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ABSTRACT This paper proposes an optimal 4H-silicon carbide trench MOS barrier Schottky (TMBS)
Rectifier. The optimal structure of this rectifier is achieved by adding an N- wrapping region at the P+
shielding of the conventional TMBS structure, which significantly reduces the depletion region formed by
the P+ shielding region. As a result, the proposed structure provides a lower ON-resistance comparing with
the conventional P+ shielding structure. Moreover, we study the electric characteristics of the proposed
structure via numerical simulation. Such a structure improves the specific ON-resistance and figure of
merit of the conventional P+ shielding TMBS by 32.2% and 48.4%, respectively, and offers a high

breakdown voltage, i.e., up to 1908 V.

INDEX TERMS TMBS, breakdown voltage (BV), specific ON-resistance, figure of merit (FoM).

I. INTRODUCTION

Silicon carbide (SiC) is a wide band-gap material which
is endowed with high thermal conductivity, strong criti-
cal electric field and fast electron saturation drift, making
it quite attractive for high-power and high-temperature
applications [1]-[4]. The SiC Schottky diode introduces
low onset voltage and no reverse recovery [3]. However,
it is incapable of providing low ON-resistance and low
leakage current density, as the Schottky barrier affects
both the forward and reverse characteristics of the diode.
To overcome this restriction, hybrid structure may be
used, including the junction barrier Schottky (JBS), dual
metal trench Schottky (DMT), and the trench MOS barrier
Schottky (TMBS) diodes [5]-[8]. However, the JBS requires
high temperature ion implantation and annealing at high tem-
peratures, which causes big damage to the material, yielding
working instability of the devices [9]. The DMT diode has
less flexibility in adjusting the Schottky barrier which is used
to optimize the forward and reverse performances [10]. The
TMBS diode uses a thin MOS structure to modulate the
electric field distribution, which may be tuned by adjusting
the mesa width, the oxide thickness and the trench depth.
Hence, one may achieve a low Schottky surface electric field
while preserving the low ON-resistance easily [11], which

has been successfully used in the silicon field [12], [13].
However, a strong reverse bias electric field is distributed
in the oxide layer which exceeds the withstand field of the
oxide layer, yielding the TMBS structure unsuitable for the
SiC field [11], [14]-[17]. To overcome this issue, the elec-
tric field in the oxide layer may be significantly reduced
by adding a P+ shielding region at the trench bottom of
the TMBS device, similar to the SiC MOSFET architec-
ture. Nevertheless, the P+ shielding region brings the JFET
region, which significantly increases the ON-resistance [18].

To address the above problem, here we propose an opti-
mized 4H-SiC P+ shielding TMBS with low ON-resistance.
Figures 1 (a) and (b) show cross-sectional views for the
architectures of the proposed structure and the conven-
tional TMBS structure. In contrast to the conventional
P+ shielding structure, the optimized structure contains an
N-type region with higher doping concentration than the
drift region, wrapping the P+ shielding region incorpo-
rated at the trench bottom. This N-type region may widen
the electron path during the on state, and hence, decreases
the ON-resistance. In this paper, we provide a compre-
hensive study on the proposed structure, especially on the
dopant concentration and the depth of the added N-type
region.
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FIGURE 1. Schematic cross-sectional view of (a) optimized p+ shielding

TMBS and (b) conventional p+ shielding TMBS.
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FIGURE 2. Main fabrication process steps for the optimized p+ shielding
TMBS.

Il. FABRICATION PROCEDURE AND PARAMETERS

In Fig. 2, we provide a feasible fabrication procedure of
the proposed device. The main fabrication process steps are
summarized as follows. A SiC epitaxial layer growing on
an n+ type 4H-SiC substrate serves as the first drift layer.
After a mask layer [cyan area in figure 2(a)] formed on the
first drift layer, ion implantation is proceeded to form the
added n-type region. Then the second drift layer [the region
above the dashed line in figure 2(b)] grows on the first layer
after the removal of the mask layer. The two drift layers
have the same dopant concentration, and make up the whole
drift region of the device. The dopant concentration and the
thickness of the whole drift region are 5 x 10cm™3 and
11pm, respectively. Thereafter, the trench is formed by ICP
etching with a depth of 1pum [16], and then ion implantation
is applied to form the p+ shielding region at the bottom
of the trench [deep shadowed area in Figure 2(d)]. Then,
the oxide film is formed at the side wall and bottom of
the trench by thermal oxidation and PECVD process [blue
area in Figure 2(e)] [16]. The total thickness of the oxide is
0.1um. Then, the trench is filled with polysilicon with p+
type dopant. Detailed parameters of the devices used in the
simulation are listed in Tab. 1.
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TABLE 1. Devices parameters for the simulations.

Parameter Value
Width of trench(W,) 4.0 pm
Width of Mesa(Wi) 2.0 pm
Width of added n-type region(Wan) 0.25um
Thickness of drift(L4) 11 pm
Depth of trench(Ly) 1.0pm
Thickness of oxide 0.1pm
Added n-typeregion depth(L.y) 0.1pm
p+junction depth(L,-+) 0.4pm

n- drift Doping(Np) 5x10"7 c¢m”
Added n-typeregion Doping(Na) 1.5x10" cm”
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FIGURE 3. Forward characteristic and total current density contours of the
optimized and the conventional p+ shielding TMBS.

1Il. SIMULATION RESULTS AND DISCUSSION

To best investigate the performance of the structures in
Figs. 1(a) and (b), we use the 2-D simulation tool ATLAS,
considering the parameters described above. The simulation
software uses a variety of physical models, including the con-
mob, analytic, fldmob, srh, auger, fermi, incomplete, bgn and
impact selb [19]. For the sake of comparison, we simulate
both the proposed structure and a conventional P+ shielding
TMBS with the same parameters.

Forward Characteristics: Figure 3 plots the simulation
results for the forward I-V curves of the optimized P+ shield-
ing TMBS and the conventional P+ shielding TMBS. These
results show that the I-V curve slope of the optimized
structure is apparently greater than that of the conven-
tional structure. Moreover, these two structure presents
specific ON-resistance of 1.98mQ-cm? and 2.92mQ-cm?,
respectively (at Jp = 400A/cm?, W, = 0.25um and
Nan = 1.5 x 10"7cm™3), which is 32.2% lower than that
of the conventional structure. The current density contours
of the optimized and the conventional P+ shielding TMBS
for the case of VF = 2 V are shown in the inset of Fig. 2.
From this picture, it may be seen that the current path of
the optimized P+ shielding TMBS is wider than that of the
conventional structure. Such a wide current path is due to
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the added N— type region with higher doping concentra-
tion than the drift region. According to the semiconductor
PN junction theory, the width of the depletion region may
be made narrower by increasing the doping concentration.
Hence, the added N— type region may reduce the depletion
region width caused by the P+ shielding region, and widen
the current path. As a result, the ON-resistance of the device
significantly decreased.

Reverse Characteristics: Figure 4 plots the simulation
results for the reverse I-V curves of the optimized P+
shielding TMBS and the conventional structure. The break-
down voltage of these two structures at room temperature
is respectively 1908V and 1905V. Figure 4 also shows the
electric field contours of the optimized P+ shielding TMBS
and the conventional structure at the breakdown. It may be
seen from this figure that the electric field in the bottom
oxide layer is very weak, i.e., about 0.15MV/cm, which is
much lower than the critical strength value [11]. In addi-
tion, the peak electric field of both structures appears at the
corner of the P4 shielding region. Because the added N-
type region has higher doping concentration than the drift
region, the field shielding effect is reduced. So the elec-
tric field of the optimized structure at the Schottky surface
(0.8MV/cm) is higher than that of the conventional P+ shield
structure (0.6MV/cm). The higher electric field at the schot-
tky interface brings to larger schottky barrier lowering [22].
Therefore the reverse leakage current density is slightly
higher than that of the conventional TMBS, as is shown in
the figure 4.
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FIGURE 4. Reverse characteristic curves and electric field contours of the
optimized p+ shielding TMBS and the conventional p+ shielding TMBS.

Parameter Optimization: We use the Figure of
merit (FoM) Vpgg2/Ronsp to comprehensively evaluate the
positive and negative characteristics of the device [18].
According to the simulation results, the FoM of the proposed
and conventional devices are about 1.84 kV2/mQ-cm? and
1.24 kV?/mQ- cm?, respectively. As shown in Tab. 2,

the FoM of the proposed device has improved by 48.4%
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TABLE 2. Performance comparison.

Optimized Conventional

Parameter TMBS TMBS Percentage
BV(V) 1908 1905 +0.3
Ron.sp(mQ-cmz) 1.98 2.92 -32.2
FoM(kV*/mQscm?) 1.84 1.24 +48.4
+: increased; -: reduced.
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FIGURE 5. The Simulation results for FoM of the optimized P+ shielding
TMBS.

compared to the conventional TMBS device. The doping
concentration Ny, and the width of the added N-type region
W are of great influence on the proposed device. Thus, we
optimize these two parameters, where the Ny, ranges from
1 x 10"%cm™3 to 5 x 10"7cm™3 and the Wy, ranges from
0.1 um to 0.25 um.

Firstly, with the increase in the Ng,, the FoM rapidly
reaches to its peak value and then decreases gradually. This
may be explained with the help of the ON-resistance and
the breakdown voltage extracted from the simulation process.
When the Ny, is lower than 1.5 x 107cm™3, the depletion
region form by the P+ region is wider, so the current path
is narrow, as the case of conventional P+ structure shown
in the Fig. 3. As we see in the Fig. 6, by increasing the Ny,
the depletion becomes smaller immediately, yielding rapid
decrease in the ON-resistance. Additionally, as Fig. 7 shows,
the breakdown voltage almost remains unchanged when the
Nan 1s smaller than 1 x 10"7c¢m—3. These two factors lead to
increase in the FoM with the increase in the N,,, and reaches
to its peak value when the Ny, is around 1 x 107em3.
Further increasing the Naj, the specific ON-resistance will
decrease slowly to saturation. Moreover, when the Ny, is
bigger than 2 x 10!7ecm™3, the P+ region cannot shield the
oxide layer, so that the breakdown voltage decreases with
further increase in the Ng,, which is depicted in Fig. 7.
Finally, the FoM decreases with the increase in the Nyj.

Secondly, for a small Ng,, the N- region width, Wy,
slightly affects the FoM, for Ny, is the key factor to the FoM
during this section as discussed above. However, as we see
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FIGURE 6. The Simulation results for specific ON-resistance of the

optimized P+ shielding TMBS.
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FIGURE 7. The Simulation results for breakdown voltage of the optimized
P+ shielding TMBS.

in Fig. 7, when the Ny, is greater than 2 x 107cm™3, the
Won significantly affects the breakdown voltage, because the
electric field in the oxide soars with the increase in Wy,.
Simultaneously, the specific ON-resistance is more stable
when the N,, is bigger than 2 x 107cm™3. As a result,
as shown in the Fig. 5, the FOM becomes worse when the
Wan is large. Additionally, we may find that the breakdown
voltage exhibits a big window for the N, and Wy, reducing
the manufacturing requirements.

Temperature Effects: Figure 8 (a) and (b) plot the forward
-V characteristics and reverse leakage current density at
1300V of the optimized and conventional P+ shielding
TMBS in a temperature range from 300 to 600 K. These
results are achieved through the simulation using ATLAS
software, where the lat.temp model is used and the therm-
contact is defined. The optimized parameters listed in Tab. 1
are used and the localized self-heating effect is taken into
account [19]. As the figure 8 (a) shows, when the forward
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FIGURE 8. Forward I-V characteristics (a) and reverse current density at
1300V (b) of the Optimized and Conventional P+ shielding TMBS in
a temperature range from 300 to 600 K.

voltage is less than 0.7 V, the forward voltage and the onset
voltage decrease with the temperature rise. The reason is
that current being dominated by thermionic emission at low
current density [20]. While the forward voltage is more
than 0.7 V, the temperature dependence of the current turns
to negative. The lattice scattering is the main scattering
mechanism due to the low doping concentration in the drift
region. Hence, as the temperature rises, the scattering will
enhance, causing rapid decrease in the electron mobility.
For the 4H-SiC, it may be expressed as [21]

—-2.70
wn(4H — SiC) = 1140 (—) (1)

300
The decrease in mobility will cause the ON-resistance
increase in the drift region. So the I-V curve slope declines
with the temperature rise as shown in the figure 8 (a). In
comparison, the proposed structure has lower ON-resistance
than the conventional one.

In figure 8 (b), the reverse leakage current density at
1300V depending on the temperature of both optimized
and conventional devices is demonstrated in the form of
Arrhenius plots. As the temperature rise, the leakage current
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density of the two devices increases, which is mainly
attributed to the thermionic emission through the schot-
tky barrier and schottky barrier lowering [22], [23]. The
leakage current of the optimized TMBS is slightly larger
than that of the conventional one due to the added N-type
region reducing the field shielding as explained in the reverse
characteristics part.

IV. CONCLUSION

This paper proposes an improved P+ shielding 4H-SiC
TMBS device structure with an N- type wrapped region.
Compared to the conventional device, the ON-resistance has
significantly reduced and the FoM has greatly improved.
The doping concentration and the width of the added N-
type region have been optimized using the ATLAS soft-
ware. As a result, the specific ON-resistance and the FoM
has improved by 32.2% and 48.4%, respectively, compared
to the conventional P4 shielding TMBS. Additionally, the
ON-resistance of the optimized device is lower than that of
the conventional one up to 600K.
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