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Abstract — The robustness of ultra-high voltage (>10kV) SiC
IGBTs comprising of an optimized retrograde p-well is
investigated. Under extensive TCAD simulations, we show that
in addition to offering a robust control on threshold voltage and
eliminating punch-through, the retrograde is highly effective in
terms of reducing the stress on the gate oxide of ultra-high
voltage SiC IGBTs. We show that a 10 kV SiC IGBT comprising
of the retrograde p-well exhibits a much-reduced peak electric
field in the gate oxide when compared with the counterpart
comprising of a conventional p-well. Using an optimized
retrograde p-well with depth as shallow as 1 pm, the peak
electric field in the gate oxide of a 10kV rated SiC IGBT can be
reduced to below 2 MV.cm'!, a prerequisite to achieve a high-
degree of reliability in high-voltage power devices. We therefore
propose that the retrograde p-well is highly promising for the
development of >10kV SiC IGBTs.

Index Terms — SiC IGBT, Ultra-high voltage, Oxide
breakdown, Retrograde p-well, Threshold voltage, Punch-
through.

[.  INTRODUCTION

n recent years, SiC has attracted considerable interest for

the development of IGBTs to achieve the most optimum

trade-off between the conduction and switching losses in
ultra-high voltage (>10kV) class of applications, most
notably, HVDC and Smart Grid [1-3]. The research has
witnessed significant momentum and the first generation SiC
IGBTs in the voltage range 10kV-30kV have been reported
by a number of researchers [4-10]. Notable milestones in the
area include the development of 10kV p-IGBT by Zhang et
al. (2005), 10kV n-IGBT by Wang et al. (2005), 15 kV n- &
p-IGBTs by Ryu ef al. (2012), and 27 kV n-IGBT by Brunt
et al. (2015) [7-10].

Although the presence of a stable native oxide (SiO,) of
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SiC, which can be thermally grown to be used as a gate
dielectric, has played a key role in advancing the ultra-high
IGBT technology, it has also posed considerable reliability
and stability challenges [11-13]. A robust high-voltage and
low-to-medium frequency (a few Hz to 1 kHz) switching
operation against a number of overload operational
conditions, such as those encountered in ultra-high voltage
modulated power converters and Marx generators, is highly
desirable from SiC IGBTs [14, 15].

SiC exhibits a high critical electric field of 3-5 MV.cm™,
which is ten times higher than that Si and is also much higher
than that of SiO, [10]. However, its native oxide, SiO», has a
lower dielectric constant of 3.9, nearly two and a half times
lower than 10 of SiC. In accordance with Gauss law, the
product of the relative dielectric constant and the normal
electric field of SiO, and SiC material must be constant at
their interface, i.e., Ksic.Esic = ksio2.Esio2, employing that at a
given voltage, the effective electric field in SiO; is 2.5 times
higher than that in SiC. A high-electric field means an
increase in the hot carrier injection, which is detrimental to
power devices. To keep the electric field in the gate oxide
below the safe operating limit of 2 MV.cm™ to avoid its
premature electrical breakdown, the electric field in SiC at
the interface should not exceed 0.8 MV.cm!. This restricts
the device designer to fully exploit the benefits of superior
material properties of SiC.

High-x dielectrics are proposed to improve the
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Fig. 1. An n-channel DMOS SiC IGBT test cell
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Fig. 2. Doping profiles for conventional and retrograde p-wells.

performance of SiC power devices at high-voltages [17-20].
However, due to significant lattice mismatch, high-quality
dielectric/SiC interfaces are particularly challenging to
achieve in practice, often exhibiting a high density of defects
(>10'"" eV-l.cm?) [19, 20], which ultimately lead to poor
channel mobilities.

In the backdrop of limited compatibility with typical mass
manufacturing and relatively smaller band offsets at the high-
«/SiC interface, the direct integration of high-x dielectrics in
SiC MOS technology has not been smooth. Multilayer stacks
comprising of an ultra-thin (1-3nm) interfacial layer of SiO;
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Fig. 3. Depiction of punch-through in an ultra-high voltage SiC IGBT with
conventional and retrograde p-well.

and thick (30-50nm) high-x dielectrics, which utilize a low
thermal budget, are proposed to obtain high-quality
interfaces, leading to improved channel mobilities
>100 cm?.V-'.s'[21, 22]. However, there is little available on
the robustness of such stacks during high-voltage operation.

Whilst efforts are continued to increase the impact of
high-k dielectrics, significant improvements in terms of
shielding the gate oxide from the high electric field can be
achieved with the help of an enhanced IGBT design. In this
paper, we report on improving the robustness of ultra-high
voltage class of SiC IGBT using an innovative retrograde p-
well.

We further compare the performance of SiC IGBTs
comprising of an optimized retrograde p-well with that of a
counterpart utilizing a conventional p-well. We show that in
addition to offering a robust control on the gate threshold
voltage (Vr) and eliminating punch-through, the retrograde
p-well is key to achieve a much-reduced peak electric field in
the gate oxide.

II. DEVICE STRUCTURE AND METHODOLOGY

As shown in Fig. 1, an n-channel DMOS IGBT structure
is used to examine the robustness of a 10-12 kV SiC IGBT.
The SiC IGBT test cell, a punch through design, consists of a
p" injector, n* field-stop/buffer epilayer and n- drift epilayer.

To have a high-degree of carrier injection, p™* injector
consists of a doping density of 1x10" ¢cm™. A doping
concentration of 1x10'® cm™ is utilized for the n buffer,
which is adequate to stop the electric field reaching the
injector. The doping concentration and thickness of drift
epilayer are 3x10' cm™ and 120 pm, respectively, resulting
in a theoretical breakdown voltage in excess of 15kV.

The retrograde p-well differs with a conventional p-well
mainly in the manner the doping concentration is varied with
the depth. In a conventional approach, the peak doping
concentration of 1x10'7 cm™ lies mostly at the surface or in
the sub-surface region of p-well, which then decreases with
the depth.

In contrast, in the retrograde approach, the doping near the
surface of the p-well, also referred as the sub-surface region,
is kept low (~10'® cm™), which gradually increases up to
1x10'8-5x10'8 cm™ and then decreases with the depth. The
variation in the doping concentration with the depth for a
conventional and retrograde p-well is illustrated in Fig. 2.

The low-doping region near the surface of retrograde p-
well is typically 0.2-0.3 pm deep, whilst the remaining depth
of ~0.4-0.6 um is dedicated to a high-doping concentration,
typically higher than 1x10"8cm™. Extensive details regarding
the design-optimization of retrograde p-well are described in
our previous work [23].

An electron lifetime of 2.5 ps is utilized in simulations.
The hole lifetime is considered to be the 1/5" of that of
electron lifetime. Furthermore, breakdown characteristics are

obtained using a background carrier concentration of
1x10% em?.
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Fig. 4. IGBT threshold voltage as a function of the gate oxide thickness upon
p-well utilizing conventional and retrograde doping profiles.

The Okuto-Crowell model is used to calculate impact
ionization as a function of electric field in 4H-SiC. Doping
and temperature dependency of carrier mobility is modelled
using the Caughey-Thomas model. The lifetimes of carriers
are modeled as a product of a doping-dependent, field-
dependent and temperature-dependent factors, as embedded in
Scharfetter model utilizing Shockley-Read-Hall (SRH)
recombination mechanism.

The dependency of energy bandgap upon both
temperature and doping is considered. Simulations also
include the incomplete ionization of dopants in 4H-SiC. The
donor trap of Nitrogen is considered to be located at
0.0709 eV with respect to the conduction band and the
acceptor trap of Aluminum is considered to be located at
0.265 eV with respect to the valance band. Extensive details
regarding physics models and parameters used in simulations
of 4H-SiC IGBTs can be found in our previous work [24-25].

III. ELIMINATION OF PUNCH-THROUGH

As shown in Fig. 3, a 10-12kV SiC IGBT comprising of a
conventional p-well of depth ~1.0um and doping
concentrations of 1x10'7and 3x10' cm® exhibits a
premature rise in the collector current at ~1 kV and ~6 kV,
respectively. We found that a shallow conventional p-well
(<1 um) with low doping concentrations (<3x10'7 cm™)
depletes completely much before reaching 10 kV and thus let
the collector current conduct through it. A completely
depleted p-well means no gate control on the IGBT current.

For low p-well doping concentrations, for example,
1x10'7 cm™, a deep (>2 um) conventional p-well can be
envisaged to help with the elimination of punch-through in
ultra-high voltage IGBTs. However, deep ion-implantation in
SiC are particularly challenging, requiring energies in excess
of 3 MeV to reach a depth of 2.0 um. Such high energies not
only increase the cost but also cause significant damage to the
surface. lon-implants in SiC are generally limited to a
maximum depth of 1.5 pm, which is not enough to avoid

punch-through if a lowly doped conventional p-well is used.

The punch-through is less of an issue for SiC IGBT with
retrograde p-well since the doping concentration at its bottom
is very high, typically, ~10'8¢cm™, ensuring only partial
depletion at high-voltages. The retrograde p-well effectively
eliminates the punch through and a sharp breakdown occurs
at a theoretically value of 16-17 kV.

The breakdown characteristics remains unaffected by the
change in the sub-surface doping concentration of the
retrograde p-well. Furthermore, it is important to note that
without affecting the IGBT breakdown characteristics, the
retrograde p-well can be made as shallow as 0.6-0.8 pm, a
depth that is achievable with only 700-800 keV implants.

IV. CONTROL ON GATE THRESHOLD VOLTAGE

In an effort to eliminate punch through and to reduce the
requirement of deep implants, a high doping concentration in
the conventional p-well is not recommend since it
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Fig. 5. Electric field variation along different cutlines, C1 and C2, in a SiC
IGBT at 10kV. The maximum field region is lying at the top of the middle
of JFET region.
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Fig. 6. The maximum electric field in the gate oxide as a function of doping
concentration in underlying uniformly doped conventional p-well and at the
sub-surface region of retrograde p-well. Electric field values correspond to
the collector voltage of 10 kV under no gate bias. Both conventional and
retrograde p-wells have the same depth of ~2.8 um deep, while the oxide
thickness is fixed at 50 nm.

significantly increases Vr. Importantly, if a higher doping
concentration is utilized, an increase in Vr should not be
compensated at the cost of sacrificing the gate oxide
thickness, as it leads to significantly reliability issues during
operation at high voltages.

The retrograde p-well offers a robust solution to IGBT
gate threshold voltage control by effectively decoupling the
blocking ability from the doping of the sub-surface region.
As shown in Fig. 4, a 10-12 kV SiC IGBT comprising of
retrograde p-well yields Vr between 5-7 V for the gate oxide
as thick as 100 nm. If required, the gate oxide thicker than
100 nm can be utilized by further reducing the doping at the
surface of the retrograde p-well. For example, for the surface
doping of 1x10' cm?, Vr of SiC IGBT with 100nm gate
oxide is calculated to be only 5 V and a 150nm thick SiO, can
be utilized without increasing Vr beyond 7 V.

To have Vr in similar range, i.e., 5-7V, using a
conventional p-well with doping concentration of
1x10'7 ¢cm, one would have to consider significantly thinner
gate oxide, i.e., 40-50 nm, which is likely to suffer from poor
quality issues and hence could pose significant reliability
challenges. It is worth mentioning here that the heavily doped
bottom of retrograde p-well has no role to play in Vr control.

Furthermore, although as such there is no restriction on the
magnitude of sub-surface doping of the retrograde p-well, Vr
shift may not be significant even if a very low doping
concentration is utilized. For example, for one order change
in the magnitude of sub-surface doping concentration, i.c.,
1x10' to 1x10'° cm™, Vr shifts by only 0.5 V.

Nevertheless, in a scenario, where, there are stringent
operational requirements and several processing constraints
in terms of the V1 window, ion-implantation depth and oxide

thickness, the retrograde p-well is highly relevant to the ultra-
high voltage SiC IGBT technology, outperforming a
conventional p-well. The retrograde p-well can further assist
with the SiC MOS technology by tackling with low channel
mobility issue. As previously reported by Kimoto ef al. and
Ortiz et al, a low doping concentration, preferably
~1x10' cm?, at SiC/SiO2 is desirable in order to enhance
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Fig. 7. Electric field profiles at 10kV in a SiC IGBTs with fixed 50 nm thick
gate oxide on (a) a conventional p-well and (b) a retrograde p-well. The
maximum electric field in the gate oxide (along cut line C1) typically lies in
the middle of JFET region, i.e., at ‘0’ of the test cell used in simulations. The
retrograde p-well surface has a doping density of 5x10'°cm™ and
conventional p-well is uniformly doped with 1x10'7 cm™. Both p-wells are
~2.5 um deep.
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channel mobility from ~10 cm2.V-1.s! to >120 cm®.V-1.s!. In
high-voltage power devices, punch-through is likely to be an
issue for conventional p-well consisting of low-doping
concentration. However, by adapting the retrograde p-well
approach, a substantial reduction (~1x10'°cm™) in the
doping at the MOS interface is achievable.

V. IMPACT UPON PEAK ELECTRIC FIELD IN GATE OXIDE

We further examine the peak electric fields within high-
voltage SiC IGBT structures. As shown in Fig. 5, a SiC IGBT
exhibits high magnitude electric field predominantly in two
regions, being in the gate oxide on top of the JFET region and
at the bottom of p-well. In the present context, the latter is of
least concern since the IGBT test-cell used in simulations
consists of specifications, i.e., drift region thickness 120 pm
and doping concentration 1x10'c¢m3, which yield a
breakdown voltage of >15 kV. This means the peak electric
field in this region at the rated voltage of 10 kV will be much
lower than the critical field limit of 3MV.cm'L.

We have therefore put our emphasis mainly upon the peak
electric field in gate region consisting of SiO,. Since the
retrograde and conventional approaches utilize different p-
well depths to achieve a 10 kV IGBT, a direct comparison
between the electric field profiles of both approaches is not
feasible. For example, to have a 10 kV SiC IGBT, an implant
depth of only 0.6-0.8 um is required when the retrograde p-
well is utilized, whereas if a conventional approach is
adopted, the p-well will have to be substantially deep, i.c.
>2 um. The comparison is further complicated by difference
in the magnitude of doping concentrations of conventional
and retrograde approaches.

For the sack of comparison, we compare the peak oxide
electric field when both the retrograde and conventional p-
wells have the same depths. For our analysis, we choose the
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Fig. 8. The maximum electric field in the gate oxide as a function of its
thickness. Electric field values correspond to the collector voltage of 10 kV
under no gate bias. Details regarding conventional and retrograde p-wells
are akin to those mentioned in Fig. 6.

Gate oxide (50nm)
Emitter |

‘ Retrograde p-well

-12 -10 -8 -6 -4 -2 0

Gate oxide (50nm)
Emitter |

-12 -10 -8 -6 -4 -2 0

Gate oxide (50nm)

—

etrograde p-well

-12 -10 -8 -6 -4 -2 0

Fig. 9. Electric field profiles at 10kV in a SiC IGBTs when the retrograde p-
well depth is (a) 0.7-0.8 um, (b) 1.4-1.5 um and (c) 2.0-2.2 um. The oxide
thickness is fixed at 100 nm and the retrograde p-well surface has a doping
concentration of 5x10'° cm, which are yielding a V of 7V.

conventional p-well to be deep enough (~2.5 um) to reach
10kV and then utilize the same depth to simulate the
retrograde p-well.

One can choose the retrograde p-well depth of 0.6-0.8 um
as the reference depth. However, a conventional p-well with
this depth is not adequate to yield a 10 kV blocking
capability, leading to significant punch through at low
voltages. As a result, the comparison will be feasible at only
low voltages, <1 kV.

We have examined the effect of doping concentration of
both approaches and the gate oxide thickness upon the peak
electric field. As shown in Fig. 6, we note that the magnitude
of peak/maximum electric field in the gate oxide remains
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Fig. 10. Variation in the maximum electric field in the gate oxide and
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dotted rectangle is an indicator of the implant energy range of 800 keV-
2MeV that is required to achieve the depth in the range 0.9-1.4 pm.

unperturbed with the change in doping concentration at the
surface of retrograde p-well. In contrast, for a conventional
p-well, the peak electric field in the gate oxide decreases with
increase in the doping concentration of underlying
conventional p-well. Of particular importance is a much-
reduced magnitude of peak electric field in the gate oxide
when deposited upon the retrograde p-well.

A comparison between the electric field profiles of SiC
IGBT with conventional and retrograde p-wells is further
illustrated in Fig. 7. A deep retrograde p-well, which consists
of a heavily doped bottom (~10'® ¢m™) depletes partially at
10 kV and results in a much-reduced electric field in the JFET
region when compared with that of a conventional p-well,
which has a relatively lower doping density of 1x10'7 ¢cm™
and thus exhibiting a greater degree of depletion. As
explained using Gauss law, a lower electric field in the JFET
region reflects in pro-rata reduction in electric field in the
gate oxide lying on top of the JFET region.

As shown in Fig. 8, a further reduction in the peak electric
field can be achieved with relative ease by increasing the
thickness of gate oxide. For 100nm thick oxide on the
retrograde p-well, the peak electric field is lying below
1.5 MV.cm'!, which is particularly beneficial to enhance the
long-term robustness of power devices.

In the case of conventional p-well, the peak electric field
has also reduced with the oxide thickness. However, it
remains ~25% higher in comparison to that of the retrograde
p-well. Furthermore, a 100 nm thick gate oxide on a
conventional p-well with doping density of 1x10"7cm
means a Vr of ~10V. The doping of the underlying surface of
retrograde p-well has little effect upon the peak electric field,
and thus it can be lowered further using a lower surface
doping, which will allow even thicker oxide deposition for

the similar Vr.

A deep p-well, either retrograde or conventional, can help
with minimizing the electric field in the JFET region and thus
in the gate oxide retrospectively. For example, as depicted
Fig. 9, the peak electric field in JFET region reduced
significantly with the retrograde p-well depth. However, a
deep p-well is not easy to realize in practice.

Having asserted that the retrograde p-well is superior to
conventional p-well, we have further optimized the
retrograde p-well to obtain an optimum depth, typically
shallower than 1.5 um, so that it can be realized using low
energy implants whilst ensuring the peak electric field in the
gate oxide remains below 2MV.cm™! and Vr within 7 V. Fig.
10 shows the reduction in the peak electric field in the gate
oxide as a function of the retrograde p-well depth.

We note that for the sub-surface doping of 5x10'® ¢m
and an oxide thickness of 100nm, which yield a V1 of ~7V,
the retrograde p-well with depth of 1.2 um is adequate to
retain the peak electric field below 2MV.cm™ in the gate
oxide. Upon utilizing an even reduced sub-surface doping
concentration of 1x10'® ¢m™ and an oxide thickness of
150nm, which also yield a Vt of 7V, one can utilize a
shallower retrograde p-well of 0.9 um, being both depths well
within 2 MV implantation energies.

It is worth mentioning that the edges of retrograde p-well
are lowly doped (of the order of 10'7cm™) and the high
doping region is kept away from the corner, which generally
experiences the most significant electric field crowding in a
vertical power device. Additionally, the curvature of corner
is reduced to minimize electric field crowding and hence
impact ionization by forming a softer junction at the bottom.
Such design features avoid degradation of the IGBT blocking
voltage when the peak doping concentration and the depth of
the retrograde p-well increases. It is evident that there is not
much degradation in the breakdown voltage when the depth
of retrograde p-well is increased.

VI. CONCLUSION

In conclusion, we showed that the retrograde p-well is
offering a robust solution to Vr control, whilst eliminating
punch-through. We further showed that using the retrograde
p-well, a peak electric field <2 MV.cm'! is feasible in the gate
oxide of a 10kV SiC without exceeding its Vr beyond 7 V
and utilizing costly deep implantations.

We find that the sub-surface doping concentration of
1x10'6-5x10' cm™ for the retrograde p-well and oxide
thickness of 100-150 nm are the most optimum combination
for 10 kV rated SiC IGBTs, requiring a shallow implant of
depth of <1.2 um and retaining Vt and the gate oxide peak
electric field below 7 V and 2 MV.cm'!, respectively. We
therefore propose the optimized retrograde p-well is highly
desirable to enhance the robustness of ultra-high voltage class
of SiC IGBTs, further minimizing processing challenges and
development cost substantially.
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