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Experimental and physics based study  

of the Schottky Barrier Height  

inhomogeneity and associated traps affecting 

3C-SiC-on-Si Schottky Barrier Diodes 

 

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

Abstract—The ability of cubic phase (3C-) Silicon Carbide 

(SiC) to grow heteroepitaxially on Silicon (Si) substrates (3C-

SiC-on-Si) is an enabling feature for cost-effective Wide 

Bandgap devices and homogeneous integration with Si devices. 

In this paper, the authors evaluated 3C-SiC-on-Si Schottky 

Barrier Contacts by fabricating and testing non-freestanding 

lateral Schottky Barrier Diodes (LSBD). To gain a deep physical 

insight of the complex carrier transport phenomena that take 

place in this material, advanced Technology Computer Aided 

Design (TCAD) models were developed which allowed 

accurately matching of measurements with simulations. The 

models incorporate the device geometry, an accurate 

representation of the bulk material properties, and complex 

trapping/de-trapping and tunnelling phenomena which appear 

to affect the device performance. The observed non-uniformities 

of the Schottky Barrier Height (SBH) were successfully 

modelled through the incorporation of interfacial traps. The 

combination of TCAD with fabrication and measurements 

enabled the identification of trap profiles and pin their influence 

on the electrical performance of 3C-SiC-on-Si LSBD. The effect 

of temperature was studied by engaging the identified trap 

profiles and calculating the occupation distribution of electrons 

in 3C-SiC at elevated temperature. The investigation constitutes 

an imperative knowledge step towards the development of 

devices that take advantage of 3C-SiC material properties.  

Keywords—Schottky contacts, inhomogeneity, traps, SiC, 3C-

SiC-on-Si, TCAD 

I. INTRODUCTION 

 he demands of modern applications in power 
electronics make the Silicon- (Si) based power devices 
lag, mainly due to the moderate critical electric field 
value of the material [1], [2]. On the other hand, wide 

bandgap (WBG) semiconductors, like Silicon Carbide (SiC), 
promise advanced properties [3]–[5]. The 3C-SiC, also 
referred to as β-SiC, is the only form of SiC with a cubic 
crystal structure, similar to Si [6]. In consequence, its ability 
to heteroepitaxially grow on large Si substrates (3C-SiC-on-
Si) meets the low-cost requirement and, concurrently, 

encourages possible integration with Si devices [7], [8]. The 
induced isotropic properties of 3C-SiC due to its cubic 
structure, along with its refractory nature, the superior electron 
mobility at high temperatures and the high thermal 
conductivity also emphasize its importance [9]–[11]. 

The larger energy band gap of 3C-SiC allows higher 
doping and thinner layers for power devices with given 
blocking capabilities. Thus, resulting in much lower specific 
on-resistance, particularity for unipolar devices, like Schottky 
Barrier Diodes (SBDs). Nonetheless, these diodes do not 
reach their full potential due to an observed excessive leakage 
current [12]. This deteriorates their performance in both 
forward and reverse bias conditions and hence, currently 
obstructs them from commercialization. Notably, when 3C-
SiC is grown on Si, various types of bulk traps are formed in 
the epitaxial layers [13]–[17], due to lattice and thermal 
mismatches at the heterointerface [18]. The electrical activity 
of such extended defects in 3C-SiC-on-Si, like stacking faults 
(SFs) and micro-twins [19], is a major concern for functional 
power devices. The carriers tend to flow preferentially through 
these defects, leading to high leakages and low breakdown 
voltages. In [20] anti-phase boundaries (APBs) were 
identified to be the main responsible for the enhanced leakage 
current under reverse bias polarization and both APBs and SFs 
were shown to work as preferential current paths responsible 
for the reduced turn-on voltage under forward bias. In 
addition, the deposition of a metal on any semiconductor leads 
to the formation of supplementary electronic states at the 
Schottky interface [21]. The presence of such a variety of traps 
affects the metal / 3C-SiC interfaces and the formation of 
Schottky barriers in particular [22] 

Furthermore, reported inhomogeneous features of the 
Schottky contact can essentially add to the resulted leakage 
current before the onset of forward conductivity or while in 
blocking mode [23]. In the literature there have been various 
attempts to model such features. In [24]–[26] a simplified 
approach assumed the contact divided in two parts, each one 
characterized by an independent SBH value. This introduced 
the concept of parallel conduction in which two or more 
discrete barrier heights are operating in parallel at the Metal / 
SiC interfaces [27]–[31]. In a similar manner, in [32]–[34] the 
SBH values were modelled with a Gaussian distribution 
resulting in a non-uniform behaviour of the Schottky contact 
under voltage stress. A very well established model was 
developed by Tung to describe the inhomogeneity observed in 
fabricated Schottky contacts and has emerged as the most 
complete method to incorporate parallel conduction 
methodology [35], [36]. According to Tung’s theory, the 
inhomogeneous behaviour of the SBH is attributed to potential 
fluctuations at the Schottky interface, but no assumptions are 
made on the origins of this observed inhomogeneity [25]. 
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These fluctuations are considered as a localized phenomenon 
and spatially limited on small portions of the contact, called 
patches [37]. The Tung’s model is applied by determining the 
values of fitting parameters from a modified Thermionic 
Emission (TE) equation based on the suggestion that 
neighbouring patches interact. However, questions have been 
raised about the physical interpretation of the fitting 
parameters of this model for diodes that widely deviate from 
the ideal TE behaviour (𝜂 > 1.21), irrespective of the material 
system [25], [38]. Such obtained highly unphysical 
parameters indicate that the source of the significant degree of 
non-ideality in these SBDs is possibly extrinsic in nature, i.e. 
traps and/or process induced impurities. 

It is of interest that both the degradation of the electrical 
performance and the observed inhomogeneous of a Schottky 
contact have been linked with the presence of traps in 
fabricated SBDs [39]–[44]. However, the characterization of 
these traps’ and their overall influence on the barrier height 
value of 3C-SiC-on-Si SBDs are still mostly unknown and 
unclear [26]. 

In this paper, 3C-SiC-on-Si lateral SBDs (LSBDs) were 
fabricated to perform an experimental investigation of the 
traps affecting the carrier transport mechanisms. Based on 
validated 3C-SiC material models [45], [46], an advanced 
Technology Computer Aided (TCAD) model is developed 
allowing for the identification of the trap profiles in the diode. 
These trap profiles include both bulk traps and Schottky 
interface states. The impact to the Schottky Barrier Height 
(SBH) due to the presence of these traps was revealed with 
simulations and fully justifies the high leakage current 
observed in the fabricated diodes. Furthermore, the proposed 
model attributes non-uniformities of the SBH to additional 
trap profiles at the Schottky interface. The multiple interfacial 
trap profiles are differentiated by distinct spatial distributions 
on the active area of the contact.  

The simplicity of LSBD structure allows for gaining 
insights of the traps’ impact on leakage current. In this work 
the existence of the traps is correlated with complex 
trapping/de-trapping and tunnelling phenomena that enhance 
the recombination/ generation mechanism of carriers, 
depending on the bias. The attention is in the forward bias 
region of the device operation, rather than the reverse, which 
constrains any electric field in the vicinity of the contacts 
being studied. This reduces the possibility of interaction and 
thus interference from possible defects in e.g. the Si/3C-SiC 
interface. The analysis methodology, including the modelled 
influence of the traps is not limited to 3C-SiC-on-Si SBDs but 
can be also applied for any SBD, particularly in cases where 
high ideality factor is observed. 

II. DEVICE FABRICATION AND CHARACTERISATION 

Circular and rectangular/striped contacts have been 
fabricated on a 3C-SiC-on-Si wafer. The grown 3C-SiC layer 
is 4.28μm thick and of 5x1016cm-3 Nitrogen (n) doped. The Si 
substrate utilized is Boron (B) doped and features p-type 
conductivity characteristics with a resistivity value of 5-10 
Ω·cm. High concentration of Nitrogen (n+) with doping 
around 5x1020cm-3 and depth of 300nm was achieved with ion 
implantation in selective regions. It was activated at 1350°C 
for 2 hours. The active doping level estimated to be ~7×1019 
cm-3 with sheet resistance ~3 mΩ.cm [47]. A layer of 500nm 
was grown to passivate the SiC surface. Ohmic contacts were 
obtained on these implanted regions by etching the SiO2 and 

depositing a Ti30nm/Ni100nm bilayer and annealed at 
1000°C for 1 min. The Schottky contacts were formed by 
evaporating 200 nm of Platinum (Pt) and no further treatment 
was applied. No trench isolation was attempted because the 
target has been to maintain a simple process flow and reduce 
the risk of introducing fixed charges on etched surfaces and 
thus extra leakage current from potentially non optimised 
complex process steps. There is however a SiO2 layer (500nm) 
passivation layer between the anode and cathode contact and 
between adjacent devices.  In addition, the distance between 
adjacent devices is much larger compared with the anode-
cathode distance to reduce possible interference. 

 

(a) Circular and striped LSBDs fabricated on 3C-SiC-on-Si wafers. The 
dark coloured contacts are ohmic, whilst the brightest are Pt-Schottky 

 

(b) Forward characteristics of striped LSBDs featuring 100𝜇𝑚 contacts. 
The device with the highlighted characteristics (red line)  features the 

lowest ideality factor and has been chosen for further analysis. 

Fig. 1 LSBDs fabricated on 3C-SiC-on-Si wafers with representative 
characteristics. 

In Fig. 1(a), a sample of the fabricated LSBDs on 3C-
SiC(100)/Si(100) is shown. The dark coloured contacts are the 
ohmic contacts, whilst the brightest correspond to the Pt-
Schottky ones. To obtain diode variants, two design variables 
were introduced in the design split. The diameter and/or the 
width accounted as the first variable for the circular and the 
rectangular contacts correspondingly. The circular shaped 
LSBDs featured ∅100𝜇𝑚  for the smaller contacts and 
∅150𝜇𝑚 for the larger ones. Accordingly, small rectangular 
contacts were of 100𝜇𝑚 width, whereas the large ones were 
of 150𝜇𝑚 width. The lateral separation between the ohmic 
and Schottky contacts was the second design variable with 
values ranging 30, 35 and 40μm. 

 The Keysight B1505A parametric analyser [48] was 
utilized for the characterization process. Thereafter, the 
ideality factor (𝜂) was calculated from the I-V measurements 
for each LSBD. Most devices were found to feature large 𝜂 
values. In addition, the ideality factor of the diodes was not 
constant rather it demonstrated a varying value with applied 
forward bias. The stripped LSBDs have been chosen for 
further analysis because their geometry is closer to that of two 
infinitely long parallel plates. This reduces the impact of 
geometry on the results and the analysis can be done with two 
dimensional rather than three dimensional models.  The small 
sized striped diodes achieved the lower 𝜂 values compared to 
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those with larger dimensions and their forward I-V 
characteristics are shown in Fig.1(b). The device with the 
lowest 𝜂 achieved is shown in Fig. 1(b) with red highlight and 
has been selected for TCAD modelling and analysis through 
simulations.  

III. DEVICE MODELLING METHODOLOGY 

The cross-section of the investigated as-deposited Pt/3C-
SiC-on-Si LSBD is illustrated in Fig. 2. The 3C-SiC material 
layer is 4.28𝜇𝑚 thick and 5 × 1015𝑐𝑚−3 Nitrogen (N) doped 
The Schottky metal is Platinum with a workfunction of 
𝑞𝛷𝛭 = 5.65𝑒𝑉  [49]. The Schottky and ohmic contacts are 
laterally separated by 40𝜇𝑚. The Si substrate is considered 
lowly doped and of opposite conductivity type compared to 
the drift, according to the wafer specifications. An area factor 
has been utilized to accurately represent the diode in the third 
dimension. Towards accurate simulations, additional to the 
Thermionic Emission (TE), the barrier lowering due to image 
force and the barrier tunnelling physical mechanisms are also 
considered. The TCAD 3C-SiC material physical models used 
in this work were previously developed and validated in [45]. 

  

Fig. 2 The top view (left side) and cross-section (right side) of the 3C-
SiC(100)/Si(100) LSBD characterised and modelled. 

A. Modelling the carrier transport mechanisms. 

To ascertain the full impact of traps with physics-based 
simulations it is key to consider the correct carrier transport 
mechanisms. Thermionic Emission (TE), is not adequate to 
replicate the complex nature of carriers’ transport under the 
influence of traps, particularly when the ideality factor is 
significantly larger than unity [50]. This is because it assumes 
that the transmission probability for energies lower than the 
expected barrier height is negligible. Field Emission (FE) 
corresponds to current conduction through the barrier by 
tunnelling and it turns to be increasingly important when the 
barrier becomes thin. Another significant carrier mechanism 
is the Thermionic Field Emission (TFE), which combines 
thermionic emission and tunnelling. Further, the Trap-
Assisted Tunnelling (TAT) is a non-local field emission 
process realized in two steps and could also contribute to the 
current given the presence of traps. Barrier lowering (BL) is a 
physical phenomenon during which the effective barrier of the 
Schottky contact, and thus the level of current, is modified 
under the influence of electric field. This phenomenon is 
usually considered when an external reverse bias is applied 
and therefore high electric field is induced. Nonetheless, BL 
can occur even at zero or positive voltage bias and it can be 
particularly evident when studying the subthreshold 
characteristics. It manifests when a thin layer of high 
concentration donor states residing on (or very close to) the 
metal/semiconductor interface become ionized, forming a 

layer of positive charge. Under these conditions a thin high 
electric field layer is formed which bends the bands, 
effectively reducing the barrier height as illustrated in Fig. 
3(a). Under such conditions BL can have a strong influence on 
the current and being able to account for this phenomenon is 
critical when using physics-based simulations to analyse real 
measurements. The conduction mechanisms and the influence 
of BL are diagrammatically shown in Fig. 3(b). They are all 
accounted for in this work.  

In order to replicate the measurements with simulations, 
an advanced TCAD model is proposed, which suggests the 
inclusion of trap profiles and their sub-sequent effect on the 
carrier transport mechanisms. Furthermore, the sub-threshold 
region of the forward log(I)-V is directly linked to the quality 
of the semiconductor material [51]. This can be interpreted 
with the existence of traps both at the Schottky interface and 
the drift. The observed variations of the value of 𝜂 with the 
applied voltage signifies that the effect of these traps depends 
on the bias level and, thus, the Fermi level (𝐸𝐹) position [52]. 
Although this specific LSBD featured the lowest ideality 
factor values of the batch, these values of 𝜂 ≈ 3 are still larger 
than unity, as shown in Fig. 4, indicating the significant effect 
from the presence of traps on the subthreshold current. 
Focusing on the forward I-V characteristics of the fabricated 
diode, simulations were performed with the modelled 
structure in Fig. 2. Matching the simulations with the 
experiments, within the bias region, allows for the 
identification of existing bulk traps in the drift of the 
investigated 3C-SiC-on-Si LSBD.  

 
(a) The phenomenon of Barrier lowering due to the ionized donor states 
at the interface between 3C-SiC and the Schottky contact. 

 

 
(b) Representation of conduction mechanisms and the influence of barrier 

lowering.  
 

Fig. 3 Conduction methods at the metal-semiconductor contact 

IV. TRAPS IDENTIFICATION 

A. Bulk traps 

Bulk traps are considered deep levels, with their origin 

assumed to be defects related to the 3C-SiC/Si hetero 

interface. Focusing on the bias region, a correlation process 

between measurements and Finite Element Analysis (FEA), 

utilizing the device model in Fig. 2, identified the properties 
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of the bulk traps likely to be present in the 3C-SiC drift. These 

are modelled to cover the full drift region, reaching the 

contact. The determined properties are presented in Table I 

and their behaviour as deep acceptors resembles intrinsic 

Silicon Vacancies ( 𝑉𝑆𝑖 ) defects [53]. Such defects are 

common in 3C-SiC-on-Si, originating from the out-diffusion 

of the Si atoms to form the SiC layer [7]. The activation 

energy of these bulk traps, given in Table I, indicates high 

probability of occupation with majority carriers even at zero 

bias. Therefore, the reduced population of free electrons in 

the 3C-SiC drift in thermal equilibrium (𝑛0 ) results in an 

effective Fermi level (𝐸𝐹
𝑒𝑓𝑓

) to be considered according to (1), 

which is illustrated in the band diagram in Fig. 5. Notably, in 

thermal equilibrium the relative position of the 𝐸𝐹
𝑒𝑓𝑓

 at the 

Schottky interface (𝐸𝐹
𝑒𝑓𝑓| 𝐼𝑇) changes to a lower energy. 

  

𝑛0 = 𝑛𝑖𝑒𝑥𝑝 (
𝐸𝐹 − 𝐸𝑔 2⁄

𝑘𝑇
) (1) 

 

 The effect on the forward I-V characteristics from the 

inclusion of the identified bulk traps in the TCAD model is 

illustrated in Fig. 6. Focusing on the on-state region of the 

forward I-V characteristics, shown in Fig. 6(a), in the absence 

of bulk traps, the predicted I-V characteristics have a 

significantly smaller differential resistance (green dotted line 

vs red solid line) when compared to the measurements. The 

inclusion of deep acceptors, resembling 𝑉𝑆𝑖, increase the n-

drift resistance by capturing majority electrons, thus 

impacting the differential resistance. Their inclusion results 

in achieving the same slope ( 𝑅𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑙
−1 ) for both the 

simulated characteristics and the measurements. A second 

observation is that the barrier height predicted with 

simulations features a larger value compared to the 

characterized diode. In Schottky junctions, the barrier height, 

or the build-in potential (𝑞𝑉𝑏𝑖), is the potential barrier that 

obstructs free electrons flow from the semiconductor to the 

Schottky metal side. In consequence, the actual devices start 

to conduct earlier. The inclusion of further bulk traps 

compared to those already added does not affect the barrier 

height but significantly affects the differential resistance. The 

bulk traps are act uniformly all over the epitaxy layer, also 

reaching the vicinity of the Schottky contact. As shown in 

Fig. 6(b), they thus affect the sub-threshold I-V curve too but 

the impact they have is marginal – the sub-threshold current 

predicted is still at least ten orders of magnitude lower than 

the measurements. This suggests the presence of additional 

states at the Schottky junction, which magnify the 

contribution of the TFE, FE and TAT conduction 

mechanisms over the TE one. In Fig. 6(b), the inability of the 

characterized fabricated diodes (open cycle symbols) to 

comply with the predicted TE theory (dashed line) in the sub-

threshold region is also highlighted in a log-scale 

representation of Fig. 6(a). 
 

 
Fig. 5 Band diagram of LSBD at zero bias and T=300K. The deep bulk 

acceptor levels, resembling 𝑉𝑆𝑖 , are highly likely to capture majority 

carriers, and thus, alter the energy of the Fermi level from an initial 𝐸𝐹into 

𝐸𝐹
𝑒𝑓𝑓

 in the band diagram. 
 

 

 
Fig. 6 (a) The inclusion of the deep acceptor traps from Table I 

contributes on achieving a simulated on-resistance similar to the one of 
the characterized diode. (b) The same in log-scale. 
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Fig. 4 The calculated 𝜂  values with a step of 60 measurements of the 
applied forward voltage for the fabricated and characterized 3C-SiC-on-Si 
LSBD (modelled in Fig. 2). 
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B. Interface traps: Model A - spatially uniform 

interfacial traps acting over the full length of the 

Schottky contact 

The states at the Schottky interface are modelled with uniform 
energetic distributions expanding over a rage of activation 
values. This attributes the model with a voltage-dependent 
activation capable of emulating the presence of a varying 
amount of fixed charges at the interface. In turn, the enhanced 
electric fields uniformly alter the electrical behaviour of the 
SBH [54], [55]. The properties of interfacial traps were 
determined through FEM and are presented in Table I. The 
interface traps of Model A comprise two energetic 
distributions, one of donor-like states and another of acceptor-
like states. The definition of these energetic distributions 
defines a range of activation energies within which states can 
behave both as acceptors and donors. These states, between 

𝐸 
3 −𝑆𝑖 − 0.1𝑒𝑉  and 𝐸 

3 −𝑆𝑖 − 0.4𝑒𝑉 , are called 
amphoteric [56], [57]. An illustration of how these states are 
energetically distributed at the interface between Pt and 3C-
SiC-on-Si is shown in Fig. 7. Initially it is assumed that these 
traps are homogeneously distributed (spatially) throughout the 
full length of the Schottky metal. 

 

Fig. 7 The energetic distributions of the identified traps’ model A at the 

Schottky interface. The position of the 𝐸𝐹
𝑒𝑓𝑓| 𝐼𝑇 decides which interfacial 

states are highly likely to be occupied depending on their type. 
 

Table I. Identified trap profiles in the fabricated and investigated 3C-

SiC-on-Si LSBD. 

Trap specification 
Type / 

Concentration 

Distributions 
Energetic Spatial 
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levels due 
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Energy 
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contact 
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E
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Schottky 

contact 
interfacial 

defects 

resulting 
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specific 

effect on 
the barrier 

height 

8x1018 cm-3 

of  
Donor-like 

states 

Uniform Band 
 

𝐸𝑀𝑖𝑑
 = 0.6𝑒𝑉  

𝐸𝑆𝑖𝑔 = 1.0𝑒𝑉 

(𝑓𝑟𝑜𝑚 𝐸 
3 ) 

Uniform 

along all 
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contact 
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lateral 

direction 

2x1018 cm-3 

of  

Acceptor-like 
states 

Uniform Band 
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 = 0.2𝑒𝑉 

𝐸𝑆𝑖𝑔 = 0.4𝑒𝑉 

(𝑓𝑟𝑜𝑚 𝐸 
3 ) 

The calculated relative position of the 𝐸𝐹
𝑒𝑓𝑓

 at the interface 

decides which of these states are ionized, and, thus, highly 
likely to become occupied by a carrier. The donor-like states, 

at the interface, energetically located above the 𝐸𝐹
𝑒𝑓𝑓

 are able 

to capture a hole emulating fixed positive charge. The 

formation of positive charge at the Schottky interface induces 
band bending, altering the SBH value. This effect is shown in 
Fig. 8, where the interface traps Model A, with the energetic 
distributions shown in Fig. 7, results in a reduced potential 

barrier (𝑞𝑉𝑏𝑖
𝑒𝑓𝑓

) for electrons. The dotted 𝐸  line in Fig. 8 

corresponds to the initial band bending due to the space charge 
region formation in thermal equilibrium. This is identical to 
the case illustrated at the band diagram in Fig. 5. 

Fig. 9 depicts the subthreshold region and how the various 
mechanisms contribute to the subthreshold current when traps 
(Table I – Model A) exist at the Schottky interface. It is clear, 
that TE alone underestimates the subthreshold current, and 
more importantly it cannot accurately predict the shape of the 
log(I)-V characteristic. This observation is in agreement with 
the large calculated ideality factor values of the investigated 
LSBD. The traps’ Model A defines an energetic distribution 
of donor-like states of high concentration. When ionized they 
enhance the electric field of the space charge region which 
lowers the effective barrier (Fig 3 right). In turn, the BL allows 
for more majority carriers to cross the barrier through TFE and 
FE, making them significant contributors to the sub-threshold 
current. 

 

Fig. 8 The effect of the interfacial traps Model A, in Fig. 7, on the SBH 
in equilibrium. The dashed line corresponds to the initial EC band 
calculated in Fig. 5. 

A part of the FE electrons (contribute to the current of the 
investigated 3C-SiC-on-Si SBD by completing a direct 
transition to the conduction band (𝐸 ) of the Metal. The rest 
of the majority electrons tunnelling through the Schottky 
interface, between Pt and 3C-SiC, recombine with holes at the 
valence band (𝐸𝑉) of the metal. For recombination to happen 
both types of carriers need to be present. The metal system is 
assumed to be a pool of electrons and holes, thus contributing 
to holes. Both the direct FE and recombination at the Schottky 
interface due to tunnelling have a strong impact on ideality 
factor, deviating its value towards values greater than unity. 

The amphoteric interfacial states, in Fig 7, correspond to 
traps which can either behave as donors or acceptors. Whilst 

the external bias level (indicated by 𝐸𝐹
𝑒𝑓𝑓| 𝐼𝑇 at the Schottky 

interface) is below these amphoteric states, they are able to 
capture holes. With the increasing forward bias, the energy 
bands move upwards and these states will eventually drop 

below the 𝐸𝐹
𝑒𝑓𝑓| 𝐼𝑇. In this case, they act as acceptors and are 

able to capture electrons. The latter decreases the number of 
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the majority carriers that can contribute to the sub-threshold 
current, or locally increases the resistance. Hence, the 
energetic distribution of the acceptor-like states in Model A, 
in Table I, has been specified so to balance the strong effect 
from the donor-like states of Model A. Interestingly, the 
acceptor-like states demonstrated a negligible contribution to 
the TAT recombination. This is attributed to the properties of 
the donor-like distribution of Model A, which energetically 
expands up to the EC. The resultant strong band bending at the 
Schottky interface, therefore, encourages the direct FE rather 
than the indirect TAT transition for the electrons. 

 

Fig. 9 The significant impact from the inclusion of both the identified bulk 
traps and interface traps Model A, in Table I, on the carrier transport 
mechanisms (barrier lowering, recombination at the interface and direct 
tunnelling) and the simulated sub-threshold current. 

The simulated log(I)-V, in Fig. 10, splits upon regions of 
influence from the introduced traps, in Table I. These regions 
illustrate how the various identified trap types in the LSBD 
play a key role in the fitting process with the increasing 
forward bias. The subthreshold current is influenced mostly 
by donor interface traps at lower applied voltage and as the 
applied voltage increases, the influence from acceptor states 
increases. In the region between 0-0.5V, the impact of bulk 
traps on the total current in the overall I-V characteristics is 
almost negligible. This is because the concentration of 
interface traps is substantially higher and, as shown in Fig. 7, 
initially (Vf=0) all the modelled concentration of the donor 
interface traps are ionized, shadowing any effect from the bulk 
traps. With increasing Vf>0 the EF movement reduces the 
amount of these interface traps that are ionized. The closer we 
get to the on-state the more dominant the bulk ionized traps 
become mainly due to scattering mechanisms. For larger Vf>0 
values, their impact on increases and in the on-state the bulk 
traps have a dominant effect on the I-V shape. It is assumed at 
this stage that these traps feature uniform spatial properties 
along the Schottky contact. Hence, a homogeneous behaviour 
of the barrier height is modelled taking into account the total 
effect from both the interfacial and bulk traps. This 
assumption for homogeneous SBH results in very good 
prediction accuracy almost along the entire measured data 
curve, besides the lower voltage level part. This part of the 
log(I)-V, highlighted in green shade in Fig. 10, suggests some 
degree of inhomogeneity of the SBH value across the 
fabricated contact. 

 

Fig. 10 The incorporation of both the bulk and interface traps model A, in 
Table I, in the simulations result in a very good prediction of the log(I)-V 
characteristics of the fabricated 3C-SiC-on-Si LSBD. The presented 
regions of influence are to illustrate where each one of the aforementioned 
trap distributions play a key role in the fitting process followed. 

 

C. Interface traps – Model B: Inhomogeneous SBH with 

additional distribution of states 

The sub-threshold analysis in the previous sub-section 
indicated that for low forward bias conditions a lateral non-
uniformity of the barrier height exists. Such inhomogeneous 
features are likely due to the large dimensions of the Schottky 
contacts being studied [22]. The green highlighted part, in Fig. 
10, implies the contribution of additional states at the 
interface, whose presence creates the conditions for more 
majority carriers to cross the barrier. These extra states are 
modelled to act on a limited area of the Schottky contact. To 
set the fraction of the contact area affected by the 
inhomogeneity, it was a guided by measurements procedure, 
as this is a process and material quality dependent parameter. 
In our case, we achieved the best results with the additional 
states to feature a spatial distribution within a fraction of ~10% 
of the Schottky active area. The properties of these additional 
interfacial traps were determined with simulations and are 
presented in Table II as traps’ model B. The joint effect from 
both traps’ models, A & B, determine a region of the Schottky 
interface prone to conduct larger current for small forward 
bias values. Within this “weak” region, the SBH can be 
considered to have a smaller value compared to the rest of the 
contact, essentially exhibiting an overall non-uniform 
behavior. 

Table II. Additional identified interface traps in the fabricated Pt/3C-

SiC-on-Si resulting in a inhomogeneous Schottky contact. 
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Thermionic Emission only

Barrier Lowering activated

e- Field Emission to EC activated

e- recombination at the interface

Region of both 

interfacial 

acceptors and 

drift layer VSi

traps’ influence

On-state

beyond this 

point

Sub-threshold

up to this point

Region of 

Donor 

interface 

traps’ 

influence

Region of 

both 

interface 

type 

traps’ 

influence

ad1838
Sticky Note
None set by ad1838

ad1838
Sticky Note
MigrationNone set by ad1838

ad1838
Sticky Note
Unmarked set by ad1838



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIA.2021.3087667, IEEE
Transactions on Industry Applications

above the 𝐸𝐹
𝑒𝑓𝑓| 𝐼𝑇  at zero-bias conditions. In consequence, 

they are ionized and, thus, highly likely to be occupied with 
holes. While occupied, they hold a positive charge. The 
affected region on the Schottky contact will thus experience 
an enhanced concentration of charged donor-like states due to 
both traps’ distributions (traps of model A + traps of model 
B). The accumulated positive charge at this region enhances 
the barrier lowering allowing for more electrons to cross for 
the same bias and temperature conditions. Further, the induced 
band bending is stronger increasing the FE.  

Fig. 11 depicts how the identified interfacial traps, in Table 
I and Table II, are able to model a non-uniform SBH along the 
Schottky contact by featuring different spatial distributions. 
The X2 point belongs to the assumed weak region where the 
effect from both traps’ model A and B applies. On the other 
hand, the X1 point is representative of regions on the contact 
experiencing the effect from the traps’ model A only, 
corresponding to the band condition in Fig. 8. The dotted 𝐸  
line in Fig. 11 corresponds to the initial band bending in Fig. 
5. The solid 𝐸  line indicates the current band bending 
induced at each point due to the overall effect of the identified 
traps in Table I and Table II. Finally, the dashed 𝐸  line in the 
inset band diagram at point X2 corresponds to the initial effect 
from the traps’ model A, before the additional traps’ model B 
results in the final solid line realizing the inhomogeneity of the 
SBH. Although X2 has been modelled to be located at the 
edge of the device, this is also the boundary of the simulation 
domain. From the numerical point of view, the equations are 
solved with the assumption that the device is mirrored at the 
boundary. So, placing the traps of Model B at the edge or in 
any position along the Schottky interface does not affect the 
results. Secondly, the metals have been modelled to have no 
lateral voltage drop. Hence the simulated current resembles 
the average total current simulated to flow through the metal. 
The consequence of all above is that it is the total area covered 
by traps of Model B that matters and not the exact location. 

The energy levels of the donor-like states in traps’ model 
B expand up to the lowest level of the acceptor-like states 
energetic distribution in model A. This also limits their 
contribution on a small range of forward bias values. With the 

increased forward bias, the 𝐸𝐹
𝑒𝑓𝑓| 𝐼𝑇  will move upwards 

decreasing the number of the donor-like states that are likely 
to be occupied by a hole. When the forward bias reaches a 

sufficient value for the 𝐸𝐹
𝑒𝑓𝑓| 𝐼𝑇  to ionize the acceptor-like 

states, specified in the traps’ model A, then the effect of the 
traps’ model B will become negligible. Thereafter, the 
simulated Schottky contact will demonstrate a uniform 
behaviour of the SBH, as the result of the traps’ model A effect 
only.   The developed TCAD model, which incorporates all 
the trap distributions in Table I and Table II, is able to 
accurately describe the electrical performance of the 
fabricated LSBD. The final match achieved between 
measurements and simulations, in Fig. 12, adds great 
confidence to the validity of the combined effect from the 
involved carrier transport mechanisms and the identified traps. 

V. IMPACT OF TEMPERATURE 

At elevated temperature, the total subthreshold current 
increases. The impact of increased temperature on the 
individual carrier transport mechanism is analysed in 
subsection A, whereas the impact of temperature on the 
importance of inhomogeneities is analysed in subsection B. 

 

Fig. 11 Inhomogeneous behaviour of the fabricated 3C-SiC-on-Si 
Schottky contacts. The X1 point is indicative of a location on the Schottky 
active area where the interfacial traps’ model A is uniformly applied. The 
X2 point belongs to a portion of the Schottky active area in which the 
identified interfacial traps’ model A and B spatially overlap. The additive 
effect of the traps within this portion of the contact forms a region of lower 
SBH value. 

 

 

Fig. 12 The proposed TCAD model is able to accurately replicate the 
electrical performance of the fabricated Pt/3C-SiC-on-Si lateral Schottky 
contacts by physically linking the SBH behaviour, including any observed 
inhomogeneous features, to the effect induced by the identified traps.   

 

A. Impact on individual carrier transport mechanisms.  

 In Fig. 13 the impact of elevated temperature on the 
individual carrier transport mechanisms is demonstrated when 
interface traps model A is considered. To understand this, the 
concept of electrons’ occupation distribution should be 
introduced and analysed. At any given temperature, the kinetic 
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energy of the majority carriers defines the shape of the 
occupation distribution of electrons in the EC. The latter has 
been calculated and is illustrated in Fig. 14.  

 

Fig. 13 The impact of temperature on the carrier transport mechanisms 
(thermionic emission, barrier lowering, direct tunnelling and 
recombination at the interface). The simulation results at 470K are 
compared with those at 300K from Fig. 9 when interface traps model A is 
considered.   

 

 

Fig. 14 Occupation distribution of electrons in the Conduction Band of 
3C-SiC at 300K and 400K. The y-axis is in log-scale. 

 

According to TE theory, the resulting current comprises a 
component due to majority electrons crossing the barrier from 
the metal to the semiconductor (JMS) and another component 
due to electrons crossing the barrier from the semiconductor 
to the metal (JSM). In forward bias the resultant current is 
expressed as J = JSM −JMS, whilst under thermal equilibrium 
conditions JSM = JMS = J0 applies, where J0 the leakage current. 
The JSM in (2) is directly linked with the quantity ns, which 
determines the amount of electrons/cm3 at the semiconductor 
surface (i.e. x = 0) with energy higher than the build-in 
potential barrier 𝑉𝑏𝑖 . The quantity �̅�𝑥  is the mean velocity 
component obtained from particle statistics. In the generalized 
case of forward bias, the equilibrium conditions are disrupted 
and the build-in potential becomes 𝑉′𝑏𝑖 = 𝑉𝑏𝑖 − 𝑉𝑓. In turn, 

the ratio of electrons’ concentration at the surface and at the 
equilibrium concentration at the bulk ( 𝑛𝑛0 ) becomes as 
described in (3), based on the Fermi-Dirac statistics. 
Furthermore, the 𝑛𝑛0  is directly linked with the density of 
states (NC) in the EC according to (4). Substituting (4) in (3), 

the number of electrons capable of crossing the barrier to the 
metal side via Thermionic Emission is described in (5). In (5), 
the expression for 𝑛  essentially corresponds to the tail part of 
the occupation distribution of electrons at EC. 

 

𝐽𝑆𝑀 = 𝑞 ∙ 𝑛𝑆 ∙ �̅�𝑥 (2) 

𝑛𝑆

𝑛𝑛0

= 𝑒−
𝑞(𝑉𝑏𝑖−𝑉𝑓)

𝑘𝑇  (3) 

𝑛𝑛0 = 𝑁 ∙ 𝑒−
𝐸𝐶−𝐸𝐹

𝑘𝑇  (4) 

𝑛𝑆 = 𝑁 ∙ 𝑒−
𝐸𝐶−𝐸𝐹+𝑞𝑉𝑏𝑖−𝑞𝑉𝑓

𝑘𝑇 = 𝑁 ∙ 𝑒−
𝛷𝐵𝑛
𝑘𝑇 ∙ 𝑒

𝑉𝑓

𝑉𝑇 (5) 

In (6), the Fermi function gives the probability of 
occupancy for an available energy state and utilizes the 

information of the EF energetic position within the 𝐸𝑔
3 −𝑆𝑖  

utilizing (1). In our calculations, the EF incorporates both the 
band gap dependency on temperature and the band gap 
narrowing phenomenon. Although the Fermi function has a 
finite value in the gap, there is no electron population at those 
energies. On the contrary, in semiconductors, the DoS for 
conduction electrons begins at the top of the band gap. 
Therefore, the calculated 𝑓(𝑇)is factored by the number of 
available energy states on determining how many electrons 
actually reach the conduction band of 3C-SiC. The actual 
population of the conduction band in 3C-SiC, or the total 
occupation distribution, is calculated as the product of the DoS 
in (7) in the corresponding band with the Fermi function (6). 
The values utilized in the calculations are shown in Table III. 

Table III. Values and parameters used for the calculation of occupation 
distribution.  

Parameter Name Value 

Electron mass in 3C-SiC (in units of  0) 0.35 

Electron rest mass [ 0] (kg)  .11x10−31 

Planck’s constant [h] ( 2s−1kg) 6.626x10−34 

 

𝑓(𝑇) =
1

1 + 𝑒
(
𝐸−𝐸𝐹

𝑘𝑇
)
 (6) 

𝑝(𝐸) =
8√2 ∙ 𝜋 ∙ 𝑚3 2⁄

ℎ3 √𝐸 − 𝐸𝑔(𝑇) (7) 

𝑚𝑡(𝑇)

𝑚0

= 𝛼
𝐸𝑔(0)

𝐸𝑔(𝑇)
 (8) 

For the investigated Pt/3C-SiC interface, operation in 
elevated temperatures suggests that many material parameters 
change. Considering two temperature values of T=300K and 
T=470K, the bandgap value decreases, whilst the electron 
affinity value slightly increases with temperature. According 
to the models for 3C-SiC discussed in [45], [46], these values 
were calculated and are listed in Table IV. In turn, the 
electrons’ barrier linked to the JSM, 𝑞𝑉𝑏𝑖 = 𝑞𝛷𝛭 − 𝑞𝑋3  will 
slightly reduce, given 𝑞𝛷𝛭 maintains its value. According to 

(1) the EF moves energetically closer to Ei within 𝐸𝑔
3 −𝑆𝑖  due 

to the increased intrinsic carrier concentration at higher 
temperatures. However, the Fermi function becomes wider, 
hence overlapping more DoS in the EC. At higher 
temperatures this change in the shape of the Fermi function 
indicates that more electrons could reach the conduction band 
and thus contribute to the JSM. 

The DoS, in (7), changes following the 𝐸𝑔(𝑇) 

dependence. For T=470K, a reduced bandgap value suggests 
a higher density of available energy states at the conduction 
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band of 3C-SiC. Thus, at high temperatures, both the 
increased available density of states and the wider Fermi 
function in the conduction band impact the shape of the 
occupation distribution, essentially increasing the conducting 
population of electrons. This is illustrated in Fig. 13, where 
the subthreshold current at T=300K and T=470K are 
compared. Notably, for T=470K the tail of the occupation 
distribution (shown in Fig 14), which is the part of the 
distribution beyond the 𝑞𝑉𝑏𝑖 , suggests orders of magnitude 
more electrons are now capable of crossing this energy barrier 
by TE. Therefore, it is expected that TE becomes dominant at 
elevated temperatures, reducing the effect of the considered 
interface trap profiles on the resulting sub-threshold current. 
This is in agreement with the simulation results of Fig. 13 
where the TE contribution to JSM increases by almost seven 
orders of magnitude at the expense of the BL mechanism. At 
T=300K, the ionized donor-states at the interface create the 
conditions for enhanced TFE due to BL. The more the ionized 
donor states, the greater the resulting BL, and thus, the TFE. 
On the contrary, for T=470K, the increased population of the 
electrons at the tail of the occupation distribution shadows the 
observed extensive contribution of the BL at T=300K. 
Nonetheless, the wider shape (due to the higher slope) of the 
occupation distribution for T=470K compared to the case of 
T=300K in Fig. 14, still suggests noticeable BL contribution 
to the JSM due to the ionization of the considered distributions 
of states at the interface. Further, the simulations indicate that 
at T=470K the contribution from FE and recombination at the 
interface is slightly reduced compared to operation at 
T=300K, highly likely due to the tunneling mass of electrons 
increasing with temperature [58]. The latter is described in (9) 
[59], where 0 < 𝛼 < 1, taking into account the decreasing 
3C-SiC energy gap values with temperature. An increased 
tunneling mass reduces, in turn, the probability for the 
corresponding carrier to FE [60]. Overall, the effect of the 
traps on the carrier transport mechanisms is still apparent, yet 
largely reduces when the SBD operates at elevated 
temperatures. 

Table IV. The effect on temperature on basic 3C-SiC material parameter 
values 

3C-SiC parameter 300Κ 470Κ 

Bandgap - 𝐸𝑔(𝑇) 2.345eV 2.3eV 

Electron affinity - 𝜒(𝑇) 3.855eV 3.8772eV 

Intrinsic carrier concentration - 𝑛𝑖(𝑇) 0.228 cm-3 1.223e7 cm-3 

 

B. Impact on inhomogeneity  

To study the impact of temperature on the importance of 
inhomogeneities on the subthreshold current, model B which 
incorporates an inhomogeneous SBH has been used. Fig 15 
shows how the subthreshold current varies with increasing 
temperature, at T=300K, 400K and 470K, with and without 
the inhomogeneous features. As shown, the effect of 
inhomogeneity of the Schottky contact becomes weaker when 
temperature increases. Since the non-uniformity of the barrier 
height is modeled with a superimposed distribution of states 
at the interface, this observation is in agreement with the prior 
interpretation on the effect of the traps on the resulting JSM.  

VI. CONCLUSIONS 

In this paper the fabrication of lateral 3C-SiC-on-Si SBDs 
allowed to investigate the origins of the leaky behaviour in 
such devices. In this context, the role of traps is highlighted as 

the source of the observed large leakage current, which 
otherwise cannot be explained by the native WBG properties 
of the 3C-SiC semiconductor. An advanced TCAD model is 
proposed to link the significant degree of non-ideality with the 
existing traps by engaging complex trapping/de-trapping 
phenomena. Initially, bulk traps of acceptor type have been 
identified in the 3C-SiC-on-Si through simulations, with 
activation energy below the effective Fermi level. These deep 
acceptor levels resemble the intrinsic 𝑉𝑆𝑖 defects, introduced 
in 3C-SiC-on-Si due to the out-diffusion of Si atoms to form 
the SiC layer. Subsequently, it was established that the shape 
of the sub-threshold region of the log(I)-V from the 
characterized LSBD is mainly affected by Schottky interfacial 
states. The utilization of band diagrams has been deployed to 
shed light on the effect of these states and, thereafter, their 
energetic distribution properties were determined through 
extensive simulations. An interfacial traps’ profile was 
defined, of both donor and acceptor-like states, of amphoteric 
nature within a limited range of energies, featuring a spatially 
uniform distribution over the Schottky active area. 

The suggested method further enabled for the SBH 
inhomogeneity interpretation. It was found that a distinct 
distribution of donor-like states spatially limited in a small 
portion of the Schottky active area also exists. In turn, this 
portion of the Schottky contact experiences an additive effect 
from both the uniform interfacial traps’ profile and the distinct 
donor-like distribution emulating a lower SBH region. 
Moreover, the simulations revealed that the additional donor-
like distribution of states should be energetically expanding in 
a narrower band of energies at the Schottky interface. 
Consequently, this results in an inhomogeneous overall 
behaviour of the Schottky contact with forward bias. After the 
inclusion of all identified traps, both bulk and interfacial, the 
TCAD model achieved very good prediction of the LSBD I-
V characteristics which match the measurements with 
excellent accuracy.  

The effect of temperature was thereafter assessed with 
simulations, engaging the information of the identified trap 
profiles. It was found that the impact of the interface traps as 
well as the SBH inhomogeneity reduce with temperature. This 
observation was verified after a physics-based analysis which 
included calculations of the occupation distribution of 
electrons in the EC of 3C-SiC. The tail of the occupation 

 
Fig. 15 The impact of temperature on the modelled non-homogeneous 

behavior of the SBH.   
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distribution, determining the population of conductive 
electrons becomes larger at higher temperatures, resulting in 
TE dominating the sub-threshold current. Nonetheless, the 
contribution of the identified trap profiles is still considerable 
at elevated temperatures due to the smaller gradient of the 
occupation distribution.  

The suggested model and analysis methodology is not 
limited to 3C-SiC-on-Si, rather it can be applied to any Metal 
/ Semiconductor junction to elucidate the effect from the 
inevitable presence of traps on the SBH and the electrical 
performance of the device. 
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