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. Abstract: This paper provides an overview of SiC technology and identifies the vital issues for MOS
&Z I}Iéﬁl; based SiC po'wer devices, specially for power MOSFETs. The major problems arise from the immaturity
’ of device fabrication processes and crystal growth technology. To address technical difficulties, a new
Cand D. . transistor named the epi-channel (EC)-FET was developed for power switching applications. Anisotropy
“hyristor - in thermal oxidation and epitaxial growth of SiC was utilized to develop the EC-FET. 4H-SiC power
H EC-FETs have been demonstrated to have a specific on-resistance as low as 10.9m.cm? at room
ger, and . temperature with blocking voltage of more than 450V, surpassing the limits of i power devices.
ol . However, the fabricated large area power devices show large leakage currents and low blocking voltage
at the crystal defects. The wafer size and defect density together with epi-layer quality are the key
factors for the commercial success of the SiC technology.
Related
1. Introduction
hide and " SiC power device applications are hased on its one order higher critical electric field compared to Si
- which allows much higher doping and thinner drift region layers for a given blocking voltage, resulting
(1997), in lower specific on-resistance [1]. This implies that SiC devices can offer hi gher power rating at low
- static and dynamic losses as compare to Si devices. These theoretical appraisals make SiC a very
1 promising material for high power uni/ bi-polar devices for high speed/voltage switching for electric
IR vehicles [2] and electric power distribution [3]. Other applications include the hi gh power microwave
ins, CO, electronics for radar and communications [4] and high temperature sensors and control systems for
1 automobile engines [5]. However, there are several vital issues related to the device fabrication processes
= Power and crystal growth that must be overcome to realize the practical electronic devices. Several problems
related to the MOS interface have become apparent to date and need to be solved. The poor quality of
.r.. TOP, the oxide grown on p-type SiC which results in the high interface surface states and low inversion
’ layer mobility was reported as the major limiting factor for realizing the practical MOS based power
devices [6,7]. Moreover, the RIE technique which s used to form the SiC trench structure, also produce
defects in the trench surface by impact of high energy ions. The resultant surface roughness leads to
surface scattering which results in the reduction of the channel mability. This surface roughness also
lowers the gate SiO, breakdown voltage and leads to large increases in leakage current between the
source and drain. Therefore, all these factors eventually lead to a severe degradation in the device
characteristics. The immaturity of the SiC crystal growth technology further degrades the device
characteristics by causing early breakdown at the crystal defects. This indicates that the predicted low
on-state resistance with high blocking voltage for SiC power devices cannot be achieved by conventional
DIMOS or UMOS structures,
This paper reviews the recent progress made in SiC power electronics and reports our new transistor
named the EC-FET, designed for SiC power switching applications[7]. EC-FET can address most of
the open issues related to MOS interface viz., high fixed insulator charge and interface surface states,
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Tow channel mobility and high electric field at the trench comer of FET. Also, the EC-FET can
withstand up to the avalanche breakdown conditions and hence leads to a break-through technelogy

for accumulation mode devices.

2. EC-FET Structure

A unit half-cell cross-section of the trench EC-FET
structure is shown in Fig. 1. The main feature of
designed EC-FET is that the channel region is
epitaxially grown on the trench sidewall. The current
flows via an accumulation mode through the channe}
defined in the n-type SiC trench sidewall epi-layer.
Therefore, the EC-FET can counter the problems
related to the poof quality of the gate oxide grown on
p-type SiC in conventional MOSFETs. The epi-
channel also compensates for the surface damage
induced during trench formation by RIE. In this
design, the epi-channel provides an independent

control of the impurity concentration of the channel * sub ’
and the p—baserregion. Therefore, a power EC-FET : n Substrate
with high blocking voltage, low on-state resistance i
and low threshold voltage can be designed. In DRAIN

particular, the lower impurity concentration of the Fig.! Aunit half-cell cross-sectional
channel region is less influenced by impurity” structure of the trench EC-FET.

scattering, thus improving the channel mobility, since

the blocking voltage is mainly governed by the impurity concentration and thickness of the p-base and

n drift region. Moreover, the higher p-base impurity concentration can relax the maximum electric

field near trench corner of the EC-FET.

In this design, the accumulation mode MOS structure regulates the flow of electron current. The
epitaxially grown n-type SiC trench sidewall layer that defines the channel region can be completely
depleted by the potentials created by the work function difference between the p-type SiC base layer
and the n-type SiC trench sidewall epi-layer, and the work function difference between the n-type SiC
trench sidewall epi-layer and the poly-Si gate electrode. The potential created by the work function
difference between the n-type SiC trench sidewall epi-layer and the poly-Si gate electrode controls the
channel condition during operation. In the off-state, a depletion region is formed in the epitaxially
grown n-type SiC trench sidewall layer by the built-in fields of the p-type SiC base layer and the poly-
$i gate electrode. The device can be switched to the on-state by the application of a positive bias to the
gate to create an accumulation layer channel in the n-type SiC trench sidewall epi-layer, extending
from the n* source to the n drift region. Electrons flow vertically from the n* source along the
accumulation layer to the n- drift region.

Two dimensional device simutations using the TMA MEDICI simulator have been carried out (0
estimate the impact of epi-channel parameters on electrical characteristics of 4H-8iC trench EC-FET.
The material parameters and their variation with temperature were carefully selected from the available
data[8,9]. The device parameters viz., thickness and the impurity concentration of the trench n-type
sidewall epi-layer, the p-base layer and ndrift layer were optimized to minimize the on-state resistance
under the condition of 1000V blocking voliage. The p-type poly-Si was used as the gate electrode.
The thickness of the epi-channel in this design, depends on its impurity concentration, 50, film
thickness, and the type of poly-Si gate electrode. Figure 2 shows a correlation hetween the blocking
voltage, thickness and impurity concentration of the epi-layer. It can be seen that for a given impurity
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concentration, the blocking voltage strongly
depends on the thickness of the epi-channel.
It also depends on the type of poly-Si used for
the gate electrede. It should be noted that in
this design, the normally-off characteristics
with a blocking voltage of 1000V can be
achieved even at the impurity concentration of
1.0x10%em for the epi-channel. This epi-
channel can withstand up to the avalanche
breakdown conditions.

Another key point of EC-FET design is
the electric field relaxation near the trench
corner. In conventional trench MOSFETs, the al
high electric field near the trench corner due 000 0.2 .50 075 1.00
to electric field crowding results in the oxide Epi-Channel Thickness Ty (m)
breakdown as the field in the oxide is 2.5 times Fig.2 Blocking voltage dependence of the 4H-SiC
higher than that of SiC material. In this trench EC-FET on thickness and impurity
structure, the impurity concentration of the p- concentration of epi-channel layer.
base layer which is independent of channel
region can be used as an important parameter 20 1
to tailor the maximum electric field (E__ ) near m¢ l e
the frenéh corner. The impurity concentration -
of the p-base layer can be increased to relax
the E__near the trench corner of the EC-FET.
Figure 3 shows a comparison of E___at the -
trench corner of the EC-FET with conventional
structure. Model was simulated for the
MOSFET of 1000V blocking voltage,
however, the E__ is plotted for applied voltage 00 |
of 500V. For conventional MOSFET, the E__ 00 20 4.0 6.0 8.0 10.0
is about 1.9MV/cm at the trench corner with Distance { um)
p-base impurity concentration of about Fig.3 A comparison of maximum electric field at
1.0x10"%cm?, which is of the same order as that trench corner of the EC-FET structure and the
of epi-channel layer. In the case of EC-FET, conventional structure.
the E__isabout 1.5MV/em at the trench comer
with p-base impurity concentration of about 1.0x10'%¢m. This value of E_.. is about 20% lower as
compared to a conventional structure. Therefore, the p-base layer is relatively highly doped compared
to the channel region to relax E__at the trench corner of the EC-FET.
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3. EC-FET Process Discription

Anisotropy in thermal oxidation and epitaxial growth of SiC was utilized to develop the EC-FET, The
trench EC-FETs were fabricated using (0001) C-face 4H-SiC p/n/n* epi-wafers. Hexagonal structure
microcells of 23pm cell-pitch were selected for integration, keeping in mind the hexagonal structure
of SiC crystal. The hexagonal microcells have angles of 120° between the trench sidewalls and offers
improvement for the two dimensional oxidation conditions as it reduces stress at the edges. The
trench was formed on the wafer surface by RIE and extends in the [1100] direction. The epi-layer was
growth on the trench sidewall (1100) prism face plane. The gate Si0, was thermally grown by the
pyrogenic method. The SiO, film was thin on the trench (1100) prism face surface and thick on the
top/bottom (0001) C-face surface{10,11]. The 2380 hexagonal structure microcells of 23pm pitch
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were integrated in the 2mm square size chip. A cross-sectional SEM micrograph of the fabricated
accumulation mode 4H-SiC trench EC-FET is shown in Fig. 4. The trench sidewall epi-layer on (1100}
prism face plane can be seen clearly in the SEM micrograph. The epitaxial growth on the trench
sidewall characteristically forms an extremely smooth surface and coverage selectively in [1 100]
orientation. The measured interface state density at SiC/Si0, interface was about one order of magnitude
lower than that without the trench sidewall epi-layer [7].

4. Electrical Characteristics

Typical drain current (I,) - drain voltage (V) characteristics of the fabricated 4H-SiC trench EC-
FET is shown in Fig.4. The field effect conduction of the vertical channel was observed as its I
increases in response to gate voltage (V). Fabricated device has a 1, of 100mA at V of 0.10V
(V =10.0V). The active area, channel length and width of 2mm square size chip were esnmated as
1.095x10% cm?, 1.5m, and 13.66cm, respectively. The measured specific on-state resistance of the
4H-SiC trench EC-FET was 10.9m€.cm’. An effective accumulation-mode channel mobility ()
was estimated from the plot of I-V_ with V =0.1V. The threshold voltage defined by the tangenu:ﬂ
line was 3.3V. The exiracted ue was 108 2cm?*/V.s at room temperature. This value of p_ is
approximately 5 times the channel mobility reported for the inversion mode trench MOSFETs. The
drain-to-source blocking voltage (B,,) was more than 450V. The breakdown phenomenon probably
occurred at the trench corner due to $i0, breakdown. Simulations assuming the lower permissible
maximum electric field of §i0, indicate the breakdown point near the trench corner where the electric
field in Si0, is enhanced by a factor of 2.5 compared to SiC.

5. 8iC Material Issue

The fact that SiC power devices are still unavailable today can be attributed to the technological
difficulties involved in the device processing and crystal growth technology. The area of major concern
in the MOS based power device processing is the 8i0,/S1C interface quality and its high temperature
reliabitity. The EC-FET can address most of the open issues related to MOS interface, however, problems
arise from the immaturity of material technology. The material quality is the main obstacle to the
development of SiC power devices. The issues for the commercial success of SiC power electronics
are the SiC wafer size and crystal defect density. High quality substrates are a prerequisite for industrial-
scale fabrication of power semiconductor devices which to date are lacking for SiC. The commerciaily
available SiC wafers still contain too many defects to be used for low cost production. The X-ray

Fig.4 Cross-sectional FE-SEM micrograph and typical I -V characteristics of the fabricated
4H-SiC trench EC-FET
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topogram of the 4H-SiC wafer in Fig.5 shows the
structural imperfection of the SiC material. The
dislocation density is typically in the order of 10
10° cm™. The secondary effects of dislocation centers
on leakage current or breakdown phenomenon are
not clear for unipolar devices, however, these defects
can act as life time killer for bipolar devices.
Dislocation centers can also serve as one of the
possible origin of micropipes, a void like defect.
Micropipes propagate in the growth direction from
the seed crystal. Its size depends on the growth : :
condition and the related origin. The typical value of Fig 5. X-ray topogram of 4H-SiC wafer
the micropipe diameter is about 0.5 to 5im. There with large dislocation density.

are several thermodynarnic, kinetic and technological

mechanisms which causes micropipes in SiC wafers grown by modified Lely seeded sublimation
method [13]. Reduction of the micropipe defect that limits the fabrication of large area power devices
is one vital issue for the application of SiC technology. The optical micrograph of the 4H-SiC wafer in
Fig. 6 (i) shows the plan view of micropipe defects. Micropipe defects present in the SiC wafer
generally propagate into the CVD grown epitaxial layers which lead to premature junction breakdown
well below the maximum permissible electric field due to generation of microplasmas at the nlcropipes
[14]. Therefore, a single micropipe defect in the high voltage pn-junction can destroy the junction’s
ability to block the higher voltages. In addition to micropipe defects, the quality of CVD epi-layers,
free from other poly-type inclusions, is also a major issue for the realization of high power devices.
One of the commeon defects observed in SiC CVD epitaxial growth is the hexagonal comet tail defect
as shown in Fig.6 (ii) for (0001) C-face epi-layer. This defect may originate from the crystal
imperfections that suppress the step flow growth and results in the 2-dimensional nucleation of 3C-
SiC poly-type. The fabricated devices show large leakage currents and result in low blocking voltage
at the comet tail defects hence also limit the high performance of power devices.

The density of micropipe defects has come down from 1000cm? to <30cm? in the last few years.
This Jevel must be reduced down to <tem? to realize large area power devices. Figure 7 shows a
correlation between the yield and the chip size for a given defect density. The experimental data for
the developed EC-FET is also plotted in the figure. A process yield of more than a few percent is only
possible for the EC-FET chip of 4mm square size. This restricts the maximum current rating of developed
SiC power devices to a few amperes. Therefore, these defects have to be eliminated for the development
of practical 3iC power devices.

Fig 6. Optical micrograph of 4H-SiC wafer showing (i). plan view of micropipe defects and
(i1). hexagonal comet tail defects (inset: SEM cross-sectional vnew)
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Fig 7. A correlation of EC-FET yield and chip size as a function of defect density.

6. Conclusions

Several vital issues related to MOS based SiC power device fabrication processes and material
technology have been reviewed. To address MOS interface related issues, the EC-FET was exclusively
developed for SiC power devices. It was demonstrated that the EC-FET can address most of the open
issues related to MOS interface viz., high fixed insulator charge and interface surface states, low
channel mobility and high electric field at the trench corner of the FET. The 2mm square size chip of
4H-SiC trench EG-FET feature the on-state resistance as low as 10.9m{.cm? at room temperature
with blocking voltage of more than 450V, surpassing the limits of Si power devices. The accumulation
mode epi-channel has improved the channel mobility to more than 100cm*V.s. However, major
problems comes from the immaturity of SiC material technology. The fabricated SiC power devices
shows large leakage currents and result in low blocking voltage at the crystal and epi-layer defects.
Therefore, these defects have to be eliminated for the development of practical SiC power devices.
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