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Viable 3C-SiC-on-Si MOSFET design  

disrupting current Material Technology Limitations 


A. Arvanitopoulos, M. Antoniou, F. Li, M. R. Jennings, S. Perkins, K. N. Gyftakis and N. Lophitis 

Abstract — The cubic polytype (3C-) of Silicon Carbide 
(SiC) is an emerging semiconductor technology for power 
devices. The featured isotropic material properties along with 
the Wide Band Gap (WBG) characteristics make it an 
excellent choice for power Metal Oxide Semiconductor Field 
Effect Transistors (MOSFETs). Nonetheless, material related 
limitations originate from the advantageous fact that 3C-SiC 
can be grown on Silicon (Si) wafers. One of these major 
limitations is an almost negligible activation of the p-type 
dopants after ion implantation because the annealing has to 
take place at relatively low temperatures. In this paper, a novel 
process flow for a vertical 3C-SiC-on-Si MOSFET is presented 
to overcome the difficulties that currently exist in obtaining a 
p-body region through implantation. The proposed design has 
been accurately simulated with Technology Computer Aided 
Design (TCAD) process and device software and a comparison 
is performed with the conventional SiC MOSFET design. The 
simulated output characteristics demonstrated a reduced on-
resistance and at the same time it is shown that the blocking 
capability can be maintained to the same level. The promising 
performance of the novel design discussed in this paper is 
potentially the solution needed and a huge step towards the 
realisation of 3C-SiC-on-Si MOSFETs with commercially 
grated characteristics. 

Index Terms — MOSFETs, 3C-SiC-on-Si, TCAD, SRIM, 
Silicon Carbide, Wide Band Gap 

I. INTRODUCTION 

Silicon Carbide (SiC) is a wide band gap (WBG) 
semiconductor material with superior material 
characteristics compared to silicon (Si). Due to that, 

devices based on this material are expected to replace their 
Si counterparts in power electronic applications. These 
WBG properties include at least two times wider energy 
bandgap, an order of magnitude higher critical electric field 
(Ecr) and largely improved thermal conductivity. 
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The SiC can be polymerized in numerous polytypes, 
nonetheless only one cubic (3C-) phase of SiC exists. The 
isotropic characteristics of 3C-SiC [1][2] in conjunction to 
its remarkable thermal conductivity makes it a prime option 
for WBG power devices. The cubic SiC can be hetero
epitaxially grown on Si substrates using CVD [3]. This 
enables for large 3C-SiC-on-Si crystals, that match the 
diameters of commercially available Si wafers [4]. In 
consequence, discrete power devices of reduced cost can be 
obtained. Furthermore, the interest in the monolithic 
integration of SiC devices with Si technology makes the 3C
SiC an excellent WBG semiconductor for power devices. 

The 3C-SiC is particularly promising for MOSFETs, 
although it features a smaller bandgap value compared to 
the two other major hexagonal SiC polytypes (4H-, 6H-) 
[5]. It has been shown that a 3C-SiC MOS-based switch 
demonstrates less switching losses compared to a 4H-SiC 
MOS-based switch with the same blocking capabilities [6]. 
Further, its smaller critical electric field value has been 
proven beneficial for high frequency MOSFETs [7]. 
Notably, due to the narrower bandgap energy window of 
3C-SiC, the majority of the observed SiO2/SiC interface trap 
are energetically located in the conduction band (EC), 
essentially improving the effective channel mobility [8]– 
[11]. 

Both vertical and lateral 3C-SiC-on-Si power MOSFETs 
have been developed and characterized in the literature 
[12]–[17]. However, they are not commercialized yet 
because of the high planar defects density in the 3C-SiC 
grown layers originating from the hetero-interface to Si 
during growth [18]. Currently, this is the main bottleneck 
for the 3C-SiC-on-Si material technology that hinder its 
anticipated device performance potential. 

It has been demonstrated that the density of the SiO2/3C
SiC-on-Si interface states (Dit) heavily depends on the 
quality of the initial epilayer [19]. The volume of the formed 
planar defects can be reduced when 3C-SiC is grown on 
undulant-Si substrates [4]. In [5], MOS capacitors fabricated 
on a 3C-SiC-on-Si surface after ultra-violet (UV) 
irradiation/ozone cleaning, had their SiO2/SiC interface 
properties greatly improved. It is also reported that a 
shallow Nitrogen (N) implantation at the gate oxide region 
prior to the thermal oxidation reduces the Dit [20]. 
Therefore, improvements of the 3C-SiC heteroepitaxy set 
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the premises on delivering significantly more reliable MOS 
structures. 

Interestingly, one of the 3C-SiC beneficial properties, the 
ability to grow on cheap and large diameter Si substrates 
also raises another challenge for this technology in terms of 
p-type doping. Boron (B) and Aluminium (Al) are two of 
the most preferable p-type dopants for 3C-SiC. However, 
the B is linked with the formation of deep energy levels in 
the SiC [21]. At the same time, the physical similarities of 
Al and Si in terms of atomic size and masses prevents lattice 
distortions that can act as scattering centres. Thus, Al is the 
main option for planar selective area doping for the 
formation of p-type region in the 3C-SiC material. 

The Si substrate limits the activation temperature of the 
acceptor type implanted dopants in 3C-SiC below its 
melting point. This value of approximately 1350oC is further 
down compared to the required annealing temperatures of 
Al, which can be as high as 1700oC for a nearly perfect 
activation (>95%) [22]. In consequence, p-type regions by 
ion implantation is difficult to achieve. 

The challenging nature of acceptor activation is also 
highlighted in [23], where 3C-SiC samples implanted at 
850°C and annealed at 1200°C demonstrated n-type 
electrical behaviour. P-type behaviour was only observed 
when the sample was annealed at 1400°C. Similarly, 
measurements in [24] demonstrated an activation level for 
the dopants of less than 1%. Such inefficient holes’ 
generation process demands high acceptor dopant 
concentration for p-type 3C-SiC which in turn induces more 
lattice defects deteriorating the hole mobility. This 
challenge can be a limiting factor for conventional 3C-SiC-
on-Si MOSFET designs. 

In this paper, a novel process flow is proposed for the 
fabrication of vertical 3C-SiC-on-Si MOSFETs which 
eliminates the need for Al implantation. This includes a 
homo-epitaxially grown p-layer on top of the n-drift layer, 
rather than formatting the p-body with multiple implants. 
The proposed design has been developed with the 
Technology Computer Aided Design (TCAD) Synopsys 
Process tool and its performance simulated with Synopsys 
Device tool. A previously validated set of physics models 
are used to accurately describe the 3C-SiC material which 
was previously published in [25], [26]. Traps at the interface 
between SiO2/3C-SiC have also been included with density 
values that agree with reported fabricated structures in the 
literature for this technology. The results in this work 
highlight that the proposed design is able to deliver 3C-SiC-
on-Si MOSFETs with excellent output characteristics. 

II. THE CONVENTIONAL MOSFET DESIGN METHOD 

The simulated conventional design of the 3C-SiC 
MOSFET follows the common rules for any similar planar 
power FET. The n-type 5x1015cm-3 drift layer is considered 
to be 10μm thick and grown by hetero-epitaxy on an isotype 

Si substrate. The substrate is assumed to be 350μm thick 
and 1x1019cm-3 doped. The doping of the implanted p-body 
regions is 1x1018cm-3, whilst the source n+ regions are 
highly doped to ensure good ohmic contacts. The gate oxide 
is 60nm. The active area of the device considered for this 
work is 7.3x10-4 cm2 and it is equivalent to the fabricated 
3C-SiC MOSFET in [14]. Moreover, fixed charges are 
considered at the SiO2/3C-SiC interface with a value of 
4.5x1012 cm-2 [5], [17].  

A. SRIM simulations for 3C-SiC 

The p-body region plays a key role in the performance of 
the conventional MOSFET design, therefore, accurate 
Monte Carlo simulations were performed to investigate the 
trends of the Aluminium (Al) implant in the 3C-SiC. For 
this purpose, the 3C-SiC target material was modelled in 
SRIM/TRIM software [27]. The compound target feature 
stoichiometry close to 1:1 after accurate measurements of 
the Si/C ratio [28], a density value of 3.166 g/cm3 [29] and 
threshold displacement energies of 20eV for Carbon (C) and 
35eV for Si [30]. This study adopted surface binding 
energies of 7.4eV and 4.7eV for C and Si respectively [31]. 

Notably, two major TRIM limitations must be 
interpreted: (a) There is no build-up of ions or damage in the 
target. Every ion is calculated with the assumption of zero 
dose. This indicates that the target is considered perfect and 
previous ions have no effect on subsequent ions. (b) The 
target temperature is 0K, and there are no thermal effects 
changing the distribution of ions (thermal diffusion) or 
affecting the target damage (thermal annealing). The latter is 
less significant, as the diffusion of dopants in SiC is 
negligible. 

The resulting simulations in SRIM highlighted a known 
issue of the implantation process. In particular, for depths 
very close to the surface of the semiconductor there are 
difficulties in achieving the desired concentration of 
dopants. For this purpose, implantations with oxide cap 
were also considered. Effectively, this shifts the peak of the 

Fig. 1. The combination of the chosen Al implants for a 3C-SiC target 
material to create a gradual decreasing net doping profile for the p-body 
regions. The peak concentration of 1x1018cm-3 is at the channel region. 



 
 
 

   
   

  
 

 
 
 

 
 

  

 

 
 

 
  

 
 

  
   

 
 

 

    

 

 
 

 

 
  

  

 
 

 
 

 
 

 
 

 

   

 

 

   

 
  

 
 

  

 

    

  

  
   

 

   
 

   
 

  

 
  

 

  

  

    

 
   

 
  

  
 
 
 
 
 

  
  

 
 

  
   

 
 

   
  

 

resulted distribution closer to the surface after the cap layer 
is removed. Further, the removal of this sacrificial oxide 
layer also removes 0.05μm up to 0.1μm of the 
semiconductor. This in turn, ensures that the new surface of 
the semiconductor will be within the peak of a Gaussian 
distribution for a specific implantation energy and a specific 
dopant type.  The implantations targeted to form the p-body 
region in the 3C-SiC with an activated Al concentration of 
approximately 1x1018 cm-3. The total implanted doping 
profile to serve this purpose is illustrated in Fig. 1 and 
consists of 6 consecutive implants. 

B. Process simulations and Performance Evaluation 

Complete cells are considered for simulations in this 
work, for more accurate results. In contrast to the half-cell 
case, this configuration includes the interaction between 
adjacent cells. Further, for the simulation purposes, the body 
and source terminals are connected to the same node.  

The process steps for the fabrication of the conventional 
3C-SiC-on-Si MOSFET design are illustrated in Fig. 2. The 
sProcess tool has been utilized in TCAD Sentaurus software 
[32] to accurately model all these required steps. To 
facilitate the removal of 0.05μm from the 3C-SiC surface 
due to the sacrificial oxide, an additional etching step has 
been included in the process. 

(a) 

(b) (c) 

(d) (e) 

Fig. 2. The process of a conventional design of a 3C-SiC-on-Si MOSFET 
in steps: (a) heteroepitaxy of the 3C-SiC drift layer on Si substrate, (b) 
implantation of the implants shown in Fig. 1 and thereafter implantation to 
form the source region, (c) 0.05μm are etched from the surface of the 
semiconductor to ensure that the channel region will be sufficiently doped, 
(d) gate oxide growth and deposition of poly-Si for the gate contact, (e) 
metallization. 

TABLE I: SIMULATED OUTPUT CHARACTERISTIC VALUES FOR THE DESIGN 

IN FIG. 1 ASSUMING 4.5X1012 CM-2 OXIDE/3C-SIC INTERFACIAL TRAPS. 

C
on

ve
nt

io
na

l
D

es
ig

n 

Gate 
Threshold 

Voltage 
On-Resistance 

Breakdown 
Voltage at 

avalanche onset 

4.964 Volts 91.5 Ohm 720 Volts 

The on-state and the forward breakdown simulations 
were also performed with TCAD software by utilizing an 
accurate and validated material model for the 3C-SiC [21]. 
Table I briefly summarizes the simulated characteristic 
values for the conventional design of a 3C-SiC-on-Si 
MOSFET. The on-resistance has been calculated as the 
slope of the simulated ID-VD plot, for VD=0.5Volts and 
VG=10Volts. These values have been selected to ensure that 
all the 3C-SiC-on-Si MOSFETs discussed in this paper 
operate in the linear region. 

III. THE PROPOSED 3C-SIC-ON-SI MOSFET DESIGN 

The viability of the conventional design method is under 
question for 3C-SiC-on-Si MOSFETs because of the 
reported challenges in the activation of p-type dopants in the 
cubic SiC polytype. In an effort to address this major 
material-related issue, an alternative MOSFET design is 
proposed in this paper. 

Instead of forming the p-body regions by implantation, it 
is proposed to grow a thin 3C-SiC layer of p-type 
conductivity on top of the hetero-epitaxially grown n-drift 
3C-SiC layer. This can be achieved by changing the SiC 
epitaxial film growth conditions in the chamber from N to 
Al rich environment. Thereafter, the JFET region can be 
shaped with implants of N in the desired areas, given that no 
issues have been reported regarding the activation of N in 
3C-SiC-on-Si in the literature. 

A. The implanted JFET region in 3C-SiC-on-Si 

The SRIM simulator was utilized, similarly to Section II, 
to investigate the ranges of the N in the 3C-SiC target. 
Several implants with varying implantation energies were 
simulated to obtain the distributions of the N dopants and 
the achieved penetration depth. Thereafter, the best 
combination of these distributions was selected to form a 
quasi-constant doping profile. The doses were calculated 
upon the fluence of each implant after the requirement for a 
doping concentration slightly above the p-body layer one. 

However, this particular task proves to be quite 
challenging due to the high concentration difference 
between the p-body layer and the n-drift layer. The implants 
should be precisely controlled in order to compensate the 
body layer dopants and reverse the conductivity type for the 
formation of the JFET region. On the other hand, the 
resulting JFET doping should have a value as close as 
possible to the n-drift layer concentration. 

The total implanted doping profile to form the JFET 
region in the p-3C-SiC layer is illustrated in Fig. 3. This 
profile was incorporated into the process tool to simulate the 
fabrication of this MOSFET design. The resulting structure 
is shown in steps in Fig. 4. The characterization process 
revealed very good on-state characteristics, similar to the 
conventional design reported in Section II. On the contrary, 
very poor blocking capabilities and an excessive leakage 



 
 

 
 

 
 

  
 

 
 

  
 
 

 
 

   
  

 

  
 

  
 
 

 
  

 

 
 

  

  

 

 
 

 
 

 
 

 

 
    
  

   

 
   

   

 

 
  

 
 

 
 
 

  

 
  

 
 

  
 
 

  

 
 

  

 

  
 

  
 

  

  

 

 
  

current were demonstrated. The results are briefly presented This can effectively deteriorate the blocking capabilities of 
in Table II. the device. 

TABLE II: SIMULATED OUTPUT CHARACTERISTIC VALUES FOR THE DESIGN 

IN FIG. 4 ASSUMING 4.5X1012 CM-2 OXIDE/3C-SIC INTERFACIAL TRAPS. 

Fig. 3. The combination of the chosen N implants for a 3C-SiC target 
material to create a quasi-constant net doping profile for the implanted 
JFET region. The desired minimum concentration for this purpose is 
approximately 1.01x1018cm-3 in order to successfully compensate the 
highly doped p-body epitaxially grown 3C-SiC layer. 

Gate 
Threshold 

Voltage 

On-
Resistance 

Breakdown 
Voltage at 

avalanche onset 

Im
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d 
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E
T

 D
es

ig
n

U
ni

fo
rm

ly
 

do
pe

d 
p-

bo
dy

 

1.326 Volts 8.6 Ohm -

T
hi

n 
p-

bo
dy

la
ye

rs
 o

f
va

ri
ab

le
do

pi
ng

4.875 Volts 12.8 Ohm 111 Volts 

(a) (b) 

(c) (d) 

(e) (f) 

Fig. 4. The process of the proposed design of a 3C-SiC-on-Si MOSFET in 
steps: (a) heteroepitaxy of the 3C-SiC drift layer on Si substrate and on top 
of that homoepitaxy of the p-type 3C-SiC body layer, (b) implantation of 
the implants shown in Fig. 3 for the formation of the JFET region, (c) 
implantation for the formation of the source regions, (d) 0.05μm are etched 
from the surface of the semiconductor to ensure that the channel region will 
be sufficiently doped, (e) gate oxide growth and deposition of poly-Si for 
the gate contact, (f) metallization. 

The uniformly and highly doped p-body epi-layer of 3C
SiC, is difficult to be precisely compensated by multiple N 
implantations in order to form the JFET region. In addition, 
the number of implants should not exceed a maximum value 
if both the lattice damage and the total cost of the device 
should be kept low. Thus, trying to compensate the 1x1018 

cm-3, even small variations above this value can cause the 
formed JFET region to have areas with a resulting doping of 
orders of magnitude greater compared to the n-drift layer. 

To improve the forward blocking characteristics, the 
process for the epitaxy of the p-body layer was modified. By 
varying the parameters of the epitaxy environment, the 
doping profile of the resulted p-type 3C-SiC can be 
engineered. Thus, a more gradual doping profile was 
selected for this layer, rather than the uniform one 
considered initially. Particularly, the p-type 3C-SiC layer 
splits in sub-layers epitaxially grown on top of each other 
with controllable doping concentration. In consequence, the 
sub-layer that includes the channel region features the 
desired peak concentration of activated Al dopants. Towards 
the n-drift 3C-SiC layer, the Al concentration of the 
following sub-layers gradually decreases.  

This can be beneficial for the suggested design process of 
the MOSFET. In fact, considering the uniformly doped 
epitaxially grown p-body layer and the implantation profile 
in Fig. 3, the residual doping can be more than an order of 
magnitude larger than the drift doping value. This is 
highlighted by the deep yellow areas in the formed JFET 
region in Fig. 4. Splitting the p-body region in thin sub-
layers enables for a more effective compensation by 
adjusting the doses of each of the implant steps. In turn a 
smoother doping profile can be obtained in the JFET with 
values closer to the drift layer N concentration. This has a 
direct impact on the performance of the device; an increased 
blocking capability and a reduced electric field in the JFET 
region are now observed.  

Taking into account this design variation, as shown in 
Table II, the forward blocking is improved. Nonetheless, the 
suggested design still fails to meet the blocking voltage 
expectations compared to the conventional design. 

IV. OPTIMIZATION OF THE PROPOSED 3C-SIC-ON-SI 


MOSFET DESIGN
 

To further improve the forward breakdown performance 
of the power device the distance between the two adjacent 
p-body regimes should be decreased. The process steps for 
such a suggested optimization are illustrated in Fig. 5. By 
comparing the Fig. 4 with Fig. 5, the effect of having 



 
 

  
 
 

 
  

 

 
 
 
 

  
 

  
   

  

 
  

   

 
 

 
 

 
 

 
 

   

   

    
 

  
 

  
 

   

 
 

 
 

 

  
  

 

 

 
  

  
 

 

 

   
 

  
 
 
 

 
  

 
 

 
  

  
 

consecutive thin p-type layers, to form the p-body layer by 
epitaxy, can be observed. To improve the forward 
breakdown performance, the lower parts of the p-body 
regions are extended towards the JFET [33]. This 
concurrently brings closer the two p-body regions and 
preserves a JFET region under the gate contact of lower 
resistant. The simulated output characteristics of this 
optimized design are briefly presented in Table III. 

(a) (b) 

(c) (d) 

(e) (f) 

Optimized design 
Implanted JFET design 

Conventional design 

and without the p-body extension region (optimized design) 
are compared with the ones of the conventional MOSFET 
design method. 

Fig. 6 depicts the transfer characteristics. As shown, the 
gate threshold voltage is similar for all cases, which ensures 
that the devices can be compared directly. The gate oxide 
thickness is kept the same, with a value of 60nm. The same 
stands for the SiO2/3C-SiC-on-Si traps with a value of 
4.5x1012 cm-2. 

(g) 

Fig. 5. The process of the proposed design after optimization for a 3C-SiC-
on-Si MOSFET in steps: (a) heteroepitaxy of the 3C-SiC drift layer on Si 
substrate and on top of that homoepitaxy of the p-type 3C-SiC body layer, 
(b) implantation of the implants up to the energy of 225keV as shown in 
Fig. 3 for the formation of the first part of the JFET region, (c) an 
additional mask is utilized to perform the rest higher energy implants with 
a spatial limitation to form the extended p-body edges [33], (d) 
implantation for the formation of the source regions, (e) 0.05μm are etched 
from the surface of the semiconductor to ensure that the channel region will 
be sufficiently doped, (f) gate oxide growth and deposition of poly-Si for 
the gate contact, (g) metallization. 

TABLE III: SIMULATED OUTPUT CHARACTERISTIC VALUES FOR THE 


DESIGN IN FIG. 5 ASSUMING 4.5X1012 CM-2 OXIDE/3C-SIC INTERFACIAL
 

TRAPS. 
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Gate Threshold 
Voltage 

On-Resistance 
Breakdown 
Voltage at 

avalanche onset 

4.78 Volts 15.9 Ohm 570 Volts 

V. RESULTS AND DISCUSSION 

In this paper a novel process flow for the fabrication of 
vertical 3C-SiC-on-Si n-MOSFETs has been proposed in 
order to resolve material related issues. Instead of utilizing 
ion implantation to form the p-body region, a thin layer of 
p-type conductivity can be grown by homo-epitaxy. 
Thereafter, the JFET region can be created by N implants 
which over compensate the p-type layer. In this section the 
output characteristics of the simulated proposed design with 

Fig. 6. Transfer Characteristics. The threshold voltage of the three 
investigated designs is similar whilst the on-resistance is drastically 
reduced for the proposed designs. 

Optimized design 
Implanted JFET design 
Conventional design 

Fig. 7. Simulated output characteristics of the investigated 7.3x104 cm-2 3C
SiC-on-Si MOSFET designs. The red colour corresponds to VG=10V, the 
blue to VG=8V and the orange to VG=4V. 

The simulated ID-VD plot in Fig. 7 is drawn for gate 
voltages of 4V, 8V and 10V. With the conventional design 
method, the JFET region is one of the major contributors to 
the total MOSFET resistance. It is observed that the 
proposed designs have lower on-resistance compared to the 
conventional one, which is attributed to the much higher 
doping concentration of the JFET region. The consequence 
of having a highly doped JFET is a reduction in the 
blocking ability. This is illustrated in Fig. 8.  The optimized 
proposed design method features extended p-body edges 
towards the JFET region, as described in a previous section. 
This enables for a better distribution of the electrostatic 
potential in the JFET and n-drift layer, resulting in a forward 



  
  
 

 

 

 
  

   

  

 

  
  

 

 
      

 
 

 
 

   

 
  

   
    

  
   

 

 
   

  
  

   
 

  
 

   
 

 

  
  

    
  

  
   

  

  
 

 

  
    

  
 

   
  

  
  

  
  

    
  

    

 
    

     
   

  
     

   
   

 
  

    

   

  

  
   

  
  

  
  

  

 
 

  
 

    
 

 
  

 

 

breakdown value directly comparable with the one obtained 
from the conventional design method.  Indeed, the blocking 
ability achieved is over 600V. 

Optimized design 

Implanted JFET design 

Conventional design 

Fig. 8. The proposed design method simulated output characteristics 
suggest that a forward breakdown voltage can be supported with a value 
similar to the one featured by the conventional design method. Unless 
optimized, the forward breakdown characteristics are majorly deteriorated.  

VI. CONCLUSIONS 

Summarizing, the novel proposed design moethod, 
investigated in this paper, has the premises to deliver viable 
3C-SiC-on-Si MOSFETs by resolving some well-known 
material related limitations. Thereafter, based on this work, 
the authors target to perform a physics-based simulation 
robustness analysis, including a comparison of the short 
circuit capability of the proposed design to the conventional.   
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