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Abstract
The temperature and carrier-trapping effects on the electrical characteristics of a 4H silicon carbide (4H-SiC) metal–oxide–
semiconductor field effect transistor (MOSFET) dimensioned for a low breakdown voltage (BVDS) are investigated. Firstly, 
the impact of the temperature is evaluated referring to a fresh device (defects-free). In particular, the threshold voltage (Vth), 
channel mobility (µch), and on-state resistance (RON) are calculated in the temperature range of 300 K to 500 K starting from 
the device current–voltage characteristics. A defective MOSFET is then considered. A combined model of defect energy 
levels inside the 4H-SiC bandgap (deep and tail centers) and oxide-fixed traps is taken into account referring to literature data. 
The simulation results show that the SiO2/4H-SiC interface traps act to increase RON, reduce µch, and increase the sensitivity 
of Vth with temperature. In more detail, the deep-level traps in the mid-gap have a limited effect in determining RON once the 
tail traps contributions have been introduced. Also, for gate biases greater than about 2Vth (i.e., VGS > 12 V) the increase of 
mobile carriers in the inversion layer leads to an increased screening of traps which enhances the MOSFET output current 
limiting the RON increase in particular at low temperatures. Finally, a high oxide-fixed trap density meaningfully influences 
Vth (negative shifting) and penalizes the device drain current over the whole explored voltage range.

1  Introduction

Metal–oxide–semiconductor field effect transistors (MOS-
FETs) in silicon carbide (SiC) are very attractive devices in 
modern power electronics [1]. They are widely appreciated 
for their high efficiency, low on-state resistance (RON), and 
noticeable switching capabilities. Typical SiC MOSFETs are 
designed to support high blocking voltages (BVDS) ranging 
from 600 to 1700 V [2–4]. Recent papers, however, have 
also investigated low breakdown voltage 4H-SiC MOSFETs 
to be used for photovoltaic (PV) module-level applications 
enabling operation in harsh conditions with considerable 
lifetime [5–10]. Power optimizers in PV modules are gener-
ally rated for voltages in the order of 100–200 V.

The main technological issue of an SiC-based MOSFET 
is the effective quality of the silicon oxide (SiO2) interface 

that could make the device much less efficient. Defects 
occurring at the SiO2/4H-SiC interface, in fact, heavily affect 
the device current capability [11–14]. In more detail, the 
interface trap effects tend to decrease the carrier mobility in 
the channel region through the enhanced scattering mecha-
nisms of free carriers. At the same time, traps increase the 
RON value and the sensitivity of the threshold voltage (Vth) 
with temperature.

In this context, the aim of the paper is to investigate, by 
means of a careful numerical simulation study, the electri-
cal characteristics of a 4H-SiC MOSFET designed for low-
voltage ratings (BVDS = 150 V) over a wide range of tem-
peratures. Without loss of generality with respect to different 
designs dimensioned for higher blocking voltages, explicit 
interface trap effects due to a detailed density of states in 
the inversion region and a fixed trap density in the oxide are 
considered referring to literature data. A preliminary study 
at room temperature, which neglects defect and trap effects, 
was presented in Refs. [5, 6] emphasizing the use of fast and 
rugged 100-V-class switches.

The obtained results clarify the role of interface traps 
in reducing carrier mobility in the channel region (µch). 
Also, Vth decreases as a function of both trap density and 
temperature. In particular, a high oxide-fixed trap density 
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meaningfully influences Vth. Finally, this analysis indicates 
that deep-level traps at the 4H-SiC interface have only 
a limited effect in determining the MOSFET RON once 
the tail traps contributions have been introduced. The RON 
value is 200 kΩ μm2 for a defective device at VGS = 10 
V, VDS = 1 V, and T = 300 K. This result is compared to 
the state-of-the-art of a commercial Si-MOSFET with the 
same BVDS supporting the opportunity to explore the use 
of 4H-SiC also for low-voltage applications where effi-
ciency, robustness, miniaturization, and temperature con-
trol are critical targets.

2 � MOSFET structure

The schematic cross-section of the considered vertical 
n-channel 4H-SiC MOSFET single-cell is shown in Fig. 1. 
The different geometrical parameters are labeled as fol-
lows: Wcell is the cell width, WG is the gate contact width, 
Lch is the device channel length, WJ is the distance between 
the base regions, XN+ is the n+-source junction depth, XP 
is the p-base junction depth, Wdrift is the n-drift region 
thickness, W ′

drift
 is the base-to-substrate distance, and Wsub 

is the starting substrate thickness. The source contact 
shorts the source and base regions to prevent the switch-on 
o f  t h e  p a r a s i t i c  s u b s t r a t e ( n +) – e p i l aye r ( n ) – 
base(p)–source(n+) bipolar junction transistor. The refer-
ence geometrical and doping parameters used during the 
simulations are summarized in Table 1.

From Table  1, the distance between the n+-source 
region and the n-epilayer (i.e., XP–XN+) is 0.8 μm. The 
epilayer thickness ensures a BVDS value close to 150 V.

Although simplified for simulation purposes, the pro-
posed structure is in principle compatible with a manu-
facturing process based on doping by ion implantation 
[15–17].

3 � Physical models

The numerical simulation analysis was performed using the 
Atlas-Silvaco TCAD physical simulator [18]. The device 
structure was fine meshed wherever appropriate and in par-
ticular around the p–n junctions and the surface channel region 
under the SiO2/4H-SiC interface. The total number of mesh 
points was about 32,000 and the mesh spacing was scaled 
down to 0.5 nm at the interfaces.

The key physical models taken into account include the 
material bandgap temperature dependence, apparent bandgap 
narrowing effect, Auger and Shockley–Read–Hall recombina-
tion phenomena, incomplete doping activation, impact ioni-
zation, and carrier lifetime and carrier mobility expressions 
depending on temperature and doping concentration [19–24]. 
Moreover, Fermi–Dirac statistics and multidimensional 
dependent anisotropic effects as well as scattering mechanisms 
that degrade the channel mobility were considered during the 
simulations.

Parameters details about the simulation setup for 4H-SiC-
based devices are reported in recent manuscripts of ours where 
the models prediction capabilities are also supported by exper-
imental results obtained on implanted diodes over wide ranges 
of current and temperature [25–30].

In this paper, to address the defect and trap effects at the 
SiO2/4H-SiC interface, we solve Poisson’s equation in the 
channel region in the formFig. 1   Cross-sectional view of the n-channel 4H-SiC MOSFET sin-

gle-cell. The drawing is not to scale

Table 1   MOSFET reference parameters (Fig. 1)

Design parameters Values

Silicon oxide thickness, tox (μm) 0.08
Source thickness, XN+ (μm) 0.5
Channel length, Lch (μm) 1
Base junction depth, XP (μm) 1.3
Base-to-base distance, WJ (μm) 7
Epilayer thickness, Wdrift (μm) 1.8
Base-to-substrate distance, W ′

drift

 (μm) 0.5
Substrate thickness, Wsub (μm) 100
Gate contact width, WG (μm) 9.4
Cell width, Wcell (μm) 15
N+-source doping, ND (cm−3) 1 × 1018

P-base doping, NA (cm−3) 1 × 1017

N-drift doping, Ndrift (cm−3) 3 × 1015

N+-substrate doping, Nsub (cm−3) 1 × 1019
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where an overall trapped charge contribution QT is con-
sidered in addition to the ionized donor (N+

D
) and acceptor 

(N−
A
) impurity concentrations to describe the variation of the 

electrostatic potential ψ with the local (total) charge density.
According to [31], the incomplete ionization of impuri-

ties is given by

where ND and NA are the substitutional n-type and p-type 
doping concentrations, NC and NV are the electron and hole 
density of states varying with temperature, gc = 2 and gv = 4 
are the degeneracy factors of the conduction and valence 
band, and ED = 100 meV and EA = 200 meV are the donor 
and acceptor energy levels assuming nitrogen and aluminum 
as doping species, respectively.

The interface density of states (DoS) in the 4H-SiC inver-
sion layer is modeled by the following expression [32, 33]:

where Dit,M is a Gaussian distribution of deep states in the 
mid-gap and Dit,T is the sum of two exponentially decaying 
band tail states close to the conduction and valence band-
edges, respectively. In more detail, we can write

where EC and EV are the conduction and valence band ener-
gies, UC and UV are characteristic energy decays, D0

t,TC
 and 

D0
t,TV

 are the band edge intercept densities, WM takes into 
accounts the spectral width of the mid-gap Gaussian dis-
tribution, and EM is the energy value of the defect density 
peak D0

t,M
.

In Eq. (3) each term acts either as donor-like or acceptor-
like level for free carriers [18]. In other words, a donor-
like center is positively charged (ionized) when empty and 
neutral when filled (with an electron), while an acceptor-
like center is negatively charged (ionized) when filled and 
becomes neutral when empty.

The total charge Qt is therefore expressed by

where referring to the terms Dit,M and Dit,T introduced above, 
D+

it,D
 and D−

it,A
 are the ionized densities for donor-like and 

acceptor-like traps, respectively. In particular, each ionized 

(1)∇ ⋅ (�∇� ) = q
(
n − p − N+

D
+ N−

A

)
− QT,

(2)N−
A
,+
D
= NA,D

⎛
⎜⎜⎜⎜⎝

−1 +

�
1 + 4gv,c

NA,D

NV,C(T)
e

EA,D

kT

2gv,c
NA,D

NV,C(T)
e

EA,D

kT

⎞
⎟⎟⎟⎟⎠
,

(3)Dit(E) = Dit,T + Dit,M,

(4)Dit,T = D0
t,TC

exp[(E−EC)∕UC] +D0
t,TV

exp[(EV−E)∕UV],

(5)Dit,M = D0
t,M

exp[(E−EM)∕WM]
2

,

(6)Qt = q(D+
it,D

− D−
it,A

),

density depends upon the trap density and the relative prob-
ability of ionization that is in the form of

Here, vn and vp are the carrier thermal velocities, and σn 
and σp are the trap capture cross sections for electrons and 
holes, respectively. Finally, en and ep are the trap emission 
rates given by

where Ei is the intrinsic Fermi level and ni is the intrinsic 
carrier concentration.

The fundamental DoS parameters used during the simu-
lations are listed in Table 2 [18, 33, 34]. In particular, the 
trap density reference values are assumed as in Ref. [33].

Finally, the Caughey–Thomas expression describes the 
temperature-dependent carrier mobility as

where the µ0n,p terms are the carrier mobilities assumed at 
room temperature, N is the local doping concentration, Ncrit

n,p
 

is the doping concentration at which the mobility is halfway 
between its maximum and minimum value, and α, β, γ, and 
δ are process-dependent coefficients [35]. This model was 
experimentally validated for SiC in Ref. [36].

(7)Ft,D =
vth�n + ep

vn(�p + �n) + (en + ep)
,

(8)Ft,A =
vth�p + en

vp(�p + �n) + (en + ep)
.

(9)en = vn�nni exp

(
E − Ei

kT

)
,

(10)ep = vp�pni exp

(
Ei − E

kT

)
,

(11)

�n,p = �min
0n,p

(
T

300

)�n,p

+
�max
0n,p

(
T

300

)�n,p
− �min

0n,p

(
T

300

)�n,p

1 +
(

T

300

)�n,p
(

N

Ncrit
n,p

)�n,p
,

Table 2   DoS parameters

Parameters Band tail states Mid-gap states

Energy level (eV) 0.47 1.55
Density (cm−2 eV−1) 6 × 1013 2.3 × 1011

UC,V (eV) 0.01, 0.23 –
WM (eV) – 0.1
σn,p (cm2) 1 × 10−16, 1 × 10−14 1 × 10−16, 1 × 10−14

vn,p (cm/s) 1.9 × 107, 1.2 × 107 1.9 × 107, 1.2 × 107
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The expected mobility reduction due to the carrier satu-
rated drift velocity (vsat = 2 × 107 cm/s) was modeled for high 
electric fields by using

where E is the electric field in the direction of the current 
flow, and κn = 2 and κp= 1 [18]. In addition, mobility degra-
dation effects that had taken place in the inversion layer can 
be written as

where Ecrit
n,p

 is an adjustable parameter, and E⊥ is the perpen-
dicular electric field component which originates different 
scattering mechanisms involving surface-phonons, surface-
roughness, and Coulombic scattering [18].

4 � Results and discussion

4.1 � I–V–T characteristics in absence of trap effects

A first set of simulations was addressed to clarify the 
dependence of BVDS on thickness (Wdrift) and doping (Ndrift) 
of the device epitaxial layer. In particular, with the MOSFET 
in off-state (VG = 0 and grounded source) VDS was gradually 
increased until the drain leakage current density reached a 
maximum value of 10 mA/cm2. Starting from Wdrift = 10 µm 
and Ndrift = 1×1016 cm−3, we calculated BVDS close to 900 V. 
This value corresponds to a critical electric field of 1.9 MV/
cm. Then, Wdrift was reduced down to 1.8 µm as summarized 
in Table 3. It must highlighted that BVDS is strictly depend-
ent on Wdrift which in fact determines the effective distance 
W ′

drift
 between the base junction and the substrate, i.e., Wdrift 

− XP in Fig. 1.
By decreasing Ndrift from 1×1016 cm−3 to 1×1015 cm−3 

we observed a maximum reduction of BVDS on the order 
of 10%. For example, for Ndrift = 3×1015 cm−3 we obtained 

(12)
�n,p(E) =

�n,p

[
1 +

(
E

�n,p

vsat

)�n,p
] 1

�n,p

,

(13)
𝜇n,p(E⊥) =

𝜇n,p√
1 +

E⊥

Ecrit
n,p

,

BVDS = 150 V for Wdrift = 1.8 µm and BVDS = 850 V for 
Wdrift = 10 µm as in Ref. [6]. It is worth noting that Ndrift has 
only a limited impact in determining BVDS for Wdrift ≤ 3 µm.

The 4H-SiC MOSFET in Table 1 is a structure considered 
free of interface defects and traps (fresh device). The current 
density curves ID − VDS and ID − VGS calculated at different 
temperatures for the half-cell in Fig. 1 (active area 7.5 µm2) 
are shown in Figs. 2 and 3, respectively.

As expected, the drain current decreases harshly when 
increasing temperature. This effect is determined by the 
temperature dependence of carrier mobility in the inver-
sion layer and the overall increase of the device on-state 
resistance.

Table 3   BVDS as a function of 
Wdrift for Ndrift = 1×1016 cm−3 BVDS (V) Wdrift (µm)

900 10
750 7
600 5
350 3
200 2
155 1.8

Fig. 2   Forward ID − VDS characteristics for the device in Table 1 at 
T = 300 K, T = 400 K, and T = 500 K

Fig. 3   ID − VGS curves for the device in Table 1 at different tempera-
tures
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In more detail, the degradation of the total carrier 
mobility behavior in the channel region is shown in 
Fig. 4. Here, the temperature dependence of the threshold 
voltage is also reported by imposing during the simula-
tions a subthreshold current in the limit of 10 nA. The 
plot is traced by taking a cut-line of the device structure 
for VGS = 15 V and VDS = 1 V.

The decrease of Vth and µch with temperature is due to 
the increase of the 4H-SiC intrinsic carrier concentra-
tion. These variations determine different values of the 
device transconductance which results 25 s at T = 300 K 
and decreases to about 10 s at T = 500 K in the considered 
range of VGS.

From Fig. 3, the drain current density for VGS = 15 V 
and VDS = 1 V at T = 300 K is 7.11 μA/μm2 (ID = 53.32 
μA). The corresponding MOSFET RON is therefore 

calculated as close to 140 kΩ μm2. The RON behavior as 
a function of the temperature is shown in Fig. 5. Here, 
the RON increase with temperature is mainly due to the 
decrease of carrier mobility in the inversion layer as well 
as in the drift region [37]. In other words, the increased 
temperature limits the current components in these two 
regions.

4.2 � Analysis of trap effects at the SiO2/4H‑SiC 
interface

4.2.1 � Tail traps

Introducing in the model a constant value of deep traps in 
the mid-gap, i.e., D0

t,M
= 2.3 × 1011 cm−2 eV−1 [33], Fig. 6 

depicts the device ID − VGS characteristics in semi-logarith-
mic scale calculated for a different band tail trap density 
at T = 300 K, T = 400 K, and T = 500 K. In particular, in 
Eq. (4) we have assumed the band edge intercept density 
in the range from 1012 cm−2 eV−1 to 1014 cm−2 eV−1 [33, 
38]. In addition, it is important to note that the traps with 
energetic states close the valence band can be neglected once 
the contribution D0

t,TC
exp[(E−EC)∕UC] has been considered. In 

this study, in fact, when the device is forward biased, even 
in weak inversion condition, the Fermi level increasingly 
moves in the upper half of the bandgap.

From Fig. 6, similarly to the fresh device, Vth tends to 
decrease as the temperature increases. For VGS > Vth, the 
saturated value of ID is almost the same until the tail trap 
density is in the limit of 1013 cm−2 eV−1. Then, for example 
for D0

t,TC
 = 1014 cm−2 eV−1, the device current capabilities 

are meaningfully penalized at any VDS bias level.
When a positive VGS is applied, the acceptor defect states 

are able to trap a great number of electrons from the inver-
sion layer, thus making them immobile and excluding them 
from carrier transport mechanisms. In addition, at each tem-
perature, these filled traps cause Coulomb scattering phe-
nomena of mobile charges that determine in turn a reduced 
drain current and a positive shift of the threshold voltage. 
The more the temperature increases, the more the number of 
filled traps decreases; hence Vth decreases as stated above.

The MOSFET RON behaviors as a function of VGS for 
both a fresh and a defective device are shown in Fig. 7. The 
RON of a heavily defective device dramatically increases 
for increasing temperature in particular at low biases 
(VGS ≤ 12 V) as a consequence of the mobility degradation 
induced by traps [39]. For VGS> 12 V, however, the increase 
of mobile carriers leads to an increased screening of traps 
which supports the MOSFET output current limiting the RON 
increase especially at low temperatures.

Fig. 4   Channel mobility and device threshold voltage as a function of 
the temperature

Fig. 5   On-state resistance and drain current density as a function of 
the temperature
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Fig. 6   ID − VGS characteristics 
as a function of the tail trap den-
sity at a T = 300 K, b T = 400 K, 
and c T = 500 K
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4.2.2 � Deep‑level traps

The MOSFET ID − VGS characteristics for two different dis-
tributions of deep-level traps (not exceeding a peak value of 
1012 cm−2 eV−1 [38]) are shown in Fig. 8. A fixed band edge 
intercept density D0

t,T
 = 1013 cm−2 eV−1 was assumed during 

the simulations.
In this case, the trap effects mostly occur at the beginning 

of the ID curves determining, once again, an increase in the 
device threshold voltage. In other words, since the tail traps 
contribution has been introduced, the effect of the trapped 
charge in the deep-level traps on the slope of the ID curves 
in Fig. 8 is negligible and, in fact, for VGS> 10 V the drain 
current appears not affected. This result is shown in more 
detail in Fig. 9 by plotting the RON behaviors as a function 
of VGS at different temperature (11 ≤ VGS ≤ 15 V).

4.2.3 � Oxide‑fixed traps

Moving from the developed analysis on the interface-trapped 
charges which are related to the defect energy levels inside 
the 4H-SiC bandgap, in order to determine the effective 
MOSFET current capability, in this section we have involved 
in the model an oxide-fixed trap effect as shown in Fig. 10. 
In particular, we have considered a thin film of fixed traps 
located in the oxide next to the SiO2/4H-SiC interface with 
a charge density Nfix = 1.3 × 1012 cm−2 [33].

The oxide-fixed traps, which have a density strictly 
dependent on the 4H-SiC surface oxidation process, became 
scattering centers that influence the device threshold voltage 

as shown in Fig. 11. Here, the carrier mobility degradation 
in the inversion layer is also reported.

From Fig. 11, it is clear that the MOSFET threshold volt-
age significantly decreases in presence of an explicit oxide-
fixed trap density. These centers, in fact, by acting as positive 
charges produce a band bending at the semiconductor inter-
face even without the application of a positive bias voltage 
at the gate contact [40, 41]. In other words, the band bending 
for a p-type MOSFET tends to induce a depletion region 
(channel region) before VGS is applied. This effect obviously 
reduces Vth at any operation temperature. In addition, due to 
the Coulombic scattering [42], the effective carrier mobility 
in the inversion layer is degraded as well.

The comparison of the defective device in Fig.  10 
( D0

t,T
 = 1013 cm−2 eV−1, D0

t,M
  = 1012  cm−2  eV−1, and 

Nfix = 1.3 × 1012 cm−2) and the fresh one in Fig. 3 in terms 
of RON at different temperatures is shown in Fig. 12.

Here, the datasheet value RON = 216 kΩ μm2 for a Si-
based commercial MOSFET rated for 150 V at VGS = 10 V 
and T = 300 K is also reported [43]. This value is slightly 
higher than that calculated for the proposed device at the 
same bias level, namely RON = 200 kΩ μm2. In presence of 
an oxide-fixed trap effect, the RON behavior tends to increase 
over the whole explored VGS range in particular at the higher 
temperatures that increasingly contribute to limit the drain 
current.

5 � Conclusion

The temperature and carrier-trapping effects on the electrical 
characteristics of a 4H-SiC MOSFET have been predicted 
by means of numerical simulations. A combined model of 
defect energy levels inside the 4H-SiC bandgap (tail and 
deep-level traps) and oxide-fixed traps has been considered. 
The trap densities have been assumed referring to literature 
data. The device exhibits an epilayer thickness of 1.8 µm and 
a breakdown voltage of 150 V.

Starting from a defect-free structure we have calculated 
an on-state resistance close to 140 kΩ μm2 (VGS = 10 V, 
VDS = 1 V, and T = 300 K), which increases up to 200 kΩ μm2 
for a defective device. This result is comparable to that of a 
commercial Si-based MOSFET rated for the same voltage 
range. The MOSFET threshold voltage and carrier mobility 
in the channel region decrease as a function of both tempera-
ture and trap density. In particular, the oxide-fixed traps have 
a severe impact on the threshold voltage.

Fig. 7   RON as a function of VGS at different temperatures for fresh 
(open symbols) and defective (solid symbols) device. D0

t,T
 = 1014 cm−2 

eV−1, D0

t,M
 = 2.3 × 1011 cm−2 eV−1
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Fig. 8   ID − VGS characteristics 
as a function of the deep-level 
trap density at a T = 300 K, 
b T = 400 K, and c T = 500 K
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The presented analysis could turn useful to support the 
design of low breakdown voltage 4H-SiC-based MOSFETs 
seeing that the pure experimental characterization of the 
device reliability is very expensive and time consuming.
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