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Abstract

In this thesis, chemical vapor deposition {CVD) of silicon carbide (SiC)
on SiC{0001} substrates and device applications have been studied. Through
recent progress in SiC growth techniques, SiC has been recognized as a vital
wide bandgap material for high-power, high-frequency, high-temperature, and
radia-tion-resistant devices, owing to its tremendous properties. SiC appears
in a number of crystal structures with one-dimensional variation, so-called
“polytypes”, which means that the polytype control during growth is crucial
for device applications. For this purpose, polytype-controlled epitaxial growth
of SiC, which utilizes step-flow growth on off-oriented SiC{0001} substrates
(step-controlled epitazy), is presented in this thesis. After detailed analyses
on growth mechanism including surface kinetics, characterization of epilayers,
impurity doping, and device applications are described.

In Chapter 2, the outline of step-controlled epitaxy is described from
a viewpoint of growth mode. Step-flow growth on off-oriented -SiC{0001}
substrates leads to homoepitaxy of a-SiC (step-controlled epitaxy), whereas
two-dimensional nucleation results in the growth of 3C-5iC with double po-
sitioning twin. Low-temperature growth was attempted, and homoepitaxial
growth of 6H-SiC could be achieved at temperatures as low as 1200°C.

In Chapter 3, growth mechanism in step-controlled epitaxy is discussed.
The effects of growth temperature, off-angle, substrate polarity are described.
Very little polarity dependence and small activation energy of growth rate
(2.8kcal/mole) in step-controlled epitaxy can be explained by the fact that
SiC growth is controlled by the diffusion of reactants in a stagnant layer. The
step-bunching on the surfaces of 6H- and 4H-SiC epilayers is also investigated.
Polarity and polytype dependences are discussed based on surface energy con-
sideration.

In Chapter 4, a model describing SiC growth on vicinal {0001} substrates
is proposed based on a classical surface diffusion theory. Using the model
and several experimental results, critical growth conditions where the growth
mode changes from step-flow to two-dimensional nucleation are predicted as
a function of growth temperature, growth rate and substrate’s off-angle. The
obtained chart of growth condition will give a guideline for step-controlled
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epitaxy.

In Chapter 5, microscopic surface kinetics in SiC growth is analyzed.
Through short-time growth experiments, nucleation on {0001} terraces and
step-dynamics are discussed. The polarity dependence of nucleation and the
anisotropy in lateral growth rate are presented. A surface diffusion model is
proposed to estimate the surface diffusion length of migrating species. The dif-
fusion length was about 13xm on 6H-SiC{0001} faces under a typical growth
condition at 1500°C. The influences of growth conditions on the surface diffu-
sion lengths are discussed.

In Chapter 6, characterization of epilayers and impurity doping are de-
scribed. High quality of SiC epilayers was elucidated by a cross-sectional TEM
analysis, low-temperature photoluminescence, Hall effect, and deep level anal-
ysis. For a low-doped 6H-SiC epilayer (n=2x10"cm™?), a high electron mobil-
ity of 431cm? /Vs could be obtained. The concentration of deep electron traps
in epilayers was very small (< 10%cm™2). In-situ doping of N, Al, and B was
investigated in the wide range of 10'~10"%cm™ with excellent controllability,
using N, trimethylaluminum (TMA), and B;Hg as dopant sources. N*, Alt,
and B* implantations into 6H-SiC{0001} epilayers were also investigated. The
lowest sheet resistances of 1500°C-annealed samples were 770§2/0 (n-type) for
N+ implantation, and 22kQ/0 (p-type) for Al* implantation. B* implantation
resulted in the formation of resistive layers {p=15~120Qcm).

In Chapter 7, numerical analyses on the performance of 6H- and 4H-
SiC power Schottky rectifiers and MOSFETs and preliminary fabrication of
Schottky and pn junction diodes are described. Theoretical simulation showed
that the extremely low drift-region resistances (about 1/50~1/500 of those of
Si devices) can be expected in SiC power devices, owing to its high breakdown
field. Au/6H-SiC Schottky rectifiers were successfully fabricated with a record
breakdown voltage of 1100V and a specific on-resistance of 8.5m{cm?, which
is only 1/20 of the theoretical limit of a Si rectifier with the same blocking
voltage. A very high breakdown voltage of 1720V was obtained for epitaxial
pn junction diodes. The pn junction diodes formed by N* implantation showed
a high breakdown voltage of 450V, and high-temperature operation at 350°C.

In Chapter 8, the summary of the present work is given, together with
the remaining problems and suggestions for future studies.
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Chapter 1

Introduction

1.1 Background

Performance of tools and devices is basically limited by the intrinsic
properties of materials and their designs or structures. This is, of course, true
in semiconductor devices, which support the modern civilization as hardware.
Most of the present-day semiconductor devices utilize silicon (Si), owing to the
availability of a very high-pure and high-quality crystal and an excellent oxide.
Once the material has been fixed, the device performance cannot be improved
without the further development of fabrication techniques or the invention of
a novel structure. This strategy is reflected in the rapid development of device
processing technology for integrating numerous transistors of Si [1]. However,
Si technology is now so mature that there remains a little prospect for revolu-
tional improvement. Although III-V semiconductors such as gallium arsenide
(GaAs) play an important role in light-emitting devices and high-frequency
applications [2], the technology is also well-developed and some limitations
have been already pointed out.

Now that the performance of conventional semiconductor devices is ap-
proaching a certain ultimate due to the limitation of the material properties
and the processing technology, bringing up a new material may be the most
effective way to satisfy the strong and increasing needs for high-power, high-
temperature and/or radiation-resistant electronics. Silicon carbide (SiC) with

1
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many outstanding properties, treated in this thesis, is a promising candidate
to realize such advanced devices and extend the frontiers of electronics.

On the other hand, crystal growth mechanism has attracted a number
of theoretical and experimental scientists. For example, the surface diffusion
length of adsorbed species, nucleation, and step growth have been of great
interest in material and surface science. Recent progress in crystal growth and
in-situ observation techniques has made these surface kinetics renewed and
exciting subjects for research. However, in spite of the publication of excellent
books on crystal growth theory [3], it is difficult to apply the theory to a
real growth system, because of too many physical parameters which cannot
be easily estimated in real crystals. This is the main reason why there still
exists a large gap between theoretical and experimental works in this field.
Comprehensive studies should be done to combine the theory and experiments,

hopefully yielding a complete understanding.

1.2 Silicon Carbide

1.2.1 Properties of silicon carbide

SiC is a IV-IV compound semiconductor material with a wide bandgap.
SiC does not melt and sublimes at high temperatures of 2200°C under at-
mospheric pressure. From a crystallographic point of view, SiC is the most
famous material for showing polytypism [4]. Polytypism is the phenomenon of
taking different crystal structures in one-dimensional variation with the same
chemical composition. Consider the occupation sites of $i-C pairs in a close-
packing system shown in Fig.1.1. Si-C pairs in each plane can occupy one of
three sites, denoted by A, B, and C. The variation of occupation sites along
one axis brings about different crystal structures named polytypes. The two
simplest stacking sequences are ABAB... and ABCABC..., which provide so-
called “wurtzite” and “zincblende” structures, respectively. Several materials
such as ZnS and GaN can appear in both wurtzite and zincblende structures,
S5iC, however, crystallizes in surprisingly many (more than 200) polytypes.

Table 1.1 shows the stacking sequences in the c-axis ({0001) direction)



1.2. SILICON CARBIDE

Fig.1.1  Close packing system of spheres.

Table 1.1  Stacking sequence and exciton bandgap at 4.2K of several
SiC polytypes [5].

polytype | stacking sequence Egx at 4.2K (eV)
2H AB 3.330
3C ABC 2.390
4H ABCB 3.265
6H ABCACB 3.023
15R ABCACBCABACABCB 2.986
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ABCABC

3C-SiC 4H-SiC 6H-SiC

Fig.1.2  Arrangements of Si and C atoms in the SiC(1120) plane for
3C-SiC, 4H-SiC, and 6H-SiC polytypes. The marks h and
k denote hexagonal and cubic sites, respectively.

Table 1.2 Physical properties of popular SiC polytypes, Si, and GaAs.

lattice E; M Eg Usat,
constant (A) (eV) (em?/Vs) (V/em) (cm/s)
3C-SiC 4.36 2.23 1000 - 2.7x107¥
4H-SiC a=3.09 3.26 900 3x10° -
c=10.08
6H-SiC a=3.09 3.02 450 3x10° 2x107
c=15.12
Si 5.43 1.11 1350 2x10° 1x107
GaAs 5.65 1.43 8000 3x10° 2x107

Eg:bandgap(300K), pu:electron mobility(300K)
Ep:breakdown field, v,, :saturated electron drift velocity
H:theoretical calculation, —:not measured
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and the exciton bandgaps at 4.2K of several popular SiC polytypes [5]. In
Ramsdell’s notation, polytypes are represented by the number of layers in
the unit cell and the crystal system (C for cubic, H for hexagonal, and R
for rhombohedral}. 3C-5iC is often called #-5iC, and others called -5iC.
The structures of 3C-SiC, 4H-SiC, and 6H-SiC are shown in Fig.1.2 where
open and closed circles denote Si and C atoms, respectively. The origin of
polytype formation has remained an interesting and open question, in spite of
the efforts by many investigators [6]. Anyway, it becomes crucial to control
polytype during crystal growth of SiC for device applications. In general,
3C-S5iC 1s known as a low-temperature polytype due to its higher probability
of appearance at low temperatures (~1000°C). 6H- and 4H-SiC are high-
temperature polytypes, which means relatively high temperatures are required
to grow these polytypes.

Physical properties of 3C-, 6H-, and 4H-5iC are listed in Table 1.2, to-
gether with those of Si and GaAs for comparison. High bonding energy of
Si-C atoms (4.53e¢V) with short bond length (1.89A) [7] leads to a large en-
ergy difference between “bonding” and “anti-bonding” states, resulting in wide
bandgaps [8). For example, bandgaps of 3C- and 6H-SiC at room tempera-
ture are 2.23eV and 3.02eV, respectively [9]. These wide bandgaps give SiC
very high breakdown field, about ten times higher than that of Si or GaAs
[10]. Tight Si-C bonding also yields high-frequency lattice vibration, namely
high-energy phonons. The energies of optical phonons in SiC are as high as
100~120meV [11], in contrast to 35~63meV in Si or GaAs [12]. This high
phonon energy brings about high saturated electron drift velocity (2x107cm/s
in 6H-SiC) [13] and high thermal conductivity (4.9W/Kcm) [14].

It .should be noted that both n- and p-type conductivity can be easily
controlled by impurity doping in SiC. This is a rather rare case in wide bandgap
materials: ZnS, ZnSe, and GaN have difficulty in p-type doping (though rapid
progress has been made), and diamond does in n-type doping.

These outstanding properties with controllable doping make SiC a very
attractive semiconductor material. In particular, SiC is a promising candidate
for high-power, high-frequency, high-temperature and radiation-resistant de-
vices with excellent performance, which cannot be realized with Si or GaAs
based devices.
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Table 1.3  Figures of merit for Si, GaAs, and several SiC polytypes.
Each value is normalized by that of Si.

material JFOM KFOM BFOM BHFFOM
Si 1 1 1 1
GaAs ' 9 0.41 22 13
3C-SiC - 5.9 - -
6H-SiC 900 5.0 920 75
4H-SiC - - 1840 150

—:cannot be calculated due to unknown physical properties
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As for the limits of device performance, several figures of merit have been
proposed. In the early stage, Johnson considered the high-frequency and high-
power capability of devices, and proposed Johnson'’s figure of merit (JFOM)
defined by the following equation [15].

2.2
EBvsat i
4r?

JFOM = (1.1)
where Ep and v, are the breakdown field and the saturated drift velocity.
From the thermal limitation due to generated heat in high-speed switching,
Keyes’s figure of merit (KFOM) was proposed as follows [16]:

CUgat

= , 1.2
KFOM = ry (1.2)

Here «, €, and ¢ are the thermal conductivity, the permittivity, and the speed
of light in vacuum. Recently, Baliga introduced more realistic figures of merit
for unipolar power devices in low-frequency (BFOM) and high-frequency ap-
plications (BHFFOM), given by [17,18]

BFOM = eu B3, (1.3)
BHFFOM = pEj, (1.4)

where g is the mobility. Table 1.3 shows these figures of merit for 3C-, 6H-,
4H-SiC, Si, and GaAs. Here each figure of merit is normalized by the value for
Si. SiC demonstrates figures of merit higher than Si and GaAs by orders of
magnitude, indicating the great potential for advanced devices. In particular,
theoretical simulation has predicted that SiC power devices can replace the
present-day Si power devices on account of much lower power dissipation and
the reduced chip sizes [19)].

1.2.2 History and the present situation of silicon car-
bide

In general, SiC has taken a position as a material for grinding abrasive,
heater, package, varistor, and so on. However, SiC is one of the oldest semicon-
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Fig.1.3 Schematic diagram of SiC boule crystal growth system by a modified
Lely method [25].

Fig.1.4  Commercial SiC wafers with a 30mm diameter.
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ductor materials, as the first electroluminescence has been observed from this
material in 1907 [20]. At the initial stage, SiC has been synthesized using silica
and coke at very high temperatures of about 2500°C (the Acheson method)
[21]. SiC crystals grown by this method cannot be applied for electronic devices
due to serious impurity contamination and small sizes with irregular shapes.
In 1955, the growth of relatively pure 6H-SiC could be achieved by utilizing
a sublimation technique (Lely method) [22]. Based on this development, the
concentrated investigation for electronic applications had been performed in
1960s-1970s [23], but this activity fell down due to the difficulty of steady waler
supply and the polytype mixing problem.

One innovation has been achieved in bulk crystal growth utilizing a
seeded sublimation method (a modified Lely method) by which large o-SiC
boule crystals can be grown with controlling polytypes [24]. A typical growth
system is shown in Fig.1.3 [25]. This technique has opened the way for man-
ufacturing «-SiC wafers, and 6H- and 4H-SiC wafers with a 30mm diameter
are commercially available today (Fig.1.4) [26]. Since this commercial release
of S5iC wafers in 1991, the activity of SiC research, especially development of
SiC devices, has rapidly grown. Very low-resistivity (p=0.0028 {}cm) [27] and
semi-insulating (p~10%° Qlc) [28] wafers have been also developed, which will
lead to the improvement of device performance.

As for epitaxial growth of SiC, there have been two main streams, het-
eroepitaxial growth of 3C-SiC and homoepitaxial growth of a-SiC. In case
of 3C-5iC growth, heteroepitaxy is required, since boule crystals of 3C-SiC,
which is a low-temperature polytype, is difficult to grow by a modified Lely
method. Through the success in chemical vapor deposition (CVD) of 3C-5iC
on Si using a “carbonized buffer layer” technique [29], many investigators have
tried the fabrication of SiC devices such as metal-semiconductor field effect
transistors (MESFETs) [30,31] and metal-oxide-semiconductor FETs (MOS-
FETs) [32,33]. However, the quality of 3C-5iC epilayers is poor due to the
large mismatche in lattice constants (20%) and thermal expansion coefficients
(8%) between 3C-SiC and Si. Now, fundamental research on carbonization of
Si [34] and atomic level control in 3C-SiC growth by molecular beam epitaxy
(MBE) [35] have been continued to overcome this problem.

Homoepitaxial growth of o-SiC has been performed by liquid phase epi-
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Current Density (A/em z)

Catastrophic 200
Breakdown

10  Voeltage (V)

Fig.1.5  Current density — voltage characteristic of a 6H-SiC pn junction
diode {46].



1.2. SILICON CARBIDE 11

Mi ohrnic contacts

Eiched Alignment Poly Si comact
Mark
e Sounes ] -m\ N Branrs
LRy soure oxide L Dy
! ] ___n+6H well ] ] n+ 6H weli I
p-tvpe 6H epi
n-type 6H-SiC substrate
as — .
Qate Vokage = 14V
I T=5713K M -
g 23t ‘
28} vy )
15§ 1
g 3 sv
13-
a8
3t -
av
B P ~ PR - i i
L -3 i 13 28
DRAIN ¥YOLTAGE(Y}

Fig.1.6  Structure and drain current - voltage characteristics of a 6H-SiC
enhancement-mode MOSFET at 573K [47].



12 CHAPTER 1. INTRODUCTION

n+ type 4H-SiC substrate

T Y

Ni Drain Contact
160 T T T T T 1
Gate Voltage =18V
— T=300K
i 120 16V . —
g 80 —
Z -
g 40 —
i ov
0 AN I N DU S X
0 40 80 120 160 .
DRAIN VOLTAGE (V)

Fig.1.7  Structure and drain current — voltage characteristics of a 4H-SiC
vertical power MOSFET at 300K [49].
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taxy (LPE) and CVD methods, and blue light-emitting diodes are produced
for full-color display devices [36]. Although CVD has advantages in the pre-
cise control and uniformity of epilayer thickness and impurity doping, there
has been a serious problem of very high growth temperature, which prevented
the device fabrication. In case of SiC growth on 6H-S5iC{0001} basal planes
(conventional condition), growth temperature as high as 1800°C is required for
homoepitaxy of 6H-SiC, and twinned crystalline 3C-SiC is grown at lower tem-
peratures [37-40]. In 1986, Kuroda et al. found that single crystalline 6H-SiC
can be homoepitaxially grown on off-oriented 6H-SiC{0001} at low tempera-
tures of 1400~1500°C [41,42]. This technique was named “step-controlled epi-
tazy”, since the polytype of epilayers can be controlled by surface steps existing
on the off-oriented substrates. This technique was an epoch-making break-
though in two senses that (i) growth temperature can be reduced more than
300°C and (ii) epilayers have very high quality enough for device application.

This innovation motivated the concentrated efforts on development of
advanced SiC devices, such as high-voltage diodes [43-46] (for example, see
Fig.1.5 [46]), high-temperature FETs operating at 650°C [47] (Fig.1.6), mi-
crowave FETs with f,, of 26GHz[48], vertical power devices (Fig.1.7) [49], ul-
traviolet (UV) detectors [50], and non-volatile memories [51]. Recent progress
in device processing technology has made it possible to realize SiC integrated
circuits {ICs) operating above 300°C [52,53]. Since high-quality materials have
become available, optical and electrical properties such as impurity states [54]
and effective masses [55] have become attractive and meaningful subjects for
fundamental researchers.

1.3 Outline of Thesis

Owing to recent progress in crystal growth of SiC, the distinctive poten-
tial of the material has been demonstrated by real devices. The fabrication
of all these devices utilizes “step-controlled epitaxy”, key technology for the
development of SiC devices. In spite of the growing activity of SiC, very little
is known about growth mechanism of SiC. Although there have been a few
reports on mechanism of SiC growth, only qualitative explanation on exper-
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imental results has been given [42,56-59]. Quantitative studies and detailed
analyses on surface kinetics have never been reported. This may partly re-
sult from the device-oriented researches through the world in order to develop
advanced SiC devices as soon as possible. It is practically and academically
important to know the kinetics of growing surface, and to give the feedback
to the growth conditions for further improvement of epilayer quality. Besides,
no systematic studies on characterization of SiC epilayers have been reported,
while device performance has been strongly emphasized.

The present work has been performed (i) to give an insight into the
growth mechanism of SiC and (ii) to characterize the properties of epilayers
for device applications. The former study is aimed to provide a guideline in
material science, and the latter to exploit novel electronics.

Chapter 2 describes the experimental apparatus, the growth procedures
and the introduction of step-controlied epitaxy, where the effects of off-
orientation on growth modes are discussed. An attempt for low-temperature
growth and basic ideas for polytype control are also described.

Chapter 3 deals with the growth mechanism in step-controlled epitaxy.
The effects of growth conditions such as temperature, off-angle, substrate po-
larity are discussed in detail. The relationship between growth mode and
rate-determining step is presented. The step bunching on the growing surface,
which verifies step-flow growth, is also described.

Chapter 4 introduces a model for SiC growth on vicinal {0001} substrates
based on a classical surface diffusion theoty. After analyzing nucleation and
the surface diffusion of adsorbed species, the critical growth conditions where
the growth mode changes from step-flow to two-dimensional nucleation are
predicted.

Chapter 5 is assigned for the analysis of surface kinetics. Based on short-
time growth experiments, nucleation on terraces and step dynamics are dis-
cussed. Polytypes of growth nuclei and lateral motion of steps are described.
A diffusion model is proposed to estimate the surface diffusion length of mi-
grating species. The influences of growth conditions on surface kinetics are
described in detail.

Chapter 6 first presents the characterization of structure (defects), op-
tical and electrical properties of undoped epilayers, which demonstrates high
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purity and high quality of epilayers. Doping of donor (N) and acceptor (B, Al)
impurities by in-situ process and ion implantation are also investigated.

Chapter 7 is prepared for demonstraing the potential of SiC devices. The-
oretical prediction of SiC power device performance is presented. Preliminary
experimental results on high-voltage, high-temperature Schottky rectifiers and
pn junction diodes are described.

The summary of the present work is given in Chapter 8, including re-
maining problems and prospects for future studies.
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Chapter 2

Step-Controlled Epitaxy of
a-SiC

2.1 Introduction

The best way to obtain high-quality epilayers is “homoepitaxy”, which is
free from lattice-mismatch between epilayers and substrates. In the epitaxial
growth of a-5iC (mainly 6H-SiC), homoepitaxy has been investigated by sub-
limation, LPE, and CVD for a long time [1-6]. Although rather high-quality
6H-51C layers can be grown and have been applied to several devices, there
has been a serious problem of its high growth temperature. For the repro-
ducible homoepitaxial growth of 6H-SiC by these methods on well-oriented
{0001} faces, which was a usual case, high temperatures over 1700~1800°C
were required [6-8].

Recently Kuroda et al. have developed “step-controlled epitaxy”, by
which single crystalline 6H-SiC with very smooth surfaces can be grown on
off-oriented 6H-SiC{0001} substrates at 1500°C by CVD [9]. Epitaxial growth
at such a low temperature can be attributed to lateral growth from atomic
steps, which forces grown layers to inherit the stacking order of substrates.

Although the growth temperature for homoepitaxy of 6H-SiC has been
drastically reduced by step-controlled epitaxy, it is still high compared with
the growth of Si or other semiconductor materials. For device fabrication, in

19
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particular, a low-temperature process is preferred to suppress impurity contarn-
ination from a growth system, impurity redistribution, and thermally induced
damage.

In this chapter, the concept and experimental results of step-controlled
epitaxy are explained after describing the growth system and procedures. An
attempt for low-temperature growth of 6H-SiC by step-controlled epitaxy is
also presented together with discussion on growth mode.

2.2 Chemical Vapor Deposition System

2.2.1 Wafer preparation

Two kinds of a-SiC crystals were used as substrates, crystals grown by
the Acheson method or a modified Lely (sublimation) method. Since the basal
plane of the Acheson crystals is {0001} face, the off-oriented substrates were
prepared by angle-lapping of the basal plane. As for crystals grown by a mod-
ified Lely method, both commercially available and home-made wafers were
used. In the growth of 6H-5iC boule crystals in our sublimation system, typical
source temperature, seed temperature, and pressure were 2200°C, 2100°C, and
80Torr, respectively. Under this condition, a growth rate of about 0.5mm/h is
obtained. After the crystal orientation of grown boules was determined using
the back-reflection Laue method, the crystals were sliced into wafers by a dia-
mond cutter. Off-orientation was 0~10° (typically 5~6°) toward (1120), if not
specified. Most wafers were N-doped n-type with a resistivity of 0.1~18cm.

All the wafers, except for ones used as well-oriented {0001} substrates,
were carefully polished, and reactive ion etching (RIE) and thermal oxidation
were performed to remove the surface damage introduced through the polishing
process. The wafers prepared by this process showed an almost ideal xmin as
low as 2.0% in the channeling measurement of Rutherford backscattering using
a 2.0MeV He*t beam [10].

SiC{0001} is a polar face, and is either (0001)Si or (0001)C. Both Si
and C faces were used to investigate the substrate polarity effect. The polarity
was identified by oxidation (dry O at 1000°C for 5h) utilizing the difference in
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oxidation rates between both faces (the oxidation is faster on (0001)C faces)
[11,12].

The polytypes of substrates were identified with the absorption edges in
ultraviolet~visible-light transmission spectra and fluoroluminescence excited
by a high-pressure mercury lamp, and confirmed by X-ray diffraction and

photoluminescence.

2.2.2 CVD apparatus and growth procedures

Figure 2.1 shows a schematic diagram of the CVD growth system used
in this work. Crystal growth was carried out by atmospheric-pressure CVD in
a horizontal reaction tube made of fused quartz. SiH (1% in H,) and C3Hs
(1% in Hj;) were used as source gases. Carrier gas was H, purified with a
Ag-Pd purifier. The flow rates of SiHy and C3Hg were 0.05~0.60sccm (typ-
ically 0.30sccm) and 0.03~0.50sccm (typically 0.20sccm), respectively. The
H; flow rate was fixed at 3.0slm, which provides a linear gas velocity of
6~10cm/s above the substrates. N, was used for n-type doping, and trimethyl-
aluminum{TMA)/triethyl-aluminum(TEA) and B;Hs for p-type doping. Since
TMA and TEA are liquid at room temperature, they were introduced by bub-
bling with hydrogen. Hydrogen chloride (HCl) gas was used for etching of a
substrate surface before CVD growth.

Substrates were set on a SiC-coated graphite susceptor, and heated by
radio frequency (RF) induction using a 400kHz, 15kW RF generator. The
substrate temperature was monitored by a pyrometer. Since the susceptor
temperature was measured in this study, the real substrate temperature may
be slightly lower than the monitored value. The susceptor was inclined at an
angle of 10° toward the upper stream of gas flow to improve the uniformity in
epilayer thickness [13].

Figure 2.2 shows the temperature and gas flow program of the CVD
growth. The growth procedure consists of two steps. The first step is the
etching of substrates with HCI gas (typical condition: 1300°C, 10min). The
second step is epitaxial growth. The growth temperature was varied in the

range of 1100~1600°C.



2.2. CHEMICAL VAPOR DEPOSITION SYSTEM 23

(a) Y (b),

100pum

Fig.2.3  Surface morphology of layers grown on well-oriented (a) 6H-SiC(0001)Si
face and (b) (0001)C face. Growth temperature and growth rate
are 1500°C and 2pm/h.

10pm
M

Fig.2.4  Etched surface of a layer grown on well-oriented
6H-SiC(0001)Si face.
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Fig.2.5  (a) (110)-azimuth RHEED pattern obtained for an epilayer on
well-oriented 6H-SiC(0001)Si face.
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2.3 Step-Controlled Epitaxy

2.3.1 Growth on well-oriented 6H-SiC{0001} faces

On well-oriented 6H-SiC{0001} faces, 6H-SiC epilayers cannot be grown
reproducibly unless the growth temperature is raised up to 1800°C [6-8]. Fig-
ure 2.3 shows the surface morphology of layers grown on well-oriented (a)
(0001)Si and (b) (0001)C faces at 1500°C under the typical gas flow condi-
tion (SiH4:0.30scem, C3Hg:0.20sccm). On a (0001)Si face, the epilayer shows
a mosalc pattern, and smooth domains are separated by step- or groove-like
boundaries. On a (0001)C face, the grown surface is rough, and island-like
growth is observed.

Figure 2.4 shows a scanning electron microscope (SEM) photograph for
an etched surface of a layer grown on a well-oriented (0001)Si face. The etch-
ing was performed by molten KOH at 450°C for 1min. Triangular etch pits
indicating 3-fold symmetry are observed, which suggests the growth of cubic
phase. Note that the etch pits are 180°-rotated relative to each other across
the groove boundaries. This result means the neighboring domains separated

by the boundaries have twin relationship so called “double positioning twin”
[14].

Polytypes of grown layers were identified by a reflection high-energy elec-
tron diffraction (RHEED) analysis. Prior to the RHEED analysis, the sam-
ples were etched by molten KOH at 600°C for 30sec to get spot patterns.
Figure 2.5(a) shows a {110)-azimuth RHEED pattern from an epilayer on a
(0001)Si face. The theoretical (110)-azimuth RHEED pattern calculated for
3C-5iC(111) containing twinning around the (111} direction {double position-
ing twin) is shown in Fig.2.5(b). In this figure, open and closed circles represent
diffraction spots from single crystalline 3C-SiC(111) with ABC... stacking and
ACB... stacking domains, respectively. White circles with dots are common
diffraction spots for these two domains. Thus, the grown layer can be identi-
fied as twinned crystalline 3C-5iC(111) with double positioning domains. The
polytype was confirmed by photoluminescence and Raman scattering. Similar

results were obtained for layers grown on (0001)C faces.
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Fig.2.6  Surface morphology of layers grown on off-oriented (a) 6H-Si1C(0001)Si
face and (b) (0001)C face. Growth temperature and growth rate
are 1500°C and 2pum/h. Off-orientation is 6° toward (1120).
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Fig.2.7  Etched surface of a layer grown on 6° off-oriented
6H-SiC(0001)Si face.
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Fig.2.8 (a) (1120)-azimuth RHEED pattern obtained for an epilayer on
6° off-oriented 6H-SiC(0001)Si face.
(b) theoretical RHEED pattern of single crystalline 6H-SiC(0001).
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2.3.2 Growth on off-oriented 6H-SiC{0001} faces

Figure 2.6 shows the surface morphology of layers grown on off-oriented
(a) (0001)Si and (b) (0001)C faces at 1500°C under the same gas flow con-
dition as in Fig.2.3. The off-angle is 6° toward (1120). A drastic change in
surface morphology is observed by the off-angle introduction: Grown layers
show specular smooth surfaces, which is independent of the surface polarity of
substrates.

Figure 2.7 shows a SEM photograph for an etched surface of a layer grown
on an off-oriented (0001)Si face. Etch pits with rounded hexagonal shape are
observed, indicating the growth of hexagonal phase. Figure 2.8 shows (a) ob-
served and (b) theoretical (1120)-azimuth RHEED patterns of 6H-SiC(0001).
Based on these results, the grown layer is identified as single crystalline 6H-
SiC(0001). The polytype of grown layers was verified by transmission elec-
tron microscope (TEM) observation. Figure 2.9 shows a high-resolution cross-
sectional TEM image of a layer grown on an off-oriented substrate, which
demonstrates the stacking sequence of 6H-SiC (ABCACB...). Thus, homoepi-
taxy of 6H-51C is successfully achieved by utilizing off-oriented substrates at
a low temperature of 1500°C.

This growth technique is applicable to homoepitaxy of any other poly-
types such as 4H-SiC, 15R-SiC, and 21R-SiC. Figure 2.10 shows the Raman
scattering spectra of TO (transverse optical) mode for layers grown on off-
oriented (a) 4H-5iC and (b) 15R-5iC(0001) at 1500°C. The thickness of epi-
layers is about 10um. Only the peaks characteristic to 4H- or 15R-SiC are:
observed in each spectrum, and no incorporation of other polytypes (3C-SiC
or 6H-5iC) is detected.

The dependence of epilayer polytype on the off-angle and off-direction
reported by Kuroda et al. is shown in Fig.2.11 [9]. The substrate and growth
temperature are 6H-SiC(0001) and 1500°C. Off-angles larger than 1.0° are
required for homoepitaxy of 6H-SiC. Kong et al. and Ueda et al. have in-
vestigated the off-direction dependence in detail [15-17]. On off-oriented 6H-
51C(0001) inclined toward (1100), stripe-like morphology appears and the in-
corporation of 3C-SiC occurs by long-time growth [16]. Based on these results,
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[1100]

Fig.2.9 High-resolution cross-sectional TEM image of an epilayer on
6° off-oriented 6H-SiC(0001)Si face.
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4~6° off-angle toward (1120) was mainly employed in this study. The effects
of off-orientation on growth mechanism will be discussed in great detail in

Chapters 3 and 4.

2.3.3 Growth mode

SiC{0001} surfaces consist of {0001} terraces and steps. According to
a classical growth theory, adsorbed species migrate on the surface and are in-
corporated into a crystal at steps and kinks where the potential is low [18].
However, nucleation on terraces takes place when the supersaturation is high
enough. The supersaturation is a strong function of growth temperature, sur-
face migration length of adsorbed species, terrace width, and the supply of
source gases. Taking account of these factors, the difference of growth mech-
anism on well- and off-oriented substrates can be qualitatively explained as
follows.

On well-oriented {0001} faces, the step density is very low and vast ter-
races exist. Then, crystal growth may initially occur on terraces through
two-dimensional nucleation due to high supersaturation on the surface. The
polytype of grown layers is determined by growth conditions, mainly growth
temperature. This leads to the growth of 3C-SiC, which is stable at low tem-
peratures. This phenomenon has been predicted by theoretical studies using
quantum-mechanical energy calculation [19] and an electrostatic model [20].
As the stacking order of 6H-SiC is ABCACB..., the growing 3C-SiC can take
two possible stacking orders of ABCABC... and ACBACB..., as shown in
Fig.2.12(a). Thus, two-dimensional nucleation on terraces may result in the
growth of twinned crystalline 3C-SiC.

On off-oriented substrates, the step density is high, and the terrace width
is narrow enough for adsorbed species to reach steps. At a step, the incor-
poration site is uniquely determined by bonds from the step, as shown in
Fig.2.12(b). Hence, homoepitaxy can be achieved through the lateral growth
from steps (step-flow growth), inheriting the stacking order of substrates. A
schematic illustration for the incorporation sites on SiC{0001} faces is shown
in Fig.2.13, by which the uniqueness of site occupation can be expected at a
step.
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Fig.2.12  Schematic images of the relationship between growth modes and
polytypes of grown layers. (a) 3C-5iC is grown through two-
dimensional nucleation, and (b) homoepitaxy of 6H-SiC is achieved
owing to step-flow growth.
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2 possible sites

[0001] unique occupation-site on a {0001} terrace
at a step

Fig.2.13  Schematic illustration of incorporation sites on 6H-SiC{0001}
surface. White and black circles denote Si and C atoms,

respectively.
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In general, epitaxial growth on off-oriented (vicinal) substrates has been
extensively studied for many materials {21-24]. Recent investigations on the
growth of I1I-V semiconductors have shown that the quality of epilayers is sig-
nificantly improved by utilizing off-oriented substrates [25], or suppress the
incorporation of ambient oxygen [26]. Although the key method in step-
controlled epitaxy of SiC (the use of off-oriented substrates) itself is similar to
those studies, this technique possesses a special meaning that the polytypes
of SiC epilayers can be controlled by the step density of substrates, i.e. the
surface steps serve as a template which forces the replication of the substrate
polytype in the epilayer. This is the terminological origin of “step-controlled
epitaxy”.

From an academic point of view, growth modes are of great interest:
step-flow or two-dimensional nucleation. Although the in-situ observation of
adsorbed species is difficult in CVD, several evidences indicating the growth
modes can be obtained by careful observation of grown surfaces.

Figure 2.14(a) shows the surface morphology for a layer grown on a well-
oriented 6H-SiC(0001) face at 1500°C. Many trigonal pyramids can be seen
on the surface of each 3C-domain. This kind of morphology is enhanced under
high supersaturation conditions such as high flow rates of source gases or low
growth temperatures, and is never seen in case of 6H-growth on off-oriented
substrates. This morphology can be explained by the growth through self-
consistent nucleation [27] as shown in Fig.2.14(b). Initially a two-dimensional
nucleus is formed on a terrace, and the nucleus grows laterally, capturing the
migrating species. With the growth of the nucleus, the supersaturation on the
nucleus becomes higher, and the second nucleus is formed on the first nucleus.
The repetition of this process leads to the formation of “vicinal hillock™ as
shown in Fig.2.14(a).

The surface morphologies characteristic to the case of 6H-growth are
shown in Figs 2.15(a) “riangle-shaped shadows” and (c) “line-shaped shad-
ows”. These surface pits can be observed at some defect sites (pin holes,
scratch, efc.) especially for low-temperature growth. A supposed mechanism
of the pit formation is given in Figs.2.15(b) and (d), where some pinning points
impede the step-advance. Note that all the “shadows” are formed toward the
off-direction, which means that steps move laterally toward the off-direction,



36 CHAPTER 2. STEP-CONTROLLED EPITAXY OF «-SIC

(b)

Fig.2.14  (a) Surface morphology of a layer grown on a well-oriented 6H-SiC
(0001) substrate. “Vicinal hillocks” formed by self-consistent
nucleation can be observed.

(b) Formation mechanism of vicinal hillocks.
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off-direction

off-direction

(b) (d)

Surface pits characteristic to 6H-SiC growth on off-oriented
substrates. (a) “triangle-shaped shadow” and (b) its formation
mechanism. (c¢) “line-shaped shadow” and (d) its formation

Fig.2.15

mechanism.
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namely step-flow growth. If the growth proceeds through two-dimensional
nucleation, these shadows should be oriented in random direction. Detailed
surface structures relating the step-flow growth are discussed in Chapter 3.

2.4 Low-Temperature Growth

CVD growth of 6H-SiC was investigated at low temperatures in the
range of 1100~1400°C. The off-angle of substrates was 6° toward (1120). As
the growth temperature decreases, the range of growth conditions to obtain
a smooth surface becomes narrower. The author investigated the effects of
SiH4 and C3Hg flow rates on the crystallinity of grown layers and determined
the optimum condition. It was turned out that lower SiH4 flow rate (cor-
responds to lower supersaturation) and higher C/Si ratio are preferable for
low-temperature epitaxial growth. Here, the former will be effective to sup-
press two-dimensional nucleation on terraces, and the latter may compensate
for lower decomposition ratio of C3Hy at lower temperatures.

Figure 2.16 shows the growth temperature dependence of surface mor-
phology and RHEED pattern for the layers grown on off-oriented (0001)C
faces. The growth time was 60min, by which about 1um epilayers were formed.
There was no significant difference between epilayers on Si and C faces. The
surface morphology deteriorated by lowering growth temperature; triangle-
shaped shadow, pits and hillocks increased for low-temperature growth. How-
ever, homoepitaxial growth of 6H-SiC was achieved at a temperature as low
as 1200°C. This result indicates that step-flow growth occurs even at 1200°C,
and the grown layers inherit the stacking order of substrates. Thus, the growth
temperature for 6H-51C homoepitaxy can be reduced by more than 600°C by
using off-oriented substrates.

At 1100°C, however, surface morphology becomes rough and twinned
crystalline 3C-5iC was grown. Quite similar results were obtained on (0001)5i
faces. This is attributed to the suppressed surface migration of adsorbed
species at the low temperature and the occurrence of two-dimensional nu-
cleation on terraces. Since the nucleation rate on terraces can be restrained
by lowering supersaturation, further reduction of SiH, flow rate might lead
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Fig.2.16  Growth temperature dependence of surface morphology and (1120)-
azimuth RHEED pattern for the layers grown on 6° off-oriented
611-SiC(0001)C faces.
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to 6H-SiC homoepitaxial growth at lower than 1100°C. In fact, Tanaka et
al. reported homoepitaxial growth of 6H-SiC on off-oriented 6H-SiC{0001)
substrates at 1050°C by MBE, where a very low growth rate of 50~100A /h
was employed [28]. The quantitative analysis on the growth mode is given in

Chapter 4.

As for low-temperature growth of 6H-SiC by CVD, Powell and Will suc-
ceeded homoepitaxial growth of 6H-SiC at 1320~1390°C on “a faces (perpen-
dicular to {0001} faces)” [29]. The author’s group succeeded in homoepitaxy
of 6H-SiC at 1100°C by using 6H-SiC(0114)} substrates [30], which has an in-
clination of 54.74° from {0001 }.

These results suggest the polytype formation mechanism in SiC epitaxial
growth at low temperatures. Figure 2.17 shows the schematic diagrams of bond
configurations for four kinds of 6H-SiC substrates; (a) well-oriented (0001), (b)
several degree off-oriented (0001), (c) (0114), and (d) (1100) faces. In each fig-
ure, white and black circles represent Si and C atoms. As mentioned above,
3C-SiC, which is stable at low temperatures, is formed in low-temperature
growth without the substrate’s off-orientation. Even on 6° off-oriented {0001}
faces, twinned crystalline 3C-5iC is grown at 1100°C, probably due to nucle-
ation on {0001} terraces where no information about the stacking sequence
exists. On (0114) and (1100) faces, however, there are no more {0001} ter-
races, and the stacking sequence of 6H-SiC (ABCACB...) appears directly on
the surfaces. In this case, the occupation site of adsorbed species is uniquely
fixed by the bonds at any site on the surface. Thus, (0114) and (1100) (or
(1120)) faces possess much potential for low-temperature growth of 6H-SiC.

Although low-temperature homoepitaxy of 6H-SiC can be achieved, the
quality of epilayers becomes poor with lowering temperature. The etch pit
density and background doping concentration show serious increase for epi-
layers grown at lower temperatures [31]. Since these results may be partly
attributed to the insufficient decomposition of CsHg, a new feed-stock which

is active at low temperatures may be effective to improve the quality.
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Schematic diagrams of bond configurations for (c) (0114),
and (d) (1100) surfaces.
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2.5 Summary

CVD growth of SiC on off-oriented «-SiC{0001} faces was investigated at
low temperatures of 1100~1500°C. By the introduction of off-orientation into
substrates, homoepitaxy of a-SiC with a very smooth surface could be achieved
(step-controlled epitaxy). The mechanism was explained from a view point of
growth mode: Step-flow growth realizes homoepitaxy of a-SiC, whereas two-
dimensional nucleation leads to the growth of 3C-SiC with double positioning
twin. This technique is effective for both (0001)Si and (0001)C faces, and
applicable to any polytypes.

Single crystalline 6H-SiC could be grown at temperatures as low as
1200°C utilizing step-flow growth. However, twinned crystalline 3C-5iC was
grown at 1100°C; this fact can be ascribed to the suppressed surface migration
of adsorbed species at the low temperature and to the occurrence of two-
dimensional nucleation on terraces. For further reduction of growth temper-
ature, growth on (0114) and (1100) (or (1120)) faces using a new feed-stock
may be hopeful.
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Chapter 3

Growth Mechanism of
Step-Controlled Epitaxy

3.1 Introduction

Nowadays, high-quality a-SiC epilayers have become available owing to
the development of step-controlled epitaxy. Advanced SiC devices which re-
alize the tremendous potential of SiC cannot be fabricated without this tech-
nique. Recent improvement of growth systems and growth condition has
brought about the reduction of background doping level in the range of 10Mcm™
[1-4], which is promising for fabrication of high-power devices with blocking
voltages of several kV or more.

3

There have been several studies on growth mechanism of step-controlled
epitaxy, and the polarity and off-direction dependences were investigated [5-
10]. However, the phenomena experimentally obtained were discussed only
qualitatively in all the previous reports, and the growth mechanism such as
the rate-determining process and surface diffusion is still not clear. Besides,
there have been few studies relating the effects of growth temperature, C/Si -
ratio (atomic ratio of C and Si in supplied source gases), and off-angle on the
growth.

Although step-flow growth itself is a well-known phenomenon in crystal
growth, the comprehensive understanding has not been given. It is of great sci-

45
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entific interest to investigate the relationship between substrate’s off-oriention
and growth mechanism.

Furthermore, the formation of multiple-height steps (step bunching) has
been a long-standing problem in crystal growth and surface science. Recent
development of scanning tunneling microscopy (STM) and atomic force mi-
croscopy (AFM) has allowed direct observation of real surfaces, and consid-
erable efforts have been done in epitaxial growth of Si [11] and III-V semi-
conductors [12,13] to reveal the step bunching mechanism. In SiC growth,
quite a few studies have been reported about step structure on SiC surfaces
[14-18]. Recently, Tanaka et al. reported homoepitaxial growth of 6H-SiC
on off-oriented 6H-5iC(0001) substrates by MBE [18], and they observed the
formation of multiple-height (3~4 bilayers) steps by transmission electron mi-
croscopy (TEM). However, step structure of 6H-SiC grown by CVD has never
been reported.

In this chapter, the effects of C/Si ratio, growth temperature, and sub-
strate’s polarity on the polytype of grown layers and growth rate are investi-
gated in detail. The rate-determining step is discussed based on these results.
Next, 6H- and 4H-SiC surfaces grown by step-controlled epitaxy are investi-
gated by AFM and TEM. Clear step bunching is observed for both polytypes.
The step bunching mechanism is discussed from a viewpoint of the equilibrium
shape of crystal.

3.2 Rate-Determining Step

3.2.1 C/Siratio dependence

It is well-known that V/III ratio is an important parameter in epitaxial
growth of III-V semiconductors {19]. On the analogy of this dependence, C/Si
ratio should give significant influence on the growth of SiC. In this study, the
effects of C/Si ratio on surface morphology and growth rate are investigated.

The flow rate of C3Hg was varied in the range of 0.10~0.40sccm by keep-
ing the flow rate of SiH, fixed at 0.15 or 0.30sccm. The growth tempera-
tures were 1200°C and 1500°C. 6H-SiC{0001} grown by the Acheson method
were used as substrates. Off-angle was 6° toward (1120). The thickness of
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Fig.3.1  C/Si ratio dependence of surface morphology for layers grown at
1500°C on 6H-SiC(0001)C faces with 6°-off toward (1120).
(a) C/Si = 1.0(Si-rich), (b) C/Si =2.0 (moderate), (c) C/Si = 3.8
(C-rich).
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Fig.3.2  Dependence of growth rate on C/Si ratio. Closed and open circles
are the results for a SiH, flow rate of 0.15 sccm and 0.30 sccm at
1500°C, and closed triangles at 1200°C. Substrates are 6H-SiC
(0001)C faces.



3.2. RATE-DETERMINING STEP 49

Fig.3.3

107y T ; T T T
10°¢ /" \iH. 1
3 Si,H,
5 \ SiH, h
% 10 r / J
5 10% -
é Siy
u 7 - 4
w10 4 SiH,—> 3
g :
v i |
E S, 3
0 ]
107F 3
r SiH 1
10-10 1 1 i I 1
0.0 01 0.2 03 04 0.5
HEIGHT (cm)

MOLE FRACTION

1 |
0.0 0.1 02 0.3 04 05
HEIGHT (cm)

(b)

Concentration profiles of dominant species near the substrate surface
in a SiH4-C3Hg-H; system [21]. (a) Si related and (b) C related
species. The horizontal axis means the height from the sample
surface. Substrate temperature is 1352°C.
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Fig.3.4 Dominant species contributing to SiC growth as a function of growth

temperature [21].
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grown layers was determined by a cross-sectional view in scanning electron
microscope (SEM) observation utilizing the difference in contrast of images
between n- and p-type grown layers.

Figure 3.1 shows Nomarski micrographs for the layers grown on 6H-
SiC(0001)C faces at 1500°C under various C/Si ratios for a SiH, flow rate of
0.30sccm. The thickness of epilayers is about 5um. The surface morphology
is severely affected by the C/Si ratio. The feature of surface morphology
can be classified into three types : Si-rich, moderate, and C-rich. Under the
moderate C/Si ratio condition (C/Si=1.2~3.0), perfectly featureless surfaces
can be obtained. The grown layers show relatively flat surfaces with Si droplets
under the Si-rich condition (C/5i < 1.2). Wavy or stripe-like morphology is
observed for the C-rich condition (C/Si > 3.0).

The C/Si ratio dependence of growth rate on (0001)C face is shown in
Fig.3.2. In the figure, closed and open circles are the results for SiH, flow rates
of 0.15sccm and 0.30scem at 1500°C. In the region of C/Si > 1.4 (moderate
and C-rich conditions), the growth rate has an almost constant value. In this
region, the growth rate increases proportionally with the flow rate of SiHy.
This dependence of growth rate indicates that the supply of SiHy limits the
growth. Wessels et al. investigated the growth on well-oriented {0001} faces
using SiHy and CaHg at 1500~1700°C {20]. They also observed that the supply
of SiH4 controlled the rate of SiC growth. In the region of C/Si < 1.4 (Si-rich),
the growth rate decreases remarkably. This may be caused by the lack of C
sources. Quite similar results were obtained for the growth on off-oriented Si
faces. At 1200°C, the growth rate is inclined to saturate under the higher C/Si
ratio condition, as shown by closed triangles in Fig.3.2.

Allendorf and Kee have analyzed gas phase and surface reactions at
1200~1600°C in a SiH4-C3Hg-Hy system [21]. Stinespring and Wohmhoudt
also reported a similar analysis on gas phase kinetics [22]. Dominant reactions
of SiH, and C3Hg decomposition are expressed as follows {21,22):

Sill, = Si+ H,, (3.2)
CaHg - CHg + CgI’Iﬁ, (3-3)

CH;+H, = CH,+H, (3.4)
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CgHs = 02H4 + H,
CH; +H: = CHs+H,
Cqu = CgHg + Hg.

A typical result simulated for the gas phase kinetics is shown in Fig.3.3, which
gives the concentration profile of dominant species near the substrate surface
[21]. Figure 3.4 shows the dominant species which contribute to SiC growth
as a function of growth temperature [21]. Thus, the dominant species may be
81, SiH;, Si;H, species from SiHy, and CHy, C2H,, C,H,4 molecules from CsHsg.

The above results suggest that Si (or SiH;) species are preferentially
adsorbed on the surface. The adsorbed Si species may migrate on terraces,
and the crystal growth proceeds through the incorporation of Si at atomic
steps and its carbonization by hydrocarbon molecules. Of course, Si-C species
can also migrate on the terraces. However, Si-C species are supposed to have
much shorter migration length than Si adatoms due to the larger mass, and
to make minor contribution to SiC growth. These speculations are partially
supported by a study on gas source MBE of SiC. Yoshinobu et al. achieved
the epitaxial growth of SiC by repeating alternate supply of Si;Hg and C,H,
at 1000°C [23]. However, no crystal growth or only island-like deposits were
obtained by simultaneous supply of both gases. Based on the results, they
showed that the reaction between adsorbed Si atoms on a surface and C,H,
molecules is essential to the growth of SiC. In fact, no deposition occurs in the
present CVD system without SiH, supply.

3.2.2 Off-angle dependence

In order to study the effects of substrate’s off-orientation in detail, the
off-angle dependence on both faces was examined. Figure 3.5 shows the surface
morphology for layers grown at 1500°C on (0001)Si substrates with {a) 2°-, (b)
5°-, and (c) 10°- off-angles. Epilayers show very smooth surfaces independent
of off-angle. Although Wang and Davis reported that surface pits of 6H-SiC
epilayers increased with increasing off-angle [10], such dependence was not
observed in this study.

Figure 3.6 shows the growth rates for various off-angles at 1500°C. The
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Fig.3.5  Off-angle dependence of surface morphology for layers grown at
1500°C on 6H-SiC(0001)Si faces. Off-orientation is (a) 2°, (b) 5°,
and (c) 10° toward (1120).
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Fig.3.6 Dependence of growth rate at 1500°C on off-angle of substrates.
The flow rates of SiHy and C3Hg are 0.30sccm and 0.20scem,
respectively. Closed circles and triangles show the growth of
3C-51C and open marks that of 6H-SiC.
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flow rates of SiH4 and C3Hs are 0.30 and 0.20sccm, respectively. In this figure,
open (on Si face) and closed (on C face) triangles mean the growth of 3C-SiC,
and open and closed circles mean that of 6H-SiC. 6H-SiC can be homoepitax-
ially grown on substrates with more than 1° off-angle.

On well-oriented substrates (off-angle=0°) higher growth rates are ob-
tained on C faces, as have been reported [24]. This might be ascribed to the
higher nucleation rate on (0001)C terraces [9,25]. As the off-angle increases,
the growth rates on both faces approach each other and become almost the
same value of 2.5um/h for the off-angle from 4° to 10°. As the terrace width
becomes narrower with the increase of off-angle, step-flow growth becomes
dominant. This may bring about a change in kinetics of reactants, which will
be discussed in 3.2.4.

3.2.3 Growth temperature dependence

Figure 3.7 shows the temperature dependence of growth rate in the range
between 1200°C and 1600°C, in which the epitaxial growth of 6H-SiC does
occur. The flow rates of SiH4 and C3Hg are 0.15 and 0.10~0.14sccm, respec-
tively, and the off-angle is 5~6°. Under these conditions, smooth surfaces are
obtained, as shown in Fig.2.16.

As the growth temperature decreases, the growth rate decreases with a
very small activation energy of 2.8kcal/mole. For CVD growth on well-oriented
{0001} faces, activation energies of 12 [24], 20 [26] or 22 kcal/mole [20] were
reported. Wessels et al. explained that the growth could be well described by
adsorption-desorption kinetics of Si, and they assigned the activation energy
(22 kecal/mole) to that for Si adsorption based on thermodynamic consideration
[20). However, step-controlled epitaxy brings about a much smaller activation
energy (2.8kcal/mole) as mentioned above. There is little difference between
the growth rates on Si and C faces even at low temperatures. Karmann et al.
also reported similar insensitivity of growth rate to temperature in CVD on 6H-
SiC substrates with 2° off-orientation toward (1100) [27]. This small activation
energy and little polarity dependence are analyzed in the next subsection.
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3.2.4 Discussion

The author obtained two notable results which suggest a clear difference
in the growth mechanism on well-oriented and off-oriented faces ; (i) small ac-
tivation energy and (ii) no polarity effect on the growth rate in step-controlled
epitaxy. In this section, the small activation energy obtained in step-controlled
epitaxy and the rate-determining step are discussed.

The activation energy of growth rate is generally regarded as an energy
required for proceeding the slowest reaction which limits the growth. Up to
now, a lot of studies on the activation energy have been reported for CVD
of various materials. In those studies, several assignments for the activation
energies, which depend on growth systems, have been done to the adsorption
energy of reactants, the energy for decomposition of source gases, etc.

There are two types of controls in crystal growth, (1) surface-reaction
control, and (2) mass-transport control (especially diffusion control in CVD
[28]). The author assumes both types of controls and analyzes the temperature
dependence of growth rate.

First, surface-reaction control is considered. If the growth of 6H-SiC is
limited by surface reactions, the growth rate should be directly proportional
to the velocity of atomic steps on a surface (vgep), because 6H-SiC would be
grown through step-flow growth. Therefore, the growth rate can be given by
the product of vs., and tanf, where @ is the off-angle of a substrate. Since
Vstep can be calculated after the BCF (Burton, Cabrera and Frank) theory [29],
the growth rate (R) is expressed by the following equation:

A Frik + L Eyes + L E 4
R=vsteptan9=20avtan9tanh(2;)exp(— kink Zk; 2 d‘ﬂ)’

where ¢, a, v, Ao and ), are the supersaturation, the jump distance of adsorbed

(3.8)

species, the frequency of atomic vibration, the distance between atomic steps,
and the average surface migration length. Eyinx, Eges and Egg are the energy
of evaporation from kinks on to a surface, desorption energy from a surface to
vapor, and activation energy for surface diffusion, respectively.

Based on this model, the growth-rate activation energy is the sum of
several activation energies (Eyink, Fdes and Egig), or at least one of them which
controls the growth most dominantly. These activation energies, however,
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cannot explain the small activation energy experimentally obtained, because
Fiink, Edes and Egyg are generally known to be more than 10~20kcal/mole
[28]. For the growth of Si, Ega, which would be the smallest among them, is
estimated to be 40.7kcal/mole on Si(111) [30] and 14~23kcal/mole on Si(001)
[31,32]. Although Egg for SiC growth has never been reported, Egq or other
activation energies may hardly take the value of about 3kcal/mole. Thus, the
growth will not be controlled by surface reactions.

As for the growth governed by diffusion, Eversteyn et al. have developed
a stagnant layer model based on gas flow pattern experiments, and applied to
a real growth system to improve the uniformity of epilayer thickness [33]. They
explainéd the growth rates quantitatively for CVD of Si in a horizontal reactor.
In this case, the diffusion of reactants from main gas stream to a crystal surface
controls the growth (Fig.3.8). Since the growth rate of SiC is determined by
the supply of Si species as described in 3.2.1, the proposed model for Si growth
will be applicable to the present system with some modification. The growth
rate at the sample position of zg (distance from the front edge of a susceptor:
2.0cm) can be described by the following expression [33]:

hoDoT's Py ox DT ¥ dz
nokT36(z0) P Tovob Jo ()

where Dy is the diffusion coefficient of SiH, in H, at 300K (0.20em?/s) [33], P,
the partial pressure of SiH, at the inlet of a reactor (4.95x107°atm) calculated
by the ratio of Silly and the total flow rate, and vy the mean gas velocity
under a non-heated condition (10cm/s). T is the substrate temperature, Tp
300K, b the free height of the reactor (2.0cm), o the spacing of the 6H-
SiC{0001} face (0.252nm), and ny the density of adsorption sites on the surface
(1.21x10"*cm™2). Here, the condensation coefficient, which is the ratio of the
number of atoms incorporated into a growing layer to that arriving on a surface,

|2 (3.9)

R(mo) =

was assumed to be unity.
6(x) is the stagrant layer thickness at point z, and is given by the fol-
lowing equation in the ideal case (laminar flow with uniform velocity) [34):

§(z) = \/%, (3.10)



3.2. RATE-DETERMINING STEP 59

where p and p are the gas density and gas viscosity. Although it is difficult
to know the exact thickness of a stagnant layer in the present case where
some temperature gradient and no ideal laminar flow may exist, §(z) can
be estimated as the first approximation by eq.(3.10). Using the values of vg
(10cm/sec), p (8.13x107°g/cm?) and p (8.7x107°P) {35] in this system, §(zo)
is calculated to be 0.51cm.

The temperature dependence of growth rate was calculated using eq.(3.9)
neglecting complex flow dynamics caused by heating. The calculated result is
shown by a solid curve in Fig.3.7. The absolute value of growth rate shows
surprisingly good agreement between experimental and theoretical results cal-
culated from the simple model. For example, the growth rates on off-oriented Si
and C faces at 1500°C are 1.21~1.25um/h, and theoretical value is 1.32um/h.
The growth rate can be predicted within an error of 15% in this temperature
range. The small error in calculated growth rates may be ascribed to the un-
derestimation of §(zp) or other factors due to a complex gas flow. An error
in temperature measurement or the contribution of desorption reaction from a
growing surface might be also the origin for the difference between theoretical
and experimental values.

The predicted growth rate increases gradually with temperature increase.
This is owing to, mainly, the enhancement of diffusion in a stagnant layer.
Although eq.(3.9) is not an activation-type formula, the calculated curve in
the range of 1200~1600°C yields an apparent activation energy of 2.4kcal/mole
using the method of least squares. This shows a very good agreement with the
experimental result. Therefore, the growth would be limited by mass transport
in step-controlled epitaxy. This fact gives good explanation for little difference
in the growth rates on Si and C faces, because no polarity dependence should
be observed in the growth controlled by mass transport.

Varying susceptor tilt-angle caused a change of growth rate or its distri-
bution on a substrate. This can be attributed to a change in gas velocity and
the thickness of the stagnant layer.

Here consider the effect of substrate’s off-orientation on the growth mode.
Figure 3.9 shows schematic images of growth mechanism on (a) well-oriented
and (b) off-oriented 6H-SiC{0001} faces. As described previously, SiC growth
on well-oriented substrates proceeds through two-dimensional nucleation on
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Fig.3.9  Schematic images of growth mechanism; on (a) well-oriented, and
(b) off-oriented 6H-SiC{0001} faces.
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terraces, which needs a large activation energy. The growth will be controlled
by a surface reaction, such as adsorption of Si species [20]. On off-oriented
substrates, the lateral growth from atomic steps is promoted, and no more
nucleation is needed. As a result, the growth may not be controlled by surface
reactions. This will cause the growth rate to be limited by mass transport
(diffusion of reactants in a stagnant layer).

Wang and Davis reported the CVD growth of 6H-5iC on off-oriented sub-
strates at 1350~1600°C using a SiH,-C,H,-H; system [10]. They obtained the
activation energies of 15kcal/mole and 13kcal/mole for the (0001)Si faces and
(0001)C faces, respectively. These large activation energies may be attributed
to a smaller substrate off-angle. In their study, CVD was carried out on {0001}
faces 3~4°-off toward (1120). As is seen in Fig.3.6, the growth on 3~4°-off sub-
strates belongs to the transition region from surface reaction-limited growth
to diffusion-limited growth. Since the growth is controlled partially by surface
reactions, higher activation energies are expected. This consideration is sup-
ported by the fact that the growth on C faces yields higher growth rates in
their system.

Figure 3.10 shows growth rate vs. flow rate of SiH4 at 1500°C under a
constant C/Si ratio (2.0) condition. Theoretical growth rates were calculated
using eq.(3.9) by varying the partial pressure of SiHy (Fo). Experimental and
calculated results are shown by open circles and a solid line in the figure. The
slope for both the plots is unity.

A condensation coeflicient (the ratio of the number of atoms incorporated
into a growing layer to that arriving on a surface) is of interest from a viewpoint
of efficiency in crystal growth. The growth rate R depends on the flux of source
reactants J and on the condensation coefficient 5 as follows:

R=n—m. (3.11)

Using this equation and Fig.3.10, the condensation coefficient  can be esti-
mated as 0.94:0.05, which indicates almost all the reactants are incorporated
into the crystal.

In general, the condensation coefficient is a function of the substrate
off-angle and growth temperature. There are two types of step-flow growth
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Fig.3.11  Schematic images of two types of step-flow growth. (a) As > Ao
and (b) A; < Ag (supersaturation is low).
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as shown in Fig.3.11, dependent on the surface kinetics determined by the
relationship between surface diffusion length A, and terrace width Ag. When
X is longer than Xg (Fig.3.11(a)), all the adsorbed species can reach steps, and
they are incorporated into the growing layers (p=1), if the steps are perfect
sink. In the case that A, is not longer than Ay and supersaturation on the
terraces is low enough to suppress nucleation (Fig.3.11(b)), the desorption
process cannot be neglected and only a part of the adsorbed species contributes
to the growth (< 1). As shown in Fig.3.6, the growth rate takes an almost
constant value when the substrate’s off-angle is larger than 3°. This result
indicates that the desorption of adsorbed species is negligible on the substrates

with more than 3°.

3.3 Step Bunching

The step structure of 6H- and 4H-SiC epilayers was investigated. The
growth temperature and growth rate were 1550°C and 2.5um/h. Both com-
mercially available and home-made wafers were used. The SiC{0001} sub-
strate’s off-angle is 3~10° toward (1120). As-grown surfaces were examined
with AFM and TEM observation. The AFM analysis was performed in air, us-
ing an SPI3700 system (Seiko Instruments). Samples for cross-sectional TEM
observation were prepared using a standard technique, and each sample was
examined along the (1100) or (1120) zone axis with JEM-4000EX-I1 (JEOL)
operated at 400keV.

3.3.1 Atomic force microscope analysis

In the AFM analysis, wafers before epitaxial growth show a flat surface,
and clear steps could not be discerned. Figure 3.12 shows the 800nm x800nm
AFM images of 6H-S5iC epilayers grown on {a) (0001)Si and (b) (0001)C faces,
respectively. The AFM images of 4H-SiC epilayers are also shown in Fig.3.13.
The off-angle of substrates is 5°. The steps go down from the left to the
right. Significantly distinctive difference in surface structure between both the
faces can be observed. Epitaxial growth on a (0001)Si face yields “apparent
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Fig.3.12  AFM images of vicinal 6H-SiC{0001} surfaces (a) (0001)Si and
(b) (0001)C faces with 5um-thick epilayers. Off-orientation is 5°
toward (1120). The surface steps go down from the left to the right.
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Fig.3.13  AFM images of vicinal 4H-SiC{0001} surfaces (a) (0001)Si and
(b) (0001)C faces with 5um-thick epilayers. Off-orientation is 5°
toward (1120). The surface steps go down from the left to the right.
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macrosteps” with an average terrace width of 280nm and an average step
height of 3nm. On a (0001)C face, the surface is rather flat and no macrosteps
are observed. Although 4H-5iC epilayers had basically similar step structures,
the 4H-SiC(0001)Si faces showed real macrosteps with 110~160nm width and
10~15nm height in some regions. ‘

Figure 3.14 shows the height profiles of 6H-SiC epilayers on (a) (0001)Si
and (b) (0001)C faces, obtained from the AFM data. This observation revealed
that each macrostep on the (0001)Si face is not a single multiple-height step
but composed of a number of “microsteps”. In other words, the macrostep is
the envelope of microsteps with different terrace widths. On the (0001)C face,
microsteps with several bilayer height are uniformly distributed on the surface.

A typical high-resolution AFM image of 6H-S1C(0001)Si surface is shown
in Fig.3.15, where microsteps are observed. Step edges are relatively straight,
and the microsteps have several Si-C bilayer height (single Si-C bilayer height
= 0.252nm). But the exact number of bilayers at steps could not be determined
due to the limited height resolution of the present AFM system. We exam-
ined epilayers with various off-angles of 3~10°. The terrace width decreased
with increasing the off-angle, but very little difference in step structure was

observed.

3.3.2 'Transmission electron microscope observation

Figure 3.16 shows typical cross-sectional TEM images for surfaces of (a)
6H-SiC and (b) 4H-SiC epilayers. Substrates are (0001)Si 3.5° off-oriented
toward [1120], and the epilayer thickness is 10um. Since the observation was
done along the [1100] zone axis, the separation of each Si-C pair is lacking
in the images because of the limited resolution-in this configuration. In each
figure, {0001} terraces and multiple-height steps are clearly observed. No
island growth on the terraces is seen, indicating step-flow growth. Note that
the number of Si-C bilayer at bunched steps is 3 for 6H-SiC (Fig.3.16(a)),
and 4 for 4H-5iC (Fig.3.16(b)). It is also revealed that the edges of bunched
steps are not abrupt but show a gentle slope of 10~30°. This result for step
bunching on 6H-5iC is consistent with the previous report on MBE growth of

6H-SiC [18].
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Fig.3.17 Histograms of step height for the surfaces of (a) 6H-SiC and
(b) 4H-SiC epilayers. Substrates are {0001)Si 3.5° off-oriented

toward (1120).
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The authors examined more than 200 steps for each sample, and made
histograms of step height and terrace width. Figure 3.17 shows the histograms
of step height for the surfaces of (a) 6H-SiC and (b) 4H-SiC epilayers grown
on a Si face. In 6H-SiC, 88% of steps are composed of 3 Si-C bilayers (half of
unit cell), and 7% of steps have 6 Si-C bilayer height (unit cell). On the other
hand, 4 bilayer-height (unit cell) steps are the most dominant (66%) and 2
bilayer-height steps also show high probability (19%) on 4H-SiC. Single Si-C
bilayer-height steps are relatively few (5% or less) on both 6H- and 4H-SiC.

Figure 3.18 shows the histograms of terrace width for the surfaces of (a)
6H-SiC and {b) 4H-SiC epilayers. Substrates are {0001)Si 3.5° off-oriented to-
ward (1120). Although the average terrace width of single Si-C bilayer steps
is calculated as 4.1nm, the average values ({w)) experimentally obtained are
much larger, 12.4nm for 6H-SiC and 16.8nm for 4H-SiC, due to considerable
step bunching. The different average terrace width between 6H-SiC and 4H-
SiC, in spite of the same off-angle, originates from the different height of multi-
ple steps as mentioned above. The terrace-width distribution is large, and vast
terraces with more than 30nm width do exist in both polytypes. From a view
point of epitaxial growth, narrow terraces are preferable to achieve step-flow
growth. This is crucial in SiC growth, because the nucleation on terraces leads
to the growth of 3C-SiC. In this sense, 4H-5iC, which shows a larger terrace
width, may have a disadvantage of relatively higher probability for nucleation
on terraces. To overcome this problem, a slightly higher growth temperature
would be helpful, since the longer surface diffusion length of adsorbed species
and lower supersaturation on terraces are expected at higher temperatures.
Larger off-angles of substrates might be also effective in 4H-5iC growth.

Figure 3.19 shows cross-sectional TEM images for surfaces of (a) 6H-
SiC and (b) 4H-SiC epilayers grown on {0001)C faces 3.5° off-oriented toward
[1120]. In contrast to the bunched steps on Si faces, single Si-C bilayer-height
steps are dominant on C faces for both polytypes. The histograms of step
height for the surfaces of (a) 6H-5iC and (b) 4H-SiC epilayers on a C face
are shown in Fig.3.20. Single bilayer-height steps show the highest probabil-
ity of 70~80%. The origin of this striking polarity dependence is not known.
The migrating species, surface coverage, and exact bond configuration at step
edges should be analyzed to reveal the mechanism. However, small amount of
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Fig.3.20 Histograms of step height for the surfaces of (a) 6H-5iC and
(b) 4H-SiC epilayers. Substrates are (0001)C 3.5° off-oriented
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bunched steps have, again, 3 or 6 bilayer height in 6H-5iC, and 2 or 4 bilayer
height in 4H-SiC.

3.3.3 Discussion

As for the mechanism of step bunching, several models have been pro-
posed. Frank explained that impurity atoms adsorbed on a terrace impede
the step advance, initiating the step bunching [36]. Schwoebel and Shipsey
proposed an interesting model to explain step motion (Fig.3.21) [37]. Ac-
cording to their model, the step motion is determined by the incorporation
probabilities of adsorbed species at the up-step site (y_) and down-step site
(v+). When ~;>~v_, an arbitrary initial distribution of step spacing tends
toward a sequence of uniformly spaced steps, while for v, < «_, individual
steps coalesce into steps of multiple height (Schwoebel effect) [37,38]. On the
other hand, another idea has been proposed that step bunching is a kind of
the surface equilibrium process in which the free energy is minimized during
crystal growth [39-41].

Since SiC epilayers are undoped with a N donor concentration of below
10*cm™2 in the present case, the impurity effect can be neglected. Although
the Schwoebel effect might be concerned with the present step bunching, real
crystal surface seems to satisfy ;. >v_. Figure 3.21 shows a hypothetical
potential associated with surface diffusion [37]. The adsorbed species which
approach from the left of a step must surpass a potential barrier to be incorpo-
rated at the step, suggesting 4 >+-. This leads to the formation of uniform
step distribution owing to a pseudorepulsive interaction between steps. Be-
sides, this effect has difficulty to explain why 3 Si-C bilayer-height steps are
dominant in 6H-5iC and 4 Si-C bilayer-height steps in 4H-SiC. Thus, the step
bunching mechanism is discussed from a viewpoint of the surface equilibrium
process, in the followings.

The mechanism of “apparent macrostep” formation on 6H- and 4H-5iC
(0001)Si faces (Fig.3.12(a) and Fig.3.13(a)) is not clear at present. However,
the surface is quite similar to so-called “hill-and-valley (or faceted)” structure,
which often appears on grown surfaces with off-orientation from a low-index
plane [39-41). The off-oriented surfaces will spontaneously rearrange to min-
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Fig.3.21  Schematic illustration of surface steps explaining the Schwoebel
effect [37]. Migrating species are captured at steps with incor-
poration probabilities of 7_ and v,, depending on the
direction from which the species approach. A hypothetical
potential for adsorbed species is also shown.
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Fig.3.22  Typical cross-sectional TEM image of the surface of a 6H-SiC
epilayer. The substrate is (0001)Si 5° off-oriented toward
[1100]. The sample is examined along the [1120] zone axis.
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imize their total surface energies, even if this involves an increase in surface
area. Pearson el al. calculated the surface free energies of SiC as 2220erg/cm®
for the (0001)Si face and 300erg/cm? for the (0001)C face [42]. Thus, the sur-
face energy may be reduced by the formation of “hill-and-valley” structure on
off-oriented (0001)Si, which has much higher surface energy. If the orientation
dependence of surface energy is given, quantitative analyses can be made based
on the Wulff’s construction [39,41,43]. However, the lack of detailed surface
energy for SiC prevents further analyses.

As shown in Figs.3.17 and 3.20, the formation of 3 or 6 bilayer-height
steps seems to be inherent in 6H-SiC growth, and 2 or 4 bilayer-height steps
in 4H-SiC growth. Similar observation has been reported on 6H-5iC surfaces
grown by the Lely method {16] and MBE [18]. In order to clarify the origin of
step-height difference between two polytypes, cross-sectional TEM observation
was done along the [1120] zone axis, by which clear lattice images can be
obtained. Here, epilayers were grown on substrates off-oriented toward [1100]
to examine along the direction perpendicular to the off-direction. A TEM
image of a 6H-SiC epilayer is shown in Fig.3.22. In this case, 6 bilayer-height
steps are composed of ABCACB layer steps, which correspond to exactly the
unit cell.

As mentioned above, the origin of step bunching may be correlated with
the surface equilibrium process. Heine et al. showed that surface energies are
different for each SiC bilayer plane owing to the peculiar stacking sequence
[44]. Based on this model, Chien et al. studied the growth mechanism on
«-3iC{0001}, and reported that possible step bunching in 6H-SiC is the for-
mation of 3 bilayer-height steps {ABC or ACB layer steps) [45]. Here, this
model is introduced, and is applied to the growth of 6H- and 4H-SiC.

SiC polytypes can be represented by the different stacking sequence along
the (0001) direction. Each Si-C layer is stacked in two different orientations on
the layer below it, and the orientation for the nth layer can be designated by
the symbol o,=:1 {44]. For example, 3C-, 4H-, and 6H-SiC can be expressed
by

3C-S51C ¢ .. ++++++... or L ——————
4H-SiC : .. +4+——4+——...



3.3. STEP BUNCHING 79

BH—SiC : . dd++———ddtt———..
The total energy per unit Si-C pair can be given by [44]
U= Ey— JionOns1 — 2040042 — J3000n4a — K0u0n410n420n43,  (3.12)

where Fg 1s the energy of the crystal without interaction between layers, Jy
the energy of interaction between nth neighbor planes, and K the coefficient
of the four-spin coupling term that can be interpreted as a modification of
the third-neighbor interaction. From the fitting of total energies for several
SiC polytypes, these parameters were given as follows (in meV per 5i-C pair
atoms):

Jy =440, Jy=-256, Jy=—005 K =—0.45. (3.13)

Using eqs.(3.12) and (3.13), total energies for popular polytypes are calculated:

UQH) = Bo+Ji—Jo+Js— K = Eq+7.36, (3.14)
UBC) = BomJy—Jy—Jo— K = Eg— 134, (3.15)
U(gH) = EBo—Jy~ K = Eo+3.01, (3.16)
UH) = Eo— %Jl + %Jz + T %K —Ey—252,  (3.17)

which means

U(6H) < U(3C) < U(4H) < U(2H). (3.18)

Next, consider adding one new layer (opew) on a surface layer (o;), without
allowing the underlying layers (¢s-1, 0s—2) to change. From eq.(3.12), the extra
energy Al for adding one new layer can be written by

AU = Eg — J Opew s, (3.19)

where
J = J1 + J2asds-1 + JSJSJS—Z + Kas—lo-s—Z- (320)

Using this equation, the sites favorable in total energy can be predicted in
crystal growth on SiC{0001} faces [44,45].
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Fig.3.23  Possible terraces on (a) 6H-5iC and (b) 4H-SiC{0001} surfaces.
h in a white circle denotes a hexagonal site.
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There exist several types of terraces on SiC{0001}, as illustrated in
Fig.3.23. 6H-5iC has three distinct terraces 6H1, 6H2, and 6H3, and 4H-
SiC does two terraces 4H1 and 4H2. The J~ values for these terraces can be
calculated as follows.

6H-SiC:
JU(6H1) = 1.33meV (3.21)
J(6H2) = 6.56meV (3.22)
J*(6H3) = 2.34meV (3.23)
4H-SiC:
J*(4H1) = 2.34meV (3.24)
J(4H2) = 6.56meV (3.25)

Here, it is assumed that homoepitaxy is realized owing to step-flow growth.
Then, the extra energies for depositing one new layer on the terraces are ob-
tained from eq.(3.19).

6H-51C:
6H1 terrace AU = E;+1.33 (3.26)
6H2 terrace AU = E;-—-6.56 (3.27)
6H3 terrace AU = FEy-—2.34 (3.28)
4H-SiC:
4H1 terrace AU = Fy+2.34 (3.29)
4H2 terrace AU = FE;-6.56 (3.30)

In 6H-5iC, deposition on 6H2 terraces is the most favorable, and that on 6H1
terraces is the most costly from a viewpoint of total energy. Therefore, the
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Fig.3.24  Illustration of step bunching in 6H-SiC growth. (a) initial,
(b) transient, and (c) formation of 3 bilayer-height steps.
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Fig.3.25  Illustration of step bunching in 4H-SiC growth. (a) initial and
(b) formation of 2 bilayer-height steps.
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step velocity may be the fastest on 6H2 terrace due to preferential deposition
on the terraces. The steps on 6H2 terraces overtake the steps on 6H1 terraces,
forming 2 bilayer steps, as shown in Fig.3.24. Since the step velocity is in-
versely proportional to the step height, the steps on 6H3 terraces subsequently
overtake the 2 bilayer steps, thereby forming 3 bilayer-height steps. Thus, 3
bilayer-height steps with ABC or ACB layers do emerge. Similar mechanism
is expected in 4H-SiC growth, as shown in Fig.3.25. The step velocity may
be faster on 4H2 terraces than on 4H1 terraces, which creates 2 bilayer-height
steps with AB or CB stacking.

Further development of multiple steps into 6 bilayer-height steps in 6H-
SiC may result from the different sticking probability at ABC steps and ACB
steps due to the different number of dangling bonds at the steps [46]. Figure
3.26 shows the bond configration of an off-oriented 6H-51C{0001} surface with
3 bilayer-height steps. Note that a ACB step has only one dangling bond per
edge atom, whereas a ABC step does two dangling bonds. In the same manner,
it can be derived that 2 bilayer-height steps (AB or CB steps) develop into 4
bilayer-height steps in 4H-SiC (stacking sequence:ABCB).

According to this idea, the bunched steps may have 6 bilayer-height in
6H-SiC and 4 bilayer-height in 4H-SiC in the final stage. In our observation,
however, the formation of multi-steps with a unit-cell height takes place fre-
quently in 4H-SiC growth, and not in 6H-SiC growth (6 bilayer-height steps
are relatively few). Although this origin is not clear at present, one possible
reason is the difference in the average terrace width between 6H- and 4H-SiC.
According to the model shown in Figs. 3.24 and 3.25, steps with the half
unit-cell height may be formed at first. After this step bunching, the aver-
age terrace width is narrower on 4H-SiC than on 6H-SiC due to the different
step height. On 3.5%off {0001} substrates, for example, the average terrace
width with 2 bilayer-height steps (4H-51C) is 8.2nm, whereas the width with
3 bilayer-height steps (6H-SiC) is 12.4nm. The closer step distribution on 4H-
SiC surface may lead to the higher probability for a step to meet the nearest
neighbor step, resulting in the formation of bunched steps with the unit-cell
height. In general, the step bunching probabilty strongly depends on the un-
dulation of step edges. Further investigations on step structure and theoretical
analyses are required.
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3.4 Summary

Growth mechanism of epitaxial growth of SiC on off-oriented 6H-SiC
(0001)Si and (0001)C faces was studied in detail. Significant effects of C/Si
ratio on surface morphology of grown layers and growth rate were observed.
The growth rate was limited by the supply of Si species. The crystal growth
may proceed through the incorporation of Si species at atomic steps and their
carbonization by hydrocarbon molecules. A very small activation energy of
growth rate (2.8kcal/mole) was obtained. This can be quantitatively inter-
preted based on a stagnant layer model in which crystal growth is controlled
by the diffusion of reactants. Step-flow growth, which does not need two-
dimensional nucleation, is controlled by mass transport. This is consistent
with little difference in the growth rates on off-oriented Si and C faces. The
condensation coefficient was estimated as 0.940.05 on substrates with off-angle
of more than 3°.

Step bunching on 6H- and 4H-SiC epilayers grown on off-oriented {0001}
faces was investigated with AFM and TEM. Macroscopically, hill-and-valley
structures were observed on off-oriented (0001)Si faces, whereas surfaces were
rather flat on off-oriented (0001)C faces. On a Si face, 3 bilayer-height steps
were the most dominant on 6H-SiC and 4 bilayer-height steps on 4H-SiC. In
contrast, single bilayer-height steps showed the highest probability on a C face.
The distribution of step height and terrace width was presented. For the same
off-angle, the terrace width is wider on 4H-SiC, due to the larger step height.
The mechanism of step bunching was discussed with consideration of surface

equilibrium process.
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Chapter 4

Critical Growth Conditons for
Step-Controlled Epitaxy

4.1 Introduction

Step-flow growth has been one of the most attractive subjects from a
viewpoint of crystal growth. Since Burton, Cabrera, and Frank (BCF) laid
theoretical foundation (BCF theory) on dynamics of atomic steps [1], several
modifications of the BCF theory [2-4] and applications to molecular beam epi-
taxy (MBE) of Si {5,6) and GaAs [7] have been studied. In these reports,
condensation coefficients [6] or surface diffusion lengths of adatoms [7] were
investigated by applying the theory to experimental results. More recently,
there has been growing interest in step kinetics, because the performance of
some semiconductor devices has been improved by the introduction of sub-
strate’s off-orientation [8,9]. Surface diffusion lengths of adatoms [7,10] and
step structures [11,12] have been discussed through in-situ RHEED and STM
observation.

Growth mode, rate-determining step and step structure in step-controlled
epitaxy of SiC were discussed in the previous chapter. However, very little is
known about microscopic mechanism in crystal growth of SiC. Besides, one
may have a question: How or under which conditions can we achieve step-flow
growth?

89
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In this chapter, vapor phase epitaxial growth of SiC on off-oriented 6H-
SiC{0001} substrates is quantitatively analyzed based on the BCF theory with
some modifications. The effects of surface polarity on surface diffusion lengths
of adsorbed species and nucleation rates are described in detail. Surface reac-
tions and step-flow growth conditions are discussed based on the results.

4.2 Growth Model on Vicinal Substrates

A simple surface diffusion model is considered, where steps with a height
h are separated by an equal distance Ag as shown in Fig.4.1. In the present
system, reactants arriving at a crystal surface are thermally decomposed and
adsorbed. The adsorbed species diffuse on terraces toward steps. Some of the
adsorbed species can reach steps and are incorporated into the crystal, and
the others reevaporate to vapor. Some species will coalesce to form nuclei if
supersaturation on terraces is high enough.

When nucleation on terraces does not occur, the effective incoming flux
onto the surface should be equal to the diffusion flux toward steps. Then, the
continuity equation of adsorbed species is expressed by [1]

- D, g M) (4.1)

where ny(y) is the number of adsorbed species per unit area on the surface
(hereafter, ns(y) is described as adatom concentration), J the flux of reactants
arriving at the surface, 75 the mean residence time of adsorbed species, and
D, the surface diffusion coefficient. Here, the steps are assumed as uniform
and perfect sinks for the incoming species, that is, the capture probability of
adsorbed species at steps is unity, independent of the direction from which
adsorbed species approach the steps. Reflection of impinging reactants on the
surface is neglected (the sticking coefficient is assumed to be unity). This as-
sumption is valid in the present system, because the condensation coefficient
is about 0.9 as discussed in 3.2.4. Under the boundary condition that the
supersaturation ratio o (=n,/ng) equals unity at steps; ny=ng at y=4A/2,
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Fig.4.2  The distribution of adatom concentration and supersaturation
ratio o (=n,/ng) on off-oriented surface.
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the adatom concentration on the terraces can be given as a solution of eq.(4.1):

cosh(y/As)
cosh(Ao/2Xs)’

where ng is the adatom concentration at equilibrium, and As is the surface
diffusion length of adsorbed species, which is given by the following equation

[1]:
_ _ Ees — B
As =\ DsTs = aexp( ST T ). (4.3)

Here, a, k, and T are the jump distance (interatomic distance), Boltzmann con-
stant, and absolute temperature, respectively. Fa.s and Egg are the activation .
energies for desorption and surface diffusion. This A is an average length for
adsorbed species to migrate on a “step-free” surface before desorption.

The flow of adsorbed species in the y direction Js(y) is given by [1]

dng(y) _ Mo sinh(y/As)

Joly) = MDST = A s~ cosh(Ao/2),)

Since the capture probability of migrating species at steps is assumed to be
unity, the step velocity vs., is given by the following equation using the J;(y)
at steps (y=Xo/2);

HS(y) =J7rs + (nso - JTs) (42)

(4.4)

Tsp

Js(y)| _ Phs (g ann( 20

ng lv=X/2  ng Ts 22X,

). (4.5)

Here, ng is the density of adatom sites on the surface, and migrating species
from both the left and right sides of steps are considered. In step-flow growth,
the growth rate (R) is given by the product of the step velocity and tané
(=h/Xo), where 8 is the off-angle of a substrate. Thus, the following equation
is satisfied.

Vstep = 2

2hAs Ts0 Ao
no)\o(J — T_s) tanh(zAs). (4.6)

Figure 4.2 shows the distribution of adatom concentration and the su-
persaturation ratio (a) on a surface. Since a takes a maximum value apm.y at
the center of a terrace, nucleation occurs most easily at this position. Based
on egs.(4.2) and (4.6), amax can be expressed by

Aono BT,
2A5hnso

R = vge,tanf =

ta,nh(tl/\—/\os). (4.7)

amx=1+
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The amax depends on experimental conditions such as growth rate, growth
temperature, and terrace width. This ap,y 15 an essential parameter which de-
termines whether the growth mode is step-flow or two-dimensional nucleation.

Since a two-dimensional nucleation rate J,,. increases exponentially with
the supersaturation ratio on a surface, nucleation becomes significant when
Qmax €Xceeds a critical value aehe. Thus, the growth modes are determined
according to the relationship between ap,,. and oy as follows;

Omax = Qerit 3 two — dimensional  nucleation,

Omax < Qe step — flow.,
Under the critical condition, the following equation is satisfied,
Omax = Xerijt - (4.10)

Using eq.(4.7), the above equation can be rearranged as,

Ao Ao (aic — 1) ng
t — e )70
1, () moR 7,

This is the basic equation which describes the growth mode. In eq.(4.11),

(4.11)

R and A are determined by growth conditions, and ny and h are inherent pa-
rameters of a material. If the values of ny /7, and agy are known, A, can be
calculated from eq.(4.11). Then, by finding out the critical condition experi-
mentally, the surface diffusion length can be estimated.

4.3 Application to SiC growth

4.3.1 Desorption flux ny/7

As described in section 4.2, ng /7 has to be known for evaluation of the
surface diffusion length by the use of eq.(4.11), but ny/7 in the SiC growth
system has never been reported. Although it is difficult to estimate ny,, and
7, independently, ns/7s can be calculated from the equilibrium vapor pressure
P, using the Knudsen’s equation from the Kinetic theory of gasses [13];

Mso Py

Ts - \/,‘ZmnkT’

(4.12)
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where m is the mass of concerned species. Here, P, can be calculated from the
chemical equilibrium constants of the reaction system.

It is complicated to define £, in a growth system of compound mate-
rials, because the chemical reactions of two elemental species are concerned
in the growth. In the case of MBE of GaAs, Py has been approximated as
an equilibrium vapor pressure of Ga in the reaction of Ga-{—%Asz:GaAs or
Ga+3Ass=GaAs, based on the fact that the growth rate is limited by the
supply of Ga atoms under the As-rich condition [7,10]. In the present growth
system, the supply of Si species controls the growth (see the subsection 3.2.1).
A study on gas source MBE of 5iC has also shown that the SiC growth is hm-
ited by the supply of S1 species, and the reaction between adsorbed Si atoms
on a surface and hydrocarbon molecules is essential to the growth of SiC [14].
Then, P, in SiC growth can be assumed to be an equilibrium vapor pressure
of Si species in surface reactions.

As for the reaction species in CVD growth of SiC, thermodynamic anal-
yses on gas phase kinetics at 1200~1600°C in a SiH4-C3Hg-H, system showed
that domnant species impinging on the surface were Si and SiH; yielded from
SiH4, and CHy, CoH,, CoHy from C3Hg (see Fig.3.3) [15,16]. The analyses re-
vealed that the contribution of active C radicals such as C and CH,. (z=1,2,3)
to the growth was negligible. The author confirmed this prediction by the fact
that the supply of only C3Hg and H, yielded no deposition of C films. By con-
sidering the reactions between Si and three kinds of hydrocarbon molecules on
the assumption that chemical equilibrium is established at the vapor-solid in-
terface, the author calculated the equilibrium vapor pressures in the following

reactions:
Si+ CH, = SiC+ 2H,, (4.13)
1
o1 .
Sl -+ §CZH4 = SIC + Hz. (415)

The equilibrium vapor pressure of Si (Ps;) can be obtained from the equilibrium

equations for these reactions as follows:

(4.16)
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PoKe(py = Ve
si(T)=— : (4.17)
{2/ Pc,n,

(4.18)

where FPcn,, Po,u,, and Pg,u, are the partial pressures of CHy, C,H,, and
CoHa, respectively. [, K3, and Kj are the equilibrium constants for the
above reactions, which are obtained by thermochemical calculation using the
Gibbs’ free energies and specific heats for the concerned species as follows [17]:

AG? AHYy — TASY — TAC, M,
K = _ — _ 298 298 p-¥0
exp( RoT ) = exp( R.T ) (4.19)
where
298
My=InT—(1+1n298) + T (4.20)

Here, AGT?, AHYg, and AS%; are the change of Gibbs’ free energy, the change
of standard enthalpy of formation, and the change of standard entropy. Rg and
AC, are the gas constant and the change of specific heat. Thermochemical
data used for calculation are listed in Table 4.1 [18].

Using the partial pressures of H; and hydrocarbon molecules, the temper-
ature dependence of Ps; in each reaction was calculated from eqs.(4.16)~(4.18),
and is shown in Fig.4.3(a). Ps for the reaction (4.14) takes minimum values
in the temperature range under consideration. This result indicates that the
reaction between Si and C;H; is the most active and dominant for SiC growth,
because a fast reaction leads to its larger equilibrium constant and lower par-
tial pressure of Si. This is consistent with an analysis by Allendorf and Kee
[16] who showed Si and C,H, were the most contributing species to SiC growth
(Fig.3.4). Then, Ps; for the reaction (4.14) was regarded as the equilibrium
vapor pressure of Si (Pg;) in this system.

Figure 4.3(b) shows the temperature dependence of ng /7, calculated
from eq.(4.12). The ng/7 for the reaction (4.14) takes minimum values as does
Ps;. The ng/ s, which corresponds to desorption flux at equilibrium, increases
exponentially with temperature. Then, the supersaturation ratio defined as

ne/nse becomes significantly high for low-temperature growth, which can be
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Table 4.1  Thermochemical data used in the present calculation [18].

Species | AHjg Sos C} (J/(mole K))

(kJ/mole) | (J/(mole K)) | 300K | 600K | 900K |1200K

Si 450.6 167.9 | 22.23 | 24.15 | 25.85 | 27.18
CH,4 -74.5 186.1 | 35.71 | 52.23 | 67.60 | 78.83
CoH, 228.0 200.8 | 44.23 | 58.29 | 66.11 | 72.05
CoHy 52.2 219.2 | 43.06 | 70.66 | 89.20 |101.63
Hy 0.0 130.6 | 28.84 | 29.33 | 29.91 | 30.92
SiC -111.9 16.51 | 26.76 | 41.72 | 47.05 | 49.80
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Fig.4.3 (a) Temperature dependence of equilibrium vapor pressure of Si ( Ps;)
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Fig.4.3 (b} Temperature dependence of desorption flux (n/7s).
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easily speculated from eq.(4.7). This is the reason why nucleation is promoted
at low temperatures.

4.3.2 Critical supersaturation ratio

Nucleation on terraces becomes dominant when o, exceeds a critical
supersaturation ratio aeg. In principle, aqq is intrinsic to a surface of a
material if temperature is fixed. When the critical nucleation rate JI,_ is
assumed to be 10"2em™?s™!, which corresponds to one nucleation per unit time
on a 10nmx10nm area (the average terrace widths in this study are 3~30nm),

the Clerit is given by the following equation for a disk-shaped nucleus (see the
Appendix A.1) [19]

_ 7 hoo?Q
@ere = exp{ e oy T

(4.21)

where {} and ¢ are the volume of a Si-C pair and the surface free energy.

Although there have been no reports on the surface free energy of 6H-
SiC{0001}, it has been calculated as 2220 and 300erg/cm? for 3C-SiC(111)Si
and (111)C faces, respectively [20]. Since 6H-SiC(0001)Si and (0001)C faces
have the same atomic configurations as 3C-8iC(111)Si and (111)C faces near
the surfaces, respectively, o for 3C-SiC{111} faces was employed for 6H-
SiC{0001} in this study. The values of ko (0.252nm) and © (2.07x10*3cm?)
were used for calculation.

The temperature dependence of agy for (0001)Si and (0001)C faces is
shown in Fig.4.4. a.y, decreases with the increase in temperature, which means
that a lower supersaturation ratio is enough to cause nucleation at higher
temperatures. However, in real crystal growth, nucleation is promoted at lower
temperatures owing to significant decrease in ng/7s as shown in Fig.4.3(b).
Much attention should be paid to the polarity dependence of . The gy
for (0001)C faces takes quite low values of nearly unity. This result indicates
that nucleation occurs much more frequently on (0001)C faces under the same
supersaturation conditions.

Figures 4.5{(a) and (b) show Nomarski micrographs for the layers grown
on well-oriented 6H-SiC(0001)Si and (0001)C faces at 1500°C. The flow rates of
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(0001)Si face (0001)C face

well-oriented

substrates

off-oriented

substrates

() (d)

Fig.4.5

100pm
||

Surface morphology of layers grown on well-oriented faces ((a) and
(b)) and off-oriented faces ((c) and (d)). The micrographs (a) and
(c) show surfaces of epilayers on (0001)Si, (b) and (d) on (0001)C

faces. The growth temperature is 1500°C. The off-angle is 6°
toward (1120).
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SiH, and C3Hjg are 0.30 and 0.20sccm, respectively. The layers grown on both
faces were identified Lo be twinned crystalline 3C-SiC. However, the surface of
the layers grown on a C face is considerably rougher due to island-like growth.
This difference in surface morphology is believed to result from the different
@eie of the individual faces, as is theoretically predicted in Fig.4.4.
Surface morphology for the layers grown on 6° off-oriented 6H-SiC(0001)Si
and (0001)C faces is shown in Figs.4.5{c) and (d). The growth condition 1s
the same as in Figs.4.5(a) and (b). Specular smooth surfaces were obtained,
independent of the polarity of substrates. It is notable that the off-orientation
introduced into substrates results in smooth surfaces even on C faces which
have very low aqi. The reason will be discussed in the following section.

4.4 Prediction of Step-Flow Growth Condi-

tions

4.4.1 Surface diffusion length

In order to estimate the surface diffusion length of adsorbed species, the
critical growth conditions have to be found out experimentally. In the present
system, polytypes of grown layers seem to reflect the growth mode whether -
two-dimensional nucleation or step-flow, as discussed in 2.3.3. Homoepitaxy of
6H-5iC is achieved owing to step-flow growth, by which grown layers inherit the
stacking order of substrates. 3C-SiC is heteroepitaxially grown through two-
dimensional nucleation, because 3C-5iC is stable at these low temperatures.
Then, the growth modes were distinguished by identifying the polytypes of
grown layers.

Critical growth conditions were found through CVD growth under vari-
ous growth conditions. Growth temperature and off-angle were varied in the
range of 1100~1500°C and 0~10° (toward (1120)), respectively. Both 6H-
SiC(0001)Si and (0001)C faces were employed to investigate the substrate po-
larity effect.

Table 4.2 summarizes some of the critical growth conditions at various
growth temperatures. Higher growth temperature, larger off-angle and lower
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Table 4.2 Typical critical growth conditions experimentally obtained.

Growth Terrace Growth
temperature Off-angle width rate

(°C) () (am) (pum/h)
1100 6 7.2 0.80
1200 3 14.4 0.95
1300 6 7.2 2.50
1500 1 43.3 2.00
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growth rate are preferable to homoepitaxy of 6H-SiC (step-flow growth). Very
little dependence of the critical conditions on the substrate polarity was ob-
served.

Figure 4.6 shows the temperature dependence of surface diffusion length
on both faces calculated from eq.(4.11) using several data discussed above.
In eq.(4.11), the terrace width Ag was calculated as h/tan 8, where i and &
are the step height and off-angle, respectively. Note that 2 was assumed as 3
Si-C bilayer height (0.252x3=0.756nm), based on the result of step bunching
presented in 3.3. In the figure, solid and dotted lines denote the fitting results
using eq.(4.3). Since the surface diffusion lengths obtained in this study are the
average lengths to migrate on a “step-free” surface before desorption, they de-
crease at high temperatures due to enhanced desorption. The surface diffusion
lengths on C faces are longer than those on Si faces by more than one order of
magnitude. Although nucleation occurs much more easily on (0001) C faces,
there are no significant differences in surface morphology and critical growth
conditions for the growth on off-oriented substrates. The longer surface diffu-
sion lengths on C faces may compensate frequent nucleation on the terraces.
The activation energies of A; are determined to be -1.0eV and -1.5eV on Si
and C faces, respectively. Based on eq.(4.3), these activation energies mean
—(Laes—Fair)/2. The origin of polarity dependence of activation energy is not
clear, probably due to differences in chemical reactivity, step structure, etc.
The activation energies of —0.27~-0.34eV have been reported for Ga adatoms
on GaAs(001) faces [7]. The higher activation energies in the present system
may be attributed to larger Eaes~FEar caused by stronger bond-strength in
SiC.

Although the terrace width was assumed to be completely uniform on
the surface in the above model, this is not correct on a real surface. In fact,
the author found the significant distribution of terrace width on SiC{0001}
epilayers, as described in 3.3. Here, the influences of terrace-width fluctuation
on the present calculation are discussed.

Figure 4.7 shows the distribution of supersaturation ratio on a vicinal
surface with non-uniform terrace widths. At a fixed growth temperature,
which involves a constant surface diffusion length, the maximum supersatu-
ration ratio cmay strongly depends on terrace widths: o,y is higher on a wider
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Fig.4.7  Distribution of supersaturation ratio on a vicinal surface with non-
uniform terrace widths. apax on a wider terrace may exceed oy
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terrace. Assuming that steps are perfect sinks, anax is given by

_ JTS + (1 JTS) 1
T nso g0 * cosh(Ag/2A)’

(4.22)

amax

which can be easily obtained from eq.(4.2).

Figure 4.8 shows the relationship between the maximum supersaturation
ratio oma and the terrace width Ag with various surface diffusion lengths A,
as a parameter. Growth temperature and the flux of reactants were assumed
as 1500°C and 5x10%em~2s~1. Both Si (Fig.4.8(a)) and C faces (Fig.4.8(b))
were considered. amax Increases almost exponentially with increasing terrace
width, indicating the considerable influence of terrace width fluctuation. This
tendency is reduced for longer surface diffusion length. For perfect step-flow
growth on the whole area of substrates, cumax on the widest terrace must be
lower than a.g,. If a terrace with 2{w) width ({w):the average terrace width)
exists on the surface, twice of the surface diffusion length (2A;) calculated
for “uniform” terrace width is required for step-flow growth, as can be seen
from eq.(4.22). Since rather vast terraces of which width is 5~10 times wider
than the average value can be observed on a real surface, the surface diffusion
lengths obtained in this calculation may be underestimated at least by a factor
of 5~10. Further discussion on surface diffusion lengths is given in 5.3.3.

4.4.2 Critical growth condition

Since the temperature dependences of ny/Ts, @qit, and A have been
obtained, critical growth conditions, in turn, can be predicted under various
conditions using eq.(4.11). For example, if the growth temperature and off-
angle of substrates (terrace width) are fixed, a critical growth rate (maximum
growth rate to realize step-flow) can be calculated. Although the underesti-
mation of surface diffusion lengths was suggested in the previous subsection,
the following calculation is not seriously affected by the underestimation due
to the consistent assumption on the uniform distribution of terraces and on
the average surface diffusion lengths estimated in this model. |

Critical growth conditions are shown by curves in Fig.4.9 for substrate’s
off-angles of 0.2, 1, 3, 6, and 10°. In the figure, the top-left and bottom-
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right regions separated by the curves correspond to the two-dimensional nu-
cleation and step-flow growth conditions, respectively. Almost no difference
in the critical conditions was obtained on Si and C faces. The higher growth
rate and lower off-angle are available for step-flow growth at higher growth
temperatures. At 1800°C, a very small off-angle of 0.2°, which yields almost
“well-oriented” faces, is enough to achieve step-flow growth with a moderate
growth rate of 6pum/h. This may be one of the reasons why 6H-SiC can be
homoepitaxially grown on well-oriented faces if growth temperature is raised
up to 1700~1800°C [21-24]. Powell et al. reported that the preferable nucle-
ation of 3C-SiC occurs at defect sites on 6H-SiC(0001) vicinal surfaces [25].
The role of defects for the 3C-SiC nucleation may become important on the
substrates with small off-angles. On the contrary, large off-angles more than 5°
are needed to realize homoepitaxy of 6H-5iC at a low temperature of 1200°C.

4.5 Summary

Chemical vapor deposition of SiC on off-oriented 6H-SiC{0001} sub-
strates was quantitatively analyzed based on the BCF theory. A simple dif-
fusion model describing the growth on vicinal surfaces was proposed, and was
applied to SiC growth. Desorption flux ng/7s and critical supersaturation
ratio o, were calculated using a classical crystal growth theory and thermo-
chemical analysis.

By measuring the critical growth conditions where the growth mode
changed from step-flow to two-dimensional nucleation, the surface diffusion
lengths of adsorbed species on 6H-SiC(0001)Si and (0001)C faces were es-
timated with the model. The growth on well-oriented (0001)C faces yields
high-density of islands on the surface. This result can be explained by a low
critical supersaturation ratio predicted on (0001)C faces. However, in step-
flow growth conditions, longer surface diffusion lengths of adsorbed species on
(0001)C faces brought about little difference in growth mode and morphology
on both faces. Growth conditions where step-flow growth takes place were pre-
dicted as a function of growth parameters such as temperature, growth rate
and off-angle of substrates. This result will give a guideline for step-controlled
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epitaxy of SiC.
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List of Nomenclature

[43

AC,
Dy
Edes
Eai
AGY
h

ho
AHZg
J

JrTuc
Js

k
Ki(i=1,2,3)
m

no

Vstep

Cerit

jump distance on a surface

change of the specific heat

surface diffusion coefficient of adsorbed species
activation energy for desorption

activation energy for surface diffusion

change of the Gibbs’ free energy

step height

spacing of SiC{0001} faces

change of the standard enthalpy of formation
flux of reactants arriving at a surface

critical nucleation rate

flow of adsorbed species on a terrace
Boltzmann constant

equilibrium constant

mass of a reactant

density of adatom sites on a surface

number of adsorbed species per unit area
number of adsorbed species per unit area at equilibrium
equilibrium vapor pressure

equilibrium vapor pressure of Si

growth rate

gas constant

change of the standard entropy

absolute temperature

step velocity

supersaturation ratio

critical supersaturation ratio

maximum supersaturation ratio on a terrace
average terrace width

average surface diffusion length

surface free energy

mean residence time of adsorbed species
volume of a Si-C pair
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Chapter 5

Surface Kinetics in
Step-Controlled Epitaxy

5.1 Introduction

Through studies on the growth mechanism of step-controlled epitaxy,
macroscopic kinetics have been revealed. However, real crystal growth consists
of complicated microscopic surface processes of nucleation and step-motion.
Although considerable attention has been given to step dynamics in crystal
growth of Si and III-V semiconductors through in-situ RHEED and STM
observation, very few approaches have been made on step dynamics in SiC
growth. The author tried a theoretical study on the supersaturation and step
velocity on 6H-S1C{0001} in Chapter 4. These results should be verified by
experiments.

In general, the quality of grown layers is strongly influenced by the sur-
face diffusion length. From a viewpoint of crystal growth, the surface diffusion
length is a critical parameter which determines whether crystal growth pro-
ceeds through step-flow or two-dimensional nucleation. It is scientifically and
practically important to make clear how the surface diffusion of migrating
species is affected by growth conditions. Although several studies on the sur-
face diffusion length have been reported in MBE of III-V semiconductors [1-4],
there have been no reports in SiC growth.

113
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In order to analyze step-dynamics on a growing surface, in-situ observa-
tion of surfaces by STM may be a powerful technique. However, it is technically
difficult in a CVD system, where relatively high pressure in a growth cham-
ber prevents in-situ observation. Then, a method to analyze step-dynamics
through ez-situ observation has been required.

In this chapter, the formation of nuclei and lateral growth rates of steps
in SiC growth are studied through short-time growth experiments. The effects
of growth temperature, substrate polarity and off-orientation on the surface
processes are investigated in detail. A simple model to estimate the surface
diffusion length from the lateral growth rates of steps is proposed, and the
surface diffusion length is analyzed in CVD growth of SiC. The effects of
growth temperature and flow rates of source gases on surface diffusion lengths

are described.

5.2 Nucleation and Step Dynamics

5.2.1 Experimental procedures

The CVD system used here is the same as described in 2.2.2. In CVD
growth of SiC, the flow rates of SiHs, C;Hg, and H, were 0.03~0.30sccm,
0.02~0.30sccm, and 3.0slm, respectively. Growth temperature was varied in
the range of 1200~1600°C. Growth time was very short, 10~600sec.

Single crystals of 6H-SiC{0001} grown by the Acheson method were used
as substrates. Since nucleation is sensitive to surface conditions such as impu-
rities and defects introduced through a polishing process [5], as-grown natural
surfaces giving basal planes (well-oriented {0001} faces) were employed in the
present study. In some experiments, epilayers with 2um thickuness grown on
off-oriented {0001} faces at 1500°C were used. In this case, the off-angle was
3~5° toward (1120).

The observation of nucleus formation can be done by short-time growth
[6,7]. In order to investigate step-motion, a method similar to that in ref.7
was employed. Circular “mesa-tables” with 120 nm height and 20~300um
diameter were formed on the SiC substrates, and the lateral growth rates were
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measured from the advance of table edges by short-time growth. The mesa-
tables were formed by conventional photolithography and reactive ion etching
(RIE). After the RIE, samples were oxidized at 1100°C for 5h, and the thermal
oxide layers were stripped with HF etching to remove damaged layers formed
through the RIE process.

The polytypes of nuclei and grown layers were identified by Raman scat-
tering measurement. An Art laser with 515.4nm line and 2um beam diameter
was used as an excitation source. The measurement was carried out using
microscopic equipment at room temperature in backscattering geometry.

5.2.2 Nucleation on 6H-SiC {0001} terraces

Figure 5.1(a) shows a Nomarski photograph for a surface with circular
mesa-tables before growth. The surfaces after 30sec growth at 1600°C and
300sec growth at 1200°C are shown in Figs. 5.1(b) and (c), respectively. The
substrates are well-oriented (0001)Si faces, and the flow rates of SiH, and C;Hg
are 0.15 and 0.10scem, respectively. Under this condition, a typical growth rate
is 1.2pm/h. In Figs.5.1(b) and 5.1(c), the formation of many growth nuclei on
the terraces can be observed. Besides, the table edges advance laterally, which
will be discussed in 5.2.3.

During high-temperature growth at 1500~1600°C, nuclei with a distorted
hexagonal shape are formed on the {0001} faces as shown in Fig.5.1(b). The
nuclei appear in various sizes from 20 to 50um. The facets of all the nucleus
edges are arranged parallel to {1100} faces. At the initial stage of crystal
growth, small “critical” nuclei are formed and they grow laterally by capturing
migrating species. Then, the faceting of the nucleus edges may be ascribed to
the fact that the hexagonal shape inherits from that of critical nuclei and/or
that anisotropy in the lateral growth rate distorts the shape.

Triangular nuclei are formed in low-temperature growth at 1200~1300°C
as shown in Fig.5.1(c). In this case, the nuclei have very small sizes of less
than 5um in spite of longer growth time than in the case of Fig.5.1(b). Al
though the facets of nuclei are also arranged parallel to {1100} faces, two dif-
ferent orientations can be observed. The two types of nuclei are 180°-rotated
relative to each other. Twin crystals of 3C-SiC containing double positioning
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Fig.5.1  Nomarski photographs for SiC{0001} faces with circular mesa-tables;
(a) before growth, (b) after 30sec growth at 1600°C, and (c) after
300sec growth at 1200°C.
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domains are grown on 6H-SiC{0001} basal planes at temperatures lower than
1700~1800°C [8-11]. Since the 180°-rotated triangular nuclei seem to be 3C-
SiC with two different orientations, the nuclei may be the origin of double

positioning domains.

Figure 5.2 shows the temperature dependence of nucleus density (the
number of nuclei per unit area) on well-oriented (0001)Si and (0001)C faces.
The flow rates of SiHy and C3Hg are 0.15 and 0.10scem, respectively. The
nucleus density increases significantly at low temperatures, which can be at-
tributed to the higher supersaturation caused by reduced equilibrium vapor
pressure and the suppressed surface diffusion of adsorbed species. The activa-
tion energies in the nucleus formation on Si and C faces are estimated to be

-53kcal/mole and -67kcal/mole, respectively.

The nucleus density is higher on (0001)C faces than on (0001)Si faces
by more than one order of magnitude. Pearson et al. calculated the surface
free energies of SiC using many-body potential energy functions, and showed
that the C face has much lower surface free energy (300erg/cm?) than the Si
face (2220erg/cm?) [12]. Since nucleation takes place preferably on a face with
lower free energy [5], higher nucleation rate is expected on (0001)C faces (see
also Fig.4.4). This may be the reason why the growth on well-oriented (0001)C
faces yields much higher growth rate and the grown layers have rougher surfaces
[9,10]. As for nucleation on SiC{0001} faces, Powell ef al. reported that
preferential nucleation does occur at “defect sites” on the surface [13]. Since
the sample surfaces have defect sites which originate from screw dislocations
or RIE damage, this effect may become dominant in the case of low nucleation

rate.

In crystal growth of SiC, the polytypes of grown layers are of great in-
terest. Figure 5.3 shows TO (transverse optical) mode Raman spectra for
(a) a substrate before growth, (b) a “nucleus site” (position A in Fig.5.1(b)),
and (c) a “step site” (position B in Fig.5.1(b)) after growth at 1600°C for
600sec. Three peaks at 768, 789 and 796cm™! were observed for each sample.
Note that the peak intensity ratio is different between Figs.5.3(b) and (c).
TO-mode Raman spectra obtained from 6H-SiC{0001} consist of a main peak
at 789cm™" and relatively weak peaks at 768 and 796cm™! (see the spectrum
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600sec.
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Fig.5.4  Dependence of Raman intensity ratio (I79s/I7s9) on growth time.
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from a substrate in Fig.5.1(a)),’ whereas only one strong peak at 796cm™! is
observed from 3C-SiC [14,15]. We investigated the intensity ratio of Raman
peaks at 796 and 789cm™" (I79s/J7s9) in order to distinguish the polytypes of
grown layers. This I795/ /789 Tatio should become higher when the component
of 3C-5iC in the measured volume increases.

Figure 5.4 shows the dependence of the Raman intensity ratio (I796/I7gg)
on growth time. The growth temperature was 1600°C. From substrates before
growth, the ratios of 0.07~0.11 were obtained, which are typical for 6H-SiC
{0001} crystals. At nucleus sites, the Ir95/I7g9 ratio increases monotonously
with growth time, and reaches 0.20 after 120min growth, indicating the increase
in 3C-5iC component with growth time. The appearance of peaks at 768
and 789cm™! for nucleus sites, as shown in Fig.5.3(b), may originate from
the substrate underlying the thin grown layer (thickness=2.4um after 120min
growth), in which the excitation light can penetrate (the penetration depth
is estimated to be longer than 100pm [16]). Thus, the polytype of growth
nuclei formed on {0001} terraces may be 3C-SiC. This result is consistent with
the fact that 3C-SiC is grown on well-oriented 6H-51C{0001} at temperatures
lower than 1700~1800°C [8-11]. The I;g5/I7g ratio at step sites takes values
of 0.08~0.10, and shows very little change with growth time. This can be
explained by a model that layers grown through lateral growth from steps
inherit the stacking order of substrates.

5.2.3 Lateral growth of steps

The lateral advance of table edges had an almost linear dependence on
time, and was independent of the table diameters. Figure 5.5 shows the tem-
perature dependence of lateral growth rate on well-oriented (0001)Si faces. The
flow rates of SiH4 and C3Hg are 0.15 and 0.10sccm, respectively. The lateral
growth rates are very large compared with the vertical growth rate (1.2um/h
at 1600°C). This relationship results from the fact that adsorbed species are
preferably incorporated into the crystal at atomic steps and/or kinks. The

In a perfect backscattering alignment, the peak at 796ecm™! cannot be observed from
6H-SiC{0001}. The appearance of this peak may be caused by a slight deviation of optical
alignment (after Dr.H.Harima and Prof.S.Nakashima in Osaka University).
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Fig.5.6  Nomarski photographs showing anisotropy in lateral growth rates;
(a) before growth and (b) after 60sec growth at 1600°C.
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Fig.5.7  Schematic representation of step configurations on 6H-SiC{0001}
faces.
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lateral growth rate decreases considerably at low temperatures, owing to the
decrease in the surface diffusion length of adatoms. The activation energy for
the lateral growth in the temperature range of 1200~1500°C is 85kcal/mole.
The slight decrease in the lateral growth rate at a high temperature of 1600°C
may be attributed to the enhanced reevaporation of adsorbed species to vapor
and/or the etching by Ha. The lateral growth rates reflect the surface diffusion
length of adsorbed species on 6H-SiC{0001} faces. The details of this analysis
will be discussed in 5.3.

Figure 5.6 shows typical surface photographs, (a) before and (b) after
growth at 1600°C for 60sec. The original circular mesa-table deforms into a
hexagonal shape due to the anisotropy in lateral growth rates. The fastest
growth direction is (1120), and the lowest direction (1100). The anisotropy
may originate from the difference in bond configurations at table edges. Micro-
scopically, the table edges are composed of very small straight steps and kinks.
Because the straight steps would align parallel to the crystal facets ({1100}
faces), table edges perpendicular to the (1100) direction can be regarded as
straight macro-steps. The kink density increases with the deviation of direc-
tion from (1100}, and becomes maximum in the (1120) direction, as shown in
Fig.5.7. Then, the growth in the (1100) and (1120) directions is referred to be
“step growth” and “kink growth” hereafter.

The lateral growth rates are given by

dgrepJah
VUstep = ')’stcp—;I:_h—P": (51)
step
dyink Jsh
Vkink = ’)’kink_l:;“nkmﬂ- (5.2)

Here, vgep and vyink are the lateral growth rates for step and kink growth,
respectively. dgep and dink are the spacing of faces perpendicular to the (1100}
and (1150) directions, ngep and nyink the adatom site densities along steps and
kinks, J; the incoming adatom flow at table edges, respectively. h and hq are
the height of table and the spacing of 6H-SiC{0001} faces. “sep and yink are
the incorporation probabilities of migrating species at steps and kinks. By
substituting dgep (\/ga/2 : a is lattice constant}, diink (¢/2), naep (1/@), and
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niank (1/(v/3a)) into eqs.(5.1) and (5.2), the following equation can be derived;

Tuep _ Jsep (5.3)
Yink  Vkink
Thus, the ratio of incorporation probabilities at steps and kinks is directly
given by the ratio of lateral growth rates.
Figure 5.8 shows the temperature dependence of Ystep/Ykink Tatio. The
ratio increases monotonously to unity with growth temperature, indicating
that the anisotropy can be reduced in high-temperature growth. This may be

ascribed to the increase in 7uep With temperature, because Ygnk is supposed
to be less condition-dependent. Nishizawa et al. studied the anisotropy in Si

growth using a SiCls-H, system, and obtained anisotropy ratios of 0.77 and
0.43 at 1200°C and 1100°C, respectively [17]. Thus, the present result shows

similar tendency.

5.2.4 Effects of off-orientation

Figure 5.9 shows a surface photograph after growth at 1500°C for 60sec
on an off-oriented 6H-5iC(0001)C substrate. The off-orientation was 5° toward
(1120). Note that no nuclei were observed, which can be attributed to the fact
that the growth proceeds through step-flow. The polytype of grown layers
was identified as 6H-SiC by Raman scattering measurement. In this case, the
formation of {0001} facets was observed at the table edges as shown in Fig.5.9.
All the facets were located at the upstream sides of step-flow (off-orientation).

The facet formation can be explained with schematic cross-sectional
views of a vicinal SiC{0001} surface as shown in Fig.5.10. As the growth pro-
ceeds, the atomic steps advance laterally on the {0001} faces. After enough
time growth, atomic steps at the upstream side are bunched to form vast
{0001} terraces (facets). According to this model, the width of {0001} facets
(w) can be expressed by

_h

" tan§’
where # is the off-angle of substrates. Using the values of A (120nm)} and 4
(6°), the width is calculated to be 1.4um. This value shows good agreement
with the experimental result (1.7pm).

(5.4)
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Fig.5.9 Nomarski photograph of a circular mesa-table after 60sec growth
at 1500°C on 5° off-oriented 6H-SiC{0001} face.
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Fig.5.10  Schematic images of the {0001} facet formation mechanism on
vicinal 6H-SiC{0001} faces; (2} before growth and (b) after growth.
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Fig.5.11 Photographs of off-oriented 6H-SiC{0001} with 5um thick epilayer.
(a) upstream side and (b) downstream side of off-orientation. At
the upstream side edge, {0001} facet is formed.
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This {0001} facet formation can be observed in usual CVD growth on
off-oriented substrates. Figure 5.11 shows typical photographs of sample edges
with 5um thick epilayers. Here, Figs.5.11(a) and (b) correspond to the up-
stream side and downstream side of off-orientation. Every sample with an
epilayer has {0001} facets at the upstream side of off-orientation.

5.3 Surface Diffusion Length

5.3.1 Estimation of surface diffusion length

The author proposes a simple diffusion model to estimate the surface
diffusion length through ez-sifu analyses on the motion of macrosteps. Step
velocities reflect surface diffusion lengths (As), because only the species which
adsorb on a surface within A distance from the step can reach the step, and
contribute to the lateral advance of the step.

Figure 5.12 shows a cross-sectional illustration of a macrostep with height
h, (a) before growth, and (b) during growth, where the bottom edge of the
macrostep is located at x. During crystal growth, the macrostep advances
laterally, incorporating migrating species supplied from vapor. As is seen In
Fig.5.12(b), the lateral growth rate is the fastest at the bottom layer of the
macrostep, which leads to the formation of gradually inclined (stepped) region.
Considering the effects of growth on this inclined region, the differential lateral
growth rate (dz/dt) at the bottom can be expressed by the sum of the lateral
component of a growth rate on this inclined region (vinq) and the lateral growth
rate of the step (vsiep). The vinq at time ¢ can be calculated from the flux of
reactants onto a surface and the slope of the inclined region (tan @=uvy.pt/h)
as follows;

(5.5)

where J, ng, and hp are the flux of reactants, the density of adatom sites
(1.21x10%®c¢m™?), and the spacing of 6H-SiC{0001} face (0.252nm), respec-
tively. Here, it was assumed that the condensation coefficient is unity on the
inclined region where a high density of steps exist.
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Fig.5.12 A schematic illustration of a surface diffusion model, (a) before
growth, and (b) during growth. A macrostep with height A
advances laterally by the capture of migrating species.
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On the other hand, the vy, is proportional to the number of migrating
species {I') which can reach the step per unit time. Based on the theory
proposed by Burton, Cabrera, and Frank (BCF theory), the I is given by [18]

= 2/°° Jexp(—L)dz = 2J . (5.6)

0 As .

Here, the flows of migrating species from the left and right sides of the step are

considered. When the incorporation probability at the macrostep is assumed

to be unity, all the species reaching the step per unit time are incorporated

into the crystal to form a triangle with a base v, and a height & in the cross-

sectional view, as shown in Fig.5.12(b). From this relationship, vs.ep can be
expressed by the following equation.

2lhe  4d Asho

Vstep = -
noh

(5.7)

Using eqs.(5.5) and (5.7), the differential lateral growth rate dz/dt is given by
dz JhoVstep

:ﬁ.— = Vindl + Ustep = ngh
By integrating eq.(5.8) in the range from =0 to ¢, the lateral advance of the
macrostep z(2) is obtained as follows ;

4JAsho Jho 2
z() = —t 4 1) .
oft) = TR0 (2 2 4 (59)
This equation indicates that the lateral advance of the macrostep is propor-
tional to the surface diffusion length. Therefore, the surface diffusion length

is expressed by

TLoh

1 -+ vstep‘ (58)

_ Tlgh Jh(] 2 i
= 4Jh0:z:/(———t +1). (5.10)

Since the flux J can be calculated based on a stagnant layer model [19], the

surface diffusion length can be estimated by analyzing the lateral advance of
preformed macrosteps after short-time growth. This method may be applied
to growth systems of other materials by both CVD and MBE.

Experimental procedures are basically the same as those in 5.2. Circular
“mesa-tables”, which can be regarded as “artificial macrosteps”, were formed
on the 6H-S5iC{0001} substrates. The typical height and diameter of the mesa-
tables were 120nm and 20~300um, respectively.
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5.3.2 Influence of growth conditions on surface diffu-

sion length

One point we should check is the dependence of lateral growth rate on the
macrostep height. In the present model, vy, should be inversely proportional
to the macrostep height & as is expected from eq.(5.7). The dependence of vgep
on macrostep height (h) is shown in Fig.5.13. The obtained vy is almost
inversely proportional to f, supporting the present assumption. Thus, the
height of mesa-tables was fixed at 120nm in most experiments.

Figure 5.14 shows the temperature dependence of surface diffusion length
on 6H-SiC{0001} faces calculated from the lateral advance of macrosteps
(table-edges) using eq.(5.10}. The open and closed circles denote the lengths on
(0001)Si and (0001)C faces, respectively. The data indicated by triangles will
be discussed later. No significant difference in the surface diffusion lengths on
both faces was observed. The diffusion length on the (0001)Si face was 13um
at 1500°C, and decreased down to 0.15um at 1200°C. The activation energy
derived in the range of 1200~1500°C was 82kcal/mole. The small decrease
in surface diffusion length at 1600°C may be caused by enhanced desorption
and/or etching by H, at the high temperature.

In general, the lifetime of migrating species is determined by competi-
tive processes of desorption to vapor and capture at steps or growth nuclei.
These processes are schematically shown in Fig.5.15. Since we estimated the
surface diffusion length in consideration of both processes mentioned above,
the diffusion length is expressed by

Ao = | Dy—24Te (5.11)
Tsd + Tac

Here, D;, 7.4, and 74 are the surface diffusion coeflicient, the lifetime of mi-
grating species before desorption, and the lifetime before incorporation into

steps or growth nuclei. D, decreases with lowering temperature according to
activation-type relationship as follows [18].

E
D, = Dq exp(—-—%), (5.12)

where Eggq is the activation energy for surface diffusion. k and T are the
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Fig.5.15 A schematic illustration of surface kinetics near a macrostep.
The lifetime of migrating species is determined by desorption
and capture processes.
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Boltzmann constant and the absolute temperature. This equation suggests
one of the reasons why the surface diffusion length shows serious decrease at
reduced temperatures as shown in Fig.5.14.

The decrease in A, at low temperatures can be also attributed to the
change of 7,.. The nucleus density drastically increased for low-temperature
growth, probably due to the increased supersaturation. The increased nucleus
density (Vo) enhances the capture of migrating species at nuclei, which leads
to the decrease in 7, because 7, is inversely proportional to Nyy.. Thus, the
reduction of surface diffusion length at low temperatures may be ascribed to
the declines in both D; and 7,.. Although 7.4 is also dependent on temperature,
it becomes longer with lowering temperature. This change of 754 has very little
influence on the decrease in A,.

Nishizawa et al. reported pioneering works on surface kinetics in Si and
GaAs growth through short-time growth experiments [7,17,20]. They proposed
that the surface diffusion length (A.) is approximately given by one-half of the
average distance between growth nuclei [17];

1
2\/ Nnu.c-

In Fig.5.14, the surface diffusion lengths estimated from the nucleus den-
sity (in Fig.5.2) using eq.(5.13) are shown by open and closed triangles. The
open and closed triangles represent the data on (0001)Si and (0001)C faces,
respectively. Although the surface diffusion length on the C face calculated
using eq.(5.11) (As) show relatively good agreement with that estimated from
nucleus density (A.), large difference is observed in the surface diffusion lengths
on the Si face.

A=

(5.13)

This contradiction can be explained by the difference of assumption em-
ployed in both the models. In eq.{5.13), all the migrating species are assumed
to be captured by growth nuclei before desorption. Then, eq.(5.13) can be

expressed by
N = /Dime. (5.14)

This assumption may be valid when the surface diffusion length is very long
or the nucleus density is high enough to satisfy 1,4>>7.. In the present growth

system, T.a>> 7, may be satisfied on the C face due to the much higher nucleus
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density (Fig.5.2). On the Si face, however, the nucleus density is not so high
as on the C face, and desorption of migrating species cannot be neglected. In
this case, eq.(5.13) does not give true surface diffusion length.

As is expected from eq.(5.12), the lifetime of migrating species is mainly
determined by the shorter one between 7,4 and 7. By combining eqs.(5.11)
and (5.14), the following equation can be obtained.

Tsc

A
G,

) - 1. (5.15)

Thus, we can estimate the 7,./7y ratio using the values of Ay and Al shown
in Fig.5.14. The 7,/ 7.q ratio indicates which process is dominant to limit the
lifetime of migrating species, desorption (for 75 /7sa > 1) or capture at growth
nuclei (for 7o/7a < 1).

Figure 5.16 shows the temperature dependence of 7,./7.q ratio derived
from the data in Fig.5.14. The 7./7.a ratios on the C face take smaller
values, reflecting much higher nucleus density. Note that the 7,./7.q ratios
on both the faces become the minima at 1400~1500°C. At low tempera-
tures (1200~1300°C), 74/ 7sa ratios decrease with temperature, probably ow-
ing to the activated surface diffusion which promotes the capture process.
Orn the other hand, the 7/7sq ratios increase in the high-temperature region
(1500~1600°C), which may result from the enhanced desorption.

The dependence of surface diffusion length on source gas flow rates was
investigated. Figure 5.17 shows the SiH, flow rate dependence of (a) surface
diffusion length, and (b) nucleus density at 1500°C under a fixed flow rate ra-
tio of SiHy and C3Hg (C/S5i=2.0). Under these conditions, the vertical growth
rate increases proportionally with the SiHy flow rate, as shown in Fig.3.10.
The diffusion length decreased under high flow rate conditions. In this case,
the surface diffusion coefficient (D;) can be regarded as constant because of
fixed growth temperature. On the other hand, the nucleus density increased
monotonously with the flow rate owing to increased supersaturation, as shown
in Fig.5.17(b). Then, only the decrease in 7,. may be responsible for the re-
duction in surface diffusion length under high flow rate conditions. The SiHy4
flow rate dependence of 7../7sq ratio is shown in Fig.5.18. The 74/Teq ra-
tios decrease gradually with increasing the SiH, flow rate, which can be again
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explained by the decrease in 7.

Figure 5.19 shows the C/Si ratio (ratio of C and Si atems in supplied
source gases) dependence of (a) surface diffusion length, and (b) nucleus den-
sity at 1500°C under a fixed flow rate of SiH, (0.15sccm). Under these con-
ditions, the vertical growth rate shows no significant change, indicating that
the excess supply of C species does not contribute to SiC growth (cf. Fig.3.2).
With the increase in C/Si ratio, the surface diffusion length decreased and the
nucleus density increased. Although the shorter surface diffusion length under
C-rich conditions can be attributed to the decrease in 7, caused by promoted
nucleation, the real surface process may be more complicated. The correspond-
ing change in 7,./7sq ratio is shown in Fig.5.20. The enhanced nucleation under
C-rich conditions should shorten 7., which leads to the decrease in 7, /754 ratio
as in the case of Fig.5.18. However, the 7y /7.4 ratios increase with C/Si ratio,
indicating the reduction of 7,4. One possible explanation for this result is the
change of migrating species by changing the source supply ratio, which may
bring about different surface reactions and/or surface diffusion dynamics.

In crystal growth of compound semiconductors, it is generally difficult
to 1dentify migrating species. In GaAs growth, a model to explain the effects
of V/III ratio on the lateral growth rates has been reported assuming that Ga
adatoms as dominant migrating species [21]. However, dominant migrating
species have not been revealed in CVD growth of SiC. Further study on surface
kinetics including chernical reactions is required to clarify the effects of C/Si
ratio on surface diffusion length.

5.3.3 Discussion

As for step-dynamics on 6H-SiC{0001} faces, the author estimated the
surface diffusion lengths using a growth model on a vicinal surface and the
critical growth conditions where the growth mode changes from step-flow to
two-dimensional nucleation, which was presented in Chapter 4. The estimated
surface diffusion lengths at 1500°C were about 0.3 and 3um on Si and C
faces, respectively. These values are much shorter than those derived in this
study. This discrepancy may originate from an oversimplified model described
in Chapter 4. For example, terraces uniformly distributed were assumed in the
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model, which is not true in a real crystal surface, as the author already pointed
out in 4.4.1. TEM and AFM observation revealed that relatively vast terraces
exist on grown surfaces. On such a vast terrace, supersaturation becomes high,
causing two-dimensional nucleation. Besides, the estimation of ng/7; and o,
may contain an error due to the simplified assumptions.

On the other hand, the method proposed here employs only a few as-
sumptions. One may think that the lateral advance of “giant macrosteps”
with 120nm height is different from that of atomic or a few monolayer height
steps. However, the relationship between the lateral advance and step height
was checked as shown in Fig.5.13, supporting the validity of the present model.
Another point one may ask is that {0001} surfaces are not perfectly “step-free”
terraces. This will be true: A small number of steps might exist on {0001}
surfaces. But such steps will bunch to disappear at the initial stage of growth,
giving a minor influence on the calculation. Thus, the present model is a more
direct method to estimate the surface diffusion length, and seems to give more
reliable values, compared with the model in Chapter 4.

5.4 Summary

The surface kinetics of $SiC growth on 6H-SiC{0001} substrates by CVD
at 1200~1600°C was studied. Through short-time growth experiments, the
nucleation density and lateral growth rate of steps were investigated in detail.

On well-oriented 6H-51C{0001} faces, the nucleus density is much higher
on (0001)C faces than on (0001)Si faces, which can be explained by the dif-
ference in surface energies between both the faces. At lower temperatures,
the growth nuclei increase in number and become smaller in size, because of
the reduced surface diffusion length and the increased supersaturation. Raman
scattering measurements revealed that the nuclei have 3C-SiC component. The
lateral growth rate is about three orders of magnitude higher than the vertical
growth rate at temperatures higher than 1400°C. The lateral growth rate has
anisotropy, higher in the (1120} direction and lower in the (1100) direction.
With the decrease in growth temperature, the anisotropy is enhanced.

On the other hand, no nucleation is observed on off-oriented {0001} faces
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at 1500°C. This result can be attributed to quite low supersaturation caused
by high-density of surface steps.

A simple diffusion model was proposed that the surface diffusion length
can be estimated from the lateral growth rates of macrosteps. The sur-
face diffusion length was about 13pm on (0001)Si and (0001)C faces under
a typical growth condition at 1500°C. The diffusion length decreased for low-
temperature growth. This decrease in diffusion length is attributed to the
suppressed surface diffusion coeflicient, and to the reduction in lifetime of mi-
grating species caused by enhanced incorporation of migrating species into
growth nuclei. The increased nucleus density under the high flow rate con-
dition brought about the decrease in surface diffusion length. The reduced
surface diffusion length under the C-rich condition was also observed. The
method proposed in this study is useful for the estimation of surface diffusion
length in epitaxial growth of any other materials.
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Chapter 6

Characterization of Epilayers
and Impurity Doping

6.1 Introduction

Device performance is severely affected by defects and impurities in ma-
terials. In real semiconductor materials, many kinds of defects and impurities
do exist, and different defects or impurities play quite different roles in optical
and electrical properties of a material. Thus, characterization of semiconduc-
tor materials needs variety of measurement techniques which elucidate different
aspects of crystal quality.

Nowadays, advanced o-5iC devices utilizing epilayers grown by step-
controlled epitaxy have been successfully fabricated [1]. However, reports
on characterization of SiC epilayers are very limited. High crystal quality
1s demonstrated by planar TEM observation [2,3] and infrared (IR) reflectiv-
ity [4]. Hall effect measurement revealed a low compensation ratio (~0.01)
in undoped epilayers [4,5]. Low-temperature photoluminescence has been also
used to check the quality and to estimate the impurity concentration [3,6].
However, these are not enough for full characterization of epilayers. For exam-
ple, dislocations in epilayers and deep levels which control the carrier lifetime
and electric conduction are of great importance.

In general, undoped SiC crystals show n-type conduction due to nitrogen
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(N), an effective donor, contamination from a growth system. For device fabri-
cation, precise control of n- and p-type conduction in a wide range is required.
In Si or GaAs, three types of impurity doping techniques are employed, n-
situ doping during epitaxial growth, diffusion, and ion implantation. In SiC,
however, a diffusion process cannot be used due to the extremely low diffusion
coefficients of impurities in SiC. Ton implantation should be a key technology
especially for selective doping in SiC. Although there have been a few reports
on in-situ doping [4,7,8] and ion implantation [9,10] into 6H-SiC epilayers, no
systematic studies have been reported.

In this chapter, detailed characterization of SiC epilayers is presented.
After examination of defects in crystals with etching and TEM observation,
the optical and electrical properties are given together with deep level analyses.
In-situ doping of impurities and jon implantation are also investigated. As
dopants, N (donor), B and Al (acceptor) are employed.

6.2 Structural Characterization

The crystal quality of epilayers was characterized by Rutherford backscat-
tering spectroscopy (RBS), double crystal X-ray diffraction, cross-sectional
TEM, and chemical etching.

Figure 6.1 shows RBS spectra from a 5um-thick 6H-SiC epilayer. The
RBS measurement was performed using a 2.0MeV He?* beam with a backscat-
tering angle of 170°. The epilayers show a very small mi, (the minimum yield
in the aligned spectrum normalized by the random yield) at the Si edge of
1.7%, which almost coincides with the theoretical value (1.5%) for a perfect
6H-SiC crystal under this measurement condition [11]. Besides, the contam-
ination of any heavy metals (Ti, Fe, Ni, etc.) was not detected, though the
detection limit is rather high (~10%cm™3).

A typical X-ray rocking curve from a 10um-thick 6H-SiC epilayer is shown
in Fig.6.2. The diffraction plane is 6H-5iC{0006} (26=35.60°). The curve is
almost Gaussian with a full width of half maximum (FWHM) of 26arcsec. The
FWHM for a perfect crystal (AWj) depends on the measurement system, such
as the diffraction plane of the first crystal, and can be approximately expressed
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Fig.6.1  RBS spectra from a 5um-thick 6H-SiC epilayer.
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Fig.6.2  Typical X-ray rocking curve from a 10gm-thick 6H-SiC epilayer.

Table 6.1  Parameters in the present X-ray diffraction measurement
system.

AW, (GaAs(400)) | 8.5 arcsec
AW, (6H-SiC(0006)) | 3.0 arcsec
6 25.5 arcsec

FWHM 27.0 arcsec
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by the following equation [12]

AWy = J(AW)? + (AW,)? + &2, (6.1)

where AW; and AW, are the FWHMs for the first and second (sample) crys-
tals. § comes from the difference in the diffraction angles between the first and
second crystals, and is given by [12]

6= %(ta,n 6, — tand,). (6.2)
Here, X is the X-ray wavelength (1.5406A for Cu Kay), A the FWHM of the
X-ray (5.8x107*A). 6; and 6, are the diffraction angles for the first (GaAs(004))
and second (6H-SiC(0006)) crystals, respectively. These parameters in the
measurement system are listed in Table 6.1. Using eq.(6.1), the FWHM is
estimated to be 27arcsec for a perfect 6H-SiC{0001} crystal. Thus, the epi-
layer has excellent quality, keeping epitaxial relationship with the substrate.
Glass et al. reported that 6H-SiC wafers prepared by a modified Lely method
have a “domain structure” based on a high-resolution X-ray analysis [13]. For
further study, a detailed analysis using an improved measurement system will
be required. For example, 6H-SiC{0001} should be used as the first crystal.

Figure 6.3 shows typical cross-sectional TEM images of a 10um-thick
6H-SiC epilayer. The sample was examined along the (1100) zone axis. The
author observed more than 80 images for 15 samples, and almost every time
got TEM images as shown in Fig.6.3(a). This result indicates that it is hard
to detect defects in epilayers with cross-sectional TEM, with which a small
area is observed. However, a few TEM images exhibited the existence of
stacking faults in the {0001} plane as shown in Fig.6.3(b). Dislocations are also
observed near the stacking faults. From careful observation, all the stacking
faults are turned out to come from substrates. The inheritance of stacking
faults from substrates may be inevitable in step-controlled epitaxy.

For the epilayers grown under an optimum condition, very smooth sur-
faces can be obtained, and almost all the surface pits originate from so-called
“micropipes” in the substrates. The micropipes are pin-holes with 0.1~5pm
diameter, propagating along the ¢ axis [14-16]. Figure 6.4 shows Nomarski mi-
crophotographs of 6H-SiC surfaces around a micropipe (a) before growth and
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(a)

epilayer surface

( b ) epilayer surface

Fig.6.3  Cross-sectional TEM images of a 10um-thick 6H-SiC epilayer.
(a) typical TEM image showing no defects, and (b) TEM
image showing the existence of stacking faults and
dislocations (SF:stacking faults, D:dislocation).
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Fig.6.4 Nomarski microphotographs of 6H-SiC surface around a micropipe.
(a) before growth and (b) after growth.
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100pm

Fig.6.5 6H-SiC(0001) surface etched by molten KOH. Hexagonal and “shell”
etch pits are observed.
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(b) after growth (epilayer thickness=10um). Although it is difficult to de-
tect small micropipes on as-polished surfaces (before growth), rounded pits are
formed at the micropipe positions after epitaxial growth. These pits are accom-
panied with “shadows” due to the impedance of step-advance (cf. Fig.2.15).

A typical surface etched by molten KOH is shown in Fig.6.5. The etching
was done at 420°C for 5min. Hexagonal etch pits and “shell” etch pits are
observed. Koga et al. reported that the largest hexagonal etch pits correspond
to micropipes (not shown in Fig.6.5), and other hexagonal etch pits originate
from dislocations with the Burgers vectors along the ¢ axis [14]. Takahashi et
al. revealed that the “shell” etch pits correspond to slip dislocations in the
basal plane [17]. The etch pit density of epilayers depends on mainly substrates
used for growth. The typical etch pit density was 10*cm™? for epilayers grown
on commercial wafers, and 10°~10%cm™? for epilayers on home-made wafers or
Acheson crystals. Wang et al. analyzed defects of 6H-5iC wafers and epilayers
by X-ray topography, and reported that slip dislocations can be eliminated by
epitaxial growth [18]. Successive etching of epilayers should be carried out to
clarify the propagation and annihilation of dislocations.

6.3 Physical Properties of Undoped Epilay-
ers

6.3.1 ° Photoluminescence

Photoluminescence (PL) measurement was performed to elucidate the
quality and purity of epilayers. A suitably filtered He-Cd laser (325nm) was
used as an excitation source. Samples were set in a cryostat with a heater. In
low-temperature PL measurements, samples were immersed in pumped liquid
helium at 2K.

Figure 6.6 shows the (a) wide range and (b) bandedge PL spectra at 2K
from a 10um-thick 6H-SiC epilayer. The epilayer was unintentionally doped
n-type, produced with a C/Si ratio in source gases of 2.0. Estimated donor
concentration is 1x10*cm™2. Zero-phonon lines due to the recombination of
an exciton bound to neutral nitrogen substituting at one hexagonal and two
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Fig.6.6  Photoluminescence spectra from a 10um-thick 6H-5iC epilayer
at 2K. (a} wide range spectrum and (b) bandedge spectrum.
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cubic sites are labeled by Py (412.3nm), Ry (414.3nm), and Sy (414.50m)? [19].
The subscript denotes phonon energies in meV involved in the recombination.
The {ree exciton peaks are marked I with involved phonon energies. As shown
in Fig.6.6{a}, the bandedge luminescence is dominant, and the N donor - Al
acceptor pair band (440~550nm) is negligibly small, whereas the donor - ac-
ceptor pair luminescence is dominant in substrates. Although Ti acts as an
effective luminescent center in SiC [20,21], Ti-related peaks, of which zero-
phonon peaks would appear al 433.5, 439.8, and 445.1nm, were not observed.
Besides, no “L-lines” were seen, which appear at 472.3, 478.9, and 482.3nm
and have been attributed to intrinsic defects (probably a divacancy) [22].

In Fig.6.6(b), sharp peaks are clearly distinguished. Note that phonon
replicas are dominant for P-series luminescence, whereas the zero-phonon lines
are the most intense in R- and S-series. This tendency may result from the
difference in binding energies of the bound exciton. The binding energies
of the exciton, which can be determined by the energy difference between
the exciton bandgap (3.023eV) [23] and the luminescence peak, are 16meV,
31meV, and 32meV for P-, R-, and S-series, respectively. The higher binding
energy at cubic-site N donors make the exciton more localized, increasing the
recombination probability without momentum-conserving phonons. Although
the free exciton peak intensities are relatively weak, definite free exciton peaks
at 420.6nm (I77), 423.5nm (Ige), and 425.2nm (l,g7) were observed, suggesting
the high quality and high purity of the epilayer. The lacking of zero-phonon line
of free exciton peaks reflects the indirect band structure of SiC. It is known that
the intensity of the free exciton peaks increases and that of N bound exciton
peaks decreases with lowering background doping concentration [6,24]. More
intense free exciton peaks can be expected by the reduction of doping level.
The PL spectrum indicates very little contamination of Al acceptor, which
would normally show the Al bound exciton peaks at 412.7~413.5nm [25]. In
fact, secondary ion mass spectroscopy (SIMS) measurements of undoped layers
revealed that the residual Al and B concentrations were below the detection
limits (< 10*®cm™3).

In o-SiC except for 2H-SiC, an substitutional impurity forms several energy levels,
depending on the substituting sites (e.g. hexagonal/cubic sites). This phenomenon is called
“site effect”, and is briefly explained later in Fig.6.8.
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6.3.2 Hall effect measurement

Hall effect measurement was carried out on undoped n-type 6H-SiC epi-
layers. The epilayers were electrically isolated from substrates by utilizing
epitaxial pn junction. Ohmic contacts were Ni annealed at 1100°C in Ar.

Figure 6.7 shows the temperature dependence of carrier concentration of
a 10um thick 6H-SiC epilayer. The carrier concentration at room temperature
is 2.5%10%%cm™3. The author tried curve fitting with a two-donor model. In
a-SiC, each dopant can substitute at two inequivalent sites, cubic site and
hexagonal site, as mentioned in 6.3.1. The schematic illustration of 6H-SiC
structure is shown in Fig.6.8, where two cubic and one hexagonal sites exist.
The energy levels of impurities depends on the substituting sites (site effect).

The electrical neutrality condition is given by the following equation [26].

E. - E; 1
)+ Na = Na{l- =}
kT ' l+§exp(§d,1¢~f§i)
1
_E
1+§exp(§¢iT—'-)

N, exp(—

Ny {1l — . (6.3)

Here, parameters are the donor concentrations Ny;, Ng,, the donor levels Ey,
Ey4y, and the acceptor concentration N,. F., FE¢ are the conduction band
edge and the Fermi level. N, and g are the effective density of states in
the conduction band and the degeneracy factor (=2). In the calculation of
N, the density-of-state effective mass for electrons (mj,) was assumed to be
0.56mqo (mg:electron rest mass), based on m;j=0.35mq and m=1.4m, [27].
The number of the equivalent conduction band minima was assumed as 6 [28].
Since the fitting with these 5 parameters does not yield the unique solution,
the author assumed the donor concentration at a cubic site (Vg;) is the double
of that at a hexagonal site (Nyg1) (Na2=2Ny;), based on the crystal structure.

The best fit obtained by a least square method is shown by a solid curve
in Fig.6.7. This fitting is given by parameters listed in Table 6.2. The donor
levels are 97 and 141meV, which agree well with previous reports [29-31]. The
acceptor concentration is as low as 8x10%3cm™2, indicating very low compen-
sation ratio (Na/(Na1+Na2)=2x1073).

Figure 6.9 shows the corresponding temperature dependence of electron

mobility. The mobility is 351cm?/Vs at room temperature, and reaches up to
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Fig.6.8  Schematic illustration of 6H-SiC structure. Two cubic and one

hexagonal sites exist in 6H-SiC.

Table 6.2  Fitted result for the temperature dependence of an n-type

6H-SiC epilayer.

Parameter | 6H-SiC epilayer
Ny 1.1x10%%cm™°

Ngs 2.2x10%cm=°
AFE4 97meV
AEdQ 141meV

N, 7.7%x103¢cm =3
Na/(Na1+Nag) 2x107°
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6050cm?/Vs at 77K. These values are comparable with a previous report on
6H-SiC [4]. For a low-doped 6H-SiC epilayers with a carrier concentration of
2x10M¥em™3, which was produced with a C/Si ratio of 4.0, a high electron
mobility of 431cm?/Vs was obtained at room temperature. This is the high-
est value ever reported in 8H-SiC. For device applications, 4H-5iC is much
more attractive owing to higher electron mobility and smaller anisotropy in
mobility [32]. The typical mobility of 4H-SiC epilayers is 724cm?/Vs at room
temperature and 11000cm?/Vs at 77K [33].

The increasing mobility at low temperature reflects the low compensation
of the epilayer. When the acoustic phonon scattering is the dominant scatter-
ing mechanism, the mobility should decrease with temperature according to
T-15 dependence [26]. However, the present result shows T(*1~%%) depen-
dence. This kind of rapid decrease in electron mobility at high temperatures
has been also observed in Si, and is attributed to the influence of inter-valley
scattering [34]. A similar mechanism may play a role in S5iC, which has multi-
valley structure in the conduction band. In order to reveal the scattering
mechanism, detailed band structure and phonon dispersion must be known.

6.3.3 Deep level analysis

There have been only a few reports on trap centers in SiC [35-41]. Among
them, in 6H-SiC, deep levels in pn junctions formed by Al ion implantation
were observed by deep level transient spectroscopy (DLTS) measurements [38].
Another deep centers in B-doped 6H-3iC grown by liquid phase epitaxy (LPE)
were investigated by DLTS, admittance spectroscopy and photoluminescence
[39]. Recently, DLTS measurements of pn junction diodes formed by LPE
revealed that an electron trap center with an activation energy of 0.71eV exists
in n-type grown layers [41]. However, deep levels in 6H-SiC wafers grown by a
modified Lely method and/or device-quality 6H-SiC epilayers grown by step-
controlled epitaxy have not been investigated.

In this study, isothermal capacitance transient spectroscopy (ICTS) [42]
and DLTS [43] measurements on Schottky structures have been carried out to
investigate deep levels in 6H-SiC.

The samples used in this study were two kinds of undoped n-type 6H-SiC
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single crystals. The one was 6H-SiC wafers grown by a modified Lely method.
The growth temperature and growth rate were 2100°C and 0.6mm/h, respec-
tively. The donor concentration of the wafers was determined to be in the range
of 8.2x101%~1.5x10'em™2 by capacitance-voltage (C-V) measurements. The
other was epilayers grown by step-controlled epitaxy on 6H-SiC{0001} faces
with 3~5° off angles. The growth temperature and growth rate were 1500°C
and 2.5pum/h, respectively. The thicknesses of grown layers were 2.5~5.0um
and the donor concentrations were in the range of 1.3%x10"%~3.2x10%cm™3,
For ICTS and DLTS measurements, Au Schottky contacts with a diameter of
500pum were thermally evaporated on the surfaces and large-area ohmic con-
tacts were formed using Ni on the back side of 5iC samples.

The ICTS method is based on principles similar to the DLTS method. In
the ICTS method, however, deep level signals can be spectroscopically obtained
from a transient capacitance measured in the time domain under isothermal
conditions. So this technique removes the difficulties arising from DLTS mea-
surements that involve a temperature scanning process. The capacitance tran-
sient C(t) of an abrupt junction diode is given by

C(t) = C’Bt\/l + %{1 - exp(—%)}. (6.4)

€

Here, C;; 1s the capacitance of a steady-state under the reverse bias Vg, and

given by
_ / qeNp
Cst - Q(VD . VR)A’ (6’5)

where Np is the concentration of a shallow level impurity, € the dielectric
constant, ¥ the diffusion voltage, and A the junction area. Ny is the deep
level concentration and 7. the emission time constant. The ICTS signal S(¢)
obtained from a capacitance transient C(t) after the forward voltage pulse
application is defined as [42]

dC2(t)

S(t) ==

(6.6)

The maximum peak intensity of S(¢)} is obtained at ¢=7.=7.m, so the emission
time constant 7., is immediately determined from the peak position of S(2).
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The peak-position time 7., gives the reciprocal of the thermal emission rate

for the deep level:

1 1
Tem = o~ —, (6.7)
ente, en

where e, and e, are the thermal emission rates of electrons and holes, respec-
tively. Here it is assumed that e,>>¢, for electron trap levels, which is the
present case of n-type Schottky structure. The peak of signal 5(¢) is propor-
tional to the density of the deep level Np;

&Cst exp(—1) o< Nr. (6.8)

S(Tem) = Ne

All measurements were performed in a temperature-controlled system
using liquid nitrogen and in a vacuum of 107?Torr. To obtain the saturated
peak intensity of ICTS signal under isothermal conditions in the time range of
10~5~10%sec, the values of the reverse-bias Vg, forward pulse-bias height Vp
and width Wp were determined properly.

Figure 6.10 shows the spectra of capacitance transient C(t) obtained
from the 6H-SiC samples grown by (a) a modified Lely method, and (b) step-
controlled epitaxy. As shown in the figure, the capacitance transients between
the two kinds of samples are completely different. In the case of (a), the
capacitance transient shows continuous increase after the forward voltage pulse
application, indicating the existence of several deep traps. In the case of (b),
however, the capacitance change is not observed at all in the wide time range.
The capacitance change of epilayer samples was negligibly small in the wide
temperature range from 130K to 400K.

Figure 6.11 shows the ICTS spectra obtained from a 6H-SiC wafer and
an epilayer. The measurements were performed to detect both the levels with
small time constant in the lower temperature range (Fig. 6.11(a)) and the lev-
els with large time constant in the higher temperature range (Fig. 6.11(b)). For
the ICTS spectra from the wafer, the broad peaks are observed in both cases,
and the peaks seem to be composed of several overlapping signals. This result
suggests that several deep electron traps with different activation energies and
capture cross sections exist in the wafer. The author analyzed the three deep
electron traps named peak 1, 2 and 3. The trap of peak 2 in the higher temper-

ature range is the same as that of peak 2 in the lower temperature range. The
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concentrations of each trap are estimated to be 9.1x10%cm™3, 4.0%10%e¢m™3
and 2.0x10'"%cm™ for peak 1, 2 and 3, respectively. Although the broad
ICTS signal indicates that other peaks may exist, they could not be precisely
analyzed because of the difficulty in peak separation. One reason for the
broad ICTS peaks may be the site effect of substitutional impurities. The
ICTS spectra of wafers varied from sample to sample, and some wafers showed
very small signal of peak 2 and peak 3. However, the peak 1 trap with a

=3 was observed in all the wafers.

concentration of 101*~10cm

The peak positions of ICTS spectra shift towards smaller time constant as
the temperature increases as shown in Fig.6.11. From the relationship between
the time constant at the peak position and the reciprocal temperature, the
activation energy Et and the electron capture cross section ¢, can be obtained.

The electron emission rate e, is given by {43]

1 . Nevynoy
exp(—

Er ) E
T LT) x T, exp(——=). (6.9)

kT

€ =

Here, NV, is the effective density of states in the conduction band, vy, the
thermal velocity of electrons, and g the degeneracy factor of the trap level.
Figure 6.12 shows the Arrhenius plots of 77 vs. 1000/T. For the three deep
levels, the activation energies are estimated to be 0.39eV, 0.43eV, and 0.69eV,
respectively, from the slope of the Arrhenius plots. The intersecting points at
the vertical axis of the plots yield the capture cross sections of 3x10715cm?,
4x107%%cm?, and 2x107"7cm?, for peak 1, 2, and 3, respectively. In general,
o, depends on the microscopic nature and the state of the defect, and also
on temperature. However, the capture cross section o, was assumed to be
independent of temperature in this study, due to the lack of detailed data.

DLTS measurements were also conducted in the temperature range from
130K to 300K on the same samples. Typical DLTS spectra are shown in
Fig.6.13. The values of activation energies and the capture cross sections were
similar to the results of ICTS measurements.

In order to reveal optical properties of the deep levels in 6H-SiC wafers,
photoluminescence at 12~77TK was investigated. However, broad peaks due to
donor (N) - acceptor (Al) pair recombination disturbed the identification of
peaks related with deep levels.
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Uddin and Uemoto reported DLTS measurements of 6H-5iC pn junction
diodes grown by LPE [41]. At the level 0.71eV below the conduction band
edge in the n layer, they observed an electron trap with a concentration of
2x10%c¢m™3. The trap named peak 3 in this study may be the same as that
they reported, from the close value in the level. The origins and characteristics
of these deep levels, however, are unknown at present. A detailed analysis on
impurities and defects in the crystals and/or ICTS measurements of intention-
ally doped samples are required.

On the other hand, epilayers showed very small ICTS signal at 130~400K
in the time range of 107°~10%sec. Deep levels which are located above E .~
1.0eV (E.: the conduction band edge) should bring about the capacitance tran-
sient under the measurement conditions. These results suggest that the con-
centrations of deep electron traps in epilayers are negligibly small ( < 103¢m™2)
compared with the shallow level concentrations. It is known that electron traps
at energy levels of F.-620meV and E.~640meV (Z, and Z, traps) are formed
in 6H-SiC epilayers prepared under particular growth conditions [40]. These
electron traps are supposed to originate from intrinsic defects because they can
be also created by the irradiation of any high-energy particles (H, He, electron,
etc.) [40]. However, these traps could not be observed in the present epilayers.
Thus, the epilayers have excellent quality, which is adequate for application to
majority carrier devices. As for minority-carrier traps, further analyses on pn
junction structures will be required.

6.4 In-situ Doping of Impurities

6.4.1 Nitrogen doping

In-situ n-type doping can be easily achieved by the introduction of N,
during epitaxial growth. N doping gave very little influence on growth rate and
surface morphology. Figure 6.14 shows the N donor concentration vs. the N,
flow rate. The donor concentration was estimated from capacitance - voltage
(C-V) characteristics of Au/6H-SiC Schottky structures. Note that this mea-
surement provides not the electron concentration but the donor concentration,
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because all the donors are ionized in the depletion region. The flow rates of
SiH, and CsHg were 0.15 and 0.10sccm, respectively (C/Si=2.0). The slope
of the plot is unity, indicating the excellent doping controllability. This result
is similar to the reports by Wang ¢t al. [8] and Karmann et al. [4], though
these previous studies employed only 6H-SiC(0001)Si substrates. The doping
efficiency 7)doping Was defined by the following equation:

NdopanL/Fdopa.nt.
ing = 6.10
ldoping Nsi/Fsu, (6.10)

where Nyopant and Ng; are the dopant and Si concentration in epilayers. Fyopant
and Fgy, are the amount of dopant atoms and SiH4 supplied per unit time?.
The calculated doping efficiency is 1.5x1075, independent of the substrate
polarity. Recently, Larkin et e¢/. have found that the doping efficiency of
N strongly depends on the C/Si ratio during the growth on (0001)Si sub-
strates: The higher C/Si ratio leads to the lower N concentration [44]. This
phenomenon can be explained by that the higher C coverage on the growing
surface prevents the incorporation of N atoms, which substitute at the C site,
into the crystals. In order to clarify the doping mechanism, detailed study
on the C/Si ratio dependence and surface coverage on both Si and C faces is
required.

Relatively high ionization energies of N donors in SiC (80~144meV in 6H-
SiC {30]) cause the incomplete activation at room temperature. The activation
ratio n/Ny (n:electron concentration, Ny:donor concentration) was estimated
to be 0.4~0.7 at room temperature.

Figure 6.15 shows the electron mobility in.the basal plane vs. the carrier
concentration of 6H-SiC epilayers. The mobility is 350cm?/Vs at 10%cm™3,
and 150cm?/Vs at 10'®cm™2 at room temperature. This result is comparable
to the data previously reported [4,32].

2N atoms substitute at the C site in SiC. However, the supply of Si species controls
the growth rate as shown in Fig.3.2. Thus, the doping efficiency was normalized by the
Si-related term.
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6.4.2 Aluminum and boron doping

The addition of small amount of trimethylaluminum(TMA:Al(CHa)) is
effective for in-situ p-type doping [45]. Although most Al-doped epilayers
showed very smooth surfaces, surface pits and hillocks were observed in heavily
doped (Al concentration > 10®cm™2) samples grown on C faces. The supply
of TMA causes the shift of growth conditions toward C-rich ambient due to
the release of CHj species from TMA molecules. The surface migration is
suppressed and the nucleation is promoted under C-rich growth conditions as
described in 5.3. This may be the reason for the surface roughening of heavily
doped epilayers grown on C faces.

The Al acceptor vs. TMA flow rate is shown in Fig.6.16. The flow rates
of SiH4 and C3Hg are 0.30 and 0.20sccm (C/Si ratio=2.0), respectively. The
acceptor concentration estimated from C-V measurements agreed well with
the Al concentration determined by SIMS measurements. Although the pro-
portionality in the doping characteristics is quite good, remarkable difference
in doping efficiency between Si and C faces is observed. The efliciency is much
higher on Si faces (3.8x107%) than that on C faces (1.3x107*). The origin of
this polarity dependence is not clear at present. Nishino observed the increas-
ing Al doping efficiency under the C-rich conditions [46]. This result can be
again explained by the site competition between Si and Al atoms on the grow-
ing surface which is controlled by surface C coverage. The polarity dependence
of surface coverage and step structures should be studied in detail.

Because of high ionization energy of Al acceptors (~250meV) [29], the
activation ratio p/N, (p:hole concentration, N,:acceptor concentration) was
as low as 1072~10"! at room temperature. However, a very high hole con-
centration of 4,.2x10®cm™3 could be achieved for heavily doped epilayers (Al
concentration=4x10°cm™3). This result might arise from the decreased ion-
ization energy due to the bandgap shrinkage in heavily doped samples, or to the
formation of impurity band caused by the impurity-impurity interaction [47].
The average distance between the nearest Al atoms in heavily doped samples
with an Al concentration of 4x10*cm™3
close to the effective Bohr radius in p-type 6H-5iC (0.51nm), assuming m*=my.

is estimated to be 1.5nm, which is
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Figure 6.17 shows the hole mobility vs. the carrier concentration of Al-
doped 6H-SiC epilayers at room temperature. The hole mobility is 33cm?/Vs
at 6x10%cm=3, and 6cm?/Vs at 1x10¥cm™. For heavily doped samples, a
low resistivity of 0.04Qcm could be obtained, which is useful for contact layers
with reduced ohmic contact resistances.

Another hopeful acceptor is B, which can be easily doped using a B;Hg
gas. Although B doping did not affect surface morphology, the growth rate was
reduced by 20~30% in epitaxial growth of B doping. Since B,Hg is a gas with
high vapor pressure, the doping controllability and uniformity were excellent.
Figure 6.18 shows the B acceptor concentration vs. the B;Hg flow rate. The
flow rates of SiH, and C3Hg were 0.30 and 0.20sccm (C/Si ratio=2.0). The
acceptor concentration estimated from C-V measurements coincided with the
B concentration determined by SIMS within the experimental errors. The
doping efficiency was 7.5x107*, independent of the substrate polarity.

B-doped samples exhibited high resistivity, and the formation of ohmic
contacts was difficult. This may be ascribed to the high ionization energy
of B acceptor (300~390meV) [39,48]. Figure 6.19 shows the B concentra-
tion dependence of resistivity at room temperature measured by the van der
Pauw method. The dotted line represents the calculated dependence, assum-
ing E, — E,=350meV and p=50cm?/Vs. This estimation is in good agreement
with experimental results. At a B concentration of 1x10c¢m™2, a high resis-
tivity of 520{cm could be obtained, which may be useful for isolation layers.
Although higher resistivities are expected for lightly B-doped samples, such
high resistivities prevented the accurate measurement.

6.5 Ion Implantation into Epilayers

6.5.1 Nitrogen ion implantation

Although ion implantation is widely used for Si and GaAs device fab-
rication, studies on ion implantation into SiC are very limited. Nitrogen ion
(N*) implantation into SiC has been reported by several groups [49-52]. But
most studies have been performed using 6H-SiC bulk crystals grown by the
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Lely method or 3C-SiC heteroepitaxially grown on Si substrates, and there
have been only a few reports on ion implantation into 6H-SiC epilayers [9,10],
which are recognized as device-quality materials. Although the implant dose
significantly influences damages in implanted layers and the electrical acti-
vation of dopants, no systematic investigations have been reported on this
subject.

In this subsection, the effects of N* dose on 6H-SiC epitaxial layers are
described in detail. Lattice damage and its recovery by thermal annealing are
investigated. Based on these results, the relationship between the implantation
damage and the electrical activation of dopants is discussed.

P-type off-oriented 6H-SiC{0001} wafers grown by a modified Lely method
were used as substrates. The surface polarity and off-angle of substrates were
(0001)C face and 4°, respectively. Al-doped epilayers with a thickness of 4um
were grown by step-controlled epitaxy. The acceptor concentrations of epilay-
ers and substrates were 2x10'"cm™2 and 2x10'®cm™3, respectively.

N* ions were implanted into the bare surface of samples at room tem-
perature. The tilt angle between the ion beam direction and the c-axis (the
(0001) direction) was 7°. The triple implantation was carried out at energies
of 140, 80, and 30keV. In order to investigate the effects of implant dose, the
dose was varied in the wide range of 3x103~1x10%cm~2 with a constant
dose ratio for each implantation energy (N* dose=0.57:0.29:0.14 for 140keV,
80keV, 30keV). These total doses lead to the average nitrogen concentrations
of about 9x10'7~3x10%°cm~? in the implanted layers. The typical ion current
density during implantation was 1~5pA/cm? Post-implantation annealing
was performed in a furnace heated by rf-induction with a gas flow of Ar. The
annealing temperature and period were 1200~1600°C and 30min. During the
annealing, samples were set on a SiC-coated graphite susceptor. It is known
that the high-temperature annealing above 1300°C causes the damage of SiC
surface. However, the formation of surface pits or roughening was not observed
in this study. The lattice damage of implanted layers was monitored by RBS
and TEM. The electrical properties were characterized by the van der Pauw
method. Nj annealed at 1050°C was used as ohmic contacts.

Figure 6.20 shows the N depth profiles before and after annealing at
1500°C for 30min. The total dose of N* was 2.0x10'*cm~2. The profile before
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annealing can be well predicted by a Monte Carlo simulation [53]. The pro-
files show three peaks corresponding to the triple implantation at 30, 80, and
140keV. The implantation depth is estimated to be 0.35um. After the samples
are subjected to high-temperature annealing at 1500°C, almost no redistribu-
tion of N is observed. This result reflects a very low diffusion coefficient of N
in SiC. Based on the reported data [54], the diffusion coefficient of N in SiC
is estimated to be less than 107%cm?/s at 1500°C, which indicates that the
diffusion of nitrogen in SiC is negligibly small, even if the diffusion coefficient
might increase through the implantation-induced damage.

Figure 6.21 shows the annealing temperature dependence of the backscat-
tering yield ratio at the Si edge in RBS spectra for layers implanted with
2%x10*®cm~? dose. Here, the backscattering yield ratio was defined as the
maximum ratio between the aligned and random yields at the Si edge of im-
planted layers. The backscattering yield ratio decreases monotonously with the
annealing temperature, and reaches about 3~4% when high-temperature an-
nealing at 1500~1600°C is performed. In this study, an annealing temperature
of 1500°C was mainly employed. Though annealing at a higher temperature
(e.g. 1600°C) brings about slightly better results, such high-temperature an-
nealing is not practical for device application due to the lack of stable masking
materials.

Figures 6.22 and 6.23 show RBS spectra obtained from 8x10'%cm=2, and
4x10"cm™? implanted samples, respectively. In the figures, aligned spectra
of as-implanted and 1500°C-annealed samples together with a random spec-
trum are shown. In the case of 8x10"cm~? implantation (Fig.6.22), the as-
implanted layer has crystalline structure (Fig.6.22(b)), and the damage is al-
most completely removed by annealing at 1500°C (Fig.6.22(c)). In high-dose
implantation of 4x10%cm~? (Fig.6.23), the randomized layer is formed at the
surface (Fig.6.23(b)). The width of the randomized layer is 0.40um, which is
a little deeper than the N profile. Through annealing, the epitaxial regrowth
takes place mainly from the underlying undamaged layer, but a severely dam-
aged layer does remain after annealing as shown in Fig.6.23(c).

Figure 6.24 shows the implant dose dependence of the backscattering
yield ratio in RBS spectra for as-implanted and 1500°C-annealed samples.
The ratios for as-implanted layers represent a steep increase with increasing
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Fig.6.25 (a) Cross-sectional TEM image and diffraction pattern for
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Fig.6.25  (b) Cross-sectional TEM image and diffraction pattern for
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2

dose, and reach up to 100% when the dose exceeds 4x10"cm™, which is a

threshold dose for amorphous formation. Figure 6.24 suggests that the damage
cannot be removed by 1500°C-annealing, once amorphous layers are formed
through implantation. Even in low-dose implantation (1 x10M~8x10cm™?),
the ratios after 1500°C-annealing (1.9~2.3%) are slightly higher than that of
a virgin sample (1.7%), indicating the difficulty of complete regrowth.

Figure 6.25 shows cross-sectional TEM images and diffraction patterns
for (a) as-implanted and (b) 1500°C-annealed samples implanted with a dose
of 2% 10'%cm~2. From the diffraction pattern, the as-implanted layer has crys-
talline structure (6H-SiC), which is consistent with the result of RBS measure-
ment. Damaged (dark) region extends to 0.3um depth (Fig.6.25(a)). This dark
region may originate from substantial strain and/or a number of point defects
formed through implantation. The damage can be significantly removed by the
annealing, though small dark spots remain, which might be ascribed to coa-
lesced point defects or defect-complexes. However, the formation of dislocation
loops and stacking faults was not observed.

The annealing temperature dependence of sheet resistance and electrical
activation ratio is shown in Fig.6.26. Here, the electrical activation ratio was
defined as the ratio of the sheet carrier concentration ng (n,=nd, n:the average
carrier concentration, d:the junction depth) to the Nt dose ®. The annealing
at 1200°C is not enough for the activation of implanted N, a very high sheet
resistance of 5.8k2/0 and a low electrical activation of 11%. High-temperature
annealing at 1500°C is required to obtain reasonable sheet resistances less than
1kQ/0.

Figure 6.27 shows the dose dependence of the sheet resistance of im-
planted layers characterized by the van der Pauw method. The annealing was
performed at 1500°C for 30min. In the low-dose region, the sheet resistance
decreases with the dose. After showing minimum at a dose of 8x10Mcm™2,
however, the resistance increases with increasing dose. The minimum sheet re-
sistance of 770§}/ 0 obtained in this study is lower than the best value (84352/0)
ever reported in SiC, which has been obtained by hot-implantation at 1000°C
and post-annealing at 1300°C [10].

In donor (phosphorus) jon implantation into Si, lower sheet resistances
can be achieved through implantation with higher dose up to 10*®cm=2 [55],
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owing to its very high solubility and complete recrystallization of implanted
Si layers. However, the sheet resistance cannot be reduced by high-dose N*
implantation into SiC. This different behavior of the sheet resistance in the
high-dose region may result from the lower solubility of N in SiC or the low
electrical activation due to the remaining lattice damage. Since the solubility
of N in SiC is rather high (>10®cm™2 at 1750°C) [56], the lattice damage
seems to prevent the activation of implanted N atoms.

To clarify the electrical activation of implanted ions, the dose dependence
of the average carrier concentration in implanted layers, which was obtained
by Hall effect measurement, is shown in Fig.6.28. The results for samples
annealed at 1400, 1500, and 1600°C are presented. In the figure, two dotted
lines represent the dependences corresponding to electrical activation ratios
of 100% and 50%. In the low-dose region, the carrier concentration increases
almost proportionally to the implant dose, indicating the constant electrical
activation ratio. The electrical activation ratios of 1500°C-annealed samples
are about 50% in this region. Note that the N donor concentration should be
a little higher than the carrier concentration because of the large ionization
energies (80~144meV) [30] of N donors. The analysis on the temperature
dependence of carrier concentration will be required for the future study.

With the increase in dose, the carrier concentrations show saturation,
which makes the electrical activation ratio decrease down to about 10% or
less. Note that the saturated value of the carrier concentration depends on
the annealing temperature: the annealing at higher temperature leads to the
higher carrier concentration. This result suggests that the carrier concentra-
tion is limited by the remaining damage, and not by solubility. In fact, the
2 which has been
elucidated through RBS measurements. The difficulty of complete recrystal-

damage cannot be removed when the dose exceeds 10°cm™

lization of SiC may be attributed to its high activation energy for crystallization
and /or microscopic deviation of stoichiometry caused by implantation. There-
fore, the implantation-induced damage should be minimal during implantation
into SiC. Hot-implantation may be promising especially for high-dose implan-
tation [10,57].
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6.5.2 Aluminum and boron ion implantation

As for the Al jon implantation into SiC, there have been contradictions
between the previous reports. Some groups succeeded in the formation of
p-layer [58], whereas the formation of highly resistive layers by the implanta-
tion was reported by other groups [49]. Besides, only a few studies on B ion
implantation into SiC have been published [39,59).

In this subsection, the author investigated Al and B ion implantations
using device-quality 6H-SiC epilayers. The implantation-induced damage and
electrical properties of implanted layers are characterized. In electrical mea-
surements, Al/Ti annealed at 1000°C was used as ohmic contacts.

N-type 5um-thick 6H-SiC epilayers grown on off-oriented 6H-SiC(0001)C
faces were used. The donor concentrations of epilayers and substrates were
7x105~2x10%cm~* and 2x10%¥cm~3, respectively. Al* or B* ions were im-
planted into the bare surface of samples at room temperature. The total im-
plant dose was varied in the wide range of 1x10'~2x10'%cm™? to investigate
the dose effects. The implantation conditions except for the each implantation
energy and dose are similar to those in the case of N* implantation. For the
electrical measurements, Al/Ti annealed at 1000°C was used as ohmic con-
tacts. From SEM observation, the implantation depth was estimated to be
0.55~0.60pm for Al*- and B*-implanted samples.

Figure 6.29 shows Al profiles before and after annealing at 1500°C for
30min. The detailed implantation energy and dose are shown in the figure
(total dose of Al* was 5.0x10°cm~2). B atom profiles, implanted with the
same total dose, before and after annealing at 1500°C for 30min are shown in
Fig.6.30. Both the distributions exhibit box profiles of a peak concentration
of 2x10%°cm™3. By adjusting the implant energies, quite similar profiles could
be obtained between Al* and BT implantations. Redistribution of Al and B
is negligibly small after high-temperature annealing at 1500°C, though slight
out-diffusion was observed in the B*-implanted sample. Addamiano et al.
reported that annealing at 1400°C causes the serious out-diffusion of Al and
B in implanted Lely crystals [60]. This disagreement may originate from the
difference in quality of used crystals. The Lely crystals, which are grown at a
very high temperature of 2400°C, may contain high density of vacancies and/or
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interstitials, which enhance the diffusion of impurities during heat treatment.

The author briefly checked the annealing temperature dependence of the
properties of Al*- and B*-implanted layers, and found that higher annealing
temperatures are preferable to improve the quality of implanted layers. Thus,
annealing at 1500°C was mainly employed. Figures 6.31 and 6.32 show the im-
plant dose dependence of the backscattering yield ratio in RBS spectra for as-
implanted and 1500°C-annealed samples in Al and B implantations. The nor-
malized backscattering yield for as-implanted layers represent a steep increase
at about 5x10™cm™? dose in Al* implantation (Fig.6.31), and 1x10*cm™?
dose in B* implantation (Fig.6.32). The critical implant dose for complete
amorphization can be estimated to be 1x10cm™2 dose in Al* implantation,
and 5x10*cm™? dose in B* implantation. The lower critical implant dose
in the former case indicates that the implantation-induced damages are more
severe in AlT implantation. This result reflects the difference in the mass of
implanted ions: Al atoms are much heavier, which leads to dominant collisions
of implanted ions with nuclei of a host material. In the present study, the
author formed the almost same implantation profiles between Al* and B* im-
plantations. The heavier mass of Al atoms requires higher-energy implantation
to obtain a profile with the same junction depth, owing to its smaller projected
ranges. This high-energy implantation is another reason why the lattice dam-
ages are more severe in AlT implantation. After annealing at 1500°C, the dam-
ages are significantly removed when the as-implanted layers have crystalline
structures. However, the severe damages remain even after 1500°C-annealing,
once amorphous layers are formed through implantation, which is quite similar
to the case of Nt implantation. For further investigation on lattice damages,
cross-sectional transmission electron microscope (TEM) observation will be
required.

After annealing at 1500°C, Al*-implanted layers showed p-type conduc-
tion. Figure 6.33 shows the dose dependence of the sheet resistance and elec-
trical activation ratio of Alt-implanted layers characterized by the van der
Pauw method. The sheet resistance gradually decreases with the increase of
Al* dose in the range of 1x10Mcm=2~2x10"cm~?, and a sheet, resistance of
22k)/0 was obtained with a corresponding electrical activation of 1.6%. For a
sample implanted with 1.1 x10'®c¢m~2, the implanted layer was rather resistive,
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which may be caused by the severe implantation damage as shown in Fig.6.31.
The high sheet resistances of Al*-implanted layers come from the low electrical
activation ratio caused by the deep Al acceptor level and the low hole mobility
(about 1/5~1/10 of electron mobility). On the basis of rough estimation, the
resistivities of implanted layers turned out to almost coincide with those of
Al-doped epilayers with the similar Al concentrations. To reduce the sheet re-
sistance, the Al dose should be increased, keeping the implantation-damages
as small as possible. In this sense, hot-implantation may be promising.

Recently, Rao et al. reported a systematic study on Al* and B implan-
tations into 6H-SiC [61]. According to the report, Al* implantation at room
temperature resulted in the formation of n-type or resistive layers and p-type
layers could be obtained only by hot implantation at 850°C followed by an-
nealing at 1400°C. Although the origins of discrepancy between their and this
results are not clear, one possible reason may be a difference in the annealing
process. In sample annealing, Rao et al. used a conventional electric furnace,
whereas we employed a rf-induction heated furnace, which allows very fast
temperature rising (>40°/s). This rapid heating might prevent unfavorable
annealing stages at low temperatures. Anyway, the present study is the first
report that demonstrates clear p-type conduction of SiC layers implanted with
Al* at room temperature.

On the other hand, B*-implanted layers were highly resistive which pre-
vented the identification of conduction type (p or n) as well as the accurate
measurement of electrical activation. Figure 6.34 shows the implant dose de-
pendence of resistivity for B*-implanted layers annealed at 1500°C3. The dot-
ted line denotes the dependence calculated from the B acceptor ionization
energy (350meV) [39,48] and a mobility (20cm?/Vs). The obtained resistiv-
ities (15~120Qcm) agree with predicted values. The author confirmed the
resistivities almost coincide with those of B-doped epilayers with the similar
B concentration. Thus, the author believe that the high resistivities of B*-
implanted layers are not due to remaining damages but inherent to B-doped
S1C because of its deep acceptor level. B* implantation may be effective to
form highly resistive layers rather than to make p* well. For example, the

3The resistivities of Bt-implanted layers were so high that the plot of sheet resistance
seems to make no sense.
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edge termination of high-voltage Schottky rectifiers is a hopeful application of
B* implantation [62].

6.6 Summary

In this chapter, detailed characterization of undoped n-type 6H-5iC epi-
layers was presented. /n-situ doping and ion implantation of donor and accep-
tor impurities were systematically investigated.

RBS, X-ray diffraction, and cross-sectional TEM analyses demonstrated
the high quality of epilayers. The typical etch pit density of epilayers was
10%cm™2. In low-temperature photoluminescence, the N bound exciton and
free exciton peaks were dominant, and Al- and Ti-related luminescence was
negligibly small, indicating high purity of epilayers. For low-doped epilay-
ers with a carrier concentration of 2x10*cm™3, a high electron mobility of
431cm?/Vs could be obtained, which is the highest ever reported in 6H-SiC.
The temperature dependence of carrier concentration and mobility suggested
the very low compensation. In ICTS and DLTS measurements, three deep
electron traps with concentrations of 10'5~10'®cm™ were observed in 6H-5iC
wafers. However, the epilayers have very few electron traps of which concen-
tration is negligibly small (< 10%em™3).

In-situ doping of N, Al, and B was achieved in the wide range of 1016~10°
cm~3 with excellent controllability, using N, TMA, and ByHg as source gases.
Remarkable polarity dependence in Al doping efficiency was observed. The
carrier concentration dependences of electron and hole mobilities were pre-
sented. Although the ionization energy of Al acceptors is high in SiC, a low
resistivity of 0.042cm was obtained in heavily doped samples. B-doped layers
showed high resistivities of 80~520Qcm.

N7 implantation into p-type 6H-SiC{0001} epilayers was investigated.
The implantation-induced damages severely increased when the implant dose
exceeds 1x10%cm™2. A low sheet resistance of 770{2/0 was obtained by
1500°C-annealing for a layer implanted with 8 x10™cm™2. A relatively high
electrical activation ratio (~50%) can be obtained in the case of low-dose im-
plantation (<1x10'cm~2). In high-dose implantation (>1x10®cm™2), how-
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ever, the electrical activation is limited by the residual damage in implanted
layers. Al* and B* implantations into n-type 6H-SiC epilayers were also stud-
ied. The implantation-induced damages were severe in Al* implantation due
to the larger mass of implanted ions. P-type layers with a sheet resistance
of 22k}/0 could be obtained by Al* implantation followed by annealing at
1500°C. BT implantation resulted in the formation of resistive layers with re-
sistivities of 15~120Qcm, which may be attributed to the deep B acceptor
level.
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Chapter 7

Application to High-Power,
High-Temperature Devices

7.1 Introduction

Step-controlled epitaxy has opened the way to obtain high-quality SiC
epilayers with controlling polytypes, which allows the realization of advanced
power devices and electronic devices operating at high temperatures.

As an application to power devices, it has been predicted that high-
voltage Schottky rectifiers and metal-oxide-semiconductor FETs (MOSFETs)
with extremely low specific on-resistances can be realized using SiC owing to
its high breakdown field, and SiC devices can replace the present-day Si power
devices on account of low power losses and the reduced chip sizes [1]. However,
simulation cannot tell the whole story. The fabrication of real devices is the
most important task.

Another prospective target of SiC is high-temperature devices. The large
bandgap of SiC significantly suppresses the thermal excitation of electrons
from the valence band to the conduction band, leading to the extremely low
intrinsic carrier concentration (~107%m™ at room temperature for 6H-SiC).
This property together with excellent thermal stability allows the realization
of SiC devices operating at elevated temperatures with low leakage current.

Although several SiC power devices [2-5] and high-temperature devices
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[6-8] have been fabricated, the detailed characteristics including the fabrication
process have not been reported.

In this chapter, at first, the author theoretically investigates the perfor-
mance of SiC power Schottky rectifiers and MOSFETs. Based on the simu-
lation, the feasibility and technological problems of SiC power devices will be
discussed. Preliminary results on high-voltage 6H-SiC Schottky rectifiers and
pn junction diodes are presented. The current-voltage characteristics and their
high-temperature operation are experimentally investigated. This chapter is
constructed to offer the final characterization of epilayers with demonstrating

the potential of SiC devices.

7.2 Prediction of SiC Power-Device Perfor-

marnce

Although Bhatnagar and Baliga have reported a principal guideline for
numerical analyses on SiC power devices [1}, more detailed simulation is re-
quired to predict real SiC device performance. For example, the anisotropy of
electron mobility [9,10] should be taken account. Besides, the low drift-region
resistances in SiC power devices should make the channel resistances of power
MOSFETs much more important.

7.2.1 Specific on-resistance

A Schottky rectifier is the most simple and basic majority carrier device.
The equivalent circuit of a Schottky rectifier is shown in Fig.7.1. The series
resistance for unit area (specific on-resistance Ro,) is given by the sum of
epilayer (drift region) and substrate resistances. Here, the contact resistance
was neglected due to the low value. The theoretical R,,’s are given by

Ron = Rasite + Rsub = pepiWepi + Psub Wub, (7.1)

where Rarin and Reub are the resistances for unit area of the epilayer and sub-
strate, pepi and peu the epilayer and substrate resistivities, Wy, and W,y

the thicknesses of the epilayer and substrate, respectively. To sustain the high
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R arift

Rsub

Fig.7.1  Equivalent circuit of a Schottky rectifier. The series resistance
for unit area (specific on-resistance R,,) is given by the sum of
epilayer (drift region) and substrate resistances.



208 CHAPTER 7. HIGH-POWER, HIGH-TEMPERATURE DEVICES

—_
Q
o

| EARL

[llll I 1 lllTlil Fall 1 1

L1 111l

&

£

(&

&

O 107 :
Z F :
< :
) ] )
0 102E ‘3
T F :
CZ) " _
o103 - ..~ 4H-SiC =
™ T T T - =
6 L ]
o | |

_4 L1 11 ] ] ] 1 1 111 | | ]

» 10750 100 500 1000 5000

BREAKDOWN VOLTAGE (V)

Fig.7.2  Specific on-resistance (Ron) as a function of breakdown voltage (Vz)
for Si, 6H-, and 4H-SiC Schottky rectifiers.



7.2. PREDICTION OF SIC POWER-DEVICE PERFORMANCE 209

blocking voltages, the reduced doping concentrations and the increased deple-
tion widths are required, which lead to the increase in Rggr.. Hence, R,,’s are
determined mainly by Raug for high-voltage devices. For calculation of Rgub,
the author used a thickness of 300um and resistivities of 0.01Qcm, 0.06Q2cm,
and 0.02Qcm for Si, 6H- and 4H-SiC, respectively, which are commercially
available values. Using the breakdown field (£g) and mobility (), Rann for
optimum structures can be calculated using the following equation [11]
2

Rarit, = TI%, (7.2)
where ¢ is the permittivity (¢=11.9¢g for Si and 9.7¢q for SiC : ¢q is the permit-
tivity in vacuum). 7 is the activation ratio of dopants, and assumed as 1.0 for
Si and 2.0 for SiC, taking account of the donor levels. Rgup'’s were calculated
using breakdown field and mobility data reported for Si [12] and SiC [10,13].
Here, the breakdown field of 4H-5iC was assumed to be the same as that of
6H-SiC [14].

It is known that o-SiC exhibits the anisotropy in electron mobility [9,10].
According to the previous reports, the mobility parallel to the c-axis () is
only one-third to one-fifth of the mobility perpendicular to the c-axis (g, ) in
6H-51C. 4H-SiC, however, shows an opposite anisotropy, g is even higher than
1 by 20%. In this simulation, y) for 6H- and 4H-SiC was employed. Since g
of 4H-SiC is two times higher than that of 6H-S5iC, about 10 times higher g
can be expected in 4H-SiC. Thus, 4H-5iC is much more attractive for vertical
power device applications.

Figure 7.2 shows the specific on-resistance (R.,) as a function of break-
down voltage (Vg). Although the theoretical Roy's for low-voltage (<300V)
SiC rectifiers are saturated due to the relatively high substrate resistances,
SiC devices show much lower R,,’s than Siin the high-voltage region. In par-
ticular, 4H-SiC is the most promising candidate owing to much higher mobility
along the c-axis than 6H-SiC.

7.2.2 Effects of channel mobility

Power MOSFETSs have inherent excellent properties such as high switch-
ing speed, high input impedance, and thermal stability. However, the on-
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Fig.7.3  Structure of a DMOSFET assumed in the simulation. Gate length
and gate width per unit area are 2um and 15m/cm?, respectively.
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resistances of power MOSFETs show very rapid increase with the increase
in breakdown voltage [15]. Thus, the current handling capability is severely
limited in high-voltage Si MOSFETs. In order to meet the needs for high-
power and high-frequency applications, the development of SiC MOSFETSs
may be an ideal solution [1,16,17].

Figure 7.3 shows the structure of a double-diffused MOSFET (DMOS-
FET) assumed in the present simulation. This structure is employed in most
of the present-day Si power MOSFETs. The gate length and gate width per
unit area of the MOSFET are 2um and 15m/cm?, which are typical in the
present-day 51 DMOSFETs [15]. The thickness of gate oxide and the acceptor
concentration of p-well region are 50nm and 1x10'7e¢m™3

In this study, the total specific on-resistance R,, defined as the following
equation was considered:

, Tespectively.

Ron = Rc]\ + Rdrift + Rsub, (73)

where R4, Ramr, and Rg,p are the resistances for unit area of the channel
(inversion layer), drift region, and substrate. Here, the contact resistance and
the resistance of junction FET (JFET) region were neglected.

Rarine and Rg,, were calculated in 7.2.1. Although the channel resistance
R4, cannot be expressed by a simple equation, it can be approximately calcu-
lated using the following equation [15].

R ~ h‘l (Zb/la) 1
® = 2 uCi(Vg — Vo) Ny’

(14)

where p., C;, and Vg are the channel mobility, the gate capacitance, and the
gate voltage. [ and [}, are determined by the cell size as shown in Fig.7.3.
Nr, is the number of DMOSFETs per unit area (4x10%cm™?), which can be
calculated from the size of MOSFETs (Fig.7.3) and the gate width per unit
area (15m/cm?). Vr is the threshold voltage given by

vV 46(171[)8 Na.

VT = 2¢B + Ci ) .

(7.5)

where N, and g are the acceptor concentration and the potential difference
between the intrinsic and Fermi levels in the p-well region. Here, the work
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function difference between the gate and semiconductor, and the interface
charge are neglected. Vg — Vi of 10V was employed in this simulation. The
channel mobility was assumed as 500cm?/Vs for Si [15], and varied in the range
of 10~200cm?/Vs for SiC because of the lack of reliable data.

In general, power devices operate at elevated temperatures due to self-
heating by power losses. Hence, the simulation was performed at a device
temperature of 400K(127°C). The decreases in mobility and bandgap with the
temperature increase were considered using their reported temperature depen-
dences [18,19]. For the present DMOSFET structure, the threshold voltage
at 400K can be estimated to be 2.8V for Si, 5.6V for 6H-SiC, and 6.4V for
4H-SiC using eq.(7.5). In order to clarify the relationship between the total
on-resistance and the channel mobility, the on-resistances were calculated as a
function of the breakdown voltage and channel mobility.

Figure 7.4 shows the breakdown voltage dependence of the specific on-
resistances of (a) 6H-5iC and (b) 4H-SiC DMOSFETSs at 400K, together with
that of Si devices. Here, two times higher channel mobilities were assumed
in 4H-SiC devices (pc(4H)=2p(6H)), based on the difference in bulk mobil-
ities. The effects of channel mobility in SiC MOSFETs are shown. In SiC
MOSFET structures considered in this study, the substrate resistance Ry
is 1.8x10730cm? for 6H and 6.0x107*Qcm? for 4H-5iC devices, indicating
that the contribution of the substrate resistance is small. For the 6H-SiC de-
vices with breakdown voltages lower than 1000V, the total on-resistances are
severely limited by the channel resistances, even if a high channel mobility of
100cm?/Vs is assumed. Although the drift region resistances become gradu-
ally dominant in high-voltage SiC MOSFETs, the low channel mobilities lead
to relatively high specific on-resistances. For example, in a 3000V 6H-SiC
MOSFET, the channel resistances determined by the channel mobility of 100,
50, and 10cm®/Vs account for 21%, 34%, and 72% of the total specific on-
resistance. This tendency becomes more significant for 4H-SiC DMOSFETsS,
of which drift region resistances are very low. Recently, Bhatnagar et al. re-
ported the effects of channel mobility on the performance of 6H-SiC power
MOSFETs {20]. The present study basically agrees with their analysis.

Cross-over points of the theoretical curves for SiC and Si in Fig.7.4 give
the lowest blocking voltages with which SiC MOSFETs can realize lower spe-

cific on-resistances than Si MOSFETs. The cross-over point shifts toward the
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higher voltage region with the decrease in channel mobility. In order to replace
Si power MOSFETs with SiC MOSFETs, specific on-resistances much lower
than Si devices will be required because of higher cost in SiC devices. If
we assume a criterion for the replacement as the 1/10 on-resistances of Si
MOSFETs, the lowest blocking voltages with which 6H-S5iC MOSFETSs should
be developed are 420V, 620V, and 950V for the channel mobilities of 100,
50, and 10cm?/Vs, respectively. A channel mobility higher than 50cm?/Vs
may be required to realize a 500V (or higher) 6H-SiC MOSFET with excellent
performance. Quite similar situation is expected in 4H-SiC DMOSFETs. In a
6H-SiC planar MOSFET, a channel mobility of 48cm?/Vs has been obtained
[21]. Although this value encourages us to develop a 6H-5iC MOSFET, the

detailed characterization and improvement of channel mobility are necessary.

7.3 High-Voltage Schottky Rectifiers

In high-frequency power circuits, Schottky rectifiers are superior recti-
fiers because of its low turn-on voltage and fast reverse recovery character-
istics. However, Si Schottky rectifiers with blocking voltages over 100V are
not available due to the large reverse leakage current caused by the low bar-
rier heights (typically 0.7eV) and to the high on-resistances. Although Si pin
diodes have been used for high-voltage applications, they show slow switching
characteristics [16]). In this study, the potential of high-power SiC Schottky
rectifiers is investigated.

Single crystals of n-type 6H-SiC(0001)C faces were used as substrates.
The off-orientation of substrates was 5° toward (1120). The typical substrate
resistivity was 0.1~0.2Qcm. The n-type 6H-5iC layers were homoepitaxially
grown by step-controlled epitaxy. The carrier concentration was controlled
by in-situ doping with nitrogen using N, gas. The thickness of epilayers was
2.0~9.6pm.

For the fabrication of Schottky rectifiers, Ni was evaporated on the back
of substrates, and annealed at 1100°C to form ohmic contacts. Au Schottky
contacts were thermally evaporated on the epilayers. Before Au deposition,
the as-grown surfaces were cleaned in organic solvents, heated K,CO; [22],
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Fig.7.5  Structure of 6H-5iC Schottky rectifiers.
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aqua regia, and HF, and then rinsed in deionized water. The size of circular
Au Schottky contacts was 120pm in diameter. The structure of Schottky
rectifiers is shown in Fig.7.5. Current-voltage (I-V) and capacitance-voltage
(C-V) measurements were conducted in air between room temperature and
400°C. _
At first, the breakdown field was roughly estimated from the breakdown
voltages of the rectifiers. Figure 7.6 shows the dependence of breakdown field
on doping concentration. Open circles indicate breakdown fields obtained
in this study. Estimated breakdown field of 6H-SiC was 1.9x10°V/cm at
1x10%m™3, and 4.0x105V/cm at 1x10%cm™3. Although about 10 times
higher breakdown field than that of Si was obtained, these values are a little
lower than those obtained from mesa pn junction diodes [13]. This is caused
by the concentrated electric field at the contact periphery in our Schottky sam-
ples. The edge termination should be employed for the accurate estimation.

Figure 7.7 shows the current density — voltage characteristics of a typi-
cal 6H-SiC Schottky rectifier using an epilayer with a donor concentration of
5.8x10cm™ at room temperature and 400°C. Under the forward bias condi-
tion, the characteristic follows the thermionic emission equation with an ide-
ality factor (n) of 1.08~1.15 at current levels lower than 0.1A/cm?. From this
characteristic, the barrier height of Au is estimated as 1.4eV. At high current
levels (>10A/cm?), the series resistance comes into effect. At room temper-
ature, a high current density of 100A/cm?® was achieved at a small forward
voltage of 2.64V. The diode showed a high breakdown voltage over 1100V,
which is the highest value ever reported for Schottky rectifiers of any semicon-
ductor materials. The leakage current density was quite low, 4.0x107%A/cm?
at -200V and 2.1x107%A/cm? at -1100V, in spite of no surface passivation.
These current densities are lower by orders of magnitude than those previously
reported [2]. At 400°C, the reverse leakage current increased significantly, and
the breakdown voltage decreased down to 460V. This result may be caused by
surface breakdown due to no passivation structure. Note that the thickness
of drift region sustaining a blocking voltage of 1100V is only 9.6um for SiC,
which is much thinner than that for Si pin diodes (>90um) with the same
blocking voltage.

Figure 7.8 shows the breakdown voltage dependence of the specific on-
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resistance (R,,) obtained in this study. The experimentally obtained specific
on-resistances for 6H-SiC rectifiers with breakdown voltages of 500~1100V
are lower than the theoretical limits of Si rectifiers by more than one order of
magnitude. For example, R, is only 8.5x1073Qc¢m? for 1100V 6H-SiC diodes.
Recently, further reduction of R, could be achieved by utilizing 4H-5iC [23].
Relatively high K,’s were obtained for the low-voltage SiC rectifiers, which
may be ascribed to the high substratle resistances used in this study {typi-
cally 3~6x1073Qcm?). In the high-voltage devices, the experimental Roy’s
are higher than theoretical values by a factor of 2~3, which may come from
the non-optimized device structure. For example, an edge-termination tech-
nique is strongly required [14,24], because the breakdown voltages obtained in
this study were only 40~70% of theoretical values.

Figure 7.9 shows the temperature dependence of R,, for a 1100V 6 H-51C
Schottky barrier diode between room temperature and 400°C. Open circles
represent the Ry,’s for a SiC rectifier obtained in the present study. The solid
curve shows the theoretical one for a Si Schottky rectifier with the same block-
ing voltage, calculated using mobility data [25]. The R,, of the SiC rectifier
increases monotonously with temperature. The slopes of the plots for Si and
6H-SiC are 2.4 and 2.0, respectively. The increase in Ry, for Si is caused by
the decrease in electron mobility which follows 7"?* dependence [25]. Al-
though SiC has the temperature dependence of electron mobility quite similar
to Si [18,26], the carrier concentration increases with temperature, because N
donors with ionization energies of 80~144meV [27] are not fully activated at
room temperature. This may be the reason why the R,, for 6H-5iC is less sen-
sitive to temperature. 6H-SiC Schottky rectifiers can operate with low R,,’s at
temperatures up to the highest temperature tested, 400°C. This result shows
that high-temperature tolerant power devices can be developed using SiC.

The temperature dependence of the forward voltage drop for different
current density levels is shown in Fig.7.10. At a low current level of 10A/cm?,
the forward voltage drop decreases with temperature. This is attributed to
the promoted thermionic emission across the Schottky barrier at higher tem-
peratures. However, the raising temperature brings about the increase in on-
resistance as shown in Fig.7.9. As a result, at high current levels (>50A/cm?)
where current is controlled by series resistances, higher forward voltages are
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needed for high-temperature operation. For example, the forward voltage
drops which deliver 50A/cm? are 2.24V and 2.75V at room temperature and
300°C, respectively. This result suggests that the diodes have a function to
suppress thermal runaway and can be easily paralleled [2].

Figure 7.11 shows the switching characteristic of a typical high-voltage
6H-SiC rectifier. The bias was switched from 2.4V to -100V within 5nsec
(turn-off). The diode exhibits very fast turn-off within 20nsec, since Schottky
rectifiers are free from minority carrier injection. For high-voltage (>100V)
Si rectifiers, pin diodes are used at present. But pin diodes show very slow
switching speed about psec with huge reverse current overshoot, which brings
about serious increase in power dissipation in high-frequency application [28].
This smart switching characteristic of SiC Schottky rectifiers is one of the most
important advantages, compared with 5i pin diodes.

The reverse current overshoot in Schottky rectifiers may come from dis-
charging the diode capacitor during turn-off. Based on this model, the total
charge per unit area (Qaischarge) Which contributes to the current overshoot is

given by
Qdisclmrgc = Con‘/on - Coﬂ'I/ofh (76)

where C,, and Cog are the capacitance of the depletion layer per unit area in
on- and off-states. V, and V g are the effective on- and off-state bias voltages
which are applied at the Schottky barrier (not the total bias voita,ges)‘. The
effective on-state bias voltage V,, can be expressed by the following equation
[16].

kT Jp
Von = =~ In(0m

) + ¢B. (7.7)
Here, A* is the effective Richardson constant, T the absolute temperature,
k the Boltzmann constant, ¢ the electron charge, and ¢p the barrier height.
The estimated V,, is 1.2V for a Jp of 100A/cm? in the present 6H-SiC rec-
tifiers. Then, the total amount of discharge (discharge Can be calculated to
be 3.3x1077C/cm?, which is in good agreement with the experimental value
(4.4x1077C/cm?).



7.3. HIGH-VOLTAGE SCHOTTKY RECTIFIERS 223

Al/Ti

p* epilayer
N,=5x10%cm™?
d=0.5um

p epilayer \

Si02(50nm)

N,=5x10%cm™?
d=1.3um

n~ epilayer X

Ny=2x10%cm™?
d=15um

n* substrate

Ni

' Fig.7.12  Sructure of a 6H-SiC epitaxial pn diode with a low-doped base

layer.
6I|IIII1IIII{IIIII$I
— 6H-SiC pn diode -]
5— 297K —

Y . -

L

d‘E 4_ —

S Ng = 2.4x10"%cm™3 —

e 3+ V4 =274V -

X L ]

(3]

O 2+ -
1_. —
clllllllllll]illl‘}\ll
'6 -5-4-3-2-10 1 2 3 4

BIAS VOLTAGE (V)

Fig.7.13  1/C%V (C: capacitance, V: voltage) plot of a 6H-5iC epitaxial
pn junction diode.



224 CHAPTER 7. HIGH-POWER, HIGH-TEMPERATURE DEVICES

7.4 High-Voltage, High-Temperature pn Diodes

The characteristics of epitaxial pn junction give the most basic insight
into the quality of epilayers which determines device performance. The author
fabricated several kinds of 6H-SiC epitaxial pn junction diodes with differ-
ent structures such as doping level and epilayer thickness. N-type off-oriented
(0001)S:i wafers grown by a modified Lely method were used as substrates.
All the pn junction diodes were prosessed into a mesa structure by reactive
ion etching using CF4+0; gases with an aluminum mask. The junctions
were passivated with an oxide thermally grown at 1100°C in dry O, (oxide
thickness=50nm). The sructure of a pn diode with a low-doped base layer
is shown in Fig.7.12. Al/Ti and Ni annealed at 1000°C were used as ohmic
contacts on p- and n-type layers, respectively. The area of junctions was
7.85%x1073~1.96x10"3cm? (100~500umg). The reverse current-voltage char-
acteristics were measured by immersing the diodes with Fluorinert™ to avoid
air sparking [4].

The breakdown field calculated from breakdown voltage and doping con-
centration was almost the same as the values Edmond et al reported [13],
1.5%10%V/cm at 2x10%cm™ and 3.2x10%V/cm at 2x107em™3.

Figure 7.13 shows the 1/C?-V (C: capacitance, V: voltage) plot of a pn
junction diode. The good linearity of the plot indicates the abrupt junciton,
and the background doping concentration (n-type layer in this case) can be
estimated to be 2.4x10™cm™. The intercept on the voltage axis gives a
diffusion voltage (Vy) of 2.74V. The theoretical diffusion voltage is determined
by the difference of Fermi levels between p- and n-layers, and is given by [12]

kT Ty,
= == In(PeTn0y (7.8)

q T

Va

Here, ppo, nq0, and n; are the hole concentration in the p-layer, the electron
concentration in the n-layer, and the intrinsic carrier concentration, respec-
tively. k and T are the Boltzmann constant and absolute temperature. By
using the intrinsic concentration of 1x107%cm™3, the diffusion voltage can be
calculated to be 2.54V for the structure shown in Fig.7.12. The slightly higher
diffusion voltage obtained by the C-V measurement may be caused by the
existence of a very thin i-layer at the interface.
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Figures 7.14 and 7.15 show the linear and semi-logarithmic plots of the
current density - voltage characteristics of the diode shown in Fig.7.12. The
junction area is 7.85 x10~%cm? {100pm¢). Excellent rectification characteris-
tics were obtained with a very high breakdown voltage of 1720V. Under the
reverse bias condition near breakdown, the punch-through takes place due to
the low doping concentration and the relatively thin n-layer. Nevertheless, the
breakdown field can be estimated as 1.5x10°V/cm. Neudeck et al. reported
a 2.2kV GH-5iC pn junction diode using a 24pm thick n-layer with a donor
concentration of 2~5x10%cm™ [4]. The breakdown voltage is a little lower in
our experiments, probably due to the thinner n-layer thickness. The leakage
current density is 3.4x1077A/cm? at -100V, and 2.1x10"*A/cm? at -1000V,
which are similar to the reported values [4]. However, the leakage current is
higher than theoretical values by more than ten orders of magnitude. The
leakage path and origin should be clarified.

Under the forward bias condition, the ideality factor is 1.74, which is
indicative of current both diffusion and recombination processes: The char-
acteristics may be explained by the Shockley-Noyce-Saah theory [13, 29]. In
particular, the extremely low intrinsic carrier concentration of 6H-SiC at room
temperature (~107%cm™3) makes the diffusion current very low under small
bias-voltage condition, which leads to the relatively large contribution of re-
combination current. This is the main reason why the 1deality factor is close to
2. The saturation current density is 2.4 x107%*A /cm?. The on-resistance of the
diode is rather high, 0.074£}cm?, which may be attributed to the non-optimized
ohmic contacts to the p-layer.

Figure 7.16 shows the histograms of breakdown voltage for (a) 100pxmé¢,
(b) 300um¢, and (c) 500pme¢ pn junction diodes. Diodes with the smaller size
exhibited the higher breakdown voltage with the smaller distribution. The
highest breakdown voltages for 100ume, 300ume¢, and 500ume devices were
1720V, 1550V, and 1430V, respectively. Large-area diodes possess a high prob-
ability to meet dislocations at which the electric field is concentrated [30,31]
(The dislocation density of epilayers is in the 10%cm™2 range). This may be
the reason why the breakdown voltage decreases with increasing the junction
area. It should be also pointed out that the diodes which contain “micropipes”
showed significantly reduced (30~40% lower) breakdown voltages and large
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leakage current density as Neudeck et al reported [31].

Pn junction diodes were fabricated using N* implantation into p-type 6H-
SiC epilayers. P-type off-oriented 6H-SiC{0001)C wafers grown by a modified
Lely method were used as substrates. Al-doped epilayers with a thickness of
5um were grown. The acceptor concentrations of epilayers and substrates were
4x10'%cm~2 and 5x10*ecm™3, respectively.

Nitrogen ions (N+) were implanted through a 50nm screen oxide at room
temperature. The implantation doses and energies were 5.0x10™cm™? at
100keV and 3.2x10cm™? at 50keV. In the fabrication of pn junction diodes,
a mesa structure was formed by reactive ion etching. The junction was passi-
vated with an oxide thermally grown at 1000°C for 2h in dry O, (oxide thick-
ness=50nm). Ni and AlSi annealed at 1000°C were used as ohmic contacts
on n- and p-type SiC, respectively. The area of junctions was 7.1 x10~%cm?
(300xm¢). The structure is shown in Fig.7.17. The diode characteristics were
measured at temperatures between room temperature and 350°C.

Post-implantation annealing was done at 1400~1600°C for 15min. Since
no significant differences were observed in the characteristics of the diodes
annealed at different temperatures (1400~1600°C), typical characteristics of a
1400°C-annealed diode are shown here. The junction depth was 0.35um, which
was estimated from the cross-sectional view of a cleaved sample by a scanning
electron microscope. The background doping concentration was determined to
be 4.0x10'®cm™ from capacitance-voltage (C-V) measurements. The diffusion
voltage obtained from C-V characteristics is 2.9V, which is a little higher than
the value (2.6V) for an abrupt pn junction expected from the doping levels.
This difference can be explained by that the junction has pin structure with
a 20~30nm thick i-layer, which was estimated from the capacitance at zero
bias. The thickness of i-layer is thin enough, and this i-layer may give little
influence on the current-voltage characteristics.

Figure 7.18 shows the current density - voltage characteristics of the
diode at room temperature and 350°C (623K). The diode demonstrated good
rectification up to the highest temperature tested, 350°C. The breakdown volt-
age is very high, 450V at room temperature and 410V at 350°C, which is the
highest ever reported in SiC pn junction diodes fabricated by N* implantation.
However, the calculated breakdown field at room temperature is 2.5x 10V /cm,
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which is a little lower than that (3.0x10°V/cm) obtained in a 6H-SiC epitaxial
pn junction diode [13]. This result may be caused by defects remaining in the
implanted layer.

Figure 7.19(a) shows the semilogarithmic plots of typical forward current
density (Jr) - voltage (Vg) characteristics at several temperatures. At all tem-
peratures, the Jg-VF curves consist of three regions. In the low current density
region (Jr<107®A/cm? at room temperature), the current increases accord-
ing to roughly V&™ with n=1.0~1.5. Edmond et al. have reported that the
space-charge-limited current dominates in N*-implanted 3C-SiC pn junction
diodes [32]. However, the Jp-Vp curves in this study cannot be explained by
this theory. The conduction mechanism in this region is not clear at present,
and further analyses are needed.

In the medium current density region (Jp=10"°~1A/cm? at room tem-
perature), the current increases exponentially with an ideality factor of 2.1 at
room temperature. This result suggests that recombination current is dom-
inant in this region. The ideality factor gradually decreases with increasing
temperature, and takes a value of 1.6 at 350°C. As for the forward current of pn
junction diodes, diffusion current is proportional to n?, and recombination cur-
rent proportional to »; [12], where r; is the intrinsic carrier concentration. Since
the intrinsic carrier concentration in 6H-SiC is extremely low (n;~10=%cm™3)
at room temperature, the forward conduction of pn junction diodes is sup-
posed to be dominated by recombination current. At elevated temperatures,
however, the component of diffusion current shows rapid increase, owing to the
increased intrinsic carrier concentration (ni~108cm™2 at 350°C). Raising tem-
perature also causes the enhanced emission of carriers trapped at deep levels.
These factors may be the reasons for the decreased ideality factor at higher
temperatures.

In the high current density region (Jr>10A/cm? at room temperature),
the current is limited by the series resistance. The series resistance was
0.02302cm? at room temperature, and 0.01202cm? at 350°C. This includes the
resistances from the ohmic contacts, epitaxial layer, and substrate. Through
rough estimation of the series resistances, the main component seems to come
from the p-type substrate. The reduction of series resistance at elevated tem-
peratures may be attributed mainly to the promoted ionization of Al acceptors
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which have large ionization energies (~250meV) [33].

Reverse bias characteristics of the diodes are shown in Fig.7.19(b). The
leakage current density (Jgr) is very low at room temperature, 3.2 x 107%A/cm?
at -10V, and 2.1x10~7A/cm? at -100V. The log Jr - logV plot showed that
the reverse current density increases according to V™ with n=1~2 dependence.
Since this dependence cannot be explained by the generation current in a deple-
tion layer (Jr o v/V), further analysis on the leakage mechanism is necessary.

Figure 7.20 shows the Arrhenius plot of the reverse current density at
-10V, together with the data previously reported [34,35]. Although the leakage
of the diodes increased at high temperatures, the leakage current density at
350°C is comparable to the best value of implanted 6H-SiC diodes reported
by Ghezzo et al [35]. The estimated activation energy of the reverse current
is 0.68eV. Although this activation energy might correlate with deep levels
in the depletion layer, detailed characterization by DLTS measurement of the
diodes will be required. The optimization of fabrication processes, including
annealing and surface passivation, may bring about further improvement of

the characteristics.

7.5 Summary

Numerical analyses on the performance of 6H- and 4H-SiC power Schot-
tky rectifiers and MOSFETSs have been carried out with consideration of the
mobility anisotropy and channel resistances. The high breakdown field of S5iC
results in very low drift-region resistances compared with Si devices. This
fact brings about the significant contribution of channel resistances to the to-
tal specific on-resistances. This effect becomes serious with the decrease in
breakdown voltage. Even in high-voltage (~500V) devices, a channel mobil-
ity higher than 50cm?®/Vs is required to maintain the advantage of SiC power
MOSFETs.

High-voltage Au/6H-5iC Schottky rectifiers were successfully fabricated
using step-controlled epitaxial layers. A breakdown voltage over 1100V could
be achieved, which is the highest ever reported for any Schottky rectifiers.
These high-voltage 6H-5iC rectifiers had specific on-resistances lower than the
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theoretical limits of Si rectifiers by more than one order of magnitude: The
on-resistance was 8.5m{lecm? for a 1100V rectifier. The specific on-resistance
increased with temperature according to T%Y dependence, which indicates good
stability to avold thermal runaway. The diodes were capable of operating at
temperatures as high as 400°C. The present study demonstrates great potential
of SiC power rectifiers.

6H-SiC epitaxial pn junction diodes with an abrupt junction doping pro-
file were fabricated. The diode with a 15um thick low-doped base layer with a
donor concentration of 2x10'c¢cm™2 exhibited a very high breakdown voltage
of 1720V. Under the forward bias condition, the ideality factor was 1.74, due
to the contribution of recombination current.

The pn junction diodes formed by N* implantation showed a small re-
verse leakage current of 3.2x107°A/cm? at a bias voltage of -10V, and high
breakdown voltage of 450V at room temperature. The diodes operated with
good rectification at temperature as high as 350°C.
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Chapter 8

Conclusions

8.1 Conclusions

In this thesis, chemical vapor deposition (CVD) of SiC on SiC{0001} sub-
strates has been studied in detail. In epitaxial growth of SiC, which shows a
polytypism phenomenon, the polytype control is crucial for device applications.
Polytype-controlled growth of high-quality SiC epilayers could be achieved by
utilizing off-oriented substrates, which provide a surface template forcing the
epilayers to inherit the stacking order of substrates (step-controlled epitaxy).
Main conclusions obtained in the present study can be summarized as follows.

(1) From a viewpoint of growth mode, step-flow growth on off-oriented o-
SiC{0001} substrates leads to homoepitaxy of a-SiC (step-controlled epitaxy),
whereas two-dimensional nucleation leads to the growth of 3C-5iC with double
positioning twin. This enables us to identify the growth mode through ez-situ
observation of epilayers. This technique can be applied to any SiC polytypes,
and may be to any materials showing a polytypism phenomenon.

(2) Single crystalline 6H-SiC could be epitaxially grown at temperatures as
low as 1200°C with a 1um/h growth rate, utilizing step-flow growth. However,
twinned crystalline 3C-SiC was grown at 1100°C.

(3) SiC growth is limited by the supply of Si species. In step-controlled epi-
taxy, very little polarity dependence and a small activation energy of growth
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rate (2.8kcal/mole) were observed. These results can be well explained by the
fact that the growth is controlled by the diffusion of reactants in a stagnant
Jayer.

(4} Clear step bunching on the surfaces of 6H- and 4H-SiC epilayers was ob-
served. Epilayers grown on off-oriented (0001)Si faces showed hill-and-valiey
structures. 3 bilayer-height steps were the most dominant on 6H-SiC and 4
bilayer-height steps on 4H-SiC. On off-oriented (0001)C faces, however, the
surfaces were flat with single bilayer-height steps.

(5) Chemical vapor deposition of SiC on off-oriented 6H-3iC{0001} substrates
was quantitatively analyzed based on the BCF theory. Critical growth con-
ditions where the growth mode changes from step-flow to two-dimensional
nucleation were predicted as a function of growth temperature, growth rate

and substrate’s off-angle.

(6) Through short-time growth experiments, nucleation and step dynamics on
6H-SiC{0001} were investigated. On well-oriented {0001} faces, the nucleus
density is much higher on (0001)C faces, which can be atiributed to the lower
surface energy on the faces. The lateral growth rate of steps is about three or-
ders of magnitude higher than the vertical growth rate at temperatures higher
than 1400°C. The lateral growth rate has anisotropy, higher in the (1120) di-
rection and lower in the (1100) direction.

(7) A simple diffusion model was proposed that the surface diffusion length
can be estimated from the lateral growth rates of macrosteps. The surface dif-
fusion length was about 13um on (0001)Si and (0001)C faces under a typical
growth condition at 1500°C. The diffusion length decreased at low tempera-
tures, under the high S5iH, flow rate condition, and under the C-rich growth
condition.

(8) High quality of SiC epilayers was demonstrated through a cross-sectional
TEM analysis, low-temperature photoluminescence, eic. For the low-doped
epilayers with a carrier concentration of 2x10ecm™3, a high electron mobility
of 431em?/Vs could be obtained, which is the highest ever reported in 6H-SiC.
Deep level analyses showed that undoped epilayers have very few electron traps
of which concentration is negligibly small (< 10%3cm3).
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(9) In-situ doping of N, Al, and B was investigated in the wide range of
10'%~10"%cm™2 with excellent controllability, using N,, TMA, and B,Hg as
source gases. Remarkable polarity dependence of Al doping efficiency was ob-
served, whereas N and B doping exhibited no such dependence.

(10) N*, Al*, and B* implantations into 6H-SiC{0001} epilayers were in-
vestigated. Severe damages remained even after annealing at 1500°C, once
amorphous layers were formed through implantation. The lowest sheet resis-
tances of 1500°C-annealed samples were 770Q/0 (n-type) for N* implantation,
and 22k€}/0 (p-type) for Al* implantation. B* implantation resulted in the
formation of resistive layers (p=15~120Qcm).

(11) Numerical analyses on the performance of 6H- and 4H-5iC power Schot-
tky rectifiers and MOSFETs have been performed with consideration of the
mobility anisotropy and channel resistances. The extremely low drift region
resistances {about 1/50~1/500 of those of Si devices) can be expected, owing
to its high breakdown field. This fact, however, makes the channel resistances
very important in SiC power MOSFETs.

(12) Au/6H-SiC Schottky rectifiers were successfully fabricated with the record
breakdown voltage of 1100V. These high-voltage 6H-SiC rectifiers had specific
on-resistances lower than the theoretical limits of Si rectifiers by a factor of
10~20. 6H-SiC epitaxial pn junction diodes with 15um thick low-doped layers
exhibited a very high breakdown voltage of 1720V. The pn junction diodes
formed by N* implantation showed high breakdown voltages of 450V. These
diodes operated with good rectification at temperature as high as 350°C.

8.2 For the Future Work

As described in the introduction (1.3), this thesis has two aims:
(1) to combine experimental and theoretical studies in order to provide
complete understanding of crystal growth mechanism, and
(i) to demonstrate the feasibility of a new semiconductor material SiC
for extending the frontiers of future electronics.

Although the author has spent more than 5 years to accomplish this thesis,
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the obtained results are still far from the satisfactory levels. In this section,
the author would like to list up several remaining problems together with
suggestions for the future work.

As for the subject on revealing growth mechanism, the following issues
should be clarified.
(1) In chemical vapor deposition, chemical reactions on the growing surface
play an important role. In the present system, the decomposition process of
SiH4 and C3Hg, and the chemical reactions were assumed in a simplified man-
ner. The amount and behavior of C species (CH,, C,H,) will give significant
influences on surface kinetics and surface coverage. A thermodynamic analysis
might offer some information [1].
(2) In order to avoid the complicated consideration, surface migration and
nucleation were treated with a Si-C pair as the unit which controls growth.
In epitaxial growth of GaAs, Ga adatoms are supposed to be the dominant
migrating species [2]. Although the author supposes that SiC growth is con-
trolled by Si species, this speculation should be verified. In-situ coaxial impact
colliston ion scattering spectroscopy (CAICISS) [3] may be effective to clarify
the species adsorbed at step edges. Fundamental investigation on MBE growth
of 5iC will also provide new aspects on surface kinetics.

(3) Mechanisms of step bunching and nucleation were not clear at present,
though some primitive explanations were presented. In order to understand
the mechanism, surface energies of arbitrary crystal planes, ledge energies, and
step-step interactions should be known [4]. A study using molecular dynamics

calculation may be hopeful as the first step.

(4) Although step-controlled epitaxy has realized the perfect replication of
substrate’s polytype in epilayers, this does not mean the perfect control of
polytypes. An ultimate target will be to achieve layer by layer control in the
stacking sequence. For example, 6H-SiC/4H-SiC superlattices with perfect lat-
tice matching are attractive from a viewpoint of scientific interest. Since the
origin of polytypism is an open question, concentrated experimental and the-
oretical studies are required. This subject is challenging, but of great interest.

Concerning the characterization and device applications of SiC, the fol-
lowing issues should be solved.
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(1) The growth temperature should be reduced down to 1200~1300°C. High-
temperature growth causes the impurity contamination from a growth system
and the shortening of susceptor life. Though homoepitaxy of 6H-SiC at 1200°C
was achieved in this thesis, the quality of epilayers is poor. Epitaxial growth
on (0114), (1100) or (1120) faces using a new feed-stock may be hopeful.

(2) Further reduction of background doping concentration will be required
to develop high-voltage (>10kV) SiC devices. To attain the excellent repro-
ducibility, low-doped layers with a donor concentration of 10**cm™2 should be
produced by intentional doping. For this purpose, the introduction of an air-
locked growth system and the purification of a susceptor and source gases are
necessary.

(3) For practical device fabrication, the uniformity of epilayer thickness and
the doping concentration should be improved. The employment of low-pressure
CVD may be effective to obtain uniform epilayers with a large area. For low-
doped epilayers, neutron transmutation doping, which is used to produce uni-
form low-doped drift regions in Si power devices {5}, should be investigated.

(4) Although low density of electron traps {<10%cm™) was demonstrated,
traps located at energy levels deeper than £.-leV could not be characterized.
Since very high temperature over 700°C is required in a conventional DLTS
measurement to characterize such deep levels, a photo-assisted deep level anal-
ysis may be an effective technique. Besides, minority carrier traps and carrier
lifetimes, which control the performance of bipolar devices, should be studied.

(5) Microscopic defects in epilayers could not be analyzed at all. For example,
there have been very few approaches on hydrogen and oxygen in SiC, which
will exist in the crystals. The formation of point defects, defect-complexes,
and the deviation from stoichiometry have become meaningful subjects.

(6) The mechanism of doping efliciency - polarity dependence and C/Si ratio
dependence - is not fully understood at present. The decomposition and ad-
sorption processes of dopant gases should be studied. It would be suggestive
to clarify the surface coverage and adsorbed species.

(7) The sheet resistances of implanted layers should be reduced down to
10002/0, especially in Al* implantation. Since the complete regrowth of
SiC seems difficult, the employment of hot implantation may be promising
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[6]. The post-implantation annealing process should be also improved through
the development of high-temperature rapid thermal annealing (RTA) or laser-

annealing processes.

(8) The author believes that high-voltage SiC Schottky rectifiers are the most
attractive devices which will give innovational impacts on electronics in the
nearest future. However, several problems should be solved before the pro-
duction. The development of an edge-termination and a surface passivation
techniques are important to achieve high reliability and to improve the pro-
duction yield. The stabilization of Schottky contacts utilizing a silicidation
reaction at the interface may be also effective. Preliminary trials on these
subjects have been started [7].

(9) Although high breakdown voltages were obtained in Schottky rectifiers
and pn junction diodes, the dominant pass of reverse leakage current, which
is higher than theoretical values by orders of magnitude, is not clear. Besides,
the negative temperature dependence of breakdown voltage in SiC devices has
been a mystery. The reverse bias characteristics should be carefully inves-
tigated on the optimized structures which employ edge termination, surface
passivation, and a guard ring. Detailed characterization of deep levels will be
also helpful.

(10) To realize high-performance SiC power MOSFETs, the characteristics of
MOS interfaces should be significantly improved, although this subject was
not studied in this thesis. In SiC MOS devices, deep interface states act as
“slow states” which cause charge trapping, bias stress instability, and abnor-
mal temperature dependence of channel mobility [8,9]. This problem is serious
in SiO,/p-type SiC structures. One possible explanation is that the incorpo-
ration of Al (usual acceptors in SiC) into oxides severely degrades the oxide
quality [10]. To improve the MOS interface, the employment of a different
acceptor such as B may be effective [11].

(11) At last, the author cannot help touching the SiC wafer quality as the
most important problem, though this topic is out of scope in this thesis. A
major defect in SiC wafers is a “micropipe”, as described in 6.2. Micropipes
originating from SiC wafers cause pre-avalanche point failures in high-voltage
junction devices [12]. To realize kV - kA SiC power devices, micropipes should
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be eliminated.

Thus, there still remain a number of problems to be solved before SiC
reaches its full potential. The author believes, however, that this material will
exploit novel electronics in the near future. In particular, the development of
high-performance SiC power devices can contribute to the energy saving, which
has become one of the most serious and inevitable problems. However, the po-
tential of SiC is so high that it can be used for advanced military applications.
The author heartily wishes the peaceful use of this vital material.
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Appendix A.1 Critical Supersaturation Ratio o,

According to the classical nucleation theory, a critical nucleation rate
Jnuc™ can be expressed by [1]
Jﬂ

nuc

= Zw*n". (1)

Here, n* is the concentration of critical nuclei, w* the frequency with which a
nucleus grows to become supercritical, and Z the Zeldovich non-equilibrium
factor to account for depletion of the critical nuclei population due to their
growth or decomposition. Using several equations, eq.(1) can be rearranged

as [1],

" —_— E:ILIC 1/2 E[-]uc
‘]nuc - [(4TLTZ*2) 2wr” avnsng exp )] ( kT ) (2)

where E*

mucy T and ¢* are the free energy for nucleus formation, the radius

and the concentration of atoms for a critical nucleus, respectively. Egg is the
activation energy for surface diffusion, no the density of adatom sites on a
surface, v the frequency of atomic vibration. Other symbols are listed on page
111 (Chapt.4). Since the term in brackets can be approximated as exp(65) [1],
the above equation is reduced to

L

E
Jr:uc = exp(65) exp(—— k?zl—l-c) (3)

In the case of a disk-shaped nucleus, the relationship between E,,. and critical

supersaturation ratio ey, is expressed by [1]

. Thoa?Q)
Bre = kThha’ (4)
where {1 and ¢ are the volume of an atom and the surface free energy, respec-
tively. By substituting eq.(4) into eq.(3), the critical supersaturation ratio ciyie
is given by
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_ ‘H'hoO'QQ
(65— In o) 2T (5)

nuac

Thus, eq.(4.21) can be obtained for Jp,*=10"2cm™2s72,

Qerit, = €xpq
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