As
Si is depleted from the source, the surface of the source becomes enriched in C, which
slows Si transport to the vapor phase causing the C/Si ratio in the vapor to increase as
growth proceeds.
The changing flux of C and Si atoms to the growth surface has a significant
impact on the point defect types and concentrations created in the crystal. The net effect
is that the point defect types and concentration vary along the axis of the boule, which
significantly impacts the electrical behavior of the material. 11,12 In addition, impurities in
the SiC source material and the ambient atmosphere evaporate and incorporate in the
growing crystal at different rates. The incorporation of each impurity is also dependent
on growth conditions such as temperature, pressure, growth rate, and silicon to carbon
ratio in the gas phase. 13, 14 , 15 During any given growth run, the microscopic growth
conditions vary along the length and radius of the boule due primarily to thermal
gradients imposed on the growth environment. This results in a variation in the
concentration of impurities along the length and radius of the boule. 16 Because of these
effects, wafers sliced from the finished crystal do not display uniform electrical
properties from one wafer to the next or even across a single wafer.

2.1.2 Substrates for RF Applications

Of particular interest for next generation air, sea, and space based radar
applications 17 is the production of repeatable semi-insulating SiC wafers for use as
substrates for GaN/AlGaN epitaxy. Production of this material relies on careful control
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of the concentrations of impurities and point defects in the single crystal. Trace amounts
of boron and nitrogen are of particular concern as they act as residual p-type and n-type
dopants respectively. The concentrations of various impurities tend to change with
growth time. Boron contamination from the hot zone components is typically uniform
along the length of a boule and ranges from 1x1015 to 1x1016 atom/cm3 depending on the
purity of the graphite hot zone components and source material. Nitrogen on the other
hand decreases in concentration as the boule grows. The initial growth typically has a
nitrogen concentration on the order of 1x1017 atom/cm3, which decreases by 5-10x at the
end of 10-15mm thick boule. A narrow compensated region forms in the boule where the
concentration of boron and nitrogen are roughly equivalent. This region is typically
semi-insulating. Reducing impurity concentrations to the level of 1x1015 atoms/cm3 or
lower results in creation of high resistivity material through a poorly understood point
defect compensation mechanism that relies on control of the gas phase Si/C ratio. As
described above, the sublimation technique does not provide the ability to tightly control
chemical composition during growth in a repeatable manner. Hence, the impurity and
point defect concentrations required to produce semi-insulating material may develop
only during a short period of the total growth time or not develop at all. This results in a
very low yield of semi-insulating material from each boule.

2.1.3

Substrates for Power Switching Applications

Silicon carbide is an ideal semiconductor for high voltage and high temperature
power switching devices such as Schottky diodes, p-i-n diodes, and MOSFET’s due to its
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high breakdown field and low intrinsic carrier concentration even at temperatures above
300°C. 18,19 The most challenging aspect of SiC substrate production for power switching
applications is the elimination of structural defects that lead to device failure. The most
serious of these is the micropipe, which is an open core screw dislocation extending
along the <0001> direction of the crystal perpendicular to the plane of the substrate.
Micropipes can propagate into epitaxial layers grown on the substrate and create a
pathway for localized breakdown during device operation. Since the density of
micropipes in a SiC substrate can be as high as 200 cm-2 they can have a dramatic effect
on power switching devices that can occupy areas of 1cm2 or more. The best commercial
wafers now have micropipe densities of 0.7 cm2 which can still significantly impact
device yield. 20 Closed core threading screw dislocations can also lead to localized
breakdown and increase reverse leakage current. 21 Since homoepitaxial growth on SiC
substrates commonly requires the use of a substrate cut 4-8° off the (0001) basal plane, it
is also possible for basal plane dislocations to propagate into the epitaxial layer. These
defects have been directly linked to significant forward voltage drift in SiC bipolar
devices. 22 Structural defects in the substrate propagate from the seed crystal used for
boule growth, but are also created by thermal gradient induced stresses during growth and
by damage on the seed crystal surface caused by polishing.20 As discussed in the
following sections on SiC epitaxy, it may be possible to alter the concentrations of both
structural and point defects in substrates for power switching devices if the C/Si ratio can
be controlled during bulk crystal growth much like it is during epitaxial growth.
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2.2

SiC Epitaxy by Chemical Vapor Deposition

Work in the 1960’s and early 1970’s by Westinghouse 23 , NASA 24 , IBM 25 , and
Brown Boveri 26 paved the way for the development of modern SiC epitaxy by chemical
vapor deposition (CVD). These early CVD experiments employed (0001) oriented Lelytype platelets as substrates and were successful in demonstrating that various
semiconductor junction structures could be fabricated from SiC using p-type and n-type
doped epitaxial films. This was an essential step in SiC device processing since SiC is
not easily doped via diffusion processes. 27 Precursor materials included SiH4, SiCl4,
CH3SiCl3, C3H8, and C6H14 in a hydrogen carrier gas. In order to avoid deposition of the
cubic 3C polytype the growth temperatures were typically 1700-1800°C.
Modern SiC CVD processes for growth of high quality epitaxial layers use either
a cold wall or hot wall design in either a vertical or horizontal flow configuration. The
cold wall reactor makes use of an inductively heated substrate holder to raise the
substrate temperature to the desired growth temperature. The walls of the reaction zone
are not actively heated. In contrast, the hot wall system employs induction heating of the
reaction zone walls and subsequent radiative heating of the substrate. The primary
advantage of the hot wall design is to enhance heating and cracking of the gaseous
precursors before they are delivered to the substrate. 28 The most common precursors are
SiH4 and C3H8. Precursor concentrations in the range of 0.01-0.5% have been used at
growth temperatures of 1500-1800°C resulting in growth rates of 1-30µm/hr. 29, 30 , 31
However, most CVD processes utilize the low end of the concentration range at
temperatures of 1500-1600°C resulting in growth rates of less than 10μm/hr. Hydrogen
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or mixtures of hydrogen and argon are used as carrier gases for the precursors. Total
reactor flow rates range from 3-40slm with 10-20slm being most common.
Flow rates are typically high and precursor concentrations low in order to avoid
gas phase nucleation of particles. SiH4 is highly reactive and readily decomposes at CVD
growth temperatures to form Si and SiH2 vapors. The concentration of Si in the vapor
phase can easily exceed the equilibrium concentration causing liquid Si droplets or
clusters to form above the surface of the substrate 32, 33 , 34 and on the surface of the
substrate. 35 This severely limits the efficiency of Si delivery to the growth interface since
formation of Si clusters limits the amount of Si available for incorporation. Condensation
on the surface can also create large structural defects. Condensation of Si also implies
that the molar ratio of C and Si atoms input to the growth environment is not the same as
that at the growth surface. In addition, gas phase reactions between the highly reactive Si
containing species and C containing species form SiC particles which can impinge on the
substrate and create defects in the growing film.

2.2.1 Impact of Crystallographic Orientation on Epitaxy

In the early 1990’s, significant advances were made in lowering the epitaxial
growth temperature and controlling the polytype deposited by CVD through the use of
substrates oriented slightly off the (0001) basal plane. 36, 37 , 38 Substrates of the 6H
polytype were cut from sublimation grown boules such that they were oriented up to 10°
off from the (0001) plane in the <11-20> direction. When polished and hydrogen etched
prior to epitaxy, this off cut provided a multitude of (0001) steps across the surface of the
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substrate. Thus nucleation and growth could occur from the step edges and propagate
across the substrate surface as opposed to nucleation on the terrace faces as would occur
for on-axis oriented substrates. Instead of the polytype being determined strictly by
growth temperature as in the on-axis case, the off-axis case makes use of the step edges
as templates to ensure that the substrate polytype type is accurately repeated in the
homoepitaxial layer. This allowed the 6H polytype to be grown at temperatures of 12001500°C. 39 , 40 The same is true for the 4H polytype which shows a significant decrease in
3C polytype inclusions as the off cut angle is increased from zero to 8°. 41

2.2.2 Impact of Growth Conditions on Film Properties

With the development of CVD processes for high quality SiC epitaxial layers, a
substantial amount of work has focused on controlling dopant concentrations and
eliminating structural and electronic defects that degrade device performance. Work on
dopant control has focused heavily on nitrogen incorporation due the difficulty in
removing residual amounts from the growth system. The primary structural defects of
concern are micropipes and dislocations since they can provide an easy path for
breakdown under high voltage device operation. Device performance is also significantly
impacted by impurities and point defects that act as electron and hole traps. In many
cases, both dopant concentrations and defect types and concentrations can be
significantly effected by altering the CVD growth conditions.
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2.2.2.1 Impact of C/Si Ratio and Surface Polarity on Dopant
Incorporation

Beyond temperature and pressure variations, one option for tailoring growth
conditions is to modify the ratio of C and Si atoms in the gas phase in order to deposit
material under either carbon rich or silicon rich conditions. This can be used to control
dopant concentrations by enhancing or discouraging dopant incorporation through a
technique known as site competition epitaxy. 42 This method makes use of the fact that
the common p-type dopants (Al and B) and the common n-type dopants (N and P)
incorporate substitutionally in the SiC lattice on the Si and C sites respectively.
Therefore, under C-rich growth conditions, N incorporation is reduced due to increased
competition between N and C for the same lattice sites at the growth surface. Likewise,
Al and B incorporation can be discouraged from incorporating at Si lattice sites on the
surface by growing under Si-rich growth conditions. Control of p-type and n-type dopant
incorporation via site competition has been explored by various groups using C/Si ratios
anywhere between 0.3 and 10. 43, 44 , 45 There is general agreement that the N
concentration in CVD grown SiC decreases as the C/Si ratio increases. However, the
magnitude of the decrease varies from 5x to 100x depending on other process conditions
and reactor design that influence the true C/Si ratio at the growth surface. Similarly Al
and B concentrations have been reported to change by as much as two orders of
magnitude as the C/Si ratio changes. This highlights the need to control both dopant flow
rate and C/Si ratio in order to achieve repeatable doping concentrations in SiC epitaxial
layers and crystals.
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These same groups observed similar orders of magnitude changes in dopant
incorporation depending on whether growth took place on C terminated or Si terminated
faces of the substrate. In crystals composed of two elements, crystallographic planes can
often be found that are terminated solely by one or the other constituent atoms. In the
case of SiC, this surface polarity is exhibited on the (0001) family of planes which can be
either C or Si terminated. Bulk crystal growth is most often performed on the (0001)
plane and most commercially available substrates are oriented such that the plane of the
substrate coincides closely with the (0001) plane. Therefore it is possible to deposit
epitaxial layers on either C terminated or Si terminated faces of the crystal. This directly
impacts the site competition phenomenon for dopant incorporation. Nitrogen is observed
to incorporate at higher concentrations on the C-face of the crystal than on the Si-face of
the crystal under identical growth conditions due to the high number of C lattice sites
exposed on the surface. Likewise, Al and B tend to incorporate more readily on the Si
face.

2.2.2.2 Impact of C/Si ratio and Surface Polarity on Electronic Defects

Growth conditions also have a significant impact on the electrical properties of
the epitaxial layers. The obvious impact is on unintentional and intentional dopant
concentrations as discussed above. However, recent work has shown that the C/Si ratio
can also influence the concentration of deep traps which are related to impurities and
point defects in both epitaxial growth and bulk growth of SiC. 46, 47 , 48 , 49 , 50 In all cases the
concentrations of the major traps, Z1/2 and EH6/7, decrease as the C/Si ratio increases and

25

growth conditions become C-rich. These traps may play a significant role in the lifetimes
of electrons and holes in SiC, which in turn impacts the on-state resistance of high
voltage bi-polar devices. 51 The HCVD process should provide the same opportunity to
tailor point defect types and concentrations by adjusting the C/Si ratio used for growth.

2.2.2.3 Impact of C/Si ratio and Surface Polarity on Structural Defects

Growth under C-rich or Si-rich conditions as well as surface polarity can also be
used to control the formation of defects in the epitaxial layer and the propagation of
structural defects from the substrate to the epitaxial layer. High C/Si ratios have been
shown to enhance the formation of 3C polytype inclusions in 4H-SiC at epitaxial growth
conditions. The higher hydrocarbon concentration at the growth surface is thought to
cause a decrease in surface adatom mobility which in turn promotes nucleation and
growth on step faces instead of at step edges. 52 Adjustment of the C/Si ratio has also
been used to reduce the concentration of micropipes in the epitaxial layer compared to the
substrate. 53,54 Micropipes tend to close under Si-rich growth conditions with over 98%
of micropipes being dissociated into screw dislocations at a C/Si ratio of 0.6 when growth
takes place on 8° off axis substrates. Micropipe filling tends to take place more easily on
the C-face of off-axis substrates, however, no dependence on C/Si ratio or surface
polarity is observed for growth on on-axis substrates. 55
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2.3

Impact of Substrates and Epitaxy on Device Performance

Homoepitaxial growth by CVD yields high quality thin films for a variety of
applications including Schottky diodes, p-i-n diodes, and MOSFET’s for various power
switching applications. Given the range of electrical and structural properties that can be
influence by the CVD growth conditions, it is not surprising that the properties of devices
fabricated on these layers would also be impacted. The defect most heavily focused on
for SiC homoepitaxial devices is the micropipe, which can cause device failure under
high electric fields. 56 , 57 However, simple threading and basal plane dislocations
extending into active regions of the device can also lead to device degradation and
breakdown at high fields.19,58,59 In particular, the propagation of basal plane dislocations
from the substrate into the epitaxial layer is the primary motivation for pursuing growth
of epitaxial layers on on-axis substrates. This is especially true for layers greater than
50µm where subsequent polishing after epitaxial growth may be economically
acceptable.
In addition, the slow growth rate of current epitaxial CVD processes limits the
thickness of layers than can be produced economically, which in turn places an upper
limit on such things as the blocking voltage that can be achieved with SiC diodes. For
example, to achieve a blocking voltage of 20kV an epitaxial layer 150-200µm thick with
a net n-type doping of approximately 5x1014 cm-3 would be needed. 60 This is not
feasible to produce at growth rates of 1-5µm/hr. Thus, higher growth rate processes for
high voltage device structures are needed.
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2.4

Alternate SiC Growth Processes

It has been shown that modifications can be made to the PVT growth process in
order to allow the C/Si ratio during bulk crystal growth to be adjusted. The simplest
approach is to add a small quantity of H2 to the inert gas typically surrounding the growth
cell.49 Addition of H2 is thought to increase the vapor pressure of C-bearing species
inside the growth cell through the formation of hydrocarbons. A second approach is to
add gases directly into the PVT growth cell. 61 Both techniques are discussed below.
To address the issues of poor gas phase chemistry control in the PVT bulk growth
process, and to address the slow growth rates of typical SiC epitaxy processes two high
growth rate CVD processes have been developed. The first, high temperature chemical
vapor deposition (HTCVD) is based on the same silane-propane chemistry used for
epitaxy, but is performed at temperatures above 2000°C. The second process developed
at Penn State University is also a high temperature process but uses a significantly
different chemical system and gas delivery method. Both methods are summarized in the
following sections.

2.4.1

Hydrogen Assisted Physical Vapor Transport

In a standard PVT growth process, the stoichiometry of the gas phase is strongly
Si-rich at the beginning of the growth, and continuously changes towards the more C-rich
direction because of the preferential loss of the more volatile Si-species from the growth
crucible. One way to minimize this change is to raise the partial pressure of the carbon-
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species so as to bring the vapor phase to a more stoichiometric composition. This can be
achieved in the PVT process by the addition of hydrogen to the growth atmosphere
resulting the hydrogen assisted PVT process (HPVT).49 The use of H2 to improve C
transport in SiC sublimation epitaxy was previously studied by Furusho et al. 62 The
authors substituted H2 for Ar and observed an increase in growth rate by a factor of 1.5-2.
Due to the small atomic size of H2, it can easily diffuse through the walls of the graphite
growth cell. Since the reaction rates at PVT growth temperatures are fast, H2 reaches
equilibrium with the graphite hot zone components resulting in increased concentrations
of hydrocarbons, mostly C2H2, in the growth ambient. Hydrogen also interacts with the
SiC charge producing SiH and C2H2.
Both the H2 interaction with the graphite and the H2 reaction with the SiC source,
lead to improved carbon transport and to an increased C/Si ratio in the gas phase
compared to standard PVT. Experimental evidence for 6H-SiC shows that hydrogen
addition to the growth ambient leads to a very strong decrease in N incorporation. The N
concentration drops by a factor of 4-5 with the addition of 10% H2. 63 The addition of H2
also has a significant impact on the concentration of deep traps in the crystals.
Characterization of lightly N doped wafers by deep level transient spectroscopy (DLTS)
has shown a 10-100x decrease in trap concentrations with a 10% H2 addition. Only the
0.4eV trap in 6H-SiC remains in any significant concentration. 64 Although this process
shows promise for altering the partial press of C-bearing species during PVT growth, it
does not provide direct control over the C/Si in a way that would allow a specific ratio to
be selected for growth.
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2.4.2

Modified Physical Vapor Transport

In contrast to the HPVT process, the modified PVT (MPVT) process seeks to
directly control the input of Si, C, or dopant containing gases to the growth cell. 65 The
goal is to provide very small quantities of gases in order to make fine adjustments to the
stoichiometry or dopant concentration without disrupting the diffusion controlled PVT
growth conditions. Gas flow rates are carefully adjusted to be on the same order as the
flux of material subliming from the SiC source charge. This arrangement is not intended
to mimic CVD growth. With appropriate flow rates, the MPVT process results in more
uniform axial doping profiles, especially for Al, which is difficult to control under closed
PVT growth conditions. No data has been published to date looking at the impact of
direct Si or C additions to the growth cell on either the electrical or structural properties
of the crystals grown.

2.4.3

High Temperature Chemical Vapor Deposition

Chemical vapor deposition (CVD) is an alternate technique for growing single
crystals of SiC that makes use of gaseous reactants instead of the solid sources used in the
sublimation approach. 66 This process provides a means for carefully controlling the
chemical composition of the growing crystal throughout the growth process. This is done
through the use of high purity gas sources and through independent control of the Si and
C input flow rates. The oldest CVD method for growth of bulk SiC is referred to as high
temperature CVD or HTCVD. A diagram of this process is provided in Figure 2.2.
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Figure 2.2. Diagram of the typical HTCVD process showing delivery of source
gases, furnace geometry, and operating conditions.

Outlet Ports

Typical Operating Conditions:
Temperature = 1800-2300 C
Pressure = 100-600 torr
Total Flow Rate = 10-20 slm
Source Concentration = 1-5%
Seed Crystal

Induction Coil
Graphite
Carbon Insulation

Gas Inlet Port

In HTCVD the preferred Si source is silane (SiH4), and the preferred C sources
are either propane (C3H8) or ethylene (C2H4). These gases are mixed with hydrogen and
other suitable inert carrier gases, such as Ar or He, and fed into a graphite furnace
operated at temperatures of 2000-2300°C. The source gases decompose and form
clusters composed of Si and C atoms. The temperature of the gas and susceptor are
maintained at a level sufficient to re-evaporate these clusters and deposit them on a cooler
substrate or seed crystal. 67, 68 Similar to the PVT process, the gas phase composition
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near the growth surface is composed of Si, SiC2, C2H2, and Si2C with the relative
amounts depending on the C/Si ratio input to the reactor.
The HTCVD method suffers from the high reactivity of the precursors with each
other and with the furnace lining. Deposition of material in unwanted locations,
particularly gas inlet and outlet ports, can severely limit growth times. 69 Parasitic
deposits are minimized in this process by operating the furnace components at a
temperature high enough to cause any deposited material to re-evaporate. Polycrystalline
deposits are also avoided by using high carrier gas flow rates (10-20 slm) to rapidly push
reactants into the furnace and sweep un-reacted material out of the furnace before it can
deposit at locations other than the seed crystal. This leads to poor reactant efficiency.
Operation of the furnace under these conditions can lead to rapid deterioration of the
furnace lining due to reaction with the hydrogen carrier gas and with the precursor gases.

2.4.4 Halide Chemical Vapor Deposition

The focus of this Ph.D. thesis work is to overcome the shortcomings of
conventional SiC growth processes, through development of a novel halide chemical
vapor deposition (HCVD) process for bulk and thick epitaxial layer growth of high purity
single crystal SiC. Like HTCVD, the HCVD process provides significant advantages
over the conventional PVT process for both semi-insulating and conductive SiC
including the ability to maintain a constant gas phase stoichiometry and constant reactant
concentrations at the growth surface throughout the growth process. Higher overall
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purity is possible through the use of semiconductor grade precursors and through dilution
of contaminants, such as boron, from the furnace components by the carrier gases.
The geometry of the HCVD reactor and the use of thermally stable halogenated
precursors to control pre-reaction in the gas inlet ports results in significant reductions in
gas inlet and outlet port plugging compared to the silane-based HTCVD process. The
process is described in detail in Chapter 3. The research summarized in the subsequent
chapters outlines the effect of growth conditions on growth rate and material properties in
order to develop a better understanding of the how to influence material performance via
the material synthesis techniques involved in the HCVD process.
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Chapter 3

Experimental Procedures

3.1

Introduction

This section describes the experimental arrangement for the halide chemical vapor
deposition (HCVD) process. Details of the hot zone geometry and considerations for
materials of construction are provided. Gas handling, process control, monitoring, and
safety features are briefly described. Detailed crystal growth conditions are provided in
subsequent chapters where appropriate. All growth experiments were performed at the
Penn State Electro-Optics center using two custom HCVD tools built by Veeco 1 and
Structured Materials 2 . Both systems use the same basic design and process control logic
and will not be discussed separately except with respect to control of the Si source
delivery which is significantly different between the two tools.
This chapter also outlines the characterization techniques employed in this thesis.
Characterization of growth surface morphology, etch pit density, and net carrier
concentrations were performed at Penn State EOC. High resolution x-ray diffraction was
performed at both Penn State and the Naval Research Laboratory.
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3.2

Description of the Halide CVD Process Tools

The HCVD process is specifically designed to maximize the efficiency of
conversion of source gases to single crystal SiC and minimize deposition of parasitic
polycrystalline SiC at locations other than the seed crystal or substrate. This is
accomplished through the use of thermally stable halogenated Si precursors such as SiCl4
and a gas inlet design that allows the precursors to be pre-heated without pre-reacting.
The silicon source gas and its inert carrier gas enter the hot zone of the furnace through a
graphite injector tube that is separate from the injector delivering the carbon source gas.
This arrangement allows the precursor gases to be pre-heated to temperatures near the
growth temperature without reacting with each other. The thermal stability of the
halogenated silicon source gas minimizes reactions with the graphite furnace
components. Reaction between the source gases to form SiC does not take place until the
gases exit the injector tubes in the vicinity of the growth surface.

3.2.1

HCVD Hot Zone

The HCVD hot zone employed for the work in the following chapters is a basic
vertical impinging jet reactor as shown in Fig. 3.1. Table 3.1 provides the critical
dimensions for typical hot zone. The critical components of the hot zone are:

•

The susceptor forms the vertical walls of the reaction chamber and
provides a means for heating the reactor by interaction with an applied
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10kHz induction field supplied through the surrounding induction coil
located outside of the vacuum chamber.
•

The seed or substrate holder, serves to enclose the top of the hot zone and
provides a surface on which to mount seed crystals.

•

The injector tubes, which carry reactive gases to the hot zone.

•

Carbon fiber insulation on the sides, top, and bottom of the susceptor to
minimize heat loss.

Fig. 3.1.
Drawing of a typical HCVD hot zone showing the major components for
heating, thermal management, and gas delivery.
Insulation Cutout
Top Insulation
Seed
Crystal

Crucible Lid
Induction Coil

Inner Injection Tube
(C3H8 + H2/Ar)

Crucible Sleeve

Outer Injection Tube
(SiCl4 + Ar)

Susceptor

Side Wall Insulation
Base Insulation
Cooling Jacket
Exhaust
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Table 3.1. Typical dimensions for HCVD reactor hot zone components.
Components
Susceptor
Seed Holder
Outer Injector
Inner Injector
Insulation
Geometry
Seed Holder to
Injector Distance
Insulation Cut Out
Seed Holder
Location

OD = 100mm
OD = 89mm
OD = 40mm
OD = 20mm
Thick. = 37mm

ID = 75mm
Thick. = 6mm
ID = 35mm
ID = 8mm

L = 280mm

50mm
12mm diameter
12mm below top of
susceptor

Reactive gases are carried upward into the hot zone of the furnace through coaxial
injector tubes as discussed above. Figure 3.2 shows an example of the coaxial injector
tube arrangement viewed from the top of the hot zone.
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Fig. 3.2.
Photograph from the top of a typical HCVD hot zone showing the
induction coil, the susceptor, outlet ports, and the inner and outer injector tubes. The
quartz walls of the vacuum chamber are not shown.

Induction Coil

Susceptor

Exhaust Ports
Outer Injector
Inner Injector

Use of the carrier gases provides a means for independently controlling the flow
rates and concentrations of individual source gases and the total flow rate and velocity of
gas through each injector tube and through the furnace as a whole in order to ensure
proper mixing of the source gases at the surface of the growing crystal.
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The injectors extend well into the hot zone of the furnace keeping the gases
separate until they are close to the seed crystal. This arrangement allows the precursor
gases to be preheated separately to over 2000°C and then delivered to the hottest portion
of the furnace without pre-reacting and depositing SiC in cooler portions of the gas inlet.
As the gases exit the injector tubes they are mixed, decomposed, and deposited on the
seed crystal at the top of the hot zone. The hydrogen carrier gas accompanying the
carbon source decomposes the SiCl4 and essentially initiates the reaction to form SiC. A
more detailed discussion of possible deposition reactions is provided in the following
sections. Gaseous reaction products and un-reacted gases exit the reactor through the
outlet ports at the bottom of the hot zone.
The hot zone design provides for a wide range of geometric conditions to be
studied. For example, it is possible to independently change the vertical location of the
seed holder in the susceptor and the seed holder to injector distance. Injector lengths can
also be independently altered. In addition, it is also possible to vary the location of the
induction coil with respect to the susceptor as a means for changing the thermal gradients
along the vertical axis of the hot zone.
Impurities contained in the hot zone components are one of the major sources of
impurities in this and other SiC crystal growth processes. Therefore, all of the hot zone
components are constructed from ultra-high purity carbon based materials subjected to
high temperature halogen gas purification processes prior to delivery from the
manufacturer. Graphite components are constructed from IG-110U grade material
supplied by Toyo Tanso Graphite 3 . To eliminate the possibility of reactions between gas
phase species and the graphite components in the reaction zone, the susceptor, susceptor
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sleeve, and injectors are coated with approximately 50µm of TaC by GE Advanced
Ceramics. The insulation is comprised of carbon foam supplied by Calcarb Ltd. Typical
chemical analyses of the various hot zone components are provided in Table 3.2 for
reference.

Table 3.2. Typical impurity in concentrations in halogen purified graphite and halogen
purified carbon fiber insulation used in the construction of the HCVD hot zone. Graphite
samples were analyzed by SIMS while insulation samples were analyzed by GDMS.
Element

Boron
Aluminum
Titanium
Vanadium
Iron
Nickel

Graphite
Toyo Tanso IG110U
(atoms/cm3)
5.0x1015
<2.5x1015
<2.8x1014
<2.6x1014
7.3x1014
<2.3x1014

Insulation
Calcarb CBCF
(atoms/cm3)
1.4x1016
<5.0x1015
5.6x1014
<2.6x1014
8.5x1015
4.6x1014

3.2.2 CVD Tool Design

Figure 3.3 shows the HCVD tool constructed by Veeco. The front half of the
cabinet on the left side contains all of the electronic control hardware and the process
control computer. The back half of the cabinet contains all of the gas handling hardware
and the liquid source bubbler. The right hand side of the tool encloses the vacuum
chamber, vacuum pumps, RF induction coil, and the cooling water manifold. The
vacuum chamber is shielded by 10mm thick polycarbonate to prevent operator contact
with the induction coil and to shield the operator in the event of vacuum chamber failure.
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Fig. 3.3. Photograph of the HCVD tool constructed by Veeco showing the control
cabinet on the left and the vacuum chamber cabinet on the right.

The graphite and carbon fiber hot zone is enclosed by a vacuum chamber formed
from a double-walled, water-cooled shell constructed from a pair of coaxial quartz tubes
that are terminated on each end by stainless steel flanges. Figure 3.4 shows the
relationship between the hot zone and the vacuum chamber enclosing it. The bottom
flange attaches to a stainless steel vacuum chamber containing feed-throughs for
delivering reactant gases and carrier gases needed for crystal growth into the vacuum
chamber. These feed-throughs are connected inside the furnace to the separate graphite
injectors for the Si and C source gases, which carry the source gases into the hot zone.
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The top flange of the vacuum chamber is terminated by a stainless steel blank flange with
a quartz viewport for the optical pyrometer.

Fig. 3.4.
process.

Typical hot zone and vacuum chamber arrangement for the halide CVD

Two-Color Pyrometer

Vacuum Chamber

Double-wall Cooling Jacket
Induction Coil
(9-turn, 10 KHz, up to
1200A)

Hot Zone
Graphite Support
Rods/Injector Tubes

Vacuum Access Ring/
Reactant Injection Flange

Figure 3.5 is the gas schematic diagram for a typical halide CVD reactor showing
the individual gas delivery lines and the manifold for selecting the routing of each gas to
either the inner or outer injector inside the vacuum chamber. Process gases are input to
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the hot zone through individual mass flow controllers. The key features of this gas
delivery system are:

•

Independent control over the flow rate of the carrier gas through the Si source
bubbler and the flow rate of the Si source push gas. This allows the total flow
rate of gases delivered to the Si source injector to be adjusted to maintain a
constant gas velocity through the injector.

•

An Ar delivery line independent of the Si source provides a means for adding
additional gas to either the inner or outer injector. In the case of the C source
gas injector, this allows the concentration of H2 in the carrier gas to be
adjusted while maintaining a constant total carrier gas flow rate and velocity.

•

The furnace purge line provides a means for backfilling the vacuum chamber
with inert gas without flowing gas directly through the hot zone, which can
damage the substrate surface if high flow rates are used.

•

The viewport is purged with inert gas to prevent material from depositing on
the window and obstructing the view of the pyrometer over long growth runs.
This also provides an inert gas purge on the outside of the hot zone and
reduces the overall H2 concentration in the vacuum chamber which extends
the life of the carbon fiber insulation. During growth a flow rate of 2000 sccm
is commonly used.

•

Hydrogen delivery is linked to H2 leak detectors in the gas cabinet and in the
laboratory. In the event of a leak, the H2 delivery valves are automatically
closed and the H2 generator is shut down.
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•

Additional safety features are provided to ensure an adequate supply of
compressed air, argon, and cooling water. Air pressure is monitored via a
pressure transducer and must be maintained above 650 kPa. The Ar manifold
is also monitored by a pressure transducer and must be maintained above 380
kPa. Cooling water flow rate is monitored by electronic flow meter for the
vacuum chamber (19 l/min), turbo pump (4 l/min), RF capacitor (4 l/min), and
RF induction coil (4 l/min). The temperature of the cooling water exiting the
vacuum chamber is monitored by a temperature switch set to open if the
temperature exceeds 60°C. In the event of a loss of any these process utilities,
the system automatically aborts the growth run and returns to a safe state.
Loss of the exhaust gas scrubber results in the same action.

•

In addition, deviation limits can be placed on each of the critical process
variables such as temperature, pressure, or hydrogen flow rate. The deviation
limit is set as a fixed percentage of the instantaneous set point for each
variable. If the process value exceeds the limit, the process will be aborted.
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Fig. 3.5
Schematic of the gas handling and
control system for a typical HCVD tool.
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3.3

Silicon Source Delivery

The Si source material, SiCl4, is supplied as a liquid with a vapor pressure of ~200
Torr at 15°C. Gaseous SiCl4 is obtained by bubbling an inert gas such as Ar through the
liquid to obtain a mixture of SiCl4 and the inert carrier gas. In the most basic
configuration, the amount of SiCl4 delivered to the CVD tool is controlled by the flow
rate of the carrier gas through the bubbler, the temperature of the SiCl4 liquid, and the
pressure in the head space over the liquid. A mass flow controller is used to regulate the
flow rate of the carrier gas through the bubbler. A temperature controlled water bath
maintains the bubbler and source liquid at a constant temperature of 15°C. An automated
pressure controller maintains a constant pressure of 800 Torr in the bubbler headspace.
These two features ensure that the concentration of SiCl4 in the carrier gas is constant
during a run and repeatable between runs. Figure 3.6 shows the delivery rate of SiCl4 in
mg/min as a function of the flow rate of the carrier gas through the bubbler at a constant
temperature of 15° and constant pressure of 800 Torr. Each data point was collected by
measuring the weight loss of the bubbler over 4 hours of deposition time at a constant
carrier gas flow rate. Note that over the range of conditions used for both bulk and
epitaxial growth of SiC, the delivery rate is linear with the carrier gas flow rate indicating
that the carrier gas is fully saturated with SiCl4.
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Fig. 3.6.
SiCl4 delivery rate as a function of carrier gas flow rate through the
bubbler at a temperature of 15°C and a pressure of 800 Torr.
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Condensation of SiCl4 in the delivery lines is prevented by maintaining the partial
pressure of SiCl4 in the gas stream below its room temperature vapor pressure. This is
accomplished by diluting the gas stream exiting the bubbler with additional inert push gas
and by maintaining the temperature of source material below room temperature. A
bubbler temperature of 15°C is typically used for SiCl4.
Alternately, the Si source concentration in the carrier gas can be monitored and
controlled directly. In the halide CVD tool built by Structured Materials, the
concentration of SiCl4 in the Ar carrier gas is monitored continuously by measuring the
speed of sound in the gas mixture using a Piezocon™ transducer supplied by Lorex. The
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speed of sound is a function of the concentration of SiCl4 in the carrier gas allowing the
mass flow rate to be controlled to within 0.10 mg/min over a range from 10mg/min to
700mg/min. With this technique it is not necessary to precisely control the source
bubbler temperature and pressure since the Piezocon makes small adjustments to the
carrier gas flow rate through the bubbler to maintain a constant Si source mass flow rate.

3.4

Characterization Methods

3.4.1

Chemical Analysis

Chemical analyses of dopant and impurity concentrations were performed by
secondary ion mass spectrometry (SIMS) at Charles Evans & Associates and by glow
discharge mass spectrometry (GDMS) at Shiva Technologies. SIMS was used for trace
chemical analysis of all SiC crystals. An O- ion beam was used for ion milling the
sample for analysis of all elements except N for which a Cs+ ion beam was used. Typical
measurement precision was estimated to be ±30% (3 standard deviations) based on a five
analyses of B and N on the same sample over a period 3 months.
GDMS was used primarily for analysis of carbon fiber insulation because of its
porous nature. This technique uses a plasma to ablate an 8mm diameter area of the
sample, which is then analyzed via mass spectrometry. The precision of GDMS analyses
were not evaluated, and the measurements were treated only as order of magnitude
estimates of impurity concentrations.
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3.4.2

X-ray Diffraction

High resolution x-ray diffraction (HRXRD) data was provided by Joshua
Robinson at Penn State EOC using the Philips X’pert Pro MRD system at the Penn State
Materials Characterization Laboratory. The instrument was used in a triple axis
geometry to maximize the resolution for high quality crystals. The full width at half
maximum (FWHM) of rocking curves of the symmetric (0008) reflection from 4H-SiC
was used to assess the structural quality of epitaxial layers for comparison of different
growth conditions. Since the (0008) reflection is parallel to the surface of the substrate it
provides structural information about the crystal primarily in the c-axis direction. It
provides essentially no information about structural quality perpendicular to the c-axis.
However, since the various polytypes are created by variations in the Si-C bi-layer
stacking sequence along the c-axis, the (0008) reflection is influenced by polytype
inclusions and other gross structural imperfections related to polytype stability.
Therefore it is an appropriate screening tool for an initial characterization of structural
quality. The resolution of the Philips instrument is on the order of 20 arc-seconds
compared to FWHM’s of 40-500 arc-seconds for the SiC epitaxial layers grown by
HCVD.
Lattice parameter measurements on doped SiC epitaxial layers were provided by
Sarah Rickman at Carnegie Mellon University. The lattice parameters were calculated
from HRXRD rocking curves using the method described by Fewster. 4,5 For the c-lattice
parameter the (0008) reflection of 4H-SiC was used, which is a reflection from a plane
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parallel to the sample surface and to the basal plane of the unit cell. For the a-lattice
parameter the asymmetric (10-1-7) reflection was used.

3.4.3

Growth Surface Morphology

Growth surface morphology was typically characterized via optical microscopy
supplemented with by atomic force microscopy (AFM) when very fine surface features
were of interest. AFM was performed by David Rearick using an instrument from
Pacific Nanotechnology. Scan areas of 2x2µm were used to evaluate the surface
structure of polished, and pre-growth surfaces. This technique was especially useful for
characterizing surface features, such as growth steps, less than 5µm in height. Optical
microscopy was used to document the overall surface structure of films and crystals after
growth.

3.4.4

Etch Pit Density

Measurement of the etch pit density was used as a technique to quantify the
extended defect density in SiC crystals and thick epitaxial layers. Etch pits were revealed
by chemically etching in molten KOH at a temperature of 480°C for 10 minutes. This
technique was used for both 6H and 4H SiC samples. A photomicrograph of a typical
etched sample is shown in Fig. 3.7.
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Fig. 3.7

Optical photomicrograph of a KOH etched 6H-SiC epitaxial layer.

Etch pit density was determined by counting the pits within a 200µm x 500µm
area at five points across the sample. All samples characterized for etch pit density
consisted of ¼ sections of 50mm diameter wafers. Films were grown on each quarter
using a 19mm diameter mask over the substrate. Sample surfaces were polished with
1µm diamond slurry prior to etching. Etch pit density was characterized at the center of
the film and then at distances of 3mm and 6mm on either side of the center along the
diameter of the masked area. These points were selected to avoid any influence in defect
density from the mask or from low quality regions at the edges of the wafer. The average
etch pit density was calculated from these five measurements. The standard deviation
calculated from these fiver measurements was typically 40% of the average, due to the
non-uniform nature of the extended defect distribution in all SiC samples. Only crystals
and layers grown on the Si-face of substrates were analyzed using this approach. The C-
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face of SiC is not sufficiently oxidized by this process to reveal distinct etch pits even
after 1 hour of etch time.

3.4.5

Capacitance-Voltage Measurements

Net carrier concentrations were estimated using a Materials Development
Corporation automated mercury probe capacitance-voltage system. This tool employed a
dot and ring type contact on the front side of the sample. No backside contact was used.
All measurements were made at a frequency of 100kHz. Figure 3.8 shows a typical CV
plot for an n-type SiC epitaxial layer. The voltage range shown is typical for all n-type
and p-type samples evaluated.

Fig. 3.8
Typical mercury probe capacitance voltage plot for n-type SiC with a net
donor concentration of approximately 1x1016 cm-3.
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The net carrier concentration was calculated by the CV probe software using Eq.3.1.
Eq.-3.1

N = 2/[qKsεoA2 (d(1/C2)/dV)]

Where N is the net carrier concentration, q is the charge on an electron, Ks is the
dielectric constant of the semiconductor, εo is the permittivity of free space, A is the
contact area, and d(1/C2)/dV is the slope of the 1/C2 versus applied voltage plot. For
these measurements the diameter of the Hg contact was 660µm and the dielectric
constant of SiC was assumed to be 9.96. Use of the 1/C2 versus V plot provides a means
to assess the uniformity of doping as a function of depth. The plotted data should result
in a straight line if doping is uniform 6 .

3.5

Thermodynamic Equilibrium Calculations

Thermodynamic equilibrium calculations were performed using the software
package HSC Chemistry version 5.1 and the associated database, which contains
enthalpy, entropy, and heat capacity data for 20,000 chemical species. To calculate the
equilibrium composition of a chemical system the user specifies the individual elements
in the system, their molar quantities, temperature, and pressure. The equilibrium phases
and their compositions are then calculated over intervals of temperature, pressure or
amounts of input species as desired. The calculations for the halide CVD model assume
that the gas phase behaves as an ideal gas and that the condensed phases are pure
substances.
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The equilibrium composition is calculated by minimizing the Gibbs free energy of
the entire system using the techniques described by White 7 and later by Eriksson 8, 9 , 10 in
the 1970’s. This is accomplished by minimizing the quantity

Eq.-3.2

(G/RT) = Σni[(g°/RT)i + ln ai]

with respect to ni at constant temperature and pressure. In Eq.- 3.2 G is the total free
energy of the system, R is the gas constant, T is the temperature, ni is the molar amount of
the ith substance, g° is the chemical potential, and a is the activity. The calculations
assume that the gas phase and any condensed phases are ideal. As such the activity is 1
for condensed phases, and is equal to the partial pressure for gas phase species. In
addition to temperature and pressure, the system is further constrained by the need to
maintain positive molar quantities of all substances and maintain the mass balance of all
elements in the system. The quantity (g°/RT) is calculated from tabulated
thermochemical data using the relationship

Eq.-3.3

(g°/RT) = ΔfG°/RT

where ΔfG° is the Gibbs free energy of formation of a substance from its elements in
their reference states.
Eq.-3.2 is minimized by creating a set of linear equations using the Taylor
expansion method. The number of unknowns is equal to the total number of elements
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and phases present. The set of linear equations is solved using the Gaussian elimination
technique which is carried out by the software using a matrix based method.

3.5.1 Comparison of HSC Chemistry Calculations With Published Data

Equilibrium calculations performed using HSC Chemistry were compared to two
published equilibrium calculations in order to judge its consistency with other software
and methods. Chemical systems closely related to the SiC HCVD chemistry were
chosen. The first system evaluated was the Si-Cl-C-O system used for SiC chemical
vapor infiltration of composite structures. 11 The authors calculated equilibrium
compositions using the IVTANTERMO software and database. Figure 3.9 shows the
results from calculations in this system using HSC Chemistry. The species and relative
quantities are predicted match very closely the equilibrium composition shown in Figure
3 in Sevast’yanov et al.
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Fig. 3.9
Equilibrium composition in the Si-Cl-C-O (3:8:1:1) system at a
pressure of 1 atm.
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The second system evaluated was the Si-Cl-H system used for chemical vapor
deposition of Si in semiconductor processing. 12 The authors calculated equilibrium
compositions using an unspecified equilibrium minimization code. Table 3.3 shows the
comparison between the HSC Chemistry calculations and the calculations performed by
Herrick et al. In general the results match very closely with the major differences
occurring for species with very low partial pressures where the difference is on the order
of 2-3x. These differences are likely due to differences in the thermodynamic databases
used for the calculations.
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Table 3.3.
Comparison of partial pressures in the Si-Cl-H calculated by Herrick et
9
al. and by HSC Chemistry at a total pressure of 1 atm and a temperature of 1927°C.
Species
H2
SiCl4
SiHCl3
SiH2Cl2
SiH3Cl
SiH4
HCl
SiCl3
SiCl2
SiCl
Si2Cl6
Cl2
Cl
H
SiH
Si
Si2
Si3

Partial Pressure
(Herrick et al.)
0.848
6.45x10-6
3.07x10-5
1.63x10-5
4.16x10-6
6.11x10-7
1.16x10-1
4.82x10-4
3.12x10-2
5.80x10-4
4.68x10-13
1.22x10-7
5.14x10-4
5.15x10-3
1.52x10-4
3.56x10-4
5.17x10-6
1.18x10-6

Partial Pressure
(HSC Chemistry)
0.907
7.34x10-7
6.45x10-6
5.47x10-6
1.5x10-4
7.29x10-7
7.01x10-2
3.92x10-6
7.92x10-3
7.20x10-3
Not included
4.08x10-8
2.98x10-4
5.43x10-3
2.49x10-4
3.73x10-4
1.67x10-5
5.77x10-6

Based on these two comparisons, the HSC Chemistry software provides
thermodynamic equilibrium calculations consistent with those published in the literature
performed by alternate methods. Therefore, the software package is expected to provide
reasonable estimates of the gas phase and condensed phase compositions in the Si-Cl-CH system used for halide CVD of SiC.
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Chapter 4

Thermodynamic Equilibrium Model of the
Halide CVD Process

4.1

Introduction

In contrast to the PVT growth technique described in Chapter 2, the halide
chemical vapor deposition (HCVD) process provides the ability to maintain a constant
gas phase Si/C ratio throughout crystal growth or even tailor it as necessary during
critical stages of growth. This is accomplished by independently supplying carbon and
silicon precursor gases to the growth surface. Thermally stable halogenated silicon
sources, such as SiCl4, are used in the HCVD process in order to eliminate decomposition
of the silicon source before it reaches the hot zone of the growth furnace. This chapter
provides the rationale for both Si and C source selection for the HCVD process.
Typical SiC CVD processes for growth of high quality epitaxial layers use SiH4
and C3H8 as precursors. Precursor concentrations in the range of 0.01-0.5% are
commonly used at growth temperatures of 1500-1800°C resulting in growth rates of 1-
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30µm/hr. 1, 2 , 3 Control of p-type and n-type dopant incorporation in standard CVD growth
via site competition has been explored using C/Si ratios between 2 and 10. 4 In contrast,
the HCVD process uses precursor concentrations of 0.5-2.0% in the carrier gas, and
growth temperatures of 2000-2100°C, to achieve growth rates of 50-250µm/hr. 5 In
addition, the HCVD process utilizes chloride based precursors such as SiCl4. Addition of
Cl to the Si-C-H system significantly alters the types and concentrations of gas phase
species that impact crystal growth. As such it is necessary to determine the range of C/Si
ratios that yield single crystal growth in this chemical system, while simultaneously
maintaining the high precursor concentrations necessary for growth rates greater than
50µm/hr. The presence of Cl and the high precursor concentrations combine to impose a
thermodynamic limit on the extent to which the C/Si ratio can be increased under a given
set of growth conditions.
This chapter addresses these limits and provides a thermodynamic model for
predicting trends in growth rate with changes in growth conditions. The model is also
capable of predicting a critical boundary between deposition of single crystal SiC and
deposition of a polycrystalline mixture of C and SiC. Location of the boundary is
verified experimentally for a wide range of HCVD growth conditions.

4.2

Thermodynamic Equilibrium Calculations

Thermodynamic equilibrium calculations in the Si-C-Cl-H system were carried
out in order to determine the most likely condensed phases and gas phase species
expected to exist at the process conditions used for HCVD growth of SiC. Calculations
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were performed using the software package HSC Chemistry 5.1 and its accompanying
data library. A detailed description of the calculations is provided in Chapter 2.
Comparison of these calculations with experimental results assumes that the reaction
rates, at CVD growth temperatures of 2000-2100°C, are fast enough for the system to
reach thermodynamic equilibrium and that the database contains all relevant species for
this chemical system. The volume of the system was not constrained for these
calculations. Since gas flow rates, temperature, and pressure are not adjusted during
crystal growth, it was assumed that the system reached a steady equilibrium state during
growth. Therefore, the molar input quantities of SiCl4, CH4, Ar, and H2 were defined as
the quantities delivered during 1 minute of growth. This allows the results to be
presented in terms of gas flow rates in units of standard cubic centimeters per minute
(sccm) even though the calculations assume a closed system.
It was also assumed that Si and C source species did not pre-react or decompose
to form condensed phases prior to reaching the hot zone and were therefore delivered to
the growth surface at the same concentration and C/Si ratio as was input to the system.
These calculations also assumed that the separate Si and C source gas streams were fully
mixed before reaching the growth surface and that transport of C and Si across any
boundary layer at the growth surface occurred at equal rates. Etching of graphite hot
zone components by H or Cl was not included in this model. All of the hot zone
components were coated with TaC, and experimentally showed no evidence of etching.
The temperature at the growth surface, and the temperature of the gas phase adjacent to
the growth surface, were assumed to be the same as the temperature on the backside of
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the 10mm thick graphite substrate holder where the temperature is measured by an
optical pyrometer.

4.3

Precursor Selection for Growth of SiC by HCVD

As noted in previous sections, one of the primary advantages of the HCVD
process is the delivery of Si and C source materials to the growth surface at high
concentrations without pre-reaction in the gas phase. A key component of this is the
physical separation of the Si and C sources. Therefore, a primary concern is that the gas
phase source materials do not themselves decompose to condensed phases or react with
the graphite hot zone hardware. Since the HCVD process is carried out at temperatures
in the vicinity of 2000°C thermodynamic equilibrium estimates can be used to predict
whether or not undesirable decomposition or parasitic reactions are likely to take place.

4.3.1

Silicon Source

Electronic grade silicon tetrachloride (SiCl4) was selected as the primary silicon
source. The use of halogenated Si sources prevents premature reaction of the Si source
gas with the graphite furnace components. This is due to the fact that halogenated Si
sources, in particular SiCl4, decompose at much higher temperatures than silane (SiH4),
and the decomposition products are not condensed phases. Thermodynamic equilibrium
calculations performed using the software package HSC Chemistry 5.1, show that SiCl4
does not react with the graphite hot zone components to any significant extent at
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temperatures up to 2500°C in the absence of hydrogen. Figure 4.1 shows that at 2000°C
the gas phase species present are primarily SiCl4 and SiCl2. No condensed phases such as
SiC(s) or Si(l) exist. Because the Si source is mixed only with an inert gas, it does not
react to form SiC until after it is mixed with the hydrogen carrier gas delivering the
carbon source.

Fig. 4.1. Thermodynamic equilibrium calculations predict that SiCl4(g) will
decompose to form a mixture of SiCl4(g) and SiCl2(g) in the presence of carbon.
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Alternate Si sources can be used to determine the effect of reduced chlorine
concentration on deposition rate, efficiency, and growth morphology. One potential
candidate is hexachlorodisilane (Si2Cl6). Figure 4.2 shows the predicted equilibrium
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reaction products between Si2Cl6 and graphite. Note that at temperatures below 1600°C
the formation of SiC(s) and Si(l) are favorable. In practice this may lead to some source
decomposition in the silicon source injector tube. It may be possible to minimize
decomposition by using higher gas velocities to reduce residence time in this temperature
range. A more effective solution may be the use of TaC coated injectors. Equilibrium
calculations predict no significant reaction between Si2Cl6 and TaC thereby eliminating
the formation of condensed phases.

Fig. 4.2. Use of Si2Cl6 as a silicon source may result in the formation of SiC(s) and
Si(l) at low temperatures due to reaction with the graphite injector tube.
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Other potential silicon source candidates such as trichlorosilane (SiHCl3) and
dichlorosilane (SiH2Cl2) were evaluated using thermodynamic equilibrium calculations to
evaluate their potential to react with graphite at high temperatures. Figure 4.3 shows the
results for the specific case of SiHCl3. The presence of hydrogen in the precursor greatly
enhances the formation of SiC(s) and Si(l). Equilibrium calculations indicate that in this
system TaC will not effectively sequester carbon and prevent it from reacting with the
source gas to form SiC. This makes trichlorosilane a less desirable source material
compared to fully halogenated precursors. A similar result is obtained for SiH2Cl2.

Fig. 4.3. Use of SiHCl3 as a silicon source results in the formation of large quantities of
SiC(s) and Si(l) across a wide temperature range essentially depleting the source
material before it reaches the exit end of the injector.
Log(kmol)

File:SiHCl3
C:\HSC5\Gibbs\SiClCH.OGI
1mol
+ 1mol C + 1mol Ar at 200 torr

1.0

0.5
HCl(g)
Ar(g)

0.0

H2(g)
SiCl2(g)

SiC(s)
-0.5 SiCl4(g)
Si(l)

SiCl(g)
Cl(g)

-1.0
H(g)

-1.5

-2.0
1000

SiHCl3(g)

1200

1400

1600

1800

2000

2200

2400

Temperature
C

70

4.3.2

Carbon Source

Electronic grade propane (C3H8) was selected as the initial carbon source based
on its successful use in standard SiC CVD epitaxy processes. 6, 7 , 8 , 9 Mass flow controllers
(MFC) are used to regulate both the propane flow and the carrier gas flow allowing for
independent control of total flow rate and propane concentration in the carbon source
injector. Figure 4.4 shows the expected high temperature equilibrium decomposition
products of propane.

Fig. 4.4. Thermodynamic equilibrium calculations predict that hydrocarbon source
gases will decompose inside the carbon source injector to form solid carbon and
acetylene (C2H2(g)). From these calculations acetylene is the most like carbon source
contributing to SiC growth.
10 sccm C3H8 + 1 slm H2 @ 200 torr
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The results are essentially the same for any dilute concentration of hydrocarbon
gas in hydrogen. Assuming equilibrium is reached inside the injector tube, the primary
carbon containing specie contributing to SiC growth in the 2000-2100°C temperature
range is acetylene (C2H2).
During operation of the crystal growth furnace the carbon source gas passes
through the injector tube and is heated from room temperature to temperatures near
2000°C. As the temperature of the gas stream approaches 1000°C, the amount of
gaseous hydrocarbon in equilibrium with hydrogen drops rapidly. The result is
deposition of solid carbon inside the injector. This is observed experimentally when
propane is used as the carbon source for HCVD. The net effect is that the mass of carbon
supplied to the furnace by the MFC is not the same as the mass that actually reaches the
exit end of the source injector and takes part in growth of SiC.
Reducing the residence time of the source gas in the injector tube can minimize
the loss of carbon, due to thermal decomposition of the source gas. This is accomplished
by: 1) increasing the flow rate of the carrier gas, and 2) by introducing the carbon source
and carrier gas through the inner injector tube which has a cross sectional area
approximately ten times smaller than that of the outer injector tube. Both actions have
the effect of increasing the velocity of the gas stream.
Methane (CH4) is of interest as an alternate to C3H8 due to its slower thermal
decomposition kinetics. 10 Murphy et al. 11 reported on the pyrolysis of various
hydrocarbons in the 900-1100°C range. In this study the deposition rate of solid carbon
from propane and methane was measured. While propane decomposition was studied at
900°C, use of methane required a temperature of 1100°C to achieve the same deposition
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rate. This work is particularly applicable because it was carried out at hydrocarbon
concentrations of less than 10 mol%, which is similar to the concentrations, used in the
HCVD process.
Halocarbon sources, CCl4 and CF4, were evaluated thermodynamically to assess
their suitability for use as a carbon source in the HCVD process. The primary evaluation
criterion was the amount of solid carbon predicted to form over the temperature range of
500-2500°C in comparison to hydrocarbon sources. The disadvantage of using
halocarbons is that hydrogen can no longer be used as a carrier gas. The halogenated
compounds readily decompose in the presence of H2. Figure 4.5 shows the predicted
equilibrium composition of CCl4 in an argon atmosphere.

Fig. 4.5. Carbon tetrachloride is predicted to fully decompose to solid carbon at
temperatures above 1000°C. In the absence of hydrogen, higher temperatures do
not induce the formation of gas phase carbon species.
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Carbon tetrachloride is predicted to fully decompose to solid carbon above
~1100°C making it difficult to use as a carbon source for HCVD. In fact CCl4 is
commonly used to lower the deposition temperature or increase the deposition rate of
pyrocarbon coatings. 12
By comparison, CF4 is predicted to be very thermally stable in an inert
atmosphere. Figure 4.6 shows that no solid carbon is predicted to form up to at least
2500°C making this a potential solution to the problem of premature carbon source
decomposition.

Fig. 4.6. High temperature decomposition of CF4 is predicted to yield other gas phase
halocarbon species with no solid carbon formed at temperatures up to at least 2500°C.

Log(kmol)

30 sccm CF4 + 1slm Ar 200 torr

1.0
0.5
0.0

Ar(g)

-0.5
F(g)
-1.0
-1.5

CF4(g)
C2CF(g)

-2.0

CF2(g)

-2.5
CF3(g)

-3.0

CF(g)
-3.5
C2F2(g)
-4.0

500

1000

1500

2000

2500

Temperature
C

74

However, addition of fluorine to this chemical system could have a negative
effect on SiC deposition by formation of highly stable gas phase silicon-fluoride
compounds. This could significantly reduce the efficiency of the deposition process.

4.3.3

Growth of SiC- Thermodynamic Estimates

The high temperature thermodynamic equilibrium calculations for SiCl4 and C3H8
in their respective carrier gases suggests that the species exiting the injector tubes and
contributing to SiC growth at temperatures near 2000°C are likely to be SiCl4(g),
SiCl2(g), and C2H2(g). Equilibrium calculations in the Si-Cl-C-H system show that
silicon carbide is stable under a variety of process conditions. Figure 4.7 summarizes the
results of these calculations at typical growth conditions assuming the silicon source is
SiCl4, the carbon source is C3H8, and the carrier gas and precursor flow rates are constant.
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Fig. 4.7. Solid SiC is predicted to be stable at temperatures up to 2150°C using
precursor flow rates and carrier gas flow rates routinely employed for crystal growth.
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Under these conditions SiC is predicted to be the stable solid phase at
temperatures up to 2200°C. The primary silicon-containing species in the gas phase in
equilibrium with SiC near 2000°C are SiCl, SiCl2. No SiCl4 is present indicating that is
is fully decomposed after mixing with the H2 carrier gas stream. The primary carboncontaining specie is C2H2. Assuming that the gases are well mixed and that equilibrium
conditions exist at the growth surface then Eq-4.1 and Eq-4.2 show possible SiC
deposition reactions at a temperature of 2050°C assuming that the two dominant gas
phase Si species from Fig. 4.1 are the main reactants.
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Eq-4.1

2 SiCl4(g) + C2H2(g) + 3 H2(g) → 2 SiC(s) + 2 SiCl(g) + 8 HCl(g)

Eq-4.2

SiCl2(g) + ½ C2H2(g) + ½ H2(g) Æ SiC(s) + 2 HCl(g)

Selection of the silicon source determines the quantity of chlorine present in the
system, which influences the relative concentrations of SiCl4(g) and SiCl2(g) contributing
to the deposition reaction. For example, if Si2Cl6 is used instead of SiCl4 the predicted
ratio of SiCl4 to SiCl2 exiting the silicon source injector drops from 1:1 to 1:3. Likewise
the ratio can be increased if additional Cl is added to the gas stream. It may be possible
to use this effect to probe the relative influence of SiCl4 and SiCl2 on the growth rate ofa
SiC.

4.4

Growth Rate as a Function of Growth Conditions

The halide chemical vapor deposition (HCVD) process was developed for growth
of single crystal 6H and 4H SiC boules and epitaxial layers. This process takes
advantage of the thermal stability of halogenated precursors and a unique reactor design
to produce SiC crystals up to 75mm in diameter at growth rates up to 250 µm/hr.
Previous work on the HCVD process employed propane (C3H8) as the C source gas 13 and
it was noted that under certain growth conditions, premature decomposition of C3H8 lead
to difficulty in controlling C transport to the growth surface and can ultimately restrict the
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flow of gases through the C source injector. The present work provides a solution to this
problem by using methane (CH4) as the C source gas.
In previous work, the HCVD process achieved growth rates approaching
250μm/hr using a C3H8 flow rate of 17 sccm and an accompanying H2 carrier gas flow
rate of 3 slm. The high carrier gas flow rate was required to minimize the residence time
of C3H8 in the source injector and thereby minimize its decomposition to solid carbon
within the injector. From a thermodynamic standpoint all hydrocarbons are expected to
behave in this manner. However, a review of kinetic data collected on various
hydrocarbons used for chemical vapor infiltration of carbon-carbon composites showed
that the decomposition of CH4 to solid carbon occurred at a rate approximately ten times
slower than that of C3H8 at temperatures of 900-1100°C. 14,15 Figure 4.8 shows the
experimentally measured dependence of the growth rate of on-axis 6H-SiC on CH4 flow
rate at constant C and Si carrier gas flow rates of 1 slm. The growth temperature and
pressure were maintained at 2020°C and 200 Torr respectively. The carbon source
carrier gas in this case was a mixture of 50vol% H2 and 50vol% Ar. The steady increase
in growth rate with CH4 flow rate demonstrates that methane can be used to directly
control the C/Si ratio in the system while achieving a wide range of single crystal growth
rates. It also shows that the process is operating under Si-rich conditions where growth
rate is controlled by delivery of the C source. All of the work described in this chapter
and the following chapters uses CH4 as the carbon source material.
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Fig. 4.8.
of 50 sccm.

Growth rate as a function of CH4 flow rate using a constant SiCl4 flow rate
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Growth rate is also a significant function of temperature at growth temperatures
above 1900°C. At these temperatures the growth rate is dominated by thermodynamic
equilibrium rather than kinetics. Figure 4.9 shows the comparison between the
experimentally measured growth rate and the trend expected from thermodynamic
equilibrium calculations. For each temperature the SiCl4 and CH4 flow rates were
50sccm and 18sccm respectively, while the Ar and H2 carrier gas flow rates were
1900sccm and 400sccm. Pressure was held constant at 400 Torr. The thermodynamic
data is presented as a relative amount of SiC deposited. The relative amount is obtained
by normalizing the quantity of SiC predicted to form at each temperature with the
quantity predicted to form at 1950°C. The experimental data follows the expected trend
showing a rapid decline in growth rate as the temperature increases. The experimental
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data shows the growth rate reaching zero at a temperature approximately 50°C lower than
the model. This may be due to differences between the temperature measured by optical
pyrometry on the backside of the 10mm thick graphite substrate holder and the actual
temperature at the growth surface.

Fig. 4.9
Experimentally observed growth rate as a function of temperature
compared to the relative change expected from thermodynamic equilibrium.
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Similarly, the growth of SiC by HCVD at temperatures near 2000°C is sensitive
to the reactor pressure. Figure 4.10 shows the observed and calculated effects of pressure
on growth rate at constant temperature and flow rates. The same gas flow rates were
used as in Fig. 4.9. At pressures of 10-20 Torr, typical for physical vapor transport
growth of bulk SiC, no growth is measured. At low pressures the rates of sublimation
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and etching by H and Cl exceeds the rate of growth in an open system. At pressures
above 200 Torr the growth rate is relatively insensitive to changes in pressure. The
experimental data agrees reasonably well with the model with respect to the rapid drop in
SiC deposition at pressures below 200 Torr. However, the experimental data shows a
slight decrease in growth rate at higher pressures. This may be a result of variability in
measuring the thickness of the epitaxial layer after growth due to surface roughness, or
the decrease may be related to changes in gas velocity and flow patterns as the pressure
increases.
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Fig. 4.10. Growth rate of single crystal 6H-SiC at 2000°C as a function of reactor
pressure using constant source and carrier gas flow rates.
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4.5

Boundary Between Deposition of SiC and SiC + C

In contrast to PVT growth, the halide chemical vapor deposition (HCVD) process
provides the ability to maintain a constant gas phase Si/C ratio throughout crystal growth
or even tailor it as necessary during critical stages of growth. Typical SiC CVD
processes for growth of high quality epitaxial layers use SiH4 and C3H8 as precursors.
Precursor concentrations in the range of 0.01-0.5% are commonly used at growth
temperatures of 1500-1800°C resulting in growth rates of 1-30µm/hr. 16, 17 , 18 In contrast,
the HCVD process uses precursor concentrations of 0.5-2.0% in the carrier gas and
growth temperatures of 2000-2100°C to achieve growth rates of 50-250µm/hr. 19 In
addition, the HCVD process utilizes chloride based precursors such as SiCl4. Addition of
Cl to the Si-C-H system significantly alters the types and concentrations of gas phase
species that impact crystal growth. As such it is necessary to determine the range of C/Si
ratios that yield single crystal growth in this chemical system, while simultaneously
maintaining the high precursor concentrations necessary for high growth rates. The
presence of Cl and the high precursor concentrations combine to impose a
thermodynamic limit on the extent to which the C/Si ratio can be increased under a given
set of growth conditions. This section addresses these limits and provides a
thermodynamic model for predicting the boundary between deposition of SiC and
deposition of a mixture of C and SiC. Location of the boundary is verified
experimentally for a range of HCVD growth conditions.
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4.5.1

Experimental

Halide CVD growth experiments were conducted in a commercial pilot scale
CVD system capable of producing crystals up to 100 mm in diameter. The reactor
geometry is a vertical impinging jet configuration utilizing separate injection of the Si
and C precursors. The silicon source gas and its inert carrier gas enter the hot zone of the
furnace through a graphite injector tube separate from the injector delivering the carbon
source gas. This arrangement has been described in detail Chapter 3 and in previous
publications.25,20 All graphite hot zone components were coated with TaC to minimize
incorporation of impurities from the graphite and also to eliminate etching of the graphite
by the hydrogen carrier gas. All growth experiments were 3 hours in length and took
place at a temperature of 2025°C and a pressure of 400 Torr. For all experiments the Si
source was SiCl4 delivered by bubbling Ar through liquid SiCl4. The bubbler was
maintained at a temperature of 15°C and a pressure of 800 Torr. The flow of Ar through
the bubbler was adjusted to obtain net SiCl4(g) flow rates of 14 sccm to 42 sccm. The
flow rate of SiCl4 from the bubbler was linear with the carrier gas flow rate over this
range. An additional 1400 sccm of Ar carrier gas was added to the Si precursor gas
stream downstream of the bubbler. The C source for all experiments was CH4 delivered
by a carrier gas consisting of 500 sccm of H2 and 400 sccm of Ar.
In the first series of growth experiments, the C/Si ratio of the gas delivered to the
HCVD tool was varied from 0.21to 0.90 by adjusting the CH4 flow rate from 6 sccm to
26 sccm while holding the SiCl4 flow rate constant at 28 sccm. For the second series, the
C/Si ratio was varied from 0.43 to 1.28 by adjusting the SiCl4 flow rate from 14 sccm to
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42 sccm at a constant CH4 flow rate of 18 sccm. The growth experiments were
performed in random order.

Growth took place on the C-face of 13x13 mm 4H-SiC

substrates oriented 4° off the (0001) plane towards the [11-20] direction. Substrates were
mechanically polished to a surface roughness of less than 2nm prior to growth. An insitu hydrogen etch was employed to clean the surface during ramp up to growth
conditions as outlined in Chapter 3. Growth rate was assessed by measuring the substrate
thickness before and after growth. Growth surface morphology was characterized by
optical microscopy. X-ray diffraction was used to determine the silicon carbide polytype
and detect and identify additional solid phases present in the samples.

4.5.2

Thermodynamic Equilibrium Model

At typical growth conditions, the major Si and C gas phase species are predicted
to be SiCl, SiCl2 and C2H2 respectively, as shown in Fig. 4.11. Under this set of growth
conditions, at CH4 flow rates below 21 sccm, the formation of SiC is proportional to the
amount of C source material delivered to the growth environment. In this region,
increasing the CH4 flow rate increases the amount of SiC formed and reduces the
concentration of both SiCl and SiCl2. Experimentally this should be observed as an
increase in growth rate. The concentration of C2H2 also increases indicating that
complete conversion of the C precursor gas to solid SiC does not take place even though
Si is supplied in excess. The presence of Cl in the system dictates that some of the Si
remains as SiCl and SiCl2.
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Fig. 4.11.
Thermodynamic prediction of the equilibrium solid and gas phase species
present at a temperature of 2025°C and a pressure of 400 Torr as a function of the CH4
flow rate. The flow rates of SiCl4, H2, and Ar were constant at 29sccm, 500sccm, and
1500sccm respectively.

At CH4 flow rates above 21 sccm, the thermodynamic equilibrium calculations
predict that the condensed phase will transition from pure SiC to a mixture of SiC and C.
Above the transition point, supplying additional C results in deposition of solid C but not
additional SiC. The transition point corresponds to the point at which the concentration
of hydrocarbons in equilibrium with SiC in the Si-C-Cl-H system equals the
concentration of hydrocarbons that is predicted to be in equilibrium with H2 in a pure CH system at the same temperature and pressure. Above this point, the concentration of
hydrocarbons in the gas phase stops increasing with increasing CH4 input. As a result,

85

the deposition of SiC levels off and additional gas phase C species supplied to the system
are simply converted to solid C just as they would be in a simple C-H system.

4.5.3

Comparison of Experimental Data with Thermodynamic Model

The trends in growth rate and composition of the condensed phase expected from
the thermodynamic equilibrium model were compared to experimental data from the
HCVD process. For comparison purposes, the experimentally observed growth rates
were normalized to the maximum value obtained in each series while the quantity of SiC
expected to form at thermodynamic equilibrium was also normalized to the maximum
quantity predicted to form at the experimental growth conditions. Figure 4.12 shows the
relative amount of SiC formed as a function of the CH4 flow rate at a constant SiCl4 flow
rate. For this series, the growth rate increased from 50μm/hr to 120 μm/hr. The
magnitude of the increase in growth rate as a function of CH4 flow rate follows the trend
predicted from the thermodynamic equilibrium calculations. At CH4 flow rates up to 22
sccm, 4H-SiC deposited epitaxially on the 4H-SiC substrate, while above this value the
deposited material consisted of a polycrystalline mixture of 3C-SiC and graphite. The
drastic change in growth morphology is shown in Fig. 4.13.
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Fig. 4.12. Comparison of the normalized experimental growth rate and the normalized
quantity of SiC expected to form at thermodynamic equilibrium as a function of the CH4
flow rate.

Analysis of the polycrystalline deposits by x-ray diffraction confirmed that they
were a mixture of C (graphite) and 3C-SiC. The transition to polycrystalline growth
occurred at all C/Si ratios greater than 0.78 in this series of experiments.
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Fig. 4.13. Optical microscopy images showing the growth surface morphology on the
carbon face of 4° off-axis 4H SiC substrates transitions rapidly from single crystal step
flow growth to polycrystalline growth as the CH4 flow rate increases from 22 sccm to 26
sccm corresponding to C/Si ratios of 0.78 and 0.93 respectively.

The same behavior was observed for the series of experiments where the SiCl4
flow rate was varied at a constant flow rate of CH4. Figure 4.14 shows that the trend in
the quantity of SiC expected to form at thermodynamic equilibrium compares well with
the experimentally observed increase in growth rate. In this series, the growth rate
increased from 60μm/hr to 90μm/hr as the SiCl4 flow rate was increased from 18sccm to
42sccm at a constant CH4 flow rate of 18 sccm. The growth rate at high SiCl4 flow rates
began to level off as growth became limited by the supply of the C precursor. At a SiCl4
flow rate of 18sccm,
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the substrate exhibited regions of epitaxial growth and regions of polycrystalline growth
consisting of 3C-SiC and graphite. The maximum C/Si ratio achieved for pure single
crystal growth in this series was 0.82. Under this set of growth conditions, all growth at
higher C/Si ratios was mixed phase and polycrystalline.

Fig. 4.14. Comparison of the normalized experimental growth rate and the normalized
quantity of SiC expected to form at thermodynamic equilibrium as a function of the SiCl4
flow rate.

The CH4 flow rate at which the condensed phase transitions from pure SiC to SiC
+ C can be calculated for any SiCl4 flow rate using the thermodynamic equilibrium model
assuming all other conditions are constant. The CH4 flow rate at the transition point can
then be plotted against the SiCl4 flow rate as shown in Fig. 4.15. This results in a
boundary
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Fig. 4.15. Boundary between deposition of SiC and SiC+C plotted as a function of C and
Si precursor flow rates for at a temperature of 2025°C, a pressure of 400 Torr, and an H2
flow rate of 500 sccm.

on the crystal growth conditions below which pure SiC is expected to form and above
which a mixed deposit of SiC and C is expected to form. This is shown as a solid line in
Fig. 4.15. A dashed line denoting a C/Si input ratio of 1 is plotted for reference. The
flow rates used for the constant CH4 flow rate series and constant SiCl4 flow rate series of
experiments described above are plotted as individual points.
Note that for the temperature, pressure, and hydrogen flow rate used for both
series, the single crystal boundary lies below the C/Si=1 line. This result matches well
with the experimental observations. All of the experimental points denoting
polycrystalline growth fall above the boundary predicted from the thermodynamic
equilibrium calculations. In addition, these experimental conditions yielded the expected
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mixture of C (graphite) and SiC indicating that the equilibrium model provides a
reasonable prediction of where single crystal SiC can be expected to form under a given
set of HCVD growth conditions. The experimental results also verify that the boundary
between single crystal growth and deposition of mixed phase material is very sharp as
evidenced by the transition from single crystal to polycrystalline growth with a small
change in methane flow rate from 22sccm to 26 sccm. The presence of even a small
amount of excess C that can not be included in the SiC crystal readily disrupts single
crystal growth.
Since the boundary location is essentially a function of the concentration of
hydrocarbons in equilibrium with the H2 supplied to the growth environment, it should be
possible to significantly change its location by increasing the H2 concentration in the
overall growth environment. As shown in Fig. 4.16, doubling the H2 concentration by
increasing its flow rate from 0.5 slm to 1.0 slm, while decreasing the Ar flow rate by the
same amount, increases the amount of CH4 that can be supplied before solid C begins to
form. The combined Ar+H2 flow rate remains the same as in Fig. 4.15.
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Fig. 4.16. The position of the SiC / SiC+C boundary shifts towards more C-rich growth
conditions with an increase in the H2 concentration in the growth environment.
Temperature and pressure were constant at 2025°C and 400 Torr respectively. The
increase in H2 flow rate from 500sccm to 1000 sccm was offset by an equal decrease in
Ar flow rate in order to maintain a constant total carrier gas flow rate of 2000 sccm.

Figure 4.16 suggests that with additional H2, the experimental growth conditions
that yielded mixed polycrystalline material should instead produce single crystal SiC. To
confirm this, the growth conditions that resulted in polycrystalline deposits were repeated
with a H2 flow rate of 1 slm. The flow of Ar in the system was reduced by an equal
amount to maintain the same total gas flow rate. In all three cases, the growth returned to
single crystal SiC as predicted by the model. Figure 4.17 shows the return to single
crystal step flow growth at SiCl4 and CH4 flow rates of 28sccm and 26sccm (C/Si=0.93),
which previously yielded polycrystalline material at a lower H2 flow rate.
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Fig. 4.17. Optical microscopy images of the surfaces of SiC deposits showing that
growth on the carbon face of a 4° off-axis 4H SiC substrate transitions from
polycrystalline growth (a) to single crystal step flow growth (b) as the H2 flow rate
increases from 500 sccm to 1000 sccm.
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4.5.4

Effect of Temperature and Pressure on the SiC to SiC+C Transition

The sensitivity of the transition from growth of pure SiC to SiC+C shown in Fig.
4.15 to the growth temperature and pressure were evaluated using the thermodynamic
model in order to assess the feasibility of using these process parameters to shift the
location of the boundary. The results are summarized in Figure 4.18.

Fig. 4.18
The position of the SiC to SiC+C boundary at a fixed SiCl4 flow rate
moves to lower methane flow rates as the temperature is increased. The boundary
position was calculated using the same conditions as those in Fig. 4.15.
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At a SiCl4 flow rate of 28sccm the model predicts the transition point to shift from
a CH4 flow rate of 21sccm at 2025°C to 23sccm at 1950°C. Increasing the growth
temperature to 2100°C lowers the transition point to 18sccm of CH4. At higher growth
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temperatures deposition of solid SiC is less favorable, which results in less of the C
precursor being consumed so the equilibrium between hydrogen and gaseous
hydrocarbons is reached at lower methane flow rates.
The trend in boundary position with temperature changes slightly as the hydrogen
concentration is increased as shown in Fig. 4.19. At a higher hydrogen flow rate of 1000
sccm the boundary position shows a cross over, compared to Figure 4.18, with higher
growth temperatures allowing a higher carbon source flow rate at low silicon source flow
rates, while lower growth temperatures are preferred at high precursor flow rates.

Fig. 4.19
The boundary position change as a function of temperature using a H2
flow rate of 1000 sccm instead of the 500 sccm used for Figure 4.4.7.
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At low precursor flow rates a higher growth temperature aids in increasing the
concentration of hydrocarbons that can be in equilibrium with the increased amount of H2
in the system. At high precursor flow rates a lower growth temperature enhances
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consumption of source materials to form SiC thereby minimizing the concentration of
hydrocarbons in the gas phase.
The impact of growth pressure is small over the range from 200 to 400 Torr
where HCVD growth takes place. For example, decreasing the pressure from 400 Torr to
300 Torr, at a temperature of 2025°C and SiCl4 flow rate of 28sccm, shifts the transition
point from 21sccm of CH4 to 20.5sccm. These results show that changes in temperature
and pressure within the typical operating window of the HCVD process cannot be used to
make a significant change in the location of the transition boundary. The types and
concentrations of the reactants are the primary factors determining the position of the
boundary.

4.5.5

Effects of Chlorine on Growth Rate and the SiC to SiC + C Boundary

The choice of Si precursor can also influence the transition from SiC to SiC + C
deposition. Figure 4.20 shows that a lower Cl/Si ratio, such as that obtained when using
Si2Cl6 as the Si precursor, raises the position of the boundary, while adding additional Cl
acts to lower the position of the boundary, at a constant hydrogen concentration.
Removing Cl from the system results in additional Si being available for SiC deposition,
because it is not consumed to form SiCl and SiCl2. Therefore more C is consumed for
SiC growth and single crystal deposition can be sustained at higher C precursor flow
rates. Figure 4.21 shows that an increase in SiC deposition of about 10% would be
expected by switching from SiCl4 to Si2Cl6. Figure 4.22 shows that increasing the
hydrogen concentration raises the position of the boundary for all Cl/Si ratios. It also
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shows that the impact of the Cl/Si ratio is less pronounced at higher hydrogen
concentrations.
Combining increased hydrogen flow rate with a Si precursor containing less Cl
should allow a C/Si ratio of 1 or slightly higher to be achieved for the high precursor flow
rates required for growth rates greater than 100µm/hr where bulk crystal growth is
commercially attractive.

Fig. 4.20
Position of the SiC to SiC+C boundary as a function of the Cl/Si
introduced to the growth environment at a constant hydrogen flow rate of 500 sccm.
Temperature and pressure were fixed at 2025°C and 400 Torr respectively.
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Fig. 4.21
Impact of the Cl/Si ratio on the amount of SiC deposited with respect to
the amount deposited at a Cl/Si ratio of 4.
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Fig. 4.22
Position of the SiC to SiC+C boundary as a function of the Cl/Si
introduced to the growth environment at a constant hydrogen flow rate of 1000 sccm.
Temperature and pressure were fixed at 2025°C and 400 Torr respectively.
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4.5.5.1

Growth Experiments with Si2Cl6

The effect of the Cl/Si ratio on SiC growth in the HCVD was evaluated
experimentally by replacing SiCl4 with Si2Cl6 to achieve a Cl/Si ratio of 3. The goal was
to evaluate the impact on both the growth rate and the single crystal boundary.

The

Si2Cl6 was purchased as a liquid packaged in a stainless steel bubbler. The bubbler was
operated a pressure of 800 Torr and temperature of 80°C. The higher bubbler
temperature, compared to that for SiCl4, was used to increase the vapor pressure of Si2Cl6
to 100 Torr. All gas delivery lines to the CVD tool were wrapped with line heaters set at
95°C to prevent condensation. The flow rate of Si2Cl6 to the CVD was monitored and
actively controlled using the Lorex Piezocon system described in Chapter 3. In this way
a comparison could be made with SiCl4 without concern for tight control over the Si2Cl6
vapor pressure. The experimental points in Fig. 4.15 showing growth at a constant CH4
flow rate, but variable Si source flow rate were repeated with Si2Cl6 using the same Si
molar flow rate.
As noted in Fig. 4.2, low temperature decomposition and reactions between Si2Cl6
and C to form condensed Si and SiC is expected. This was observed experimentally
through deposition of SiC on the surfaces of the bare graphite source injector. This
deposition suggested that a significant fraction of the Si2Cl6 was depleted before reaching
the growth environment. Use of TaC coated injectors appeared to minimize reactions
between the source and the injectors, but deposition of SiC on the injector was still
observed. Consequently, homoepitaxial growth of SiC on SiC substrates did not proceed
as needed in order to directly compare SiCl4 and Si2Cl6. Loss of a significant fraction of

99

the Si source makes it impossible to assess either the growth rate or the single crystal
boundary position.

4.6

Conclusions

Precursors for the halide chemical vapor deposition process were evaluated using
thermodynamic equilibrium calculations to assess the potential for decomposition or
reactions with the crystal growth process hardware. Use of SiCl4 as the Si source was
shown to avoid any premature decomposition or reaction with graphite hot zone
components compared to other halogenated Si compounds. While thermodynamics
showed no compelling reason for selection of one hydrocarbon source over another,
literature reports on decomposition kinetics indicated that the use of CH4 over C3H8
would minimize premature decomposition within the C source injector.
A thermodynamic equilibrium model was used to predict the maximum C/Si ratio
at which SiC is the only condensed phase produced during halide CVD growth. The
calculations specifically focused on the high precursor concentrations required to
maintain growth rates of 50-250µm/hr. The model accurately predicted the trends in
growth rate with the changes in precursor flow rates as well as the boundary between
deposition of pure SiC and deposition of a mixture of SiC and C. The boundary between
phase pure and mixed phase growth was experimentally shown to be very abrupt and thus
easily located using a thermodynamic equilibrium model. Calculation of the boundary
position in terms of the SiCl4 and CH4 concentrations provides the maximum C/Si ratio
that can be achieved for any given set of crystal growth conditions.
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The concentration of H2 in the growth environment was shown to significantly
influence the location of the phase pure boundary. Increasing the H2 concentration was
predicted to increase the C/Si ratio at which single crystal growth could be maintained by
increasing the equilibrium concentration of C that could exist in the gas phase. This was
verified experimentally by observing the transition in growth morphology of crystals
grown under identical conditions with the exception of the H2 concentration.
In addition to the precursor concentrations and the H2 concentration, changes in
temperature, pressure, and Cl concentration are also expected to significantly influence
both the growth rate and the position of the phase pure boundary. Experimental data
showed that the trends in growth rate with temperature and pressure closely matched the
trends expected from the model. A combination of increased H2 concentration and
reduced Cl concentration are predicted to allow high growth rates and C/Si ratios greater
than 1 to be achieved simultaneously. Attempts to verify the impact of lower Cl
concentrations were not successful due to premature decomposition of the Si2Cl6
precursor inside the source injector.
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Chapter 5

Effect of C/Si Ratio on Impurity Incorporation and Structural Quality

5.1.

Introduction

The HCVD process provides the ability to maintain a constant gas phase C/Si
ratio throughout the crystal growth process or to tailor growth conditions in order to
deposit material under either carbon rich or silicon rich conditions. This can be used to
control dopant concentrations by enhancing or discouraging dopant incorporation through
a technique known as site competition epitaxy. This method makes use of the fact that
the common p-type dopants (Al and B) and the common n-type dopants (N and P)
incorporate substitutionally in the SiC lattice on the Si and C sites respectively, as
discussed in section 2.2.2.1. The C/Si ratio is also known to play a role in the
propagation of substrate defects into CVD grown epitaxial layers as well as the
nucleation of polytype inclusions, as discussed in section 2.2.2.3.
As noted in previous chapters, the HCVD process is designed to operate in a
temperature regime that is 400-500°C higher than conventional SiC CVD and 200-300°C
lower than typical PVT growth processes. In addition the process chemistry is
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significantly different due to the high chlorine concentration in the system which may
alter surface termination and surface reactions. The work outlined in this chapter
addresses whether or not changes in the C/Si ratio can be used to change both impurity
concentrations and defect concentrations.
The two primary issues considered in this chapter are whether or not changes in
the C/Si ratio to control residual dopants are compatible with achieving low defect
densities, and whether conditions exist for growth of high quality epitaxial layer on onaxis substrates. Dislocations extending along the c-axis of the crystal as well as basal
plane dislocations extending into active regions of the device can lead to device
degradation and breakdown at high fields. 1,2 The propagation of basal plane dislocations
from the substrate into the epitaxial layer is the primary motivation for pursuing growth
of epitaxial layers on on-axis substrates instead of 4° or 8° off-axis substrates.

5.2.

Experimental Procedures

Growth experiments were conducted in a commercial pilot scale HCVD growth
system capable of producing crystals up to 100 mm in diameter as outlined in Chapter 3.
All growth experiments took place at a temperature of 2000°C and a pressure of 300
Torr. For all experiments the Si source was SiCl4 delivered by an Ar carrier gas, while
the C source was CH4 in a H2 carrier gas. The flow rates of both the Si and C carrier
gases were held constant at 1 slm.
To evaluate the effect of substrate off-cut (on-axis vs. 4°-off) and surface polarity
(C-face vs. Si-face) on nitrogen and boron incorporation in 4H-SiC, a set of four ¼ wafer
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substrates from the same vendor were mounted at the top of the hot zone and arranged in
an axially symmetric pattern to ensure that each substrate experienced the same process
conditions. By using this technique the impact of the substrate on impurity incorporation
and defect density under a fixed set of process conditions was evaluated without
complications from run to run repeatability. Epitaxial layers grown for this series of
experiments were 80-120 μm thick. Figure 5.1 graphically shows the CH4 and SiCl4 flow
rates studied in order to achieve C/Si ratios ranging from 0.2 to 1.8. The thermodynamic
boundary between SiC and SiC+C deposition, discussed in Chapter 4, is provided for
reference.

Fig. 5.1
Experimental CH4 and SiCl4 flow rates used to determine the correlations
between C/Si ratio and impurity incorporation, point defect concentrations, and structural
defect concentrations.
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The N and B concentrations in unintentionally doped thick epitaxial layers were
measured by secondary ion mass spectrometry (SIMS) at Charles Evans & Associates.
Nitrogen concentrations less than 5x1015 atoms/cm3 were verified by low temperature
photoluminescence 3 at the Naval Research Laboratory. This technique uses the intensity
ratio between the nitrogen-bound exciton line (Qo) and the free excitonic-related emission
(I77). This ratio was found to be a quantitative measure of N concentration. The ratio is
linear with N concentration, as measured by SIMS, at concentrations below 1x1016
atoms/cm3.
Structural quality and polytype were assessed by high resolution x-ray diffraction
(HRXRD) using a Philips MRD x-ray diffraction system. Rocking curves for 4H-SiC
were collected from the (0008) reflection with a spot size of approximately 1.2 x 1.0 mm.
Gross changes in structural quality were assessed by quantifying the full width at half
maximum (FWHM) of the x-ray rocking curves and through assessment of the etch pit
density. The etch pit density of samples grown on Si-face substrates only was
characterized by etching in molten KOH for 10 minutes at a temperature of 480°C. Etch
pits are not readily revealed on the C-face even after 1 hour of etching.

5.3.

Substrate Preparation for Growth

Prior to growth, substrates were polished to provide a flat, damage free surface.
The final step was chemi-mechanical polishing (CMP) using a process developed at Penn
State University. 4 This process employs a strong oxidizer such as hydrogen peroxide to
create an SiO2 layer on the surface of the SiC substrate. The oxidized layer is
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continuously removed by a soft abrasive such as colloidal silica or alumina, which does
not damage the underlying SiC. The typical average surface roughness is 0.2nm after the
CMP process is complete.
As the substrates are heated from room temperature to growth temperature it is
critical to maintain a clean damage free surface upon which to start growth. 5, 6 , 7 The
primary concern is to prevent preferential loss of either C or Si from the surface as the
substrate is heated. Figure 5.2 graphically depicts a typical heat up profile for the HCVD
process showing the temperature and pressure ramp rates with the corresponding changes
in Ar, H2, CH4, and SiCl4 flow rates. Note that as the temperature increases the Si and C
precursor flow rates are increased. The concentrations of Si and C provided, as the
temperature is increased, are selected to be approximately equal to the concentrations
expected to be present at thermodynamic equilibrium. This minimizes both sublimation
and deposition.
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Figure 5.3 shows the surface evolution from a typical CMP polished surface of a
C-face, 4H, 4° off-axis substrate, to the pre-growth surface after increasing the substrate
temperature to 2000°C. Each 2x2µm AFM micrograph was collected after ramping the
substrate temperature to a specific point in the heat up profile and then quenching to
room temperature. After heating to 1200°C in vacuum, scratches are faintly visible
showing that the sub-surface damage in this substrate was not completely removed by the
CMP process. After heating to 1500°C in Ar at a pressure of 600 Torr, the surface shows
evidence of transforming to an ordered step structure. The step structure becomes well
defined as the temperature increases to 1800°C and then 2000°C.
Even though significant re-ordering of the surface takes place as the temperature
ramps up to growth conditions, it is important to start with a damage free surface. The
dislocation density of films grown on the C-face of 4° off-axis 4H-SiC substrates
prepared with 3µm diamond polishing slurry were compared to those prepared by chemimechanical polishing. Dislocation density was estimated from plan-view TEM by
Xiaojun Weng at PSU-MRI. A total of 50 images with a total area of ~1000µm2 were
used for each sample. Substrates prepared with diamond slurry had an average
dislocation density of 8x106cm-2 while those with a CMP surface finish had a dislocation
density of <1x105cm-2. This difference is attributed to the difference in the quantity of
damaged material at the substrate surface. Diamond polishing can create dislocations in
the top 50nm of the substrate, which the CMP process subsequently removes. 8

110

Fig. 5.3.
AFM images showing the evolution of the surface of a C-face 4H-SiC 4°
off-axis substrate as it is heated to a growth temperature of 2000°C.
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5.4

Structural Properties as a Function of C/Si ratio

The impact of intentional changes in the gas phase stoichiometry on the gross
structural properties of single crystal SiC grown by HCVD was evaluated by
characterizing growth surface morphology, x-ray rocking curve peak width, and etch pit
density. The goal was to quantify any positive or negative effects on the structural
quality of thick epitaxial layers as a result of increasing the C/Si ratio to control nitrogen
incorporation. Ratios greater than 1.0 were of particular interest since they result in the
lowest N concentrations. Also of interest was the impact of C/Si ratio on the quality of
layers grown on on-axis substrates. Use of on-axis substrates or nearly on-axis substrates
could significantly reduce the concentration of device killing basal plane dislocations that
propagate from the substrate into the epitaxial layer.

5.4.1

Growth Surface Morphology

An initial assessment of growth morphology as a function of C/Si ratio was
carried out by growing 100µm thick epitaxial layers on the Si-face of on-axis oriented
6H-SiC substrates. Figure 5.4 shows that no significant changes take place as the growth
conditions change from Si-rich to C-rich. In all cases, spiral step flow growth is observed
with no evidence of triangular 3C-SiC polytype inclusions or carbon inclusions. In
addition, no changes in step shape or step pinning were observed.
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Fig. 5.4.
Growth morphology of 75µm thick epitaxial layers grown on the Si-face
of on-axis 6H-SiC substrates as a function of C/Si ratio.
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This growth mode is expected for growth on the Si-face of an on-axis 6H-SiC
substrate. The growth rate for these layers was 25-30µm/hr, which is almost a factor of
ten higher than typical epitaxial growth rates. Therefore the surface structure can be
expected to resemble that observed in bulk growth of 6H-SiC. 9 The spiral step flow
growth on on-axis substrates is the result of propagation of step edges emanating from
screw dislocations that intersect the growth surface. 10 This is not thought to be 2D
nucleation on the surface of large growth terraces, which would be expected on a low off
cut surface, but rather it is explained by incorporation of adatoms at the steps surrounding
dislocations. 11
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In comparison, Fig. 5.5 shows the impact of intentional changes in C/Si ratio on
the morphology of 100µm thick 4H-SiC epitaxial layers grown on the Si-face of both onaxis and 4° off-axis oriented substrates. Only the extreme ends of the range of C/Si ratios
studied are shown since they represent the full extent of the changes observed. There are
significant differences in morphology between on-axis and off-axis growth as expected.

Fig. 5.5
Growth surface morphology of epitaxial layers grown on the Si-face of
4H-SiC substrates.

Off-axis growth yields parallel step flow type growth originating from the high
density of step edges induced by the crystal off-cut. Assuming a single unit cell step
height for 4H-SiC the initial terrace width of a 4° off-cut surface is approximately 15nm.
The final growth surface displays a terrace width on the order of several microns. This
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difference between the calculated terrace width and the observed terrace width is due to a
phenomenon known step bunching, where steps overtake one another to create larger step
heights and wider terraces. No significant change in morphology is observed for the
range of C/Si ratios evaluated.
On-axis growth on the Si-face shows some evidence of spiral step flow growth
although it is not as well organized as the patterns observed on the Si-face of 6H-SiC.
Triangular stepped features are common at low C/Si ratios, while stepped structures
become less pronounced at higher C/Si ratios. This is generally consistent with the
results of Kojima et al. 12 in that smooth surfaces could not be obtained on the Si-face of
on-axis substrates over a C/Si range of 0.6 to 1.5. Similar results were also reported by
Kimoto et al. 13 for on-axis growth. Growth morphology on the Si-face showed a mosaic
pattern similar to that shown for the low C/Si ration in Fig. 5.5. In addition, they noted
that the Si-face was sensitive to surface damage and substrate defects resulting in
nucleation of the 3C polytype. They did not observe these defects on the C-face, which
yielded very smooth surfaces at C/Si ratios of 2-3.
Films grown by HCVD on the C-face of off-axis substrates yield the smoothest
surfaces at C/Si ratios less than 1.0 as shown in Fig 5.6. This appears to be consistent
with competition between step flow growth and spiral growth. Nakamura et al.10 showed
that C/Si ratios <1 enhance step flow growth, which would lead to smoother surfaces for
off-axis substrates by minimizing step bunching. They also showed that higher C/Si
ratios enhance spiral growth from the steps emanating from screw dislocations.
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Fig. 5.6
Growth surface morphology of epitaxial layers grown on the C-face of
4H-SiC substrates.

Relatively smooth 100µm thick films were obtained on the C-face of on-axis
substrates, especially at C/Si ratios greater than 1.0 as shown in Fig. 5.6. The change in
growth surface morphology for on-axis growth shown in Fig. 5.6 may be the result of a
transition between step flow and spiral growth as the C/Si ratio is increased. Enhanced
spiral growth at higher C/Si ratios my lead to smoother surfaces through prevention of 2D
nucleation on terrace surfaces by quickly developing a stepped surface through more
rapid expansion of growth spirals.
In general the changes in growth surface morphology are consistent with recent
results for conventional CVD growth on both the C-face of the substrate and on low off-
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cut substrates. These changes in morphology with surface polarity, off-cut, and C/Si ratio
suggest that structural defect densities and overall structural quality may change as well.

5.4.2

Effect of Impurities on Growth Morphology

The effect of impurities on step flow growth and growth surface morphology for
both SiC bulk crystals and CVD grown SiC epitaxial layers has been reported in the
literature. Ohtani et al. 14 reported that intentional N doping of 6H-SiC during physical
vapor transport growth of bulk crystals resulted in a transition from straight, regularly
spaced steps with an average height of one unit cell to wavey, randomly spaced macro
steps with heights of up to ten unit cells. Undoped crystals had an average N
concentration of 4x1017 atom/cm3, while doped crystals had a N concentration of 1x1019
atoms/cm3. Similarly, Chen et al. 15 observed that intentional N doping during
conventional CVD growth of 4H-SiC epitaxial layers on the C-face of 4° off-axis
substrates caused a significant increase in surface roughness from 0.2nm at a N
concentration of 1x1016 atoms/cm3, to 2nm at a N concentration of 1x1019 atoms/cm3,
which was attributed to enhanced step bunching.
The effect of dopants on surface morphology is not expected to play a significant
role in the development of the growth surfaces discussed in the previous section. As will
be shown in section 5.5, the highest N concentrations for these undoped films ranged
from 5x1016 to 1x1017 atoms/cm3. Boron concentrations were on the order of 1x1015
atoms/cm3. These concentrations are well below the concentrations reported to affect the
growth morphology of SiC.
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5.4.3 Structural Quality as a Function of C/Si Ratio and Substrate

Overall structural perfection of 4H-SiC layers was assessed using high resolution
XRD rocking curves. Fig. 5.7 summarizes the full width at half maximum (FWHM) of
the (0008) reflection from the same layers whose growth surface morphologies are
summarized in Figures 5.5 and 5.6. Layers grown at the same C/Si ratio were all
processed in the same growth run. The FWHM’s of the substrates used for these
epitaxial layers varied across the substrate but were on the order of 45-55 arcsec.

Fig. 5.7
FWHM of 4H-SiC (0008) rocking curves as a function of the C/Si ratio,
substrate off-cut, and surface polarity.
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As expected, growth on both the C-face and Si-face of 4° off-axis substrates
yielded the narrowest peak widths. This is likely due to the preferred formation of the 4H
polytype, with respect to other SiC polytypes, when using step flow controlled epitaxy on
off-cut substrates. 16 The step edges, created by the off cut, expose the stacking sequence
of the Si-C bilayers, which is unique to each polytype. The step edges essentially act as
templates for propagating the stacking sequence of each polytype.
Growth on the C-face of the 4H off-axis substrates yields the most consistent
FWHM values across the range of C/Si ratios studied. In all cases the FWHM is very
close to that of the substrate. An example of a rocking curve from a layer grown on the
C-face of an off-axis substrate is shown in Fig. 5.8. The preference for the 4H polytype
to form on the C-face of 4H substrates is consistent with observations from the bulk
growth of 4H-SiC crystals by physical vapor transport.10, 17,18 However, the reason for
this preference is not well understood. For 4H epitaxial growth, the nucleation density on
the C-face is known to be an order of magnitude lower than on the Si-face. 19 In addition,
the adatom surface diffusion length before desorption is known to be longer on the Cface. 20 These factors are speculated to play a role in the preferred formation of the 4H
polytype, but the mechanism is not understood.
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Fig. 5.8
Rocking curve of the (0008) reflection from an epitaxial layer grown on
the C-face of a 4° off-axis 4H-SiC substrate.
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Growth on the Si-face of on-axis substrates resulted in significantly wider omega
rocking curves than any other substrate and off-cut combination. An example is shown
in Fig. 5.9. Not only is the peak very broad, but it is also asymmetric. The asymmetric
nature of this peak has been observed in bulk growth of SiC 21, 22 , 23 and in epitaxial
growth. 24 Broadening of the omega scan is attributed to lattice mis-orientation caused by
slight tilting of adjacent regions of the crystal with respect to each other. This is thought
to be due to errors in the polytype stacking sequence during growth, or in the worst cases
to inclusions of other polytypes during growth.21 This is consistent with observations of
the growth surfaces for layers grown on the Si-face of on-axis substrates by HCVD.
Figure 5.6 shows a range of features from circular growth spirals to triangular stepped
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features indicating that growth does not occur by a single well defined process. The
results of defect etching on these samples, discussed in the following section, will shed
additional light on the source of the severe peak broadening observed for growth on the
Si-face of on-axis substrates.

Intensity (counts)

Fig. 5.9
Rocking curve of the (0008) reflection from an epitaxial layer grown on
the Si-face of an on-axis 4H-SiC substrate.
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For on-axis epitaxial growth by HCVD, the C-face appears to offer the best
possibility for achieving high structural quality. This has recently been observed in
conventional SiC CVD growth on on-axis substrates. 25, 26 Alterations to surface
preparation, in-situ etching, and growth initiation may be required to improve the crystal
quality of layers grown on-axis. Kojima et al.25 have suggested that a buffer layer grown
at a low C/Si ratio is effective at establishing step flow growth patterns prior to growth at
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high C/Si ratios. Variability in the rocking curve widths for on-axis samples may be a
result of small mis-orientations in the substrate with slightly larger off-cuts yielding
higher quality layers. A detailed study of peak width as a function of off-cut would be
useful for defining the impact of off-cut between 0° and 4°.

5.4.4

Defect Density as a Function of C/Si Ratio and Substrate

The defect density as a function of the C/Si ratio was also evaluated by etching
samples grown on the Si-face of 6H and 4H substrates in molten KOH. Samples were
etched for 10 minutes at a temperature of 480°C. The number of etch pits were then
counted in five separate 200µm x 500µm areas as outlined in Chapter 3. The average
etch pit density was calculated on a per cm2 basis.
Table 5.1 shows the etch pit density as a function of the C/Si ratio for the 6H-SiC
layers shown in Fig. 5.7. These four 100µm thick epitaxial layers were grown on the Siface of a 6H-SiC substrate. A single 50mm SiC wafer was diced into quarters to provide
a substrate for the growth of each layer. This was done to minimize the impact of the
variability in the defect density of the substrate on the defect density in the film. Use of
separate wafers for each growth could induce uncertainty in the cause for defect density
variations between samples.
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Table 5.1
Etch pit density as a function of C/Si ratio for 100µm thick 6H-SiC
epitaxial layers grown on an on-axis substrate. High, low, and average values along with
the standard deviation are given to illustrate the range of values measured across each
sample.
Low
EPD

High
EPD

Standard
Deviation

C/Si Ratio
0.54

Average
EPD
(x105 /cm2)
4.0

1.8

5.5

1.6

0.81

7.3

4.7

8.6

1.6

1.01

4.2

2.1

7.4

2.0

1.21

6.2

4.9

7.5

1.1

The average etch pit density of the substrate was 7.0x105/cm2. The etch pit
densities of the epitaxial layers were not significantly lower than the substrate and
showed no correlation with the C/Si ratio. The defects in the substrate propagate directly
into the epitaxial layer under the growth conditions used for this series. The HCVD
process does not inherently offer a mechanism for dislocation reduction in epitaxial
layers grown on 6H substrates.
Similarly, the etch pit density of 4H-SiC layers was measured for samples grown
on the Si-face of both off axis and on-axis substrates. Epitaxial layers grown on the Cface were not characterized due to the very slow etch rate of the C-face in molten KOH.
Table 5.2 shows that the etch pit density of the 4H-SiC epitaxial layers also showed no
obvious change with C/Si ratio. For the off-axis layers all etch pits were counted,
including those from basal plane dislocations that intersect the surface of the epitaxial
layer. Etch pits from basal plane dislocations have a distinct oval shape compared to the
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round or hexagonal shapes of other etch pits. 27 Basal plane dislocations were on the
order of 10% of the total etch pit density.

Table 5.2
Etch pit density for 4H-SiC layers grown on off-axis and on-axis
substrates as a function of the C/Si ratio.
Standard
Deviation

On-axis
EPD

Standard
Deviation

C/Si Ratio
0.47

4° off-axis
EPD
(x105 /cm2)
1.4

0.6

Not measured

Not measured

0.72

2.4

1.0

3.1

0.6

1.06

1.3

0.4

Not measured

Not measured

1.63

1.8

0.4

1.9

0.5

The total etch pit density of the 4H-SiC layers was somewhat lower than for the
6H layers, but this is likely related to the defect density in the substrate. The substrates
used for these layers had an average etch pit density of 0.2x105/cm2. This is roughly 10x
lower than the etch pit density of the subsequent epitaxial layers suggesting that growth
of 4H-SiC on Si-face substrates can readily lead to an increased number of defects. This
may be due to non-optimized pre-growth etching and growth initiation. Evaluation of
layers grown on the C-face of 4H substrates should be undertaken to determine if they
show the same increase in defect density. One potential method, photoluminescence
optical emission microscopy (PL-OEM), could be used to quantify the defect density
without requiring any sample preparation. 28,29
It is interesting to note that the etch pit density of the 4H on-axis layers was not
significantly higher than for the off-axis layers even though the FWHM of the XRD
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rocking curves were significantly broader. This indicates that peak broadening is not
related to a significant change in total dislocation density. Photomicrographs of KOH
etched 4H on-axis layers show that many of the etch pits are arrayed in lines suggesting
the presence of boundaries between mis-oriented regions of the crystal. These types of
arrays were also observed by Katsuno et al.18 in crystals with broad or asymmetric
HRXRD omega rocking curves. These arrays were not observed in HCVD grown layers
on any other substrate type or surface polarity.
Figure 5.10 shows an example of the line arrays. These arrays may be the result
of intersecting growth spirals that resulted in the intersection of mis-matched lattice
planes, which were accommodated by dislocations. The presence of severe misalignment
or significant disruptions in the stacking sequence along the c-axis explains the very
broad rocking curves for the layers grown on the Si-face of on-axis substrates.
Reciprocal space maps of the rocking curves form these layers could be used as a first
step toward understanding the detailed nature of the peak broadening.
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Fig. 5.10
KOH etched 4H-SiC epitaxial layer grown on the Si-face of an on-axis
substrate showing line arrays of etch pits.

To investigate the early stages of on-axis growth more closely, a 100µm thick epitaxial
layer grown on the Si-face of an on-axis 4H substrate was polished at an angle of
approximately 0.5° in order to polish through the interface between the substrate and the
epitaxial layer near the center of the sample. The polished sample was then etched in
KOH to reveal defective areas. Figure 5.11 shows that a highly defective region is
present at the interface between the substrate and the epitaxial layer. The thickness of
this defective region is approximately 10µm based on the angle at which the sample was
polished. This type of defective region was not observed for growth on the Si-face of 4°
off-axis substrates. The early stages of layer growth are clearly a key place to focus for
development of epitaxial growth processes on low off cut substrates.

126

Fig. 5.11
Etched surface of an epitaxial layer grown on the Si-face of an on-axis
4H-SiC substrate showing the highly defective substrate-layer interface region.

5.5

Effect of C/Si Ratio on Impurity Incorporation

The magnitude of the site competition effect in HCVD growth of SiC was
evaluated for the most common contaminants in the system, boron and nitrogen. The
concentrations of these two impurities in 100µm thick 4H-SiC epitaxial layers was
evaluated as a function of the C/Si ratio, the surface termination, or polarity, of the
substrate (C-face or Si-face), and the off cut of the substrate (on-axis or 4° off-axis). No
additional sources of N or B were used in these experiments other than the residual
concentrations present in the growth system.
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5.5.1

Residual Nitrogen Doping

Figure 5.12 shows the background N concentration in 100µm thick
unintentionally doped SiC epitaxial layers as a function of the C/Si ratio input to the
system and the surface polarity of the substrate. All layers were grown on 4° off axis 4H
substrates. At low C/Si ratios the N concentration for C-face growth is significantly
higher than the concentration for Si-face growth due to the preference of N to occupy C
lattice sites. In addition, the N concentration for C-face growth declines by almost a
factor of ten as the C/Si ratio increases from 0.2 to 1.8.

Fig. 5.12.
Nitrogen concentration in unintentionally doped SiC epitaxial layers
grown on 4° off-axis substrates as a function of the C/Si ratio and the growth surface
polarity.
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Layers grown on the Si-face show a small decrease in N concentration with
increasing C/Si ratio. At C/Si ratios above 1.0 the effect of surface polarity is overcome
and net doping concentrations less than 5x1015 atoms/cm3 can be achieved on both the Cface and Si-face of the substrate. The same behavior is observed for growth on on-axis
substrates as shown in Fig. 5.13.

Fig. 5.13. Nitrogen concentration in un-intentionally doped SiC epitaxial layers grown
on on-axis substrates as a function of C/Si ratio and growth surface polarity.
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Note that the N concentration is somewhat higher for on-axis growth compared to
off-axis growth at low C/Si ratios. Low net doping concentrations are still obtainable, but
at C/Si ratios greater than 1.5 instead of 1.0. Because both the off-axis and on-axis
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substrates used at each C/Si ratio were processed in the same growth run, this difference
in N incorporation can be related directly to the difference in substrate orientation.
The difference in incorporation may be due to the slightly higher growth rate on
the off-axis substrates. The off axis growth rate was 30µm/hr on average, while the onaxis growth rate averaged 20µm/hr. Zhang et al. 30 showed that at CVD growth
temperatures between 1650° and 1850°C, the N concentration decreased by as much as a
factor of 6 as the growth rate increased from 12µm/hr to 20µm/hr. This was attributed to
growth taking place under conditions that were dopant supply limited. While these
growth conditions are not identical to the HCVD process it is possible that a similar
mechanism occurs.
It is also possible that the N incorporation difference between on axis and off-axis
substrates is related to the density of steps on the growth surface. Kimoto et al. 31 have
suggested that N is incorporated at step edges and that its sticking coefficient is very
close to one. With this in mind it might be expected that the off-axis substrates should
have a higher N incorporation due to the assumed higher density of steps on off-cut
surfaces. This is contrary to the results presented in Fig. 5.12 and Fig. 5.12, which show
higher N incorporation for growth on-axis substrates. However, it was shown above that
step bunching is prevalent on the off-cut surfaces. This will significantly reduce the
density of steps edges. While the on-axis surfaces may have a mosaic appearance (Siface) or have a relatively smooth appearance (C-face), close examination shows that step
edges are still prevalent. In the case of HCVD growth under the conditions used for these
experiments the density of step edges on the on-axis surfaces may be high enough to
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enhance N incorporation relative to the off-axis surfaces. A detailed investigation of the
step density on each surface would be the first step in determining if this is truly a factor.

5.5.2 Residual Boron Doping

The impact of changes to the C/Si ratio on the residual B concentration were
much less pronounced. Figure 5.14 shows that the B concentration in unintentionally
doped epitaxial layers is slightly higher on the Si-face than on the C-face, but no clear
trend with C/Si ratio is observed. The impact of C/Si ratio on intentional B doping at
higher concentrations is addressed in Chapter 6. As with physical vapor transport growth
of SiC, the most efficient means of reducing the background B concentration is to reduce
the concentration of B in the hot zone components. 32 Residual Al concentrations were
not evaluated as a function of C/Si since they were typically on the order of 5x1012
atoms/cm3.
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Fig. 5.14.
Residual B concentration as a function of the C/Si ratio and the substrate
surface polarity for layers grown on 4H-SiC substrates oriented 4° off-axis.
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Conclusions

Growth of SiC epitaxial layers by HCVD under both Si-rich and C-rich conditions
generally yielded the same trends as those observed in conventional lower temperature
SiC CVD processes. Nitrogen incorporation was highest on the C-face of 4H-SiC
substrates but could be reduced to levels equivalent to those obtained on the Si-face by
growing at C/Si ratios greater than 1. Nitrogen concentrations as low as 1x1015
atoms/cm3 were obtained in this manner. Residual B concentrations were slightly higher
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for epitaxial layers grown on the Si-face of substrates, but changes in the C/Si ratio had
no effect on B incorporation at concentrations on the order of 1x1015 atoms/cm3.
No significant trends in structural quality or defect density could be correlated
with changes in the C/Si ratio even though changes in growth morphology were
observed. Structural quality and defect density were more closely related to substrate offcut and whether the surface was C terminated or Si terminated. The highest quality
crystals were grown on the C-face of 4° off-axis substrates as measured by HRXRD
rocking curves. Growth on on-axis substrates was most successful on the C-face,
although the rocking curves were nearly twice as wide as the layers grown on off-axis
substrates. Growth on the Si-face of on-axis substrates resulted in very broad rocking
curves. The presence of severe lattice misalignment or significant disruptions in the
polytype stacking sequence along the c-axis explains the very broad rocking curves for
the layers grown on the Si-face of on-axis substrates. Polished cross sections of these
layers showed that the first 10µm of growth has a very high defect density. The
preference for the 4H polytype to form on the C-face of 4H substrates is consistent with
observations from bulk crystal growth, however, the reason for this preference is not well
understood. With the exception of the on-axis substrates, etch pit densities of HCVD
grown films were closely related to the defect density of the substrate not the C/Si ratio.
The results show that on-axis epitaxy for high voltage power devices should focus
on growth on the C-face of 4H substrates. Growth conditions resulting in high quality
off-axis growth are not necessarily ideal for on-axis growth. Future work should focus
on substrate surface preparation prior to growth, to eliminate any polishing damage,
which could create nucleation sites for polytypes other than 4H. Significant effort will
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also be required to determine the ideal growth initiation conditions for on-axis surfaces.
While this work showed that surface decomposition, through loss of Si during heat up, is
not an issue for off-axis substrates, the ramp up conditions may not be optimum for onaxis substrates due to the difference in surface step structures. As the temperature of the
substrate approaches growth temperature and during the very early stages of growth it
will be necessary to develop a surface step structure that leads to a smooth uniform film
morphology and nucleation of only the 4H polytype. This will require a step density
similar to that on off-axis substrates to ensure that the polytype stacking sequence can be
transferred from the substrate to the film via growth at step edges. Nucleation on terraces
must be avoided to ensure that the defect density of the epitaxial layer is not higher than
that of the substrate. In the case of on-axis substrates growth initiation under both C-rich
and Si-rich conditions should be evaluated to determine whether the initial growth
conditions should be chosen to enhance step flow growth or spiral growth. Work can
then focus on techniques to prevent defect propagation from the substrate to the epitaxial
layer.
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Chapter 6

Growth of P-type SiC by Halide CVD

6.1

Introduction

Doping of SiC with B and Al to obtain a p-type semiconductor is commonly used
for fabricating SiC bi-polar devices. Aluminum is the preferred p-type dopant due the
formation of a slightly shallower acceptor level at 0.21-0.27eV above the valence band
compared to 0.27-0.38eV for B. 1 In addition, B can form a defect complex with an
activation energy of 0.62eV above the valence band. 2 This essentially removes a fraction
of the B from use as a shallow acceptor. For highly doped layers, this combination of
factors leads to a lower resistivity for Al-doped material compared to B-doped material
for a given doping concentration. For the p-i-n diode structure, a thin p-type layer can be
produced by ion implantation. 3 For devices capable of meeting future Navy needs for
blocking voltages of 10-40kV 4 the insulated gate bipolar transistor (IGBT) and the gate
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turn off thyristor (GTO) are potential candidates. 5, 6 , 7 Both structures can be fabricated
on a heavily doped p-type substrate using a thick n-type drift region, or they can be
fabricated on an n-type substrate with a thick lightly doped p-type drift region.
Therefore, both lightly doped and heavily doped p-type material is of interest.
These applications require either a very lightly doped p-type epitaxial layer for the drift
region with thickness approaching 100µm for blocking voltages above 10kV. There is
also a need for highly doped p-type layers for applications where the drift region is an ntype material. The p+ layers must have a resistivity less than 10mΩ-cm to minimize
parasitic resistance in the device. This requires a net acceptor concentration on the order
of 1019 cm-3.6 Consequently the Al or B concentrations must be at least that high
depending on the residual donor concentration and the fraction of the dopant that is
activated.
The HCVD process is ideal for growing layers 100µm thick and above. However,
the ability to control the incorporation of p-type dopants at growth temperatures
approaching 2000°C in the presence of chlorine is unknown. In conventional CVD, ptype dopant concentrations are observed to decrease with increasing growth temperature
due primarily to increased desorption of the dopant species from the surface during
growth. 8 The growth temperature of the HCVD process is at least 400°C higher than
conventional CVD, which may significantly increase dopant desorption from the growth
surface. In addition, the presence of Cl may result in the formation of chloride species
with high vapor pressures that could further minimize dopant incorporation. The fraction
of p-type dopant that is activated after HCVD growth is also unknown and may be
significantly different than in conventional SiC CVD processes due to the differences in
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growth conditions. This may be especially true for activation of B, which is effected by
its location in the lattice and by hydrogen passivation. 9
This chapter is focused on quantifying the concentrations Al and B that can be
achieved in the HCVD process. Incorporation as a function of C or Si surface
termination and the gas phase C/Si ratio is evaluated and compared to conventional SiC
CVD. Activation of B is assessed by comparing total n and p-type dopant concentrations
obtained from secondary ion mass spectrometry (SIMS) measurements with net carrier
concentrations obtained from capacitance-voltage measurements. In addition, the impact
of B doping on the SiC lattice parameter is measured in an attempt to determine if codoping with B and Al could offset the lattice expansion observed when SiC is highly
doped with Al. 10

6.2

Aluminum Doping

6.2.1

Experimental

Aluminum doping during HCVD growth was carried out using
trimethylaluminum (TMA) as the source material. TMA in gas form was obtained by
bubbling Ar carrier gas through liquid TMA in a stainless steel bubbler. The bubbler was
maintained at a constant temperature of 20°C and a constant pressure of 460 Torr. TMA
was introduced to the CVD hot zone through the C-source injector in combination with
CH4 and its H2 carrier gas. This was done primarily to prevent reaction between the
carbon in the TMA and the Si source. Introduction of TMA through the inner source
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injector also minimized premature decomposition by taking advantage of the higher gas
velocity which leads to a lower residence time in the source injection tube.
As noted in Chapter 3, the HCVD hot zone geometry is specifically designed to
preheat the C and Si source gas streams separately to near the growth temperature prior to
mixing them. While this arrangement works well for thermally stable gases, care must be
taken when using gases that decompose at low temperatures. Thermal decomposition of
TMA inside the C-source injector tube was evaluated using thermodynamic equilibrium
calculations as a guide. Figure 6.1 shows the expected reaction products when a gas
stream consisting of 2 sccm of TMA, 12 sccm of CH4, and 1000 sccm of H2 is heated
from 100°C to 2000°C.

Fig. 6.1
Expected thermodynamic equilibrium composition as a function of
temperature for the H-C-Al system at a pressure of 300 Torr.
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Note that decomposition of TMA to Al(s) or Al(l) is thermodynamically favorable
at temperatures above 100°C and less than about 1500°C. Therefore, minimizing the
residence time of the TMA in this temperature range is critical to repeatable delivery of
Al to the growth environment. Experimentally, no evidence of decomposition to solid or
liquid Al was observed inside the source injector tube. Above 1500°C the primary Al
species expected to be present within the source injector tube are Al(g) and AlH(g).
After exiting the injector tube and mixing with the SiCl4 source gas stream the
primary gas phase Al specie is AlCl(g), as shown in Fig. 6.2. Only the Al containing
species and the carrier gases are plotted for clarity. This assumes that the Si and C source
gas streams are fully mixed and that the reaction to form AlCl(g) takes place very rapidly.
AlCl3(g) decomposes to AlCl(g) at temperatures well below the growth temperature and
is not expected to be present in the HCVD growth environment. No condensed phases
are expected to form in the Si-C-H-Cl-Al system at the temperatures and pressures used
for SiC growth. Also, no Al-H, Al-C, Al-Si, or Al-Si-C gas phase species are predicted
form, and therefore are not expected to play a role in doping.
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Fig. 6.2.
Gas phase Al species expected to be present at thermodynamic
equilibrium in the Si-C-H-Cl-Al system at a pressure of 300 Torr.
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6.2.2

Aluminum Doping Results

Figure 6.3 shows the Al concentration as a function of TMA concentration in the
growth atmosphere for growth on both the Si-face and C-face of 4H-SiC substrates
oriented 4° off axis. Layer thickness was 80-100µm. The C/Si ratio was held constant at
0.86 by maintaining a SiCl4 flow rate of 22 sccm and a nominal CH4 flow rate of 15sccm.
The CH4 flow rate was adjusted downward as the TMA flow rate was increased to
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maintain a constant C flux. The H2 and Ar carrier gas flow rates were constant at 1000
sccm each.
As expected, surface termination, or polarity, effects are important for Al
incorporation. Doping concentrations are almost 10x higher on the Si-face at high
concentrations compared to the C-face, although Fig. 6.3 suggests that this difference
may not be as large at lower concentrations. Several groups have reported that the Siface is preferred for Al doping due to site competition effects. 11, 12 , 13 This is explained by
considering the bonding arrangement between Al and neighboring C atoms on each face.
For growth on the C-face, Al is bonded to only one C-atom at the surface as opposed to
the Si face where it is bonded to three C atoms. 14,15 Bonding to three neighboring atoms
significantly reduces the ability of Al to desorb after incorporation.
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Fig. 6.3.
Aluminum concentration in 4H-SiC epitaxial layers as a function of the
concentration of TMA in the total gas flow delivered to the hot zone, and the surface
polarity of the substrate.
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Aluminum doping on the Si-face increases by approximately 10x for each 10x
increase in the TMA concentration in the gas phase. When the data for Si-face doping is
fit to Eq.-6.1, a simple power law proportionality, the exponent “n” is found to be 1.114.
This is consistent with Al incorporating into the SiC matrix as a dilute solid solution via a
molecule containing a single Al atom, with no interactions between the dopant source
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molecule and other gas phase molecules. 16,17 This is consistent with Al doping and
dopant source concentrations in conventional SiC CVD.13

Eq.-6.1

[AlSiC] α [TMAgas]n

On the C-face, at concentrations below 1x1016 atoms/cm3, the change in doping
with TMA concentration has approximately the same slope as on the Si-face. At
concentrations above 1x1016 atoms/cm3 the curve is no longer linear and the slope
decreases. This may be a result of saturating the available sites for Al incorporation on
the C-face. There may be a limited availability of incorporation sites on C-terminated
surfaces due to the preference for Al to occupy Si lattice sites. On an ideal carbon
terminated surface, the Si lattice sites are covered by a layer of C atoms except at step
edges or other discontinuities in the lattice.
The Al concentrations in HCVD grown layers grown at 2000°C are higher than
expected, since Al incorporation is observed to decrease with increasing temperature in
conventional SiC CVD. Kojima et al. 18 reported a decrease in Al concentration on the Si
face from 1019 atoms/cm3 to 1016 atoms/cm3 as the growth temperature was increased
from 1450°C to 1600°C at a constant TMA flow rate. This was attributed to enhanced
desorption of Al from the surface. Concentrations on the C-face were about 10x lower.
Forsberg et al.8 reported only a 10x decrease in Al concentration on the Si face over the
same temperature range, while the concentration on the C-face was essentially unchanged
at a maximum concentration of about 3x1017 atoms/cm3. The maximum concentration
obtained on the Si-face was 3x1018 atoms/cm3. Kimoto et al. 19 reported similar
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concentrations for the C-face, which showed no change with the C/Si ratio. However, on
the Si-face concentrations as high as 1x1019 atoms/cm3 were obtained at a C/Si ratio of 6.
In a later work Kimoto el al. 20 achieved an Al concentration as high as 1x1021 atoms/cm3
on the Si face by increasing the TMA flow rate by 10x over their previous work. The
discrepancies in Al concentrations in temperature effects are likely a result of individual
reactor designs and flow rates.
The high Al concentrations obtained with the HCVD growth process are likely
due to the high TMA flow rate used for doping. In HCVD growth, a maximum TMA
concentration of 0.1 mol% was used compared to 0.003 mol% in typical SiC CVD.19 The
high flow rate is thought to be required to overcome Al desorption from the surface at
growth temperatures near 2000°C. This highlights the fact that Al source efficiency is
very low for HCVD growth. The low source efficiency for TMA is problematic for
achieving high Al concentrations in SiC. Increasing the TMA concentration
simultaneously increases the C concentration. This can only be offset by decreasing the
CH4 flow rate to the point that all of the CH4 is removed. For high doping concentrations
it may be necessary to consider Al sources such as AlCl3 that do not provide an additional
source of C.
The effect of C/Si ratio on Al incorporation in HCVD growth of SiC was
evaluated by assessing the Al incorporation as a function of SiCl4 flow rate at fixed TMA
flow rate of 1.0 sccm and a constant CH4 flow rate of 15 sccm. Table 6.1 summarizes the
Al concentrations measured by SIMS for growth on the Si-face of 4° off axis substrates
as a function of the Si source flow rate and the C/Si ratio. As the C/Si ratio approaches 1
the Al concentration increases as expected from site competition theory. Previous
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characterization of N concentrations as a function of C/Si ratio showed that the lowest
concentrations were obtained at C/Si ratios greater than 1. This suggests that the highest
Al concentrations will be obtained at C/Si ratios greater than 1.

Table 6.1
Aluminum concentration measured by SIMS as a function of the
SiCl4 flow rate at constant TMA and CH4 flow rates.
SiCl4 Flow Rate

Aluminum

(sccm)

C/Si Ratio

(atoms/cm3)

42

0.42

0.8 x 1017

29

0.64

0.7 x1017

22

0.86

4.7 x 1017

For HCVD growth, an Al concentration of about 1x1015 atoms/cm3 was found to
be the lowest baseline Al concentration obtainable after repeated use of the hot zone for
Al doping. Prior to using Al in this hot zone, it was possible to obtain Al concentrations
on the order of 5x1012 atoms/cm3 in unintentionally doped crystals. This suggests that
while there is a large concentration of Cl in the HCVD process, it is not completely
effective at removing impurities from the process when they exist in significant
concentrations.
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6.3

Boron Doping

6.3.1

Experimental

Boron doping during halide CVD growth of SiC was carried out using BCl3 as the
dopant source. BCl3 was selected due to its chemical compatibility with the HCVD
process and its relative ease of use compared to B2H6, which is pyrophoric. BCl3 was
delivered to the HCVD gas manifold as a mixture of 0.1% BCl3 in UHP Ar to allow for
accurate control of very small dopant flow rates. The dopant source gas was delivered
through the outer injector tube mixed with the Si precursor and carrier gas. This was
done to prevent pre-reactions between BCl3 and the H2 carrier gas used for the C
precursor. No reactions between the B source and the Si source are expected, and no
condensed phases are expected to form within the source injector at thermodynamic
equilibrium in the Si-Cl-B system. The primary gas phase B specie within the source
injector is expected to be BCl3(g) with small quantities of BCl2(g) and BCl(g) above
1900°C.
After the dopant source gas exits the injector, the primary gas phase specie
predicted to be present at equilibrium in the Si-C-Cl-H-B system is BCl(g) at
temperatures above 1900°C as shown in Fig. 6.4. This assumes that the two gas streams
are fully mixed and that reaction rates are very fast. Only the B containing species and
the carrier gases are plotted for clarity. No condensed phases are predicted to form. In
addition, no B-Si or B-C gas phase species are predicted to form in the presence of Cl at
the BCl3 concentrations used in these experiments.
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Fig. 6.4.
Gas phase B species expected to be present at thermodynamic
equilibrium in the Si-C-H-Cl-B system at a pressure of 300 Torr.
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6.3.2 Boron Doping Results

Figure 6.5 shows the B concentration measured by SIMS in 50µm thick epitaxial
layers grown on both the Si-face and the C-face of 4H-SiC substrates oriented 4° off axis.
The C/Si ratio was held constant at 0.64 by maintaining a SiCl4 flow rate of 28 sccm and
a CH4 flow rate of 18 sccm. The H2 and Ar carrier gas flow rates were constant at 1000
sccm each. The maximum B concentration achieve in HCVD growth is in line with the B
concentrations achieved by physical vapor transport growth, 21 sublimation epitaxy, 22 and
conventional SiC CVD.19 No changes in growth surface morphology were observed as
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the B concentration increased from 1016 to 1019 atoms/cm3. This indicates that B does not
significantly affect the step flow growth mode on off axis substrates. It also shows that
the changes in B concentration with dopant flow rate shown in Fig. 6.5 are not related to
changes in growth morphology.

Fig. 6.5.
Boron concentration in 4H-SiC epitaxial layers grown on both the Si-face
and C-face of 4-degree off axis substrates as a function of the fraction of BCl3 in the total
gas flow delivered to the hot zone.
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In contrast to the dopant source concentrations required for Al doping, the BCl3
concentration required to achieve the maximum dopant concentration was on the same
order as the concentration of B2H6 used for low temperature CVD.19 This indicates that
growth temperature may not play a significant role in B incorporation. It is interesting to
note that the B concentration increases very rapidly from the background level of 1016 to
1019 atoms/cm3 with only a 10x increase in the dopant source flow rate. Fitting the B
concentration data to the power law in Eq.-6.1, at BCl3 concentrations between 10-4 and
10-3 mol%, results in an exponent of 2.15. Since Al is the preferred p-type dopant for
CVD grown SiC, there is very little literature with which to compare this result.
However, Kim and Davis 23 observed power law exponents greater than 1 for several
dopants during the growth of 3C-SiC epitaxial layers on Si substrates at 1360°C.
Exponents of 1.7 and 2 were observed for B and N respectively. This indicates that
dopant incorporation does not occur as a simple dilute solution through reaction with
equilibrium gas phase species.16,17
One possible explanation for this is the presence of gas phase B species whose
concentrations increase more rapidly than the BCl3 input concentration. If these species
were critical to reaction mechanisms supporting B incorporation, then the B dopant
concentration would more closely follow the change in their concentration as opposed to
the BCl3 input concentration. Analysis of the species predicted to be present at
thermodynamic equilibrium at a temperature of 2000°C shows that as the BCl3 input
concentration to the system increases, the concentration of the dominant specie, BCl,
increases linearly with a nearly one to one relationship with BCl3. All other gas phase B
species are present at significantly lower concentrations, and all of them increase in
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concentration linearly with BCl3 input with a slope much less than 1. This indicates that
the rapid increase in B concentration with dopant source concentration is not related to
changes in the concentration of specific gas phase species as more BCl3 is supplied.
An alternate possibility is that the dopant has a strong chemical interaction with
the semiconductor matrix, which would cause it to incorporate in a manner other than a
simple dilute solid solution.17 Evidence of the strong interaction between B and SiC is
provided by the fact that the efficiency of the BCl3 source material for doping is about
100x higher than that observed for Al doping with TMA. A comparison of bond energies
shows that the B-C bond (448 kJ/mol) 24 is significantly stronger than the Al-C bond (272
kJ/mol) 25 . This assumes that the respective dopants reside on Si lattice sites and would
therefore be bonded to the nearest neighbor C atoms. In comparison the Si-C bond
energy (451 kJ/mol) is nearly the same as the B-C bond energy, indicating that B can
have a strong interaction with the C portion of the SiC lattice. The B-Cl and Al-Cl bond
energies are 536 kJ/mol and 511 kJ/mol respectively. This agrees with the
thermodynamic equilibrium calculations showing that the gas phase chloride species are
the preferred states for the Al and B dopants. In addition, the equilibrium calculations
show that B4C can be formed in the Si-C- H-Cl-B system, although the B concentration
would need to be an order of magnitude higher than that used for doping during HCVD
growth. No B-Si species are predicted to form suggesting that it is the B-C interaction
that this important.
Figure 6.5 also shows that growth on the Si face of the substrate, as opposed to
the C-face, has no measurable impact on the B concentration. In chapter 5, Fig. 5.14, it
was shown that there was no measurable impact of changing the C/Si ratio on the B
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concentration in unintentionally doped crystals with a B concentration of approximately
1x1015 atoms/cm3, although the concentration was 2-3x higher on the Si-face compared
to the C-face.
To further explore the impact of site competition effects on B incorporation
during HCVD growth the C/Si ratio was altered by changing only the SiCl4 flow rate in
one set of experiments and by changing only the CH4 flow rate in a subsequent set. The
goal was to separately evaluate changes in B incorporation as a function of Si and C flux.
Table 6.2 shows the effect of changing the C/Si on B incorporation at a doping level of
approximately 1x1019 atoms/cm3. In both cases there was no correlation between the
C/Si ratio and the B concentration measured by SIMS. The small difference in B
concentration between the constant Si and constant C flow rate series is within the typical
variability of the SIMS analysis technique and is not considered to be significant.

Table 6.2.
The B concentration measured by SIMS in thick epitaxial layers grown on
the C-face of 4H-SiC substrates as a function of the C/Si ratio, which was varied by
changing both the Si and C source flow rates as noted.
C/Si Ratio B (atoms/cm3)
0.83

1.82 x1019

SiCl4
(sccm)
22

CH4
(sccm)
18

0.62

1.56 x1019

29

18

0.41

1.52 x1019

43

18

0.52

2.40 x1019

29

15

0.41

2.20 x10

19

29

12

0.31

2.10 x1019

29

9
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Although the date in Table 6.2 shows no evidence of a site competition effect for
B doping, this may be due to the limited range of C/Si ratios evaluated. Kimoto et al.19
showed that there was no change in B incorporation with C/Si ratios less than 2 for
growth on the Si-face. The C-face showed no site competition effect even at C/Si ratios
up to 6. This is in contrast to the site competition effects described by Larkin,11 who
evaluated nearly identical conditions on the C-face of 6H-SiC substrates. Kimoto et al.
suggested that this difference may be related to the order of magnitude higher B
concentration obtained in their epitaxial layers compared to Larkin. However, HCVD
grown layers did not exhibit a site competition effect for either the highly doped layers
discussed above or the unintentionally doped layers discussed in Chapter 5. For HCVD
growth, the insensitivity of B doping to C/Si ratio may be related to the high
incorporation efficiency observed for B. Since B incorporates so effectively it may be
more difficult to influence it through the supply of additional C or Si species.
A B concentration of 2x1016 atoms/cm3 was found to be the lowest baseline B
concentration obtainable after repeated use of the hot zone for B doping. Prior to using B
in this hot zone it was possible to obtain B concentrations of 5x1014 atoms/cm3 in
unintentionally doped crystals. The background level for B is approximately 10x higher
than the background level observed for Al. This further highlights the fact that the
presence of chlorine in the HCVD growth process is not a substitute for using high purity
hot zone hardware. The concentration of Cl is not high enough to prevent incorporation
of impurities when they are present at high concentrations.
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6.3.3

Activation of Boron Acceptors

Activation of the B acceptor level in p-type SiC grown by HCVD was assessed by
comparing the B, Al, and N concentrations measured by SIMS with the net acceptor
concentration derived from capacitance-voltage measurements. Intentionally doped
layers with B concentrations of 1018-1019 cm-3 were evaluated. In these samples the
concentration of Al was <1016 cm-3 and the concentration of N was less than 1017 cm-3 so
that they were not significant contributors to the net carrier concentration. The results are
summarized in Table 6.3.

Table 6.3.
Comparison of p- and n-type dopant concentrations measured by
SIMS with the net acceptor concentration calculated from mercury probe capacitancevoltage plots for intentionally B doped 4H-SiC.
B
(cm-3)
2.2x1016

Al
(cm-3)
6.1x1013

N
(cm-3)
Not measured

Na
(cm-3)
1.6x1016

8.3x1017

6.6x1013

Not measured

1.0x1018

1.2x1018

5.4x1017

3.9x1015

5.3x1018

1.4x1018

1.8x1017

1.4x1016

2.4x1018

In all cases the net acceptor concentrations (Na) closely match the B
concentrations measured by SIMS. Differences between the B concentration measured
by SIMS and Na may be due to small errors in either the dielectric constant assumed for
SiC or in the diameter of the contact area of the mercury probe. In addition, the SIMS
analyses were not performed in exactly the same spot as the capacitance-voltage
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measurements and have a typical precision of ±30% (3 standard deviations). The
standard deviation in Na measured across quarter wafer samples was on the order of 30%
relative, which is about the same magnitude as the standard deviation in SIMS analyses.
The data indicates that a high percentage of the B acceptors are activated. This is in
agreement with the results reported by Kimoto et al.17 for conventional low temperature
CVD growth of SiC epitaxial layers. This also suggests that B acceptors are not
passivated by H to any significant extent.

6.3.4

Lattice Parameter of Boron Doped SiC

Incorporation of B through substitution on lattice sites has been observed to result
in a lattice parameter changes in various single crystal materials. Boron doping results in
a lattice parameter contraction in silicon 26 due to the smaller relative size of B. In
contrast, B doping results in a lattice parameter expansion in diamond 27 due to the larger
relative size of B. The c- and a-lattice parameters of B doped 4H-SiC grown by halide
CVD were measured as a function of dopant concentration in order to determine if there
was a measurable change in the lattice parameters. For this work the B concentration in
50µm thick HCVD grown epitaxial layers ranged from 3x1018 cm-3 to 2.5x1019 cm-3.
The HRXRD measurements were performed by Sarah Rickman at Carnegie
Mellon University. The lattice parameters were calculated from high resolution x-ray
diffraction (HRXRD) rocking curves following the procedure used by Huh10 and
described by Fewster. 28,29 This method relies on an absolute determination of the 2θ
angle for each reflection of interest as opposed to an internal standard or comparison
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method. With this method the zero position of the detector is precisely determined prior
to introducing the sample. As such the accuracy of the measurement relies heavily on the
accuracy of the encoder that monitors the angular position of the detector. This method is
reported to be capable of determining lattice parameter changes of about 1ppm for the
Philips X-pert Pro MRD system used for these measurements.31 For the c-lattice
parameter the (0008) reflection of 4H-SiC was used, which is a reflection from a plane
parallel to the basal plane of the unit cell. For the a-lattice parameter the (10-1-7)
reflection was used.
A decrease in lattice parameter would be expected if B doping takes place through
substitution primarily on the Si lattice sites where there is a significant size difference
between atoms. The covalent radii for B, C, and Si are reported to be 82-90pm, 77pm,
and 116-118pm respectively. 30,31 Reshanov et al. 32 calculated that B substitution on Si
lattice sites should result in a reduction of the nearest neighbor bond length by 17.5pm.
Their calculations suggest that a B concentration of 5x1019 cm-3 should result in a
reduction of the c-lattice parameter by about 0.1pm, which is about the same as the lattice
expansion created by Al doping at a concentration of 1x1020 cm-3.
The change in lattice parameter can also be predicted using a simple model that
compares the radii of the dopant and matrix elements. This technique has been used to
predict lattice parameter contractions for B doping in Si, 33 and Si doping in GaAs. 34
Following this method, the change in lattice parameter with dopant concentration can be
calculated from Eq.-6.2,

Eq.-6.2

Δa = βNBap
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where, Δa is the change in lattice constant due to doping, ap is lattice constant of the pure
crystal, and NB is the concentration of the dopant in atoms/cm3. The term β is the lattice
expansion or contraction coefficient. Assuming B incorporation on Si lattice sites, β can
be estimated from Eq.-6.3,

Eq.-6.3

β = (RB – RSi)/(RSi*NSi)
B

where, RB and RSi are the covalent atomic radii of B and Si respective, and NSi is the
number of Si lattice sites in one cm3 of SiC. For B doping of SiC, β is calculated to be
-5.625x10-24 cm-3, assuming B substitution on Si lattice sites only.
This suggests that if a reduction in lattice parameter were possible with B-doping
it could be used to offset the lattice parameter expansion experimentally observed when
SiC is doped with high concentrations of Al10 by doping with both elements
simultaneously. However, Figs. 6.6 and 6.7 show no correlation between either the c- or
a-lattice parameters and B doping at concentrations up to 2.5x1019 atoms/cm3. The data
does not follow the change in lattice parameter predicted from Eq.-6.2 and Eq.-6.3.
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Fig. 6.6.
Change in the c-lattice parameter of 4H-SiC as a function of B doping
concentration compared to the change expected for B substitution on Si lattice sites.
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Fig. 6.7.
Change in the a-lattice parameter of 4H-SiC as a function of B doping
concentration compared to the change expected for B substitution on Si lattice sites.
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The absence of a change in the a-lattice parameter is expected due to the film
being constrained by the substrate in all directions perpendicular to the (0001) growth
direction. Due to this constraint, all of the lattice parameter change in the doped films is
expected to be accommodated by a change in the (0001) direction, which would be
reflected by a change in the c-lattice parameter. However, no such change was observed
in this sample set.
The absence of a change in the c-lattice parameter may be due to B substitution
on both C and Si sites, or the C sites alone, instead of the Si sites alone. Alternately, B
may incorporate on Si sites as a complex with hydrogen, which would have a larger
effective size. It is also possible that the doping concentration was not high enough to
produce a change in the lattice constant that can be measured by HRXRD.
Calculations by Aradi et al. 35 indicate that the B-H complex is a stable
configuration for B in SiC layers grown at 1300-1700°C. Above 1700°C they calculated
that B substitution on C sites is preferred except under extremely C-rich conditions where
substitution on Si sites is preferred. However, the authors do not define specific C/Si
ratios for Si-rich or C-rich conditions. This result seems to suggest that a site competition
effect might be observed with B doping at high growth temperatures when Si-rich and Crich growth conditions are compared. Both a C/Si ratio effect and a surface polarity
effect were reported by Larkin.11 The B concentration was observed to be an order of
magnitude lower on the C-face compared to the Si-face. However, as reported in the
previous section, neither the C/Si ratio effect or the surface polarity effect were observed
for B-doping during HCVD growth for minimum and maximum C/Si ratios of 0.3 and
0.83 respectively, which covers a similar range as that published by Larkin.11
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Atomic hydrogen is known to incorporate in CVD grown SiC layers at
concentrations on the order of 1019 cm-3 leading to passivation of the B acceptor level.11,36
In HCVD growth of SiC, incorporation of a B-H complex could have the same
passivation effect. However, as reported in section 6.3.3, the net concentration of
acceptors in B doped samples is very close to the B concentration measured by SIMS,
suggesting that most of the B is not passivated. This high degree of activation also
suggests that most of the B is located on Si lattice sites since this is thought to be the only
location that produces the shallow acceptor state.27,37 In addition, thermodynamic
equilibrium calculations in the Si-C-Cl-H-B system show that gas phase B-H species are
not predicted to form in any significant quantity in the presence of Cl. This would seem
to indicate that adsorption of B-H species on the surface and their subsequent
incorporation may not be favorable under HCVD growth conditions.
This leaves a discrepancy between the location of B on Si lattice sites, the
expectation that substitution of the smaller atom should result in a smaller lattice
parameter, and the observation that no change in lattice parameter was observed. If
substitution of a B-H complex on the Si site does not explain the lack of a significant
change in lattice parameter, then it may be possible to explain it based on the specific
local bonding arrangement. Boron is known to prefer a trigonal planar bonding
arrangement in various gas phase molecules and when it substitutes for C atoms in
graphite.22,38 It may strive for a similar arrangement in SiC. Characterization of B doped
6H-SiC by electron paramagnetic resonance (EPR) has indicated that the B atom does in
fact relax away from one of its nearest neighbor C-atoms in a direction parallel to the c-
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axis of the crystal. 39 This relaxation could compensate for the smaller size of the B atom
and negate any lattice contraction.

6.4

Conclusions

Thick p-type layers with dopant concentrations ranging from 1016 to 1019
atoms/cm3 were readily achieved with the HCVD process showing that it could be used
to grow thick p-type layers for high voltage bi-polar devices. TMA and BCl3 were
successfully employed as dopant sources, for Al and B respectively, at a growth
temperature of 2000°C. Aluminum incorporation was sensitive to both the substrate
surface polarity and the C/Si ratio employed for growth. Aluminum concentrations were
maximized for deposition under C-rich conditions on the Si-face of SiC substrates.
Aluminum incorporation as a function of dopant source concentration followed a simple
power law behavior with an exponent of nearly 1, indicating simple solid solution type
incorporation from a gas phase molecule containing a single Al atom.
Boron incorporation was insensitive to both the surface termination of the
substrate and the C/Si ratio used for layer growth even though B appears to favor
incorporation on Si lattice sites. Boron incorporation as a function of dopant source
concentration also showed a simple power law type behavior, but with an exponent of
nearly 2, indicating that incorporation may proceed via a strong interaction with the SiC
matrix. This is consistent with the high B-C bond energy compared to B-Cl and Si-C
bond energies. Boron dopant activation was assessed by comparing the p- and n-type
dopant concentrations measured by SIMS with the net acceptor concentration estimated
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from mercury probe capacitance-voltage curves. Boron was found to be 100% activated,
indicating that H passivation does not occur for layers grown by HCVD.
The lattice parameters of 50µm thick epitaxial layers heavily doped with B
showed no change as a function of dopant concentration as expected from a comparison
between the size of the Si and B atoms. There are several possible explanations for this
including incorporation of B as a B-H complex, substitution of B on both C and Si lattice
sites, and lattice relaxation following substation on Si lattice sites. The experimental
work appears to be consistent with lattice relaxation. Additional work will be required to
determine the correct explanation.

164

6.5

References

[1]

S.R. Smith, A.O. Evwaraye, W.C. Mitchel, M.A. Capano, J. Elec. Mater. 28
(1999) 190.

[2]

L. Storasta, J.P. Bergman, C. Hallin, E. Janzen, Mat. Sci. Forum 389-393 (2002)
549.

[3]

A.K. Agarwal, S. Seshadri, M. MacMillan, S.S. Mani, J. Casady, P. Sanger, P.
Shah, Solid-State Electronics 44 (2000) 303.

[4]

T. Ericsen, Proc. IEEE 90 (2002) 1077.

[5]

L. Zhu, S. Balachandran, T. P. Chow, Mat. Sci. Forum 483-485 (2005) 917.

[6]

A. Elasser, T.P. Chow, Proc. IEEE 90 (2002) 969.

[7]

C.E. Weitzel, J.W. Palmour, C.H. Carter, K. Moore, K.J. Nordquist, S. Allen, C.
Thero, M. Bhatnagar, IEEE Trans. Elec. Dev. 43 (1996) 1732.

[8]

U. Forsberg, O. Danielsson, A. Henry, M.K. Linnarsson, E. Janzen, Mat. Sci.
Forum 389-393 (2002) 203.

[9]

B. Aradi, A. Gali, P. Deak, N.T. Son, E. Janzen, Mat. Sci. Forum 389-393 (2002)
561.

[10]

S.W. Huh, H.J. Chung, M. Benamara, M. Skowronski, J.J. Sumakeris, M.J.
Paisley, J. Appl. Pys. 96 (2004) 4637.

[11]

D.J. Larkin, Phys. Status Solidi B, 202 (1997) 305.

[12]

D.J. Larkin, P.G. Neudeck, J.A. Powell, L.G. Matus, Appl. Phys. Lett. 65 (1994)
1660.

[13]

T. Kimoto, A. Itoh, N. Inoue, O. Takemura, T. Yamamoto, T. Nakajima, H.
Matsunami, Mat. Sci. Forum 264-268 (1998) 675.

165

[14]

U. Forsberg, O. Danielsson, A. Henry, M.K. Linnarsson, E. Janzen, J. Cryst. Gro.
253 (2003) 340.

[15]

T.L. Straubinger, M. Bickermann, R. Weingartner, P.J. Wellmann, A. Winnacker,
J. Cryst. Gro. 240 (2002) 117.

[16]

P. Rai-Choudhury, E.I. Salkovitz, J. Cryst. Gro. 7 (1970) 353.

[17]

P. Rai-Choudhury, E.I. Salkovitz, J. Cryst. Gro. 7 (1970) 361.

[18]

K. Kojima, S. Kuroda, H. Okumura, K. Arai, Microelec. Eng. 83 (2006) 79.

[19]

T. Kimoto, A. Itoh, H. Matsunami, Appl. Phys. Lett. 67 (1995) 2385.

[20]

T. Kimoto, A. Itoh, N. Inoue, O. Takemura, T. Yamamoto, T. Nakajima, H.
Matsunami, Mat. Sci. Forum 264-268 (1998) 675.

[21]

M. Syvajarvi, R. Yakimova, A. Kakanakova–Georgieva, S.G. Sridhara, M.K.
Linnarsson, E. Janzen, J. Cryst. Grow. 237–239 (2002) 1230.

[22]

S. Ohta, T. Furusho, H. Takagi, S. Ohshima, S. Nisino, Mat. Sci. Forum 433-436
(2003) 205.

[23]

H.J. Kim, R.F. Davis, J. Electrochem. Soc.: Sol. State Sci. Tech. 133 (1986) 2350.

[24]

CRC Handbook of Chemistry and Physics

[25]

J. van Deelen, G.J. Bauhuis, J.J. Schermer, P.K. Larsen, J. Cryst. Grow. 271
(2004) 376.

[26]

J. Kucytowski, K. Wokulska, Cryst. Res. Technol. 40 (2005) 424,

[27]

F. Brunet, P. Germi, M. Pernet, A. Deneuville, E. Gheeraert, F. Laugier, M.
Burdin, G. Rolland, Diam. Rel. Mat. 7 (1998) 869.

[28]

P.F. Fewster, N.L. Andrew, J. Appl. Cryst. 28 (1995) 451.

[29]

P.F. Fewster, J. Mat. Sci. Mat. Elec. 10 (1999) 175.

166

[30]

R.T. Sanderson, J. Am. Chem. Soc. 105 (1983) 2259.

[31]

M.A. Roberson, S.K. Estreicher, C.H. Chu, J. Phys. Condens. Matter 5 (1993)
8943.

[32]

S.A. Reshanov, I.I. Parfenova, V.P. Rastegaev, Diam. Rel. Mater. 10 (2001) 1278.

[33]

J. Kucytowski, K. Wokulska, Cryst. Res. Technology 40 (2005) 424.

[34]

I.C. Bassignana, D.A. Macquistan, G.C. Hillier, R. Streater, D. Beckett, A.
Majeed, C. Miner, J. Cryst. Gro. 178 (1997) 445.

[35]

B. Aradi, A. Gali, P. Deak, N.T. Son, E. Janzen, Mat. Sci. Forum 389-393 (2002)
561.

[36]

J.M. Zavada, R.G. Wilson, F. Ren, S.J. Pearton, R.F. Davis, Solid State Elec. 41
(1997) 677.

[37]

A.O. Evwaraye, S.R. Smith, W.C. Mitchel, H.McD. Hobgood, Appl. Phys. Lett.
71 (1997) 1186.

[38]

N.N. Greenwood, A. Earnshaw, Chemistry of the Elements, Pergamon Press,
Elmsford, NY, 1986.

[39]

T. Matsumoto, O.G. Poluektov, J. Schmidt, E.N. Mokhov, P.G. Baranov, Phys.
Rev. B 55 (1997) 2219.

167

Chapter 7

Thesis Summary and Future Work

7.1

Summary

Doped and un-doped single crystal wafers of SiC offer many attractive
advantages for fabrication of high voltage power switching devices such as Schottky and
PiN diodes as well as high frequency devices such as SiC MESFET’s and AlGaN/GaN
high electron mobility transistors (HEMT’s). The higher thermal conductivity and better
lattice match of SiC over sapphire for AlGaN/GaN high electron mobility transistors
(HEMT’s) results in higher RF power output at frequencies up to 10GHz. However, all
of the factors influencing the resistivity of semi-insulating SiC are not well understood,
although high resistivity is thought to result from a combination of unintentional dopants
at low concentrations and the point defect chemistry of the material.
Silicon carbide is also an ideal semiconductor for high voltage and high
temperature power switching devices such as Schottky diodes, PiN diodes, and
MOSFET’s due to its high breakdown field and low intrinsic carrier concentration. One
of the most challenging aspects of SiC substrate and epitaxial layer production for power
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switching applications is the elimination of structural defects that lead to device failure.
In particular, the propagation of basal plane and threading dislocations from the substrate
into the epitaxial layer is the primary motivation for pursuing growth of epitaxial layers
on on-axis substrates. Power device performance is also significantly impacted by
impurities and point defects that act as electron and hole traps. In many cases, both
dopant concentrations and defect types and concentrations can be significantly effected
by altering the CVD growth conditions, especially the C/Si ratio. With respect to power
devices, the slow growth rate of current epitaxial CVD processes limits the thickness of
layers than can be produced economically, which in turn places an upper limit on such
things as the blocking voltage that can be achieved with SiC diodes.
The goal of this thesis was to provide an empirical understanding of the
relationships between the major process variables and the growth rate, doping, and defect
density of crystals and thick epitaxial layers grown by halide chemical vapor deposition
(HCVD). Specifically this work addressed the maximum C/Si ratios that could be
utilized for single crystal SiC growth, provided a thermodynamic model for determining
the boundary between single crystal growth and SiC+C mixed phase growth in the Si-CCl-H system, and determined the impact of growth conditions, especially the C/Si ratio,
on doping and overall structural quality.
SiC epitaxial layers ranging from 50-200µm thick were grown on 6H and 4H-SiC
substrates at rates up to 250µm/hr. The typical growth temperature was 2000°C. At this
temperature reaction rates and gas phase diffusion are very fast. Therefore reactions are
expected to rapidly reach their equilibrium state. This allows thermodynamic equilibrium
calculations to be used to closely approximate the types and concentrations of gas phase
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species and condensed phases present for a given set of input elements, temperature, and
pressure. It was shown experimentally that the trends in the growth rate as a function of
precursor flow rates and temperature closely matched those expected from
thermodynamic equilibrium in a closed system.
The equilibrium model was then used to predict the maximum C/Si ratio at which
SiC is the only condensed phase produced during halide CVD growth. The calculations
specifically focused on the high precursor concentrations required to maintain growth
rates of 50-300µm/hr. The model accurately predicted the trends in growth rate with the
changes in precursor flow rates as well as the boundary between deposition of pure SiC
and deposition of a mixture of SiC and C. The boundary between phase pure and mixed
phase growth was experimentally shown to be very abrupt. Calculation of the boundary
position in terms of the SiCl4 and CH4 concentrations, at fixed Ar and H2 concentrations
provides the maximum C/Si ratio that can be achieved for any given set of crystal growth
conditions.
Increasing the H2 concentration was predicted to increase the C/Si ratio at which
single crystal growth could be maintained by increasing the concentration of C that could
exist in the gas phase. This was verified experimentally by observing that the growth
morphology changed from polycrystalline to the step flow growth morphology of single
crystal SiC with only a change in H2 concentration. Temperature, pressure, and Cl
concentration are also expected to significantly influence the growth rate and the position
of the phase pure boundary.
Growth of SiC epitaxial layers by HCVD under both Si-rich and C-rich conditions
generally yielded the same trends as those observed in conventional silane-based CVD
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processes even though the temperatures and chemistry are significantly different.
Nitrogen incorporation was highest on the C-face of 4H-SiC substrates but could be
reduced to concentrations as low as 1x1015 atoms/cm3, which is equivalent to those
obtained on the Si-face, by growing at C/Si ratios greater than 1. Residual B
concentrations were slightly higher for epitaxial layers grown on the Si-face of substrates.
However, changes in the C/Si ratio had no effect on B incorporation at concentrations on
the order of 1x1015 atoms/cm3.
No significant trends in structural quality or defect density could be correlated
with changes in the C/Si ratio. Structural quality and defect density were more closely
related to substrate off-cut and polarity. The highest quality crystals were grown on the
C-face of 4° off-axis substrates as measured by HRXRD rocking curves. Growth on onaxis substrates was most successful on the C-face, although the x-ray rocking curves were
nearly twice as wide as those on off-axis substrates. Growth on the Si-face of on-axis
substrates resulted in significantly wider omega rocking curves than any other substrate
and off-cut combination. This is thought to be due to errors in the polytype stacking
sequence during growth, or in the worst cases to inclusions of other polytypes during
growth. The presence of severe lattice misalignment or significant disruptions in the
polytype stacking sequence along the c-axis explains the very broad rocking curves for
the layers grown on the Si-face of on-axis substrates. In addition, polished cross sections
of these layers showed that the first 10µm of growth has a very high defect density. The
preference for the 4H polytype to form on the C-face of 4H substrates is consistent with
observations from bulk crystal growth, however, the reason for this preference is not well
understood.
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Etch pit densities obtained by KOH etching layers grown on Si-face substrates
were closely related to the defect density of the substrate not the C/Si ratio. Structural
characterization by XRD and KOH etching showed that on-axis epitaxy for high voltage
power devices should focus on epitaxial growth on the C-face of 4H substrates. Future
work should focus on substrate surface preparation prior to growth, and on growth
initiation to ensure that the defect density of the epitaxial layer is not higher than that of
the substrate.
Finally, thick p-type layers with either B or Al dopant concentrations on the order
of 1019 atoms/cm3 were readily achieved with the HCVD process. TMA and BCl3 were
successfully employed as dopant sources, for Al and B respectively, at a growth
temperature of 2000°C. Aluminum incorporation was sensitive to both the substrate
surface polarity and the C/Si ratio employed for growth. Dopant concentrations were
maximized under C-rich growth conditions on the Si-face of SiC substrates. Aluminum
incorporation as a function of dopant source concentration followed a simple power law
behavior with an exponent close to 1. This indicates that Al incorporation is controlled
by surface adsorption through a gas phase molecule containing a single Al atom. The
high Al flux required to achieve high doping concentrations is consistent with the high
Al-Cl bond energy, which indicates that gas phase Al-Cl species are preferred over the
Al-C bonding expected to take place within the SiC matrix.
Boron incorporation was insensitive to both the surface polarity of the substrate
and the C/Si used for layer growth even though B appears to favor incorporation on Si
lattice sites. Boron incorporation as a function of dopant source concentration also
showed a simple power law type behavior, but with an exponent of nearly 2, indicating
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that incorporation may proceed via a strong interaction with the SiC matrix. This is
consistent with the high B-C bond energy compared to B-Cl and Si-C bond energies.
Boron dopant activation was assessed by comparing the p- and n-type dopant
concentrations measured by SIMS with the net acceptor concentration estimated from
mercury probe capacitance-voltage curves. It was shown that B acceptors in HCVD
grown SiC are not passivated by H to any significant extent. The lattice parameters of
100µm thick epitaxial layers doped with B at concentrations on the order of 1019
atoms/cm3 showed no change as a function of dopant concentration. This was in contrast
to the lattice parameter decrease as expected from a comparison between the size of the
Si and B atoms. There are several possible explanations for this including incorporation
of B as a B-H complex, substitution of B on both C and Si lattice sites, and lattice
relaxation following substation on Si lattice sites. It is also possible that the B doping
concentration was not high enough to induce a measurable change in the lattice
parameter. Additional work will be required to determine the correct explanation.

7.2

Future Work

The HCVD process for SiC epitaxial layers and bulk crystal growth has shown
the ability to achieve 10-20x higher growth rates than conventional SiC CVD and control
the C/Si ratio at high growth rates in contrast to the physical vapor transport process for
bulk crystals. Control over the C/Si ratio in the HCVD process allows control over
dopant incorporation and control over growth morphology. However, this control should
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also permit several other material properties to be tailored. Future work should focus on
determining the range of C/Si ratios required to achieve specific material characteristics
such as low net p-type and n-type doping, or high resistivity. Electronic and structural
defects should be the primary focus since they directly impact SiC device design and
performance.

7.2.1

Process-Property Relationships

The ratio of the C-source concentration to the Si-source concentration in the
growth atmosphere was shown to directly effect the incorporation of impurities in SiC
epitaxial layers. In addition, the choice of substrate miscut and surface termination had a
significant impact on surface morphology. It is reasonable to expect that these same
variables may also impact basic material properties such as electrical resistivity,
temperature coefficient of resistivity, carrier mobility and carrier lifetimes.
The resistivity of films grown on high resistivity substrates can be characterized
via a four point method. Evaluating resistivity as a function of temperature using either
the four point probe method or the Hall effect method will provide the activation energy
for the resistivity indicating which residual dopant dominates the resistivity. Hall effect
measurements will also provide carrier mobilities. Carrier lifetimes can be evaluated and
mapped over a substrate via microwave photoconductive decay

174

7.2.2

Electronic Defects

Of particular interest is control of the C/Si ratio and net doping to achieve semiinsulating SiC with a resistivity greater than 105 ohm-cm. This thesis showed that it was
possible to achieve both p-type and n-type SiC by varying only the C/Si ratio. This was
due in most part to the decrease in N concentration at higher C/Si ratios. However, the
impact of Si-rich and C-rich growth conditions on point defects such as C and Si
vacancies is unknown. This could be evaluated by first characterizing lightly N doped
samples grown under a range of C/Si ratios by deep level transient spectroscopy (DLTS).
This would allow a comparison between the deep trap types and concentrations in HCVD
grown material and data published for PVT and conventional CVD grown material.
Recently published work on PVT grown SiC has shown that making the atmosphere
more C-rich significantly reduces the concentrations of a number of deep traps. 1, 2 The
HCVD process offers the ability to probe this effect at finely controlled C/Si ratios.
Additional defects and their local chemical environment could be evaluated by
electron paramagnetic resonance (EPR). However, EPR typically requires a volume of
material on the order of a single 1cm2 wafer. It may be possible to take advantage of the
ability of the HCVD process to grow thick layers specifically for EPR analysis. For
example, 13C enriched methane could be used as the carbon source in order to probe in
more detail the structural nature of carbon related defects. Increasing the concentration
of 13C in SiC above its natural level of 1.1%, should enhance the EPR signal from carbon
related defects. 3
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Because of the high concentration of hydrogen used in the HCVD process, the
concentration of hydrogen incorporated in SiC grown by this method should be
evaluated. This could be accomplished by using deuterium instead of hydrogen and
analyzing the concentration of deuterium in HCVD grown crystals by secondary ion mass
spectrometry (SIMS). The concentration of Cl incorporated in HCVD grown SiC is also
unknown and should be evaluated as a function of growth conditions.
In addition, no detailed study has been done over a narrower range of gas phase
stoichiometries to determine if very high resistivities could be obtained in the area where
conductivity changes from n-type to p-type. It would be instructive to determine how
tightly controlled the C/Si ratio must be to maintain resistivities greater than 105 ohm-cm.
Controlled growth of semi-insulating material could be used for bulk crystal growth as
well as growth of high resistivity epitaxial layers on conductive substrates. These layers
could have applications for RF devices or in power devices where the semi-insulating
layer could be used for device isolation similar to silicon-on-insulator (SOI) technology.
An alternate approach would be to explore the use of V-doping for growth of high
resistivity layers. Control of V concentrations in PVT grown SiC is very difficult due to
the high vapor pressure of gas phase V species. 4 This results in high V concentrations at
the early stages of growth, which then drops off rapidly as the V source is depleted.
Continuous introduction of V in the HCVD process could potentially provide a high
degree of control over the V concentration. This would require an investigation into
suitable CVD sources for V that are compatible with the HCVD chemistry and process
conditions.
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7.2.3

Structural Defects

This work showed a link between the growth surface polarity, the mis-orientation
of the substrate, and the structural quality of SiC epitaxial layers as characterized by the
FWHM of x-ray rocking curves. Growth of epitaxial layers on on-axis 4H-SiC substrates
was significantly better on the C-face of the substrate compared to the Si-face. However,
the crystal quality was still much worse than growth on off-axis substrates. No direct link
between the C/Si ratio and extended defect concentrations was found when characterizing
thick epitaxial layers by etch pit density. However, this type of analysis does not
adequately assess the impact of growth conditions on individual defects such as basal
plane dislocations or micropipes which may be present at concentrations less than that of
the threading dislocations that tend to dominate etch pit results.
Future work should focus on developing substrate preparation and growth
initiation conditions for epitaxial layers on the C-face of on-axis 4H-SiC substrates. This
combination of surface polarity and substrate orientation may provide a route for
eliminating the impact of substrate basal plane dislocations on bi-polar SiC device
performance. Rather than growing 100µm thick layers this work should focus on growth
of 1-10µm thick layers to evaluate growth surface morphology and defect density at the
initial stages of growth. This work should include a study of both C-rich and Si-rich
growth initiation conditions. The degree of mis-cut for on-axis substrates must also be
considered to determine the influence of mis-orientations up to 0.5°, which are common
in commercial substrates. Once the transition from the substrate to a high quality
epitaxial layer is made it may be possible to increase the growth rate and the C/Si ratio to
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achieve thick blocking layers with low net doping. It may also be worthwhile to compare
the defect densities in both 6H and 4H-SiC layers grown on on-axis substrates to
determine how large a role polytype stability plays in defect generation for on-axis
growth.
As part of this work it would be useful to determine the surface diffusion lengths
of adatoms as a function of growth temperature and C/Si ratio. As the off-cut becomes
less, the density of step edges on the surface of the substrates decreases. This means that
adatoms must diffuse a longer distance before they can be incorporated at a step edge. If
the diffusion length is shorter than the distance to a step edge then nucleation on the face
of a terrace may occur, which can lead to the formation of other polytypes. Kimoto and
Matsunami 5 used circular terrace structures on 6H-SiC substrates to determine the lateral
growth rate of SiC epitaxial layers under conventional process conditions, which could
then be related to the surface diffusion length. The same type of experiments should be
performed for the growth of 4H-SiC by HCVD.
In addition, SiC epitaxial layers grown by HCVD should be evaluated for the
presence of the types of macro scale structural defects found in conventional SiC epitaxy.
These defects are commonly associated with SiC particles and condensed Si droplets
impacting the growth surface and being incorporated into the growing layer. 6 The
ability of the HCVD process to eliminate condensed Si should essentially eliminate
epitaxial defects related to this problem.
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