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Abstract: Silicon carbide is a material with a multistable crystallographic structure, i.e., a polytypic
material. Different polytypes exhibit different band gaps and electronic properties with nearly identical
basal plane lattice constants, making them interesting for heterostructures without concentration
gradients. The controlled formation of this heterostructure is still a challenge. The ability to adjust a
defined temperature–time profile using rapid thermal processing was used to imprint the polytype
transitions by controlling the nucleation and structural evolution during the temperature ramp-up
and the steady state. The influence of the linear heating-up rate velocity during ramp-up and
steady-state temperature on the crystal structure of amorphized ion-implanted silicon carbide layers
was studied and used to form heteropolytype structures. Integrating the structural selection properties
of the non-isothermal annealing stage of the ion-implanted layers into an epitaxial growth process
allows the imprinting of polytype patterns in epitaxial layers due to the structural replication of the
polytype pattern during epitaxial growth. The developed methodology paves the way for structural
selection and vertical and lateral polytype patterning. In rapid thermal chemical vapor deposition,
the adjustment of the process parameters or the buffer layer allowed the nucleation and growth of
wurtzite silicon carbide.

Keywords: silicon carbide; rapid thermal processing; ion-implantation; epitaxy; CVD; sublimation;
polytypism; phase transition; polytype transition; polytype control.

1. Introduction

Silicon carbide (SiC) is a wide band gap semiconductor material with properties making it
unique for many applications. The wide band gap (ranging from 2.4 eV for the pure cubic structure
(3C-SiC) to 3.4 eV for the pure wurtzite structure (2H-SiC)), good electron mobility, high saturation
drift velocity, high breakdown electric field, and high thermal conductivity catapulted the silicon
carbide into industrial mass production for the fabrication of competitive high-power, high-frequency,
and high-temperature devices on large area substrates after a long and punishing developmental
period [1–9].

In processing technologies, the control of the thermal budget and the time–temperature profiles
are used to imprint desired morphological signatures: For example, concentration gradients, surfaces,
and interfaces as well as the crystal structure and defect densities in the constituting layers and
areas. The techniques allowing control of the time-dependent temperature profile are rapid thermal
processing technologies [10,11]. In the case of SiC, rapid thermal processing was mostly applied to
implant annealing [12–14], ohmic [15–17] and Schottky contact formation [16,18], carbonization of
silicon substrates [19,20], SiC on Si epitaxial growth by rapid thermal chemical vapor deposition [21,22],

Crystals 2020, 10, 523; doi:10.3390/cryst10060523 www.mdpi.com/journal/crystals

http://www.mdpi.com/journal/crystals
http://www.mdpi.com
https://orcid.org/0000-0001-8531-1892
http://dx.doi.org/10.3390/cryst10060523
http://www.mdpi.com/journal/crystals
https://www.mdpi.com/2073-4352/10/6/523?type=check_update&version=2


Crystals 2020, 10, 523 2 of 21

as well as to liquid phase epitaxy of SiC on Si [23,24]. The investigations using the rapid thermal
processing-based formation or growth of SiC were focused on pseudosubstrates for heteroepitaxial
growth of SiC [21,25], III-nitrides [26], and ZnO [27], and the fabrication of heterobipolar device
applications [28,29]. Less attention was given to the possibility of the defined adjustment of a desired
temperature–time profile, which allows control of the nucleation and structural evolution during the
ramp-up and steady state. This is important, especially in the case of materials with a multistable
crystal structure, which may occur in the form of different polymorphic or polytypic structures [30].

Polytypism is a special one-dimensional form of polymorphism and is a general behavior
of layered and close-packed structures, such as SiC. The structural reason is the possibility of
different modes of stacking of one or more structural compatible units (structural modules).
The phenomena of polytypism and polymorphism are substantially different from the physical
point of view. Polymorphic modifications of a given material are characterized by a stability range
in a phase diagram described by temperature, pressure, and composition. The transition from one
polymorph to another is a first-order phase transformation. On the contrary, except for very few
small period modifications, no such physical factors have been found to govern the formation of
polytypes. Different polytypes of a given material can be formed under identical temperature, pressure,
and concentration conditions. For polytypes, the “syntactic coalescence” of different polytypes, i.e.,
the simultaneous coexistence of more than one polytype within a crystal or an epitaxial layer [30–37],
or polytype inclusion formation after completing a technological process step [37–48] or device
operation [48–51] is a common effect. On the other hand, because of the different physical properties
of the different polytypes, silicon carbide represents a family of semiconductor materials. They are
natural superlattices [52], except the short period 3C and 2H polytypes. The very low differences
of the lattice constants and thermal expansion coefficients of the different SiC polytypes in the basal
plane allows, for example, the formation of chemically homogeneous heterojunctions by combining
them into different types of heteropolytype structures [37,53–58]. The realization of them would allow
the formation of two-dimensional electron gases [59–62], heterojunction bipolar transistors [63,64],
quantum wells [37,57,65–67], and heterocrystalline or heteropolytypic superlattices [68–73]. The main
challenge to be solved on the way is the controlled design of a sharp interface between the constituent
polytypes in the heterostructure or the multilayers. This is a challenge up to now [37,57,74,75].
These new types of structures offer, with their specific properties, new types of application fields.
Therefore, the development of methods to control the formation or the growth of different polytypes
according to a well-defined pattern is very intriguing for artificial crystal structure design and
device applications.

In thin film-based technologies, such as microelectronics, there is a continuing demand for the
development of new process techniques in order to reduce the number of steps required for device
fabrication. Selective deposition, i.e., local deposition of a desired phase on a desired substrate area,
has recently attracted considerable attention [76]. In combination with the self-formation of planar
and three-dimensional structures [77], it allows the engineering of materials and device structures
in two and three dimensions. Selective deposition is generally discussed in terms of area selectivity,
with local deposition of one phase on desired areas of a substrate surface. However, materials with a
multivariable structure offer additional possibilities for phase-selective deposition, transformation,
or self-formation. Namely, the simultaneous selective deposition of two or more chemically identical
phases having different physical properties on different regions of a patterned substrate or, alternatively,
their controlled transformation in desired areas into another crystal structure [37,53–58] could pave the
way for the development of new structure and device formation technologies.

The aim of this paper was to present that rapid thermal processing (RTP) allows the development
of an exact adjustable process cycle for structural control based on phase-selective formation of a
desired polytype and the self-formation of the same polytype pattern in the grown epitaxial layer by
structural replication during epitaxial growth by sublimation. The process foundation is the interplay
between ion implantation, annealing, and epitaxial growth during high-temperature RTP sublimation
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growth. For structural control at low temperatures, the silicon to carbon ration and the replication of
the polytype structure of the buffer layer formed on the silicon substrate are the key to nucleate and
grow an unusual silicon carbide polytype 2H.

2. Materials and Methods

For the experimental investigations, on-axis C-face (0001)-oriented 6H-SiC and 15R-SiC sublimation
grown single crystals were used. The C-face orientation was chosen, because the polytype growth
transition occurs at high temperatures at a lower growth rate than on the Si-face [55] and can be
induced easier and controlled on this polar face [33,55,78].

Processing and epitaxial growth was carried out with two different types of rapid thermal
processing (RTP) equipment. The equipment, hereinafter referred to as high-temperature RTP,
allows thermal processing at temperatures above the melting point of silicon. The processing
technologies, referred to as low-temperature RTP, allows processing temperatures up to the melting
point of silicon. The first type is based on direct heating of graphite constructions, whereas the
second type uses halogen lamps as heating elements, i.e., the standard RTP technology used in silicon
manufacturing technology.

Single-dose ion implantation of Al+ and Ar+ ions directly into C-face (0001)-oriented 6H-SiC
substrates was carried out at energies of 80 keV to study the polytype phase formation’s dependence
on the ion implantation and annealing conditions as well as the impact of doping and non-doping
impurities. The ion implantation doses were 5 × 1014, 1 × 1015, 5 × 1015. 1 × 1016, and 5 × 1016 cm−2.
The annealing was carried out in a wide temperature range between 800 and 2200 K using a graphite
double stripe heater in an argon-silicon atmosphere at 1 atm to suppress surface graphitization.
The design of the graphite heater allows the adjustment of the linear heating-up ramp rate in a wide
range. The annealing time was 10 s for annealing temperatures between 800 and 1400 K and 5 s
for higher annealing temperatures. To guarantee that the recrystallization occurred mainly at the
steady state of the temperature–time cycle, a high linear heating-up ramp rate of 700 K s−1 was chosen.
For the investigation of the influence of the heating-up ramp rate on the polytype phase formation for
a selected sample set (Al+, 1 × 1015 and 5 × 1015 cm−2, 80 kV), the heating-up ramp rates were chosen
as 30, 120, 600, and 700 K s−1. The samples were annealed to 2200 K. The overall annealing procedure
was chosen so that the effective annealing time [79] was the same for all three linear heating-up ramps.

The influence of the structural modification of the ion-implanted substrates on the polytype phase
formation in the epitaxial layers grown on them was investigated using the modified sublimation
sandwich method. The epitaxial growth was carried out on C-face (0001)-oriented 6H- and 15R-SiC
substrates using a graphite crucible with a low thermal mass and resistive heating. The low thermal
capacity of the crucible allowed rapid heating-up, with ramp rates between 20 and 200 K s−1 and short
processing times. The crystal growth was carried out at 2100 K and a heating-up ramp rate of 30 K/s
and process times of 30 s, 45 s, 1 min, and 2 min at the final temperature. The growth was carried out
under vacuum conditions. The base pressure was 10−6 Torr. The ion implantation was carried out
directly in the substrates using Ar+ ions and an acceleration energy of 80 keV. The dose was set to
3 × 1015 cm−2 to ensure complete amorphization of the implanted layer. To compare the growth on
non-treated and ion-implanted surface in the growth experiments, only one half of the crystal was
implanted. For the demonstration of polytype pattering, local ion implantation through a shadow
mask with openings of 50 × 50 µm2 was carried out at the same ion implantation conditions.

The low-temperature rapid thermal processing was carried out in a homemade rapid thermal
processing reactor described in detail in [80]. For the rapid thermal chemical vapor deposition (RTCVD)
on Si(111), SiH4–C3H8–H2 chemistry was used. The silicon wafer was cleaned using the standard RCA
(Radio Corporation of America) cleaning procedure finished with an HF dip. After the transfer of the
Si(111) samples into the rapid thermal processing reactor, they were in situ annealed at 1273 K for
60 s in a hydrogen atmosphere. The hydrogen flow was set to 1000 sccm. Prior to the chemical vapor
deposition of SiC, a carbonization step was carried out to form a 3C-SiC(111) buffer layer using 0.15 %
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C3H8 in 1000 sccm H2. The substrate temperature for this process step was 1520 K at a linear heating-up
ramp rate of 50 K s−1. The chosen process conditions for the carbonization cause the formation of
single crystalline 3C-SiC(111) with a thickness of approximately 3 nm [20,22,81]. For the subsequent
RTCVD of SiC, the flow rates of SiH4 and C3H8 were in the range of 0.5 and 50 sccm. The atomic ratio
of silicon and carbon (Si/C) in the gas phase was varied in the range between 0.1 and 0.8. The flow rate
of hydrogen was 1000 sccm. The heating ramp-up velocity was 50 K/s and for the steady state time,
60 s was taken. The process temperature was varied in the range between 1370–1620 K.

The structure of the ion-implanted and annealed crystals as well as the grown layers was
investigated by reflection high energy electron diffraction (RHEED). The penetration depth of the
electrons strongly depends on the angle of incidence, the surface morphology, and the diffraction
condition and is in the range of 1 to 100 nm. The determination of the polytype structure was carried out
by analyzing the diffraction spot geometry and symmetry using the methodology described in [82–85].

The growth rate was determined from the measured thickness of the epitaxial layers taking into
account the duration of the growth process. The thickness of the grown epitaxial layers was carried
out by step height measurements in the case of sublimation growth and by ellipsometry for RTCVD
grown films.

3. High-Temperature Rapid Thermal Processing of Ion-Implanted SiC

3.1. Phase Formation by Rapid Thermal Annealing of Ion Implanted Layers

The structural evolution of C-face (0001)-oriented 6H-SiC crystals grown by the sublimation
growth method subjected to ion implantation and annealing and studied using RHEED is summarized
in Figure 1. It shows the obtained polytype phase diagram in dependence on the ion implantation
dose and the annealing temperature for Al+ and Ar+ ion implantation.

 

(a) 

 

(b) 

Figure 1. Phase formation in dependence on the ion implantation dose and the annealing temperature
of ion-implanted and RTP-annealed C-face (0001)-oriented 6H-SiC: (a) Al+ at 80 keV; (b) Ar+ at 80 keV;
*—partial recrystallized and 1D-disordered SiC, �—3C-SiC and polycrystalline 3C-SiC; ∆—twinned
3C-SiC; +—6H and 3C-SiC; ♦—6H-SiC. Horizontal solid line 1 (______) indicates the dose necessary for
the formation of an amorphized region reaching the substrate surface. The vertical solid line 2 (______)
shows the temperature above which the formation of 1D-disordered structures was not observed. The
borders between different phases formed in the near-surface region of the ion-implanted and annealed
6H-SiC are indicated by dashed lines (- - -).

Comparing the results obtained from Al+ (Figure 1a) and Ar+ (Figure 1b) of C-face (0001)-oriented
ion-implanted 6H-SiC crystals, it can be seen that the qualitative behavior of phase formation is the
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same. For Ar+ ion-implanted layers, only the boundaries between the regions of the different phases
are shifted slightly to higher annealing temperatures. These effects could be caused by the larger atomic
dimensions and smaller solid solubility of Ar compared to Al. The phase diagram shows five regions.
Below the surface amorphization dose, independent of the annealing temperature and the implanted
impurity, the polytype structure of the substrate is retained. At an ion implantation dose exceeding the
amorphization dose of the surface, for a constant dose, the transition scheme with increasing annealing
temperature is: (one dimensional (1D) disordered silicon carbide and amorphous/nanocrystalline
silicon carbide)→ (twinned 3C-SiC and polycrystalline 3C-SiC)→ (twinned 3C-SiC)→ (twinned 3C-SiC
and 6H-SiC)→ (6H-SiC/substrate polytype). Region A is characterized by partial recrystallization
and the formation of 1D-disordered SiC polytype structures. In region B, the recrystallization of the
amorphized layer formed polycrystalline and twinned 3C-SiC silicon carbide, whereas in region C,
only twinned 3C-SiC was observed. The substrate polytype 6H-SiC was retained for the implantation
and annealing conditions denoted with D. The corresponding RHEED patterns demonstrating the
different structural behavior of the annealed and implanted layers are given in Figure 2.

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 2. RHEED pattern of C-face (0001)-oriented 6H-SiC ion implanted with Al+ at 80 keV and
RTP annealed: (a) 5 × 1014 cm−2, 800 K/10 s (characteristic RHEED pattern for region A in Figure 2);
(b) 5 × 1016 cm−2, 2000 K/5 s (characteristic RHEED pattern for region B in Figure 2); (c) 5 × 1016 cm−2,
2100 K/5 s (characteristic RHEED pattern for region C in Figure 2); (d) 5 × 1015 cm−2, 2200 K/5 s
(characteristic RHEED pattern for region D in Figure 2). Azimuth [1120].

The area A ranges from the annealing temperature 800 K to 1300 K is characterized by a RHEED
pattern showing streaks and diffuse rings. This indicates that in the near-surface region amorphized
by the ion implantation, a partial recrystallization occurs. The diffuse rings of the diffraction
pattern correspond to the remaining amorphous or nanocrystalline fraction in the recrystallized layer.
The streaks indicate the evidence of heavily faulted silicon carbide exhibiting a 1D-disordered structure
along the c-axis mainly consisting of 3C, 4H, 6H, 15R, and 21R building blocks [86,87]. The recorded
RHEED pattern do not allow the determination of the real concentration of these structural fragments.
The c-axis orientation of the 1D-disordered structure is collinear with the c-axis of the substrate.
In addition to the amorphous background in Figure 2a, two polycrystalline rings are visible, indicating
that homogeneous nucleation in the near-surface region occurred. The observed rings correspond
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to homogeneous nucleated 3C-SiC frequently observed during the annealing of amorphous silicon
carbide layers [88–91]. With an increasing annealing temperature, the intensity of the polycrystalline
rings and the streaks along the <h0l0> direction increases (not shown here). This indicates that
the amorphous fraction of the implanted layer continuously decreases with an increasing annealing
temperature. The dimensions of the crystallites estimated from the full width of the half maximum
from the diffraction rings were in the range of 2–7 nm. This crystallite size increases with the increasing
annealing temperature.

The intermediate temperature range is divided into two different regions depending on the
implantation dose. They are denoted with B and C. For ion implantation doses equal or above
5 × 1015 cm−2 (region B in Figure 1), only polycrystalline diffraction rings and diffraction spots
corresponding to twinned single crystalline 3C-SiC were observed on the RHEED pattern (Figure 2b).
The twinned 3C would be formed during the epitaxial recrystallization of the amorphized SiC layer
starting at the amorphous–crystalline interface, whereas the polycrystalline fraction occurs due to the
competing mechanism of solid phase epitaxial recrystallization, the homogenous nucleation and growth,
which lead to the formation of polycrystalline layers due to the random nucleation orientation [92].
Bohn et al. [93] observed the existence of a critical temperature for epitaxial recrystallization of
amorphized ion-implanted silicon carbide layers. Nevertheless, the existence of this mechanism is still
under debate [92,94–97]. According to [93], the critical temperature for the epitaxial recrystallization
was determined to be in the temperature range between 1670 and 1720 K. This critical temperature
divides the region above the line 1 into two parts. At recrystallization temperatures below the critical
temperature, the reason for the formation of the polycrystalline fraction could be the homogenous
nucleation in the amorphous layer. For annealing temperatures above the critical temperature,
the formation of the polycrystalline fraction is shifted to higher implantation doses and may be caused
by impurity accommodation at the growth front, changing the crystallization mechanism in a similar
way as the observations for Si revealed [98].

The region C in Figure 1 corresponds to the spotty RHEED pattern, shown in Figure 2c, indicating
the formation of twinned 3C-SiC. In this region, polycrystalline diffraction features were not recorded.
Therefore, at implantation doses between 1 × 1015 and 1 × 1016 cm−2 and annealing temperatures between
1700 and 2000 K, the homogeneous nucleation of 3C-SiC can be suppressed. The necessary annealing
temperature is dose dependent (see Figure 2) and increases with an increasing ion implantation dose.
The annealing temperature of region C exceeds the critical temperature of the epitaxial recrystallization
obtained in [93]. Therefore, it could be concluded that the 3C was formed during a solid phase epitaxial
regrowth process, in wich the structural replication of the substrate polytype is blocked.

In the region D, characterized by annealing temperatures exceeding 2000 K, the polytype structure
of the recrystallized layer resembles the polytype structure of the substrate (Figures 1 and 2d). It is
noticeable that higher implantation doses increase the annealing temperature necessary for the
restoration of the substrate polytype structure. This might be caused by segregation effects and by
higher stresses induced by higher impurity concentrations. In an intermediate region between the
phase regions C and D, the formation of two coexisting polytypes 3C and 6H is possible.

3.2. Influence of the Ramp Rate on the Structure of the Recrystallized Layer

The dependence of the crystal structure of the amorphized and recrystallized layers on the
annealing temperature can be used to imprint desired 3C polytype patterns in α-SiC substrates.
This was realized in [54]. This polytype patterning of the substrate can be applied to phase-selective
deposition or the imprinting of a polytype pattern into a growing epitaxial layer. The precondition for
structural polytype imprinting is the well-known effect of the inheritance of the polytype structure from
the substrate into the epitaxial layer [99–102]. For the design of a suitable process, the time–temperature
profiles of the annealing and the epitaxial growth processes of SiC layers have to fulfill specific
requirements. Firstly, the polytype pattern formed in the substrate has to be retained during the
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heating-up stage in the eptaxial growth process and, secondly, the polytype pattern has to be replicated
by the growing epitaxial layer.

Typically, the heating-up rates achieved in common growth equipment are slower than in the used
RTP graphite stripe heater system. For this reason, it is important to know how the phase formation
during recrystallization of the amorphized layer is affected by the heating rate. Furthermore, the structural
stability of the formed phase in the recrystallized layer has to be taken into account, because 3C-SiC is
a metastable polytype and transforms into α-SiC at temperatures between 2000 and 2100 K [103–107].
Therefore, an investigation is needed to understand the phase formation under non-isothermal conditions,
i.e., the influence of the heating ramp on the phase formation in the recrystallizing layer as well as the
effect of the annealing time on the structural stability of the formed 3C-SiC has to be studied. The tuning
of these two factors is important for the design of reliable process sequences for the realization of an
imprinted polytype pattern in the epitaxial layer by phase-selective growth.

For the investigation of these two process parameters, the following experiment was designed.
A set of C-face (0001)-oriented 6H-SiC crystals ion-implanted with Al+ and doses 1 × 1015 cm−2

and 5 × 1015 cm−2 at 80 keV were annealed to 2200 K with linear heating-up ramp rates of 30, 120,
and 600 K/s. The chosen annealing temperature leads to the formation of the substrate polytype
during the isothermal annealing experiments (see region D in Figure 2a,b). Furthermore, the annealing
procedure was chosen so that the effective annealing time [79] was the same for all three heating-up
ramps. The RHEED patterns obtained from the samples are shown in Figure 3.

It is noticeable that the RHEED pattern obtained for slower heating ramps shows only the twinned
cubic structure (Figure 3a,b), whereas for the highest linear heating-up ramp rates of 600 and 700 K s−1,
the polytype of the substrate was obtained (Figure 3c,f). A more detailed investigation of the RHEED
pattern ascertained that there are similarities in the fine structure of the RHEED pattern between the
rate-dependent annealing experiments, with a final annealing temperature of 2200 K and the RHEED
pattern obtained from the 6H-SiC crystals implanted with the same dose but annealed at different
temperatures with a linear heating-up ramp rate of 700 K s−1. The results of the latter annealing
conditions are given in Figure 3d–f. Figure 3a,d exhibit the same key diffraction features in the RHEED
pattern, namely, twinned 3C-SiC and polycrystalline 3C-SiC. The same holds for Figure 3b,e, in which
only diffraction spots related to twinned 3C-SiC are visible. It is worth mentioning here that the
RHEED pattern in Figure 3d,e were recorded from samples ion-implanted with the same dose but
annealed with a linear heating-up ramp rate of 700 K s−1 to the final annealing temperatures of 1700
and 1900 K, respectively. In Figure 3c,f, only diffraction spots stemming from 6H-SiC can be found.
Therefore, linear heating-up ramp rates of 600 K s−1 are able to form the polytype structure of the
substrate in the ion-implanted and amorphized SiC layer during the recrystallization process.

The recrystallization process of an amorphous layer can be described by the Avrami–Johnson–
Mehl–Kolmogorov equation [108–111]:

dX

dt
= [K(T) t]m(1−X), (1)

where X is the crystallized fraction in the amorphized layer, t is the annealing time, T is the annealing
temperature, m is the growth exponent, and K(T) is the rate constant. The rate constant is determined by:

K(T) = Ko exp
(

−
Ea

kT

)

, (2)

where Ko is a constant, k is the Boltzmann constant, and Ea is the overall activation energy. For the case
of a linear ramped profile (T = at + b) with a subsequent constant annealing temperature, the following
equations can be obtained.
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Case 1: Linear ramping to a desired temperature (t < t1 = [Tmax − b]/a):

X(t) = 1− exp

[

−

∫ t

0
(Ko t)m exp

(

−
m Ea

k (at + b)

)

dt

]

, (3)

 

(a) 

 

(d) 

 

(b) 

 

(e) 

 

(c) 

 

(f) 

Figure 3. RHEED pattern of C-face (0001)-oriented 6H-SiC ion-implanted with Al+ with a dose of 5 ×
1015 cm−2 at 80 keV and RTP annealed: (a) 30 K s−1 to 2200 K; (b) 120 K s−1 to 2200 K; (c) 600 K s−1 to
2200 K; (d) 700 K s−1 to 1700 K; (e) 700 K s−1 to 1900 K; (f) 700 K s−1 to 2200 K. Azimuth [1120].

Case 2: Linear ramping to a desired temperature with a steady state temperature plateau
(t < t1 = Tmax − b)/a):

X(t) = 1− exp

[

−

∫ t

0

{

(Ko t)m exp

(

−
m Ea

k (at + b)

)

−

Km
o

m + 1

(

tm+1
− tm+1

1

)

exp

(

−
m Ea

k (at + b)

)

Km
o

m + 1

}

dt

]

. (4)

The crystallization kinetics of deposited amorphous and amorphized by ion implantation silicon
carbide was studied in [112–117]. The activation energy of the recrystallization process scatters
between 2.1 and 8.9 eV depending on the amorphous material and the substrate. For silicon and
silicon carbide substrates for deposited amorphous SiC [113,114] and amorphized by ion implantation
SiC [116], the activation energy of the crystallization process was found to be in a narrow range
between 4.9 and 5.1 eV. The only exception is [117], where an activation energy of 2.1 eV was found
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based on the investigation of the step height evolution of ion-implanted 6H-SiC substrates during
annealing. The growth exponent m correlated with the nucleation and growth of the crystallites is in
the range between 0.7 and 2.3. This means that the nucleation is related either to one-dimensional
or two-dimensional nuclei. The most complete data set is presented in [112] and was used for the
estimation of the time dependence of the crystallized fraction. According to [112], the following
constants were used Ko = 1.95 × 1012 s−1, Ea = 5 eV, m = 2. The chosen growth exponent is related to
two-dimensional nucleation and growth, as the starting temperature 300 K was chosen.

In Figure 4, the calculated heating ramp dependence for a crystallized fraction of 5% and 95% is
shown. The lower curve corresponds to 5% and the upper curve to 95% recrystallized fraction of the
ion-implanted layer. According to this estimation, the recrystallization is accomplished in a certain
temperature interval, which is a function of the linear heating-up ramp rate. Consequently, the structure
of the recrystallized layer, especially the polytype structure, would not be determined by the final
temperature but will be determined by the temperature range, at which the main part of the amorphous
layer was recrystallized. From this finding, it follows that structural inheritance of the substrate
polytype into the recrystallizing amorphous layer is possible, if necessary, in the case of recrystallization
at high temperatures (above 1300 K) when the following conditions are fulfilled. Firstly, homogeneous
nucleation of polycrystalline SiC must be suppressed and, secondly, the heating-up rates and steady
state temperature have to be chosen so that the formation of the cubic structure is prevented.

 

Figure 4. Influence of the linear heating-up rates during high-temperature RTP annealing on
the polytypic structure of the recrystallized ion-implanted 6H-SiC: 1—transition temperature for
1 × 1015 cm−2; 2—transition temperature for 5× 1015 cm−2. Transition temperatures are given according
to Figure 1 (a) for an Al+ ion-implantation. Data points for the experimental conditions of the ramp rate
dependent annealing in Figure 3: N—30 K s−1 (Figure 3 (a)); �—120 K s−1 (Figure 3 (b)); �—600 K s−1

(Figure 3 (c)).

To test the structural stability of the cubic structure, formed during the annealing of the implanted
layer, we carried out additional annealing experiments for 10 min at 2100 K (the maximum time and
temperature for the following growth step). By RHEED analysis it was not possible to detect evidence
of the most probable polytype transformation of the type 3C→ 6H. This is in agreement with previous
investigations [104–106], where the expected transformations occur at larger annealing times or higher
annealing temperatures.

4. Phase-Selective Polytype Growth by Rapid Thermal Sublimation Growth

Phase-selective deposition of different crystal structures in the case of polytype materials can be
achieved using the following methods: (1) Controlled surface modification in the form of specific surface
profiles [55,118] or the introduction of surface modification by defects and strain [54,55]; (2) control of
the deviation from the thermodynamic equilibrium during crystal growth, particularly supersaturation
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and substrate temperature [55,119–121]; (3) change of the surface polarity [78]; (4) modification of the
structural stability by the introduction of impurities in the growth zone [122–129]; (5) modification
of the polytype structure of the substrate by stimulation of desired phase transitions [54,55,130];
or (6) deposition on isostructural materials [131].

Imprinting the polytype structure by phase-selective deposition of different polytypes on a
patterned substrate by ion implantation and subsequent annealing belong to the fifth and sixth
group of these process possibilities. The substrate temperature during sublimation growth occurs at
temperatures in the range from 1900 to 2400 K. Therefore, reverse polytype transformations of the type
3C→ α-SiC of the transformed areas of the patterned substrate are, in principle, possible. To avoid this,
the thermal budget during heating, steady state, and cooling down has to be adjusted to the occurrence
of the non-desired solid state phase transition, i.e., at high substrate temperatures, low growth
durations are desired. This requires reasonably high heating-up velocities of the growth crucible.
Besides a defined time–temperature profile for phase-selective deposition, the growth conditions
have to be chosen in such a way that the desired polytype structure would be inherited from the
substrate into the epitaxial layer. Furthermore, both polytypes have to be able to grow simultaneously.
Therefore, it is necessary to investigate the stability region of the polytype replication in sublimation
growth environments. The result of this investigation is shown in Figure 5, where the dependence
of the critical growth rate leading to polytype transitions into 3C-SiC versus temperature for C-face
6H- and 15R-SiC is shown. The growth rate to achieve the replication of the substrate polytype has to
be below both of the critical growth rate curves. Preliminary experiments on non-treated substrates
revealed that at a growth rate of 0.03 µm/s all three polytypes, namely 3C-, 6H, and 15R, can be
reproducibly grown on C-face-oriented substrates in a temperature range between 1900 and 2400 K.

 

Figure 5. Critical growth rate versus substrate temperature for C-face (0001)-oriented 6H- and 15R-SiC
using the modified sublimation sandwich method: �—6H-SiC; ∆—15R-SiC.

To prove the possibility of phase-selective deposition, two series of experiments with 6H and 15R
crystals were carried out. The first was done without preannealing of the implanted crystals and the
second with preannealing. In the experiments without preannealing, the crystal growth was carried
out at 2100 K and a heating-up ramp rate of 30 K/s and process times of 30 s, 45 s, 1 min, and 2 min.
The used crystals were on axis 6H and 15R silicon carbide. One half of the substrate was implanted
with Ar+ with a dose 3 × 1015 cm−2 at 80 keV. During the growth run, a part of the implanted surface
was protected against the crystal growth by using a special diaphragm. This allowed the investigation
of the structural evolution of the implanted area below the growing epitaxial layer according to the
growth interruptions. The RHEED pattern obtained from the crystals after the growth runs in the case
of 15R are given in Figure 6. The RHEED patterns taken at 1 min of growth are not shown here.

The RHEED patterns obtained from the different surface areas after a process time of 30 s
correspond to a process temperature of 1200 K. They are shown in Figure 6a–c. No deposition was
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observed on the crystal surface, because the temperature of the source material was too low for effective
evaporation. On the diffraction pattern taken from the implanted areas (Figure 6a,b), weak diffuse
diffraction spots were observed. It indicates that nucleation of a crystalline fraction starts to take place
in the amorphous layer, leading to the formation of small crystallites. On the non-implanted part of
the crystal surface, the RHEED pattern of 15R-SiC was observed.

After 45 s of process time (T = 1650 K), broad twinned 3C-SiC diffraction spots, caused by strain
and the small crystallites, were observed due to the further development of the solid state regrowth
process of the amorphous layer (Figure 6d). The RHEED pattern taken from the implanted part of
the crystal show sharp spotty 3C diffraction spots, indicating the occurrence of three-dimensional
growth (Figure 6e). In addition, polycrystalline rings caused by non-oriented nucleation of 3C-SiC
were observed on the implanted surface (Figure 6e). On the non-implanted part of the crystal,
streaks corresponding to two-dimensional growth of a thin epitaxial layer were observed (Figure 6f).

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 

Figure 6. RHEED pattern evolution of C-face (0001)-oriented 15R-SiC implanted with 3 × 1016 cm−2

Ar+ ions for growth times of 30 s (a,b,c), 45 s (d,e,f), and 120 s (g,h,i). RHEED patterns (a,d,g) are from
the implanted part of the crystal without an epitaxial layer, whereas the RHEED patterns (b,e,h) are
taken from the epitaxial layer grown on the implanted crystal surface. The RHEED patterns taken from
the epitaxial layer grown on the non-implanted part of the crystal are shown in (c,f,i). Azimuth [1120].

With increasing process time, the diffraction patterns taken from the implanted layer without
an epitaxial layer show an increase of the intensity of the 3C diffraction spots and a decrease of the
broadness of the diffraction spots, indicating further development of the recrystallization process
caused by grain enlargement and stress reduction (Figure 6g). The RHEED patterns taken from
the part of the epitaxial layer grown on the implanted part of the crystal show a decrease of the
intensity of the polycrystalline rings with increasing process time. This may be caused by the process
of the evolutionary termination of growth orientations, which are not well adapted to the growth
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conditions [132] (Figure 6h). In the case of epitaxial growth on the non-implanted part of the crystal
surface, 15R-SiC diffraction spots could be observed due to roughness development of the growing
surface. This indicates that the polytype of the substrate was inherited to the epitaxial layer (Figure 6i).
A similar behavior was found in the case of 6H-SiC.

In the case of epitaxial growth on crystals preannealed at temperatures leading to the formation of
3C-SiC in the implanted layer, the evolution of the RHEED pattern on the implanted and non-implanted
areas were comparable to the RHEED pattern’s development during the growth without preannealing.
The only difference was the existence of 3C-SiC diffraction spots on the RHEED pattern received
from the implanted areas at 45 s of process time. These patterns do not change in time in the case of
diffraction from the area without epitaxial growth.

The possibility of phase-selective deposition in the case of lower lateral dimensions were tested
on 15R and 6H substrates with local Ar+ ion implantation with and an ion implantation dose of
3 × 1015 cm–2 at 80 keV. The dimensions of the ion-implanted areas were 50 × 50 µm2. The growth
process was carried out on crystals with and without preannealing at 2100 K at a growth rate of
0.03 µm/s for 10 min. An optical micrograph of a 15R-SiC crystal before and after epitaxial growth is
shown in Figure 7. The dark grey areas in Figure 7a are due to the higher absorption coefficient of the
amorphized silicon carbide. In Figure 7b, these dark areas are still evident, having the same dimension.
The optical contrast now stems from the residual damage and the higher surface roughness of the
3C-SiC regions formed in the epitaxial growth process, i.e., the ion-implanted areas are completely
reproduced during the growth process (Figure 7a,b). The small dark spots in Figure 7b originate from
Si hillocks crystallized during the cooling-down process. Similar results were achieved for 6H-SiC and
in the case of the preannealing local ion-implanted layer.

 

(a) 

 

(b) 

Figure 7. Optical microscopy image of the as-ion-implanted (Ar+, 3× 1015 cm−2, 80 keV) the C-face (0001)

oriented 15R-SiC: (a) as-implanted 15R-SiC (dark grey squares are amorphized by ion implantation
SiC), (b) 15R-SiC after epitaxial growth (dark grey squares are 3C-SiC). The dimensions of the dark
grey areas are 50 × 50 µm2. On the upper right corner, a macroscopic defect is evident to show that the
images are taken from nearly the same area. Dark grey spots in (b) stem from Si hillocks.

The technology of phase-selective deposition using substrate modification by local ion implantation
and desired generation of 3C-SiC during the recrystallization of the amorphized areas allows the
formation of self-aligned heteropolytype structures and completes the methods reported in [55].

5. Low-Temperature Rapid Thermal Processing of Wurtzite Silicon Carbide

Under low-temperature rapid thermal processing, methods are sub-summed, where halogen
lamps are used for rapid heating. The use of this technology put strong limitations on the substrate
material, which has to be absorbing for the radiation emitted by the lamps. The condition is fulfilled
for silicon at temperatures above 880 K due to free carrier absorption [133]. This technique is widely
spread in silicon semiconductor processing technology for short-term temperature processing with a
desired time–temperature profile. The silicon substrate limits the maximum processing temperature
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to 1720 K. 3C-SiC is typically formed if this technology or standard chemical vapor deposition for
the growth of silicon carbide on silicon is used [19–22,134–140]. Far less publications can be found,
which are devoted to the formation or growth of the hexagonal modifications of SiC on Si [32,141–146].
Therefore, there are a lack of methods to achieve the growth of hexagonal polytypes on silicon,
especially the rare polytype 2H. This possibility is a precondition to realize phase-selective epitaxy of
SiC on Si. The challenge can be addressed using different approaches: (1) The growth of 2H-SiC under
non-equilibrium conditions [32,121,141,145,147]; (2) the growth of 2H-SiC under specific nucleation
and growth conditions [122,126,148–152]; and (3) growth of 2H-SiC on isostructural non-silicon carbide
materials [131].

The first and the third method were applied for growth attempts of the pure hexagonal polytype
(2H-SiC) on silicon. For the first method, it is necessary to vary the supersaturation in the gas phase.
Here, we changed the propane concentration in the hydrogen flow accompanied by variation of the
silicon to carbon ratio. The structure of the RTCVD-grown silicon carbide layers on 3C-SiC(111)/Si(111)
substrates was investigated by RHEED. The results of the structural investigations are summarized in
Figure 8 for a given substrate temperature and the dependence on the supersaturation. It displays the
appearance of the cubic and wurtzite silicon carbide polytypes’ dependence on the silicon to carbon
ration in correlation with the propane concentration in the growth atmosphere. The corresponding
RHEED patterns taken from the single crystalline 3C-SiC(111) sample and from a sample in which the
nucleation of 2H-SiC was detected are shown in Figure 9a,b, respectively.

Figure 8. Phase diagram for RTCVD growth of SiC on single crystalline carbonized Si(111) at a substrate
temperature of 1600 K and a linear heating up-rate of 50 K s−1. Growth duration of 60 s.
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(a) 

 

(b) 

Figure 9. RHEED pattern of RTCVD SiC layers grown on Si(111) at a substrate temperature of 1600 K
with a linear heating-up rate of 50 K s−1 and a growth duration of 60 s: (a) 3C-SiC at 0.005 % C3H8 and
Si/C = 0.5; (b) a mixture of 2H- and 3C-SiC at 0.05 % C3H8 and Si/C = 0.5. In (b), the appearance of
weak 2H-SiC diffraction spots are depicted by arrows. Azimuth [1120].

It can be seen that for low reactant concentrations, stable growth of single crystalline cubic silicon
carbide was achieved on (111) silicon independent of the Si/C ratio. At medium propane concentrations,
twinning of the 3C-SiC was observed. For high propane concentrations in a broad range of Si to C
ratios, polycrystalline 3C-SiC was formed. At Si/C ratios of 0.8 to 1, nucleation of 2H-SiC was observed.
In the RHEED pattern shown in Figure 9b, the diffraction spots related to 2H-SiC are highlighted
by arrows. Therefore, a high carbon concentration and supersaturations support the formation of
the wurtzite modification of silicon carbide. This conclusion is supported by similar observations
in [32,143–145,153] and the nucleation theory of silicon carbide polytypes of [154].

An alternative way to achieve the growth of non-cubic silicon carbide polytypes, i.e., the third
method, is the use of non-silicon carbide buffer layers having a similar structure, i.e., lattice constants
and crystal symmetry, according to a desired polytype. This method requires the replication of the
crystal structure of the buffer layer during epitaxial growth and is frequently used for the generation
of a desired polytype by using AlN on Al2O3 [131], Tb3C [124], the 3C→ 6H transformation [130]
in sublimation technology, and AlN [155] and TiC [156] in CVD-based techniques. We used AlN,
having a lattice constant a = 0.3111 nm, c = 0.4981 nm [157] close to the lattice constants of 2H-SiC
(a = 0.3079 nm, c = 0.5053 nm [158]). The CVD deposition was carried out under the same conditions
as described above. On polycrystalline AlN layers, it was possible to form polycrystalline 2H-SiC
layers. A typical RHEED pattern is shown in Figure 10. It displays the characteristic ring structure
of 2H-SiC. The growth on single crystalline 2H-AlN/Si(111) pseudo substrates at the same growth
conditions yielded only 3C-SiC(111) heteroepitaxial layers.

 

Figure 10. RHEED pattern of polycrystalline 2H-SiC deposited on polycrystalline AlN on silicon at
1570 K, 50 K/s, 60 s, 0.005 % propane, and Si/C = 0.5.
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6. Conclusions

Methods were developed, allowing the imprinting of the polytype structures in recrystallization
and growth processes. They are based on the rapid thermal processing technology and the
understanding of polytype structure formation during the recrystallization of amorphized by
ion-implantation silicon carbide. Local ion implantation and recrystallization were used to form
polytype patterns in the substrate. These patterns act as structural templates during epitaxial growth
at growth conditions, leading to a stable replication of the polytype pattern formed in the substrate.
The structural templating was also applied to achieve the growth of the wurtzite form of silicon carbide
on polycrystalline aluminum nitride. The 2H-SiC polytype can be nucleated on 3C-SiC(111)/Si(111)
templates using appropriate silicon to carbon ratios in the gas phase during epitaxial growth by rapid
thermal chemical vapor deposition.
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