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1. Introduction

Semiconductor diodes are the basic components of power fac-
tor correction (PFC) systems used in power electronics, which
create a huge market for silicon carbide power devices [1]. PFC
systems must be resistant to short-circuit conditions, which in-
crease the requirements for surge-current capabilities of semi-
conductor devices. High values of surge-currents carried by
semiconductor diodes appear in PFC systems also when the de-
vice is switched on and are also generated by highly distorted
voltage and current waveforms [2]. The PFC system must react
to surge-currents with time constants at the level of a few mil-
liseconds. A desirable feature of the used semiconductor diodes
is therefore an increased conductivity under surge-current con-
ditions. This requirement is mainly fulfilled by p-i-n junction
diodes, which in the case of a surge-current are characterized
by a lower voltage drop and, as a result, by lower power losses
converted into dissipated heat as compared to the Schottky
diodes [1, 3]. The protection of this type of circuits with junc-
tion diodes definitely increases the safety and reliability of the
PFC system. The basic market for the junction diodes are ap-
plications requiring very low leakage currents with high reverse
bias and low thermal resistance, which is basically not achiev-
able for Schottky diodes [3], and all kinds of protection circuits,
where components are exposed to surge-currents with a long
duration at the level above 10 ms. The use of junction diodes
allows for eliminating many elements responsible for shorten-
ing the duration of the surge current (inrush current) from the
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PFC system design and mitigation of current waveforms when
switching to short circuit conditions.

In addition to issues related to the development of high-
quality 4H-SiC epitaxial layers with low defect density, such
as micropipes, stacking faults, carbon vacancies [4], one of
the most important issues related to the development of high-
voltage silicon carbide junction diodes is the appropriate design
of the edge termination [5]. Properly designed edge termination
allows to obtain uniform distribution of the electric field near
the p-n junction at high reverse voltages, leading to increased
values of the breakdown voltage, close to the theoretically ideal
ones resulting from the electrophysical properties of silicon car-
bide. One of the techniques used for edge termination is JTE
(junction termination extension), which is formed by a p-type
region located around the outer edge of the anode [6, 7].

In this work, we performed simulations of several JTE de-
signs for 1.7 kV 4H-SiC p-i-n diodes. The influence of geom-
etry and the level of p-type doping in the JTE region as well
as the charge at the interface between the p-type JTE area and
the passivation layer on the diode breakdown voltage was stud-
ied. Moreover, in contrast to other works, the effect of statistical
dispersion of drift layer parameters (thickness, doping level) on
diodes breakdown voltage with various JTE structures was in-
vestigated as well.

2. Device structure and simulation details

Schematic cross-sections through the simulated structures of
mesa-type [8] 4H-SiC p-i-n diodes with various JTE struc-
tures are shown in Fig. 1. The thickness and doping of drift
layer grown on highly doped n+ substrate (ND = 5×1018 cm−3)
tepi = 13 µm and ND,epi = 7.2×1015 cm−3 were chosen to
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a)

b)

c)

Fig. 1. Structure of simulated 4H-SiC p-i-n diode with a) single zone
JTE (SZ-JTE); b) two-zone JTE (TZ-JTE) and c) space-modulated JTE

(SM-JTE) edge terminations

obtain ideal breakdown voltage around 2100–2300 V [9].
The p-type anode consisted of 1 µm p+ epilayer (NA =
1×1019 cm−3) and 0.5 µm p++ subcontact layer doped to NA =
5×1019 cm−3. The mesa height and angle was chose to be 2 µm
and 50◦, respectively. It was assumed that the surface of the
diode is passivated with a 500 nm thick layer of SiO2 (relative
permittivity εr = 3.9). For anode and cathode, an ideal ohmic
contact was assumed. In order to obtain breakdown voltage of
the diode above 1.7 kV three different JTE designs have been
selected: single-zone JTE (SZ-JTE) in the form of p-type ring
outside the mesa-type structure (Fig. 1a) [7, 10, 11], two-zone
JTE (TZ-JTE) in the form of two p-type rings outside the mesa-
type structure differing in the dose and length (Fig. 1b) [10,11]
and finally with the space-modulated JTE structure (SM-JTE)
with concentric rings outside each of the areas of the double-
zone JTE structure (Fig. 1c) [11–13]. The JTE region is electri-
cally connected to the anode as it slightly overlaps the p+ layer
at the mesa edge. In the case of double-zone JTE structure as
well as the space-modulated JTE structure, two photolithogra-
phy and implantation/annealing processes are needed for their
fabrication. One aims to define the outer area of JTE with a
smaller dose pJTE2 (over the length LJTE2), through the ion im-
plantation on the total JTE length LJTE, and the second one to
fabricate the inner JTE region (for length LJTE1) with higher
dose (pJTE1) at the edge of the mesa structure [10,12]. The total
dose in this case means the sum of the dose (doping level) of

aluminum ion implantation into both the JTE1 and JTE2 areas.
In the case of a single-zone JTE structure, the total JTE length
LJTE varied from 5 µm to 60 µm. For all JTE structures, the
depth of the JTE region WJTE area was 1 µm and was defined
as the edge of the constant p-type dopant profile with gaus-
sian tail with a maximum dose ranging from 4×1016 cm−3 to
2.8×1017 cm−3 (4×1017 cm−3 for SM-JTE). The diode struc-
ture also contained a highly doped n+ – ring (channel stopper),
which prevents current leakage on the surface [14].

The simulations were carried out using Silvaco ATLAS envi-
ronment [15]. One of the most important 4H-SiC models used
for breakdown voltage simulation is carrier generation through
impact ionization process with impact ionization coefficients
dependent on the electric field values. We choose an anisotropic
impact ionization model with parameters values as proposed
in [16, 17].

3. Results and discussion

3.1. Single-zone junction termination extension (SZ-JTE).
Fig. 2a show the breakdown voltage of 4H-SiC p-i-n diode as a
function of JTE dose (for JTE length 60 µm). The breakdown
voltage increases linearly with JTE dose reaching maximum of
2293 V for a pJTE = 1.11×117 cm−3. For a dose slightly higher
than the optimal one, an abrupt drop in the breakdown voltage
to the values below 1700 V can be observed, with saturation
at about 770 V for the highest doses. The JTE dose range, for
which the breakdown voltage was over 1700 V, ranged from
8×1016 cm−3 to 1.13×1017 cm−3.

a)

b)

Fig. 2. Breakdown voltage of 4H-SiC p-i-n diode with SZ-JTE as
a function of: a) JTE dose; b) JTE length
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Fig. 3. Distribution of impact ionization generation rate at the breakdown for 4H-SiC p-i-n diode with SZ-JTE for JTE dose: a) 8×1016 cm−3;
b) 1.1×1017 cm−3; c) 1.2×1017 cm−3

In order to explain the observed dependence of the break-
down voltage on the JTE dose, in Fig. 3 the impact ioniza-
tion generation rate at the breakdown for 4H-SiC p-i-n diode
with SZ-JTE for a dose of 8×1016 cm−3, 1.1×1017 cm−3,
1.2×1017 cm−3 was shown (i.e. for a dose where the break-
down voltage does not reach the maximum value, for a dose
close to the optimum one and for a dose above the optimum
value). For a dose smaller than the optimal one, the breakdown
occurs at the edge of the mesa structure, where the value of
impact ionization generation rate is the highest. For an opti-
mal dose, we can observe a more even distribution of the im-
pact ionization generation rate at the p-n junction of the diode,
with the maximum located at the inner edge of the JTE region.
Whereas, the JTE dose greater than optimal one causes the shift
of the maximum of impact ionization generation rate, and thus
the peak of the electric field, to the outer edge of the JTE region
and cause uniform distribution of the impact ionization genera-
tion rate near the p-n junction of the diode.

Simulations were also carried out to investigate the effect of
the JTE length (LJTE) on the breakdown voltage. The depen-
dence of the breakdown voltage on the length of the JTE region
for the dose 1.1×1017 cm−3 is shown in Fig. 2b. The break-
down voltage increases as the LJTE increases and becomes sat-
urated for LJTE = 60 µm which is more than four times longer
than drift layer thickness. This value was chosen for further
simulations.

An important effect affecting the distribution of the electric
field at high reverse voltage, and thus the diode breakdown volt-
age, is the presence of an effective electric charge at the di-
electric/semiconductor interface, in particular on the surface of
the JTE region [18]. This charge generally comes from sur-
face states at the dielectric/semiconductor interface or is lo-
cated in the volume of the dielectric layer [19, 20]. The sim-
ulations of the diode breakdown voltage for a JTE dose var-
ied from 4×1016 cm−3 to 2.8×1017 cm−3 and surface charge

density (Qit ) at the interface between JTE region and SiO2
layer ranging from +1×1011 cm−2 to +1×1013 cm−2 were
carried out. Figure 4a shows the dependence of the breakdown
voltage on the JTE dose for JTE length LJTE = 60 µm and
five different Qit values in the range from +1×1012 cm−2 to
+5×1012 cm−2. The positive charge on the surface of the JTE

a)

b)

Fig. 4. a) Breakdown voltage of 4H-SiC p-i-n diode with SZ-JTE as a
function of JTE dose for different Qit values. b) The influence of Qit

values on the maximum breakdown voltage and optimal JTE dose
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In order to explain the observed dependence of the break-
down voltage on the JTE dose, in Fig. 3 the impact ioniza-
tion generation rate at the breakdown for 4H-SiC p-i-n diode
with SZ-JTE for a dose of 8×1016 cm−3, 1.1×1017 cm−3,
1.2×1017 cm−3 was shown (i.e. for a dose where the break-
down voltage does not reach the maximum value, for a dose
close to the optimum one and for a dose above the optimum
value). For a dose smaller than the optimal one, the breakdown
occurs at the edge of the mesa structure, where the value of
impact ionization generation rate is the highest. For an opti-
mal dose, we can observe a more even distribution of the im-
pact ionization generation rate at the p-n junction of the diode,
with the maximum located at the inner edge of the JTE region.
Whereas, the JTE dose greater than optimal one causes the shift
of the maximum of impact ionization generation rate, and thus
the peak of the electric field, to the outer edge of the JTE region
and cause uniform distribution of the impact ionization genera-
tion rate near the p-n junction of the diode.

Simulations were also carried out to investigate the effect of
the JTE length (LJTE) on the breakdown voltage. The depen-
dence of the breakdown voltage on the length of the JTE region
for the dose 1.1×1017 cm−3 is shown in Fig. 2b. The break-
down voltage increases as the LJTE increases and becomes sat-
urated for LJTE = 60 µm which is more than four times longer
than drift layer thickness. This value was chosen for further
simulations.

An important effect affecting the distribution of the electric
field at high reverse voltage, and thus the diode breakdown volt-
age, is the presence of an effective electric charge at the di-
electric/semiconductor interface, in particular on the surface of
the JTE region [18]. This charge generally comes from sur-
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cated in the volume of the dielectric layer [19, 20]. The sim-
ulations of the diode breakdown voltage for a JTE dose var-
ied from 4×1016 cm−3 to 2.8×1017 cm−3 and surface charge
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carried out. Figure 4a shows the dependence of the breakdown
voltage on the JTE dose for JTE length LJTE = 60 µm and
five different Qit values in the range from +1×1012 cm−2 to
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region shifts the breakdown voltage vs. JTE dose curve to-
wards the larger values of the JTE dose. Basically, the shape
of these curves stays unchanged. The value of the optimal dose
increases with the increase of the surface charge, and this re-
lation is almost linear (Fig. 4b). For Qin = +5×1012 cm−2,
the optimal value of the dose is 1.53×1017 cm−3 compared to
1.11×1017 cm−3 for Qit = 0. In contrast, the breakdown volt-
age value for the optimal dose decreases linearly with the in-
crease of the Qit charge from 2293 V for Qit = 0 to 2200 V for
Qit =+1×1012 cm−2 (Fig. 4b). The effect of surface charge is
particularly important for p-i-n diodes with a single JTE struc-
ture, because the relationship between breakdown voltage and
dose is very steep.

To illustrate the effect of the Qit charge on the
breakdown voltage, the breakdown voltage values for
pJTE = 1.1×1017 cm−3 and Qit from +1×1011 cm−2 to
+1×1013 cm−2 were shown in the Fig. 5. Breakdown volt-
age decreases as Qit charge value increases. This relationship
is not linear in the whole Qit range. An increase in the Qit
value from +1×1011 cm−2 to +1×1012 cm−2 results in the
decrease of breakdown voltage from 2293 V to 2130 V, while
the increase of the charge in the range from +1×1012 cm−2

to +1×1013 cm−2 results in the reduction of breakdown volt-
age from 2130 V to about 600 V. Real Qit charge values range
from +1×1011 cm−2 to even +1×1012 cm−2 [21], therefore
when designing the edge termination, the occurrence of a non-
zero Qit value should be taken into account and the JTE re-
gion should be designed carefully to obtain the sensitivity of
the breakdown voltage value on the surface charge density as
low as possible.
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3.2. Double-zone junction termination extension (TZ-JTE)
The idea of using the double-zone JTE structure assumes a spa-
tial change in the JTE area applied to obtain a more even distri-
bution of the electric field and to reduce the electric field value
at the surface, and especially to increase the tolerance of the
breakdown voltage to the JTE dose [7, 10]. In this work, at
first the simulations of diodes with TZ-JTE were performed,
for which the total JTE length was 60 µm and the dose ratio
of the first and second JTE region pJTE1 : pJTE2 was 1.5 : 1 for
the ratio of LJTE1 to LJTE2 of 1 : 3, 1 : 1 and 3 : 1, respectively.

a)

b)

Fig. 6. Breakdown voltage of 4H-SiC p-i-n diode with TZ-JTE
as a function of JTE dose for different: a) LJTE1 : LJTE2 ratio for
pJTE1 : pJTE2 = 1.5 : 1 and b) for different pJTE1 : pJTE2 ratio for

LJTE1 : LJTE2 = 1 : 1

Figure 6a shows the dependence of the breakdown voltage of
4H-SiC p-i-n diode with TZ-JTE as a function of JTE dose for
different LJTE1 : LJTE2 ratio. A similar relationship for a SZ-JTE
structure is shown for comparison.

Similarly to a single-zone JTE structure (SZ-JTE), the break-
down voltage increases with the increase of the JTE area to
a maximum of 2293 V for a dose of 1.11×1017 cm−3 re-
gardless of the LJTE1 : LJTE2 ratio. In comparison to SZ-JTE,
in the case of TZ-JTE, the breakdown voltage drops slightly
after exceeding the optimal value of the JTE dose, and a
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dose of 1.2×1017 cm−3. Distribution of carrier generation in
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voltage and JTE dose was observed for various pJTE1 : pJTE2
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ratios for LJTE1 : LJTE2 = 1 : 1 (Fig. 6b). With the increase
of the pJTE1 : pJTE2 ratio, the value of the dose for which the
sudden drop in the breakdown voltage occurs is increased.
For the pJTE1 : pJTE2 ratio = 1.5 : 1 this dose value is about
1.66×1017 cm−3 for pJTE1 : pJTE2 = 1.75 : 1−1.9×1017 cm−3,
and for pJTE1 : pJTE2 = 2 : 1 it is about 2.24×1017 cm−3, respec-
tively. It is also worth noting that in the JTE dose range from the
dose for maximum breakdown voltage and the dose at which
the breakdown voltage falls suddenly, the breakdown voltage
value reach a certain local minimum, the value of which de-
creases with the pJTE1 : pJTE2 ratio. For pJTE1 : pJTE2 = 1.5 : 1
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and different pJTE1 : pJTE2 ratio: a) 1.5 : 1; b) 1.75 : 1; c) 2 : 1 for LJTE1 : LJTE2 = 1 : 1

the value of this voltage is 2100 V, for pJTE1 : pJTE2 = 1.75 : 1,
is about 1945 V, and for pJTE1 : pJTE2 = 2 : 1 it is about 1875V,
respectively. Figure 8 shows the distribution of impact ioniza-
tion generation rate at the breakdown for 4H-SiC p-i-n diode
with TZ-JTE with JTE dose of 2.2×1017 cm−3 and different
pJTE1 : pJTE2 ratio 1.5 : 1, 1.75 : 1 and 2 : 1 and LJTE1 : LJTE2 =
1 : 1. Distribution of carrier generation in the case of TZ-JTE
diode with a pJTE1 : pJTE2 ratio of 2 : 1 is the most uniform, es-
pecially in the area under the contact of the anode and at the
inner edge of JTE. This is correlated with the breakdown volt-
age values presented in Fig. 6b.
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the value of this voltage is 2100 V, for pJTE1 : pJTE2 = 1.75 : 1,
is about 1945 V, and for pJTE1 : pJTE2 = 2 : 1 it is about 1875V,
respectively. Figure 8 shows the distribution of impact ioniza-
tion generation rate at the breakdown for 4H-SiC p-i-n diode
with TZ-JTE with JTE dose of 2.2×1017 cm−3 and different
pJTE1 : pJTE2 ratio 1.5 : 1, 1.75 : 1 and 2 : 1 and LJTE1 : LJTE2 =
1 : 1. Distribution of carrier generation in the case of TZ-JTE
diode with a pJTE1 : pJTE2 ratio of 2 : 1 is the most uniform, es-
pecially in the area under the contact of the anode and at the
inner edge of JTE. This is correlated with the breakdown volt-
age values presented in Fig. 6b.
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3.3. Space-modulated junction termination extension (SM-
JTE). For further improvement the tolerance of breakdown
voltage value on the JTE dose, a space-modulated JTE struc-
ture consisting of rings outside each of the JTE areas in the
TZ-JTE structure was introduced, with a more smooth change
in the space charge in the JTE structure [9-11]. It was assumed
that the number of rings is 1, 2 or 3 (ring width 2 µm, distance
between rings 2 µm), the total length of the LJTE area was 60
µm for the ratio LJTE1 : LJTE2 = 1 : 1, with a total dose from
4×1016 cm−3 to 4×1017 cm−3.

Figure 9 shows the dependence of the breakdown voltage of
4H-SiC p-i-n diode with SZ-JTE and SM-JTE for 1, 2, and 3
rings as a function of JTE total dose. For SM-JTE, the widest
range of breakdown voltage modulation and low sensitivity to
the change of the dose in the JTE area were obtained. With the
increase in the number of rings in the SM-JTE structure, the
range of the dose in which a dose change causes a small change
in the breakdown voltage was increased. Moreover, after reach-
ing a certain value of the dose, there is no sudden drop in break-
down voltage in the opposite to SZ-JTE and TZ-JTE structures.
The value of the dose for which breakdown voltage is below the
assumed value of 1700 V is 2.5×1017 cm−3, 2.8×1017 cm−3

and 3.3×1017 cm−3 for SM-JTE with 1, 2 and 3 rings, respec-
tively. The optimal value of the dose in JTE area, for which
breakdown voltage reaches the maximum, was 1.2×1017 cm−3

regardless of the number of the rings. There was also a slight
increase in the maximum breakdown voltage (2316 V) as com-
pared to 2293 V for a SZ-JTE and TZ-JTE structure.
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Fig. 9. Breakdown voltage of 4H-SiC p-i-n diode with SM-JTE as
a function of JTE dose for different rings numbers

The observed effects are related to a better control of electric
field distribution at the breakdown in the diode with SM-JTE in
comparison to the diode with SZ-JTE and TZ-JTE structures.
Figure 10 shows the distribution of impact ionization genera-
tion rate at the breakdown for 4H-SiC p-i-n diode with SZ-JTE
and SM-JTE with three rings for JTE dose of 2×1017 cm−3. In
the case of the SM-JTE structure, the breakdown occurs in the
JTE1 area, at the outer edge of the JTE1 with more uniform dis-
tribution of impact ionization generation rate within this area.
In comparison, in case of SZ-JTE structure the breakdown oc-
curs at the outer edge of the JTE area.

Simulations were also carried out to investigate how sur-
face charge density at the interface of the JTE area and SiO2

(a)

(b)

Fig. 10. Comparison of distribution of impact ionization generation
rate at breakdown for 4H-SiC p-i-n diode with: a) SZ-JTE and b) SM-

JTE with three rings for JTE dose 2×1017 cm−3

layer Qint ranging from +1×1011 cm−2 to +1×1013 cm−2

on the breakdown voltage of the p-i-n diode with SM-JTE
with three rings and a total JTE dose of 1.2×1017 cm−3 and
1.6×1017 cm−3, i.e. for an optimal dose and a dose slightly
more than optimal one. Figure 11 shows the impact of the Qint
affects breakdown voltage of the SM-JTE diode for pJTE =
1.2×1017 cm−3 and pJTE = 1.6×1017 cm−3 compared to SZ-
JTE for pJTE = 1.1×1017 cm−3. In the case of the SM-JTE
structure with three rings, for pJTE = 1.2×1017 cm−3 (i.e. the
dose at which the breakdown voltage reaches the maximum),
the breakdown voltage dependence on the Qint value is sim-
ilar to that of a SZ-JTE structure. Different behavior is ob-
served in the case of the SM-JTE diode with three rings for
a dose pJTE = 1.6×1017 cm−3. The shift of the dependence of
the breakdown voltage on the JTE dose as a result of the Qint
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Fig. 11. The dependence of the breakdown voltage of 4H-SiC p-i-
n diode with SZ-JTE for pJTE = 1.1×1017 cm−3 and for a diode
with SM-JTE with three rings for pJTE = 1.2×1017 cm−3 and pJTE =

1.6×1017 cm−3 as a function of Qit values

does not reduce breakdown voltage, but even increases its value,
reaching a maximum of 2220 V for Qint = +4×1012 cm−2.
This is related to the much higher breakdown voltage toler-
ance to the JTE dose value for the SM-JTE structure as com-
pared to the SZ-JTE structure. As can be seen in Fig. 4a,
the existence of interface charge shifts the breakdown voltage
−pJTE curves towards higher pJTE values. This can be under-
stood as lowering the effective dose of JTE with increasing
Qit values. In the case of SM-JTE with pJTE = 1.6×1017 cm−3

the increase of Qit results in much stable behavior of break-
down voltage with respect to Qit as with decreasing of ef-
fective pJTE dose from nominal value, the breakdown volt-
age is increasing (as can be seen in Fig. 9) reaching maxi-
mum value and then drops for the effective pJTE dose lower
then optimal dose in JTE area (1.2×1017 cm−3 in this case),
for which the breakdown voltage reaches the maximum. In
the case of SM-JTE with pJTE = 1.2×1017 cm−3, increasing
of Qint and at the same time lowering of effective pJTE dose
results in decreasing of breakdown voltage in the same man-
ner as for SZ-JTE diode, which is related to the fact that for
the pJTE dose lower than optimal one, the slope of relation-
ship between breakdown voltage and pJTE dose for SM-JTE is
the same as in the case of the SZ-JTE structure (see Fig. 9).
A similar reduction of sensitivity to Qint is also expected for
TZ-JTE structures for the nominal pJTE values higher than op-
timal pJTE dose.

In this work, the influence of statistical dispersion of ac-
tive layer parameters, i.e. doping (ND,epi) and drift layer thick-
ness (tepi), on breakdown voltage/efficiency of JTE structure
was also examined. During the simulation for a fixed value
of ND,epi = 7.2×1015 cm−3, tepi values change in the range
of 13±1.3 µm, thus assuming the drift layer thickness statis-
tical variation no greater than 10%. Then, for tepi = 13 µm,
ND,epi values were changed ND,epi = (7.2±1.8)×1015 cm−3,
thus assuming statistical variation of drift layer doping not
higher than 25%. The SZ-JTE structure with optimal dose
pJTE = 1.1×1017 cm−3 and SM-JTE structure with three rings
and a total dose of 1.2×1017 cm−3 and 1.6×1017 cm−3, i.e. for
an optimal dose and higher than optimal dose, were compared.

Figure 12 shows the dependence of the breakdown volt-
age of the 4H-SiC p-i-n diode with SZ-JTE and SM-JTE, the
drift layer thickness and doping level. As the thickness of the
drift layer increases, the breakdown voltage increases mono-
tonically, and the relationship is approximately linear, both for
diode with the SZ-JTE and with SM-JTE, regardless of the pJTE
values. For the variation of the drift layer thickness ±10%, the
change of breakdown voltage is ±100 V. An important differ-
ence can be seen in the dependence of the breakdown voltage on
the drift layer doping level. According to the predictions for the
ideal diode structure, the breakdown voltage decreases linearly
with the level of drift doping [8]. A similar relationship was
observed for diode with SM-JTE regardless of the pJTE value.
For the SM-JTE structures, for the statistical dispersion of drift
layer doping of ±25%, a change in the breakdown voltage of
about ± 100V was observed. In comparison to SM-JTE for the
SZ-JTE structure, a sudden drop in the breakdown voltage to
1975V was observed for ND,epi = 6.2×1015 cm−3.

a)

b)

Fig. 12. The dependence of the breakdown voltage of 4H-SiC p-i-
n diode with SZ-JTE for pJTE = 1.1×1017 cm−3 and for a diode
with SM-JTE with three rings for pJTE = 1.2×1017 cm−3 and pJTE =
1.6×1017 cm−3 as a function of a) drift layer thickness, b) drift layer

doping density

According to Fig. 13, showing the distribution of impact
ionization generation rate at the breakdown for ND,epi =
6.2×1017 cm−3 and ND,epi = 6.35×1017 cm−3, in the case of
doping below 6.35×1017 cm−3 a decrease of the effectiveness
of the SZ-JTE area is observed, and the breakdown occurs at the
outer edge of the JTE area, similarly as in the case of SZ-JTE
diodes for pJTE greater than optimal one (Fig. 3c).
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ner as for SZ-JTE diode, which is related to the fact that for
the pJTE dose lower than optimal one, the slope of relation-
ship between breakdown voltage and pJTE dose for SM-JTE is
the same as in the case of the SZ-JTE structure (see Fig. 9).
A similar reduction of sensitivity to Qint is also expected for
TZ-JTE structures for the nominal pJTE values higher than op-
timal pJTE dose.

In this work, the influence of statistical dispersion of ac-
tive layer parameters, i.e. doping (ND,epi) and drift layer thick-
ness (tepi), on breakdown voltage/efficiency of JTE structure
was also examined. During the simulation for a fixed value
of ND,epi = 7.2×1015 cm−3, tepi values change in the range
of 13±1.3 µm, thus assuming the drift layer thickness statis-
tical variation no greater than 10%. Then, for tepi = 13 µm,
ND,epi values were changed ND,epi = (7.2±1.8)×1015 cm−3,
thus assuming statistical variation of drift layer doping not
higher than 25%. The SZ-JTE structure with optimal dose
pJTE = 1.1×1017 cm−3 and SM-JTE structure with three rings
and a total dose of 1.2×1017 cm−3 and 1.6×1017 cm−3, i.e. for
an optimal dose and higher than optimal dose, were compared.

Figure 12 shows the dependence of the breakdown volt-
age of the 4H-SiC p-i-n diode with SZ-JTE and SM-JTE, the
drift layer thickness and doping level. As the thickness of the
drift layer increases, the breakdown voltage increases mono-
tonically, and the relationship is approximately linear, both for
diode with the SZ-JTE and with SM-JTE, regardless of the pJTE
values. For the variation of the drift layer thickness ±10%, the
change of breakdown voltage is ±100 V. An important differ-
ence can be seen in the dependence of the breakdown voltage on
the drift layer doping level. According to the predictions for the
ideal diode structure, the breakdown voltage decreases linearly
with the level of drift doping [8]. A similar relationship was
observed for diode with SM-JTE regardless of the pJTE value.
For the SM-JTE structures, for the statistical dispersion of drift
layer doping of ±25%, a change in the breakdown voltage of
about ± 100V was observed. In comparison to SM-JTE for the
SZ-JTE structure, a sudden drop in the breakdown voltage to
1975V was observed for ND,epi = 6.2×1015 cm−3.

a)

b)

Fig. 12. The dependence of the breakdown voltage of 4H-SiC p-i-
n diode with SZ-JTE for pJTE = 1.1×1017 cm−3 and for a diode
with SM-JTE with three rings for pJTE = 1.2×1017 cm−3 and pJTE =
1.6×1017 cm−3 as a function of a) drift layer thickness, b) drift layer

doping density

According to Fig. 13, showing the distribution of impact
ionization generation rate at the breakdown for ND,epi =
6.2×1017 cm−3 and ND,epi = 6.35×1017 cm−3, in the case of
doping below 6.35×1017 cm−3 a decrease of the effectiveness
of the SZ-JTE area is observed, and the breakdown occurs at the
outer edge of the JTE area, similarly as in the case of SZ-JTE
diodes for pJTE greater than optimal one (Fig. 3c).
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3.3. Space-modulated junction termination extension (SM-JTE). 
For further improvement the tolerance of breakdown voltage 
value on the JTE dose, a space-modulated JTE structure consist-
ing of rings outside each of the JTE areas in the TZ-JTE struc-
ture was introduced, with a more smooth change in the space 
charge in the JTE structure [9–11]. It was assumed that the 
number of rings is 1, 2 or 3 (ring width 2 µm, distance between 
rings 2 µm), the total length of the JTE area was 60 µm for the 
ratio LJTE1 : LJTE2 = 1 : 1, with a total dose from 4£1016 cm–3 
to 4£1017 cm–3.

layer Qit ranging from +1£1011 cm–2 to +1£1013 cm–2 on the 
breakdown voltage of the p-i-n diode with SM-JTE with three  
rings and a total JTE dose of 1.2£1017 cm–3 and 1.6£1017 cm–3,  
i.e. for an optimal dose and a dose slightly more than opti-
mal one. Figure 11 shows the impact of the Qit affects break-
down voltage of the SM-JTE diode for pJTE = 1.2£1017 cm–3 
and pJTE = 1.6£1017 cm–3 compared to SZ-JTE for pJTE = 
1.1£1017 cm–3. In the case of the SM-JTE structure with three 
rings, for pJTE = 1.2£1017 cm–3 (i.e. the dose at which the  
breakdown voltage reaches the maximum), the breakdown volt-
age dependence on the Qit value is similar to that of a SZ-JTE 
structure. Different behavior is observed in the case of the 
SM-JTE diode with three rings for a dose pJTE = 1.6£1017 cm–3. 
The shift of the dependence of the breakdown voltage on the 



373

Edge termination design for 1.7 kV silicon carbide p-i-n diodes

Bull.  Pol.  Ac.:  Tech.  68(2)  2020

Edge termination design for 1.7 kV silicon carbide p-i-n diodes

10
11

10
12

10
13

500

1000

1500

2000

2500

SZ-JTE

SM-JTE 3R p
JTE

=1.2x10
17

cm
-3

SM-JTE 3R p
JTE

=1.6x10
17

cm
-3

B
re

a
k
d

o
w

n
 V

o
lt
a
g
e

(V
)

Q
int

(cm
-2
)

1700 V

Fig. 11. The dependence of the breakdown voltage of 4H-SiC p-i-
n diode with SZ-JTE for pJTE = 1.1×1017 cm−3 and for a diode
with SM-JTE with three rings for pJTE = 1.2×1017 cm−3 and pJTE =

1.6×1017 cm−3 as a function of Qit values

does not reduce breakdown voltage, but even increases its value,
reaching a maximum of 2220 V for Qint = +4×1012 cm−2.
This is related to the much higher breakdown voltage toler-
ance to the JTE dose value for the SM-JTE structure as com-
pared to the SZ-JTE structure. As can be seen in Fig. 4a,
the existence of interface charge shifts the breakdown voltage
−pJTE curves towards higher pJTE values. This can be under-
stood as lowering the effective dose of JTE with increasing
Qit values. In the case of SM-JTE with pJTE = 1.6×1017 cm−3

the increase of Qit results in much stable behavior of break-
down voltage with respect to Qit as with decreasing of ef-
fective pJTE dose from nominal value, the breakdown volt-
age is increasing (as can be seen in Fig. 9) reaching maxi-
mum value and then drops for the effective pJTE dose lower
then optimal dose in JTE area (1.2×1017 cm−3 in this case),
for which the breakdown voltage reaches the maximum. In
the case of SM-JTE with pJTE = 1.2×1017 cm−3, increasing
of Qint and at the same time lowering of effective pJTE dose
results in decreasing of breakdown voltage in the same man-
ner as for SZ-JTE diode, which is related to the fact that for
the pJTE dose lower than optimal one, the slope of relation-
ship between breakdown voltage and pJTE dose for SM-JTE is
the same as in the case of the SZ-JTE structure (see Fig. 9).
A similar reduction of sensitivity to Qint is also expected for
TZ-JTE structures for the nominal pJTE values higher than op-
timal pJTE dose.

In this work, the influence of statistical dispersion of ac-
tive layer parameters, i.e. doping (ND,epi) and drift layer thick-
ness (tepi), on breakdown voltage/efficiency of JTE structure
was also examined. During the simulation for a fixed value
of ND,epi = 7.2×1015 cm−3, tepi values change in the range
of 13±1.3 µm, thus assuming the drift layer thickness statis-
tical variation no greater than 10%. Then, for tepi = 13 µm,
ND,epi values were changed ND,epi = (7.2±1.8)×1015 cm−3,
thus assuming statistical variation of drift layer doping not
higher than 25%. The SZ-JTE structure with optimal dose
pJTE = 1.1×1017 cm−3 and SM-JTE structure with three rings
and a total dose of 1.2×1017 cm−3 and 1.6×1017 cm−3, i.e. for
an optimal dose and higher than optimal dose, were compared.

Figure 12 shows the dependence of the breakdown volt-
age of the 4H-SiC p-i-n diode with SZ-JTE and SM-JTE, the
drift layer thickness and doping level. As the thickness of the
drift layer increases, the breakdown voltage increases mono-
tonically, and the relationship is approximately linear, both for
diode with the SZ-JTE and with SM-JTE, regardless of the pJTE
values. For the variation of the drift layer thickness ±10%, the
change of breakdown voltage is ±100 V. An important differ-
ence can be seen in the dependence of the breakdown voltage on
the drift layer doping level. According to the predictions for the
ideal diode structure, the breakdown voltage decreases linearly
with the level of drift doping [8]. A similar relationship was
observed for diode with SM-JTE regardless of the pJTE value.
For the SM-JTE structures, for the statistical dispersion of drift
layer doping of ±25%, a change in the breakdown voltage of
about ± 100V was observed. In comparison to SM-JTE for the
SZ-JTE structure, a sudden drop in the breakdown voltage to
1975V was observed for ND,epi = 6.2×1015 cm−3.

a)

b)

Fig. 12. The dependence of the breakdown voltage of 4H-SiC p-i-
n diode with SZ-JTE for pJTE = 1.1×1017 cm−3 and for a diode
with SM-JTE with three rings for pJTE = 1.2×1017 cm−3 and pJTE =
1.6×1017 cm−3 as a function of a) drift layer thickness, b) drift layer

doping density

According to Fig. 13, showing the distribution of impact
ionization generation rate at the breakdown for ND,epi =
6.2×1017 cm−3 and ND,epi = 6.35×1017 cm−3, in the case of
doping below 6.35×1017 cm−3 a decrease of the effectiveness
of the SZ-JTE area is observed, and the breakdown occurs at the
outer edge of the JTE area, similarly as in the case of SZ-JTE
diodes for pJTE greater than optimal one (Fig. 3c).
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does not reduce breakdown voltage, but even increases its value,
reaching a maximum of 2220 V for Qint = +4×1012 cm−2.
This is related to the much higher breakdown voltage toler-
ance to the JTE dose value for the SM-JTE structure as com-
pared to the SZ-JTE structure. As can be seen in Fig. 4a,
the existence of interface charge shifts the breakdown voltage
−pJTE curves towards higher pJTE values. This can be under-
stood as lowering the effective dose of JTE with increasing
Qit values. In the case of SM-JTE with pJTE = 1.6×1017 cm−3

the increase of Qit results in much stable behavior of break-
down voltage with respect to Qit as with decreasing of ef-
fective pJTE dose from nominal value, the breakdown volt-
age is increasing (as can be seen in Fig. 9) reaching maxi-
mum value and then drops for the effective pJTE dose lower
then optimal dose in JTE area (1.2×1017 cm−3 in this case),
for which the breakdown voltage reaches the maximum. In
the case of SM-JTE with pJTE = 1.2×1017 cm−3, increasing
of Qint and at the same time lowering of effective pJTE dose
results in decreasing of breakdown voltage in the same man-
ner as for SZ-JTE diode, which is related to the fact that for
the pJTE dose lower than optimal one, the slope of relation-
ship between breakdown voltage and pJTE dose for SM-JTE is
the same as in the case of the SZ-JTE structure (see Fig. 9).
A similar reduction of sensitivity to Qint is also expected for
TZ-JTE structures for the nominal pJTE values higher than op-
timal pJTE dose.

In this work, the influence of statistical dispersion of ac-
tive layer parameters, i.e. doping (ND,epi) and drift layer thick-
ness (tepi), on breakdown voltage/efficiency of JTE structure
was also examined. During the simulation for a fixed value
of ND,epi = 7.2×1015 cm−3, tepi values change in the range
of 13±1.3 µm, thus assuming the drift layer thickness statis-
tical variation no greater than 10%. Then, for tepi = 13 µm,
ND,epi values were changed ND,epi = (7.2±1.8)×1015 cm−3,
thus assuming statistical variation of drift layer doping not
higher than 25%. The SZ-JTE structure with optimal dose
pJTE = 1.1×1017 cm−3 and SM-JTE structure with three rings
and a total dose of 1.2×1017 cm−3 and 1.6×1017 cm−3, i.e. for
an optimal dose and higher than optimal dose, were compared.

Figure 12 shows the dependence of the breakdown volt-
age of the 4H-SiC p-i-n diode with SZ-JTE and SM-JTE, the
drift layer thickness and doping level. As the thickness of the
drift layer increases, the breakdown voltage increases mono-
tonically, and the relationship is approximately linear, both for
diode with the SZ-JTE and with SM-JTE, regardless of the pJTE
values. For the variation of the drift layer thickness ±10%, the
change of breakdown voltage is ±100 V. An important differ-
ence can be seen in the dependence of the breakdown voltage on
the drift layer doping level. According to the predictions for the
ideal diode structure, the breakdown voltage decreases linearly
with the level of drift doping [8]. A similar relationship was
observed for diode with SM-JTE regardless of the pJTE value.
For the SM-JTE structures, for the statistical dispersion of drift
layer doping of ±25%, a change in the breakdown voltage of
about ± 100V was observed. In comparison to SM-JTE for the
SZ-JTE structure, a sudden drop in the breakdown voltage to
1975V was observed for ND,epi = 6.2×1015 cm−3.

a)

b)

Fig. 12. The dependence of the breakdown voltage of 4H-SiC p-i-
n diode with SZ-JTE for pJTE = 1.1×1017 cm−3 and for a diode
with SM-JTE with three rings for pJTE = 1.2×1017 cm−3 and pJTE =
1.6×1017 cm−3 as a function of a) drift layer thickness, b) drift layer

doping density

According to Fig. 13, showing the distribution of impact
ionization generation rate at the breakdown for ND,epi =
6.2×1017 cm−3 and ND,epi = 6.35×1017 cm−3, in the case of
doping below 6.35×1017 cm−3 a decrease of the effectiveness
of the SZ-JTE area is observed, and the breakdown occurs at the
outer edge of the JTE area, similarly as in the case of SZ-JTE
diodes for pJTE greater than optimal one (Fig. 3c).
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does not reduce breakdown voltage, but even increases its value,
reaching a maximum of 2220 V for Qint = +4×1012 cm−2.
This is related to the much higher breakdown voltage toler-
ance to the JTE dose value for the SM-JTE structure as com-
pared to the SZ-JTE structure. As can be seen in Fig. 4a,
the existence of interface charge shifts the breakdown voltage
−pJTE curves towards higher pJTE values. This can be under-
stood as lowering the effective dose of JTE with increasing
Qit values. In the case of SM-JTE with pJTE = 1.6×1017 cm−3

the increase of Qit results in much stable behavior of break-
down voltage with respect to Qit as with decreasing of ef-
fective pJTE dose from nominal value, the breakdown volt-
age is increasing (as can be seen in Fig. 9) reaching maxi-
mum value and then drops for the effective pJTE dose lower
then optimal dose in JTE area (1.2×1017 cm−3 in this case),
for which the breakdown voltage reaches the maximum. In
the case of SM-JTE with pJTE = 1.2×1017 cm−3, increasing
of Qint and at the same time lowering of effective pJTE dose
results in decreasing of breakdown voltage in the same man-
ner as for SZ-JTE diode, which is related to the fact that for
the pJTE dose lower than optimal one, the slope of relation-
ship between breakdown voltage and pJTE dose for SM-JTE is
the same as in the case of the SZ-JTE structure (see Fig. 9).
A similar reduction of sensitivity to Qint is also expected for
TZ-JTE structures for the nominal pJTE values higher than op-
timal pJTE dose.

In this work, the influence of statistical dispersion of ac-
tive layer parameters, i.e. doping (ND,epi) and drift layer thick-
ness (tepi), on breakdown voltage/efficiency of JTE structure
was also examined. During the simulation for a fixed value
of ND,epi = 7.2×1015 cm−3, tepi values change in the range
of 13±1.3 µm, thus assuming the drift layer thickness statis-
tical variation no greater than 10%. Then, for tepi = 13 µm,
ND,epi values were changed ND,epi = (7.2±1.8)×1015 cm−3,
thus assuming statistical variation of drift layer doping not
higher than 25%. The SZ-JTE structure with optimal dose
pJTE = 1.1×1017 cm−3 and SM-JTE structure with three rings
and a total dose of 1.2×1017 cm−3 and 1.6×1017 cm−3, i.e. for
an optimal dose and higher than optimal dose, were compared.

Figure 12 shows the dependence of the breakdown volt-
age of the 4H-SiC p-i-n diode with SZ-JTE and SM-JTE, the
drift layer thickness and doping level. As the thickness of the
drift layer increases, the breakdown voltage increases mono-
tonically, and the relationship is approximately linear, both for
diode with the SZ-JTE and with SM-JTE, regardless of the pJTE
values. For the variation of the drift layer thickness ±10%, the
change of breakdown voltage is ±100 V. An important differ-
ence can be seen in the dependence of the breakdown voltage on
the drift layer doping level. According to the predictions for the
ideal diode structure, the breakdown voltage decreases linearly
with the level of drift doping [8]. A similar relationship was
observed for diode with SM-JTE regardless of the pJTE value.
For the SM-JTE structures, for the statistical dispersion of drift
layer doping of ±25%, a change in the breakdown voltage of
about ± 100V was observed. In comparison to SM-JTE for the
SZ-JTE structure, a sudden drop in the breakdown voltage to
1975V was observed for ND,epi = 6.2×1015 cm−3.

a)

b)

Fig. 12. The dependence of the breakdown voltage of 4H-SiC p-i-
n diode with SZ-JTE for pJTE = 1.1×1017 cm−3 and for a diode
with SM-JTE with three rings for pJTE = 1.2×1017 cm−3 and pJTE =
1.6×1017 cm−3 as a function of a) drift layer thickness, b) drift layer

doping density

According to Fig. 13, showing the distribution of impact
ionization generation rate at the breakdown for ND,epi =
6.2×1017 cm−3 and ND,epi = 6.35×1017 cm−3, in the case of
doping below 6.35×1017 cm−3 a decrease of the effectiveness
of the SZ-JTE area is observed, and the breakdown occurs at the
outer edge of the JTE area, similarly as in the case of SZ-JTE
diodes for pJTE greater than optimal one (Fig. 3c).
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Fig. 13. Comparison of distribution of impact ionization generation rate at the breakdown for 4H-SiC p-i-n diode with SZ-JTE for JTE dose
1.1×1017 cm−3 and drift layer doping: a) ND,epi = 6.2×1017 cm−3 and b) ND,epi = 6.35×1017 cm−3

4. Conclusions

In this work, in order to obtain over 1.7 kV breakdown volt-
age of silicon carbide p-i-n diode, three designs have been
investigated: single-zone (SZ-JTE), two-zone (TZ-JTE) and
space-modulated JTE (SM-JTE) structures. The influence of the
length, level of p-type doping in the JTE area, as well as the
charge on the surface between the p-type area and the passiva-
tion layer and statistical variation of region parameters (thick-
ness and doping level) on the breakdown voltage of p-i-n diode
was examined. The comparison of designed JTE structures for
1.7 kV 4H-SiC p-i-n diode is presented in Table 1.

The obtained results showed that the values of breakdown
voltage for a diode with a single zone JTE are very sensitive due
to both the level of doping and the charge accumulated on the

Table 1
Comparison of designed JTE structures for 1.7 kV 4H-SiC p-i-n diode

JTE structure design parameters max. VBR dose range (for VBR > 1700 V)
reduction of

sensitivity to Qit

SZ-JTE LJTE = 60 µm 2293 V 8.43×1016 cm−3−1.15×1017 cm−3 no

TZ-JTE LJTE = 60 µm, LJTE1 : LJTE2 = 1 : 1

pJTE1 : pJTE2 = 1.5 : 1 2293 V 8.45×1016 cm−3−1.7×1017 cm−3 yes

pJTE1 : pJTE2 = 1.75 : 1 2293 V 8.45×1016 cm−3−2×1017 cm−3 yes

pJTE1 : pJTE2 = 2:1 2293 V 8.45×1016 cm−3−2.28×1017 cm−3 yes

SM-JTE LJTE = 60 µm, LJTE1 : LJTE2 = 1 : 1

pJTE1 : pJTE2 = 1.5 : 1, rwidth = 2 µm, rspace = 2 µm

1 ring 2316 V 8.9×1016 cm−3−2.55×1017 cm−3 yes

2 rings 2316 V 8.9×1016 cm−3−2.8×1017 cm−3 yes

3 rings 2316 V 8.9×1016 cm−3−3.3×1017 cm−3 yes

dielectric/semiconductor interface. The use of double zone or
space modulated JTE allows to obtain breakdown voltage above
1.7 kV for a much wider range of p-type doping parameters.
This is very important due to lower requirements for the fabri-
cation of JTE by means of aluminium ion implantation and high
temperature dopant activation. Thanks to the use of the space
modulated JTE with three outer rings, a wide doping range
that allows obtaining a breakdown voltage diode above 1.7 kV
was obtained, varying from 8.9×1016 cm−3 to 3.3×1017 cm−3,
compared to the range of doping from 8.43×1016 cm−3 up to
1.15×1017 cm−3 for a single zone JTE design. Optimized JTE
design with three outer rings allows to reduce the influence of
interface charge as well as statistical variation of active layers
parameters on the breakdown voltage of 1.7 kV 4H-SiC p-i-n
diodes.

8 Bull. Pol. Ac.: Tech. 68(2) 2020

Edge termination design for 1.7 kV silicon carbide p-i-n diodes

Acknowledgements. This work was supported by The Pol-
ish National Centre for Research and Development under
Agreement nr TECHMATSTRATEG1/346922/4/NCBR/2017
for project “Technologies of semiconductor materials for high
power and high frequency electronics”.

REFERENCES

[1] R.R. Potera and T.J. Han, “Silicon Carbide Diodes in Power-
Factor Correction Circuits: Device and Circuit Design Aspects”,
IEEE Power Electron. Mag. 6(1), 34–39 (2019).
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