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An 1800 V Triple Implanted
Vertical 6H–SiC MOSFET

Dethard Peters, Reinhold Sch¨orner, Peter Friedrichs, Johannes V¨olkl, Heinz Mitlehner, and Dietrich Stephani

Abstract—6H silicon carbide vertical power MOSFET’s with
a blocking voltage of 1800 V have been fabricated. Applying a
novel processing scheme,n+ source regions, p-base regions and
p-wells have been fabricated by three different ion implantation
steps. Our SiC triple ion implanted MOSFET’s have a lateral
channel and a planar polysilicon gate electrode. The 1800 V
blocking voltage of the devices is due to the avalanche break-
down of the reverse diode. The reverse current density is well
below 200���A/cm2 for drain source voltages up to 90% of the
breakdown voltage. The MOSFET’s are normally off showing a
threshold voltage of 2.7 V. The active area of 0.48 mm2 delivers a
forward drain current of 0.3 A at VVVGS= 10 V and VVV DS= 8 V.
The specific on resistance was determined to 82 m


cm2 at 50 mV
drain source voltage and atVVVGS = 10 V which corresponds to
an uppermost acceptable oxide field strength of about 2.7 MV/cm.
This specific on resistance is an order of magnitude lower than
silicon DMOSFET’s of the same blocking capability could offer.

I. INTRODUCTION

POWER MOSFET’s are excellent switching devices due
to the unipolar current transport involved. In addition, the

positive temperature coefficient of the on-resistance prevents
second breakdown and allows the connection of devices in
parallel. However, for blocking voltages exceeding e.g., 1000
V state of the art, silicon power MOSFET’s cannot compete
against bipolar switches like IGBT’s because of the high
resistance of the drift zone. A much more favorable situation is
given for silicon carbide (SiC) power MOSFET’s because of
the higher breakdown field strength of the material. Therefore
the n-type drift region can be made considerably shorter and
doped higher. In practice, however, this advantage cannot
fully be exploited because the resistance of both the inversion
channel and the substrate contribute significantly to the on-
resistance whereas they are negligible in silicon devices. To
which extent the potential of SiC power MOSFET’s can
be utilized is a question of device concept, appropriate SiC
polytype, substrate quality and maturity of technology.

There basic device types have been reported in literature,
trench MOSFET’s [1]–[3], lateral [4] and vertical double
implanted MOSFET’s [5]. In this paper we present a vertical
TI MOSFET (triple implanted MOSFET) which is a planar
device with an inversion layer located at the planar surface of
the epilayer. Fig. 1 shows a schematic cross section of a single
TI MOSFET element. In principle, the structure is similar to
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Fig. 1. Schematic cross section of a TI2MOSFET element.

silicon DMOSFET’s (double diffused MOSFET). However,
in SiC very shallow doping profiles and short channel lengths
can easily be realized since there is nearly no diffusion of the
implanted atoms.

II. EXPERIMENTAL

The 6H–SiC material was chosen in spite of its rather
low bulk mobility in the vertical direction because we found
that the mobility of lateral inversion channels is much higher
in 6H–SiC than in 4H–SiC. As outlined in [6], we believe
that this difference is caused by interface states of rather
high density which are energetically pinned to approximately
2.9 eV above the valence band for both, 4H– and 6H–SiC.
Consequently the effect of these states on the channel mobility
will depend on the bandgap of the polytype. For 4H–SiC these
interface states are located within the bandgap close to the
conduction band edge and reduce the inversion layer mobility
drastically, whereas for 6H–SiC these states become resonant
with the conduction band at room temperature and above,
resulting in a higher channel mobility.

The processing started with the deposition of a 15-m thick
n-type epilayer (net doping concentration cm ),
grown on a 6H–SiC substrate purchased from Cree Res. Inc.
Durham, N.C., with a specific resistance of about 0.3cm
(parallel to the c-axis). Details of the epitaxial process are
described elsewhere [7].

The p-wells forming the reverse diode required for the
blocking behavior of the MOSFET were fabricated by alu-
minum implantation using a box profile with a doping concen-
tration of cm . A second aluminum implantation
defined the p-base for the inversion channel which laterally
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extends the first p-wells by the channel length of 1.5m. The
dopant concentration increases from a low surface concentra-
tion of cm to cm in a depth of 0.4

m. A third implantation with a high dose of nitrogen created
the n source regions. All implantations were carried out at
room temperature.

In contrast to other MOSFET concepts the double p-type
implantation of the TIMOSFET solves the contradiction
between a low p-base doping for achieving a high channel
mobility and a low threshold voltage on the one hand and
sufficient high doping concentration for the blocking capability
and contact formation on the other hand. In addition, latch up
caused by the parasitic bipolar transistor is prevented by a high
base doping. The active area of the MOSFET is surrounded
by a 80- m wide p-type ring. This edge termination stood the
test for Schottky diodes and pn diodes [8], [9].

The wafers were annealed at a temperature of about 1700C
using a process described in [10]. This high temperature was
chosen in order to anneal the high implantation doses of both
dopant types simultaneously.

The 36-nm thick gate oxide was grown by a combination of
dry and wet thermal oxidation at 1100C. Then polysilicon
was deposited and doped with phosphorus. After masking and
etching the polysilicon and the oxide, contacts were deposited
on the back and front side of the wafer, the latter patterned by
lift-off and annealed at around 1000C. The polysilicon grid
is insulated from the source metallization by a 400-nm thick
silicon oxide layer deposited by PECVD (plasma enhanced
chemical vapor deposition). Finally, source and drain contacts
as well as the gate pad are formed with 1-m aluminum for
safe operation up to 1 A. Fig. 2 shows a scanning electron
micrograph of the finished device. The gate bond pad is located
in the middle of the device. The active area can be identified
by the stripe-like structure of the polysilicon gate. It is covered
by the 1- m aluminum source electrode which has an active
area of 0.48 mm. The channel width measures 30mm and the
total chip area amounts to 1 mm.

III. RESULTS

Fig. 3 shows the output current–voltage (– ) character-
istics of a TI MOSFET measured with a Tektronix 370A
curve tracer. The device is normally off. A threshold voltage
of 2.7 V was determined by extrapolating the linear region
of the transfer characteristics to zero drain current. For a
gate source voltage of 10 V the on-resistance is 17at
low drain source voltages, corresponding to a specific on-
resistance of 82 mcm . As increases the slopes of
the curves are monotonously decreasing. The drain current
measured at V and V was 0.43 A. This
corresponds to a power density of about 700 W/cm. The on-
resistance decreases further for even higher gate voltages and
the oxide can of course withstand higher electric fields for a
short time, as described in [11]. Nevertheless, for reliable long
term operation is here limited to 10 V in order not to
exceed a commonly accepted maximum value for the oxide
field strength of 2.5–3 MV/cm. This is in agreement with
the extensive experience obtained from silicon power MOS

Fig. 2. Scanning electron micrograph of the TI2MOSFET taken at a tilt
angle of 30� with a magnification of 100.

Fig. 3. On-state output characteristics of the 1800 V TI2MOSFET.

devices and with some new estimations drawn from mean time
to failure measurements of silicon carbide MOS structures at
elevated temperatures [12].

In order to measure the devices under high voltage condi-
tions, the wafer was immersed into Fluorinert oil. Fig. 4
demonstrates the blocking behavior of the TIMOSFET pre-
sented in Fig. 3. The device blocks drain source voltages up to
1800 V. The corresponding drain current is less than 1A in
the off-state, i.e., at zero gate source voltage. Significant drain
currents arise only for gate voltages larger than 1.5 V. The
blocking voltage of the MOSFET is limited by the avalanche
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Fig. 4. Off-state output characteristics of the 1800 V TI2MOSFET.

breakdown of the reverse diode. This is indicated by a white
luminescence visible at the edges of the metallization and the
stable and reversible operation of the device at about 1800 V.
The reverse current of 1A taken 10% below the maximum
blocking voltage is more than two orders of magnitude lower
than values reported for other SiC power MOSFET’s [2], [3],
[5].

IV. DISCUSSION

If we compare some experimental data of SiC power MOS-
FET’s published in literature [2], [3], [5], [10], [13], it seems
to be obvious that UMOSFET’s generally achieve a lower
on-resistance due to a larger channel width per unit area than
vertical MOSFET’s with a lateral channel. However, reliability
problems arise from the u-form causing field crowding at the
trench corners which have to be taken into account for the
layout of the drift zone. Hence, for a given blocking voltage,
the resistance of the drift zone is lower for a UMOS than for
a TI MOS. In particular, those trench corners located at the
device periphery lead to premature breakdown [14]. In [15],
it is recommended that a SiC UMOS device should not be
operated with an electric field of more than 2 MV/cm in the
gate oxide in order to avoid degrading by Fowler-Nordheim
tunneling of electrons from the gate electrode into the oxide.
Consequently, considering the step of the relative dielectric
constant from 3.9 for thermal SiOto 9.7 for SiC, the electric
field at the SiC interface has to be limited to 0.8 MV/cm (for
the one-dimensional case). Hence, only about a third of the
critical field of SiC is exploited in such a structure.

A different situation is given in a DMOS or TIMOS
structure (Fig. 1). Both offer the chance to reduce the gate
oxide field in the off-state by a narrow distance between the
p-wells. However, there is a trade off by the junction field
effect if this distance becomes to small and the on-resistance
increases.

For comparison of MOSFET’s it is useful to consider the
Figure of Merit where is the blocking voltage and

the specific on-resistance, [16]. In the ideal case, the on-
resistance is governed by the drift region and this expression
approaches ( is the critical field strength of the

semiconductor, its permittivity, and its bulk electron
mobility in current direction). In the case of 1800 V devices

is about 300 MVA/cm for 6H–SiC and 4 MVA/cm
for silicon. Our SiC-TI MOSFET’s achieve a Figure of Merit
of 39 MVA/cm . This is already an order of magnitude higher
than possible with silicon DMOSFET’s for 1800 V blocking
voltage and only a factor of eight lower than the 6H–SiC limit.
Predictable improvements in cell topology and cell density
will certainly enhance this experimental Figure of Merit up to
80 MVA/cm in the near future. However, compared to 2500
MVA/cm which is about the Figure of Merit of a 4H–SiC drift
region capable of 1800 V blocking voltage there is still ample
room to improve SiC power MOSFET’s. The basic question
to be solved within this context is how to enhance the electron
mobility in inversion channels of 4H–SiC by at least a factor
of 25.
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