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Epitaxial channel metal-oxide semiconductor field-effect transistors (MOSFETS) have been proposed as one pos-

sible way to avoid the problem of low inversion layers in traditional MOSFETs. This paper presents an equation of

maximum depletion width modified which is more accurate than the original equation. A 4H-SiC epitaxial n-channel

MOSFET using two-dimensional simulator ISE is simulated. Optimized structure would be realized based on the

simulated results for increasing channel mobility.
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1. Introduction

The excellent physical properties of silicon car-
bide (SiC) and the fact that its native oxide is
SiOy render it ideally suited for the fabrication of
high-voltage and high-temperature metal-oxide semi-
conductor field-effect transistors (MOSFETSs). At
present, however, SiC inversion-mode MOSFETS suf-
fer from low inversion channel mobility and gate ox-
ide reliability problems. The major reasons!*?! for low
channel mobility are attributed to interface state and
surface roughness through trapping and scattering ef-
fects for the carriers. In addition, surface roughness
may also give rise to the concerns of gate oxide reliabil-
ity. This is mainly due to the heavy dose implantation
and high-temperature annealing at the source/drain
region. [l

Various methods have been proposed to improve
the quality of the MOS interface. Nevertheless, the
inversion layer mobility reported so far is still too low
for practical application of MOSFETSs. One possible
solution for the improvement of the channel mobility
is to keep electrons away from the SiO5/SiC inter-
face. But the above-mentioned problems arising from
implantation and high-temperature annealing are still
existed for the buried channel (BC) structure by ion
implantation.

Epitaxial channel MOSFET's have been proposed
as one possible way to avoid the problem of low in-
version layers in traditional MOSFETs.[*5] In such a

device, the conduction of current consists of the ma-
jority carriers in a physical channel, which have much
higher carrier mobility, in comparison with the mi-
nority carriers in an inversion layer. In addition, no
implantation and high-temperature annealing is per-
formed. In this study a 4H-SiC epitaxial n-channel
MOSFET using two-dimensional (2D) simulator ISE
is simulated. The device structure may be optimized
based on these results for elevating channel mobility.

2. Device structure

The depth of the n-type channel layer (D) is
important for epitaxial channel MOSFETs. It is de-
signed to be less than or equal to the maximum deple-
tion of a MOS capacitor if the depletion width pene-
trating into the channel layer arising from PN junction
is negligible. The maximum depletion of a MOS ca-
pacitor is given by[6]

o = (2502} (1)
S max qNS_ )
where g4 is the permittivity of SiC, ¥p is the potential

difference between the Fermi level Er and the intrin-
sic Fermi level FE; (negative for n-type substrate) and
NS is the concentration of the ionized donor. Incom-
plete ionization of SiC material must be accounted for
calculating g, which is given by

vy = —kBTln(ﬁND), @)
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where [ is the impurity ionization ratio in the semi-
conductor which is about 90% for Np = 1x10!7 cm—3.
But x4 max should be over valuated if NB‘ in Eq. (1)
is still equal to SNp, because almost completely ion-
ized donor impurity in the depletion region is induced
by stronger electric field at strong inversion. The de-
sign of device structure is affected by the error. So
equation (1) is modified by
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The schematic structure of a 4H-SiC epitaxial n-

channel MOSFET determined by Eq. (3) is shown in
Fig. 1.
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Fig. 1. Schematic structure of a simulated 4H-SiC epi-
taxial n-channel MOSFET.

3. Model

In this paper the device mentioned above is sim-
ulated by using two-dimensional (2D) simulator ISE.
Different models should be chosen for different materi-
als and structures. An incomplete ionization model for
incomplete ionization of SiC material is chosen. Mo-
bility models include bulk mobility (u) and surface
mobility degradation models (y).l”) The bulk mobil-
ity model describes the scattering effect of lattice and
impurity ions. Surface scattering is important for a
MOSFET which leads to the degradation of the sur-
face mobility. The effect of surface scattering on mo-
bility is operated through the transverse field (F).
This transverse field is induced by gate voltage and
interface charges.

11 1
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4. Results and discussion

This device is simulated with 2-um channel
length, 20-nm oxide thickness and a channel concen-
tration (Np) of 1x10'7 em~3. The distribution of
Ng of the n-channel layer at different surface states is
shown in Fig. 2, by which the field-induced ionization
effect is confirmed. Donor impurity is almost com-
pletely ionized at the pinched-off state (Vg = Vp).

1.00 ==
0.984 AN

0.96 1 AN

— Va=Vp =-20V
- Vag=-1V \\\ s
"""" Vo=V =044V \‘":x" !

0.94+
0.924

N{ /Np

0.904..-
0.884
0.86 1

000 002 004 006 008 010 0.12
Channel/pm

Fig. 2. The distribution of Ng of the n-channel layer at
different surface states.

The Ips—Vq characteristics of the device at room
temperature, Vps = 50 mV, and Vg = 0 (flat band
voltage) are shown in Fig. 3. The effect of surface
scattering on the device is presented by a compari-
son between the Ipg—Vg curve with and without the
surface scattering effect. The channel mobility of this
device is rarely affected by surface scattering because
channel electrons are away from the SiO5/SiC inter-
face at depletion mode, namely buried channel mode.
Also, channel mobility at accumulation state is greatly
degraded by surface scattering. The device should op-
erate at depletion mode for increasing channel mobil-
ity.
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Fig. 3. Drain current versus gate voltage at Vpg =
50 mV, Vgg = 0.
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The effect of interface state density on Ipg—Vg
characteristics is shown in Fig. 4. In SiC MOS struc-
ture, the interfacial traps in the upper half of the
bandgap are believed to be acceptor-like in nature.
Interface charges are negative at flat band, depletion
and accumulation state. Thus, interface state density
D;y is defined for the upper bandgap acceptor states.
Flat band voltage shifts to the opposite direction for
negative interface charges. But the pinched-off volt-
age is almost unchanged. The field-effect mobility ob-
tained from the Ips—Vas curve is reduced due to the
presence of negative interface charge, which is more
obvious at accumulation mode.
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Fig. 4. Drain current versus gate voltage at different in-
terface state densities.

Figure 5 shows that taking into account different
n-channel layer concentrations must satisfy the term
of the maximum depletion which is greater than the
channel-layer depth. For example, the maximum de-
pletion for Np = 2 x 10'7 cm™3 is equal to 0.128 pm
(> 0.12 pm) calculated by Eq. (3). The voltage range
operated at buried channel mode is expanded because
the pinched-off voltage of the device decreases with
increasing channel-layer concentration. But increase
of channel-layer concentration should lead to deteri-
oration of the sub-threshold characteristic. Also, the
off-state current of this device reaches saturation after

strong inversion of the surface, in comparison with the
traditional inversion-mode MOSFET, which increases
with channel-layer concentration. The rate of on/off-
current is only 10% for Np = 2 x 10'7 em™3. So Np
should be traded off between the operating range of
buried channel mode and sub-threshold characteris-
tics.
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Fig. 5. Drain current versus gate voltage at different n-

channel layer concentrations.

5. Summary

Epitaxial channel MOSFETSs have been proposed
as one possible way to avoid the problem of low inver-
sion layers in traditional MOSFETs. In this paper,
the equation of maximum depletion width is modified
which can be used in the accurate design of device
A 4H-SiC epitaxial n-channel MOSFET
using 2D simulator ISE is simulated. The results of
the simulation show that this structure of MOSFET
has good immunity from the effect of surface scatter-

structure.

ing on the channel mobility of this device at deple-
The field-effect mobility is reduced due
to interface state at accumulation mode. The oper-

tion mode.

ating range of buried channel mode is expanded with
increasing channel-layer concentration which leads to
deterioration of off-state and sub-threshold character-
istics. Optimized structure would be realized based
on these results for increasing channel mobility.
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