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Novel SiC Accumulation-Mode Power MOSFET
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Abstract—In this paper, a new structure of Silicon Carbide (SiC)
accumulation-mode MOSFET (ACCUFET) for high-power appli-
cations has been proposed and analyzed. The novel ACCUFET uti-
lizes fully depleted N-channel epilayer, grown on P-base epilayer,
to achieve normally-off operation. A trench region is formed by
etching and is implanted to create N-type path that connects the
N-channel epilayer (accumulation channel) to underlaying N-drift
region. Detailed analysis of the important design parameters of the
novel structure is performed using MEDICI two-dimensional (2-D)
device simulator. The novel structure was also compared to alter-
native ACCUFET approaches, specifically planar and trench-gate
ACCUFETs. The comparison shows that the novel structure pro-
vides the highest figure of merit (FOM) for power devices.

Index Terms—Device simulation, power MOSFET, Silicon Car-
bide (SiC).

I. INTRODUCTION

DUE TO excellent physical and electrical properties, such
as high breakdown electric field, wide bandgap, high

thermal conductivity, and high electron saturation velocity,
Silicon Carbide (SiC) offers great potential for development
of high-temperature, high-power, and high-voltage devices.
On the other hand, the inherent MOSFET advantages make
this class of devices an attractive direction for development of
power devices with voltage ratings up to 3 kV [1]. Significant
progress in SiC power MOSFETs have been demonstrated
recently, with the fabrication of UMOS [2], DMOSFET [3],
triple-implanted vertical MOSFET [4], RESURF MOSFET
[5], and accumulation-mode MOSFETs (ACCUFETs) [6]–[9].
Recent ACCUFET developments [6]–[9] reveal important
advantages of this type of MOSFET structure. ACCUFETs
emerge as the preferred solution for power MOSFETs on SiC,
because of their advantage in terms of higher channel-carrier
mobility compared to the standard inversion N-type MOSFETs.

This paper proposes a new design of accumulation-mode
power MOSFET and its optimization using MEDICI two-di-
mensional (2-D) device simulator. This paper also presents a
simulation-based comparison of the proposed structure with
other ACCUFET approaches, namely, planar and trench-gate
ACCUFETs. As identical model parameters and simulation
conditions are used, this comparison enables illustration
and analysis of the inherent advantages and strengths of the
ACCUFET structures themselves. The relevant technological
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Fig. 1. Novel SiC ACCUFET structure.

issues, related to the considered ACCUFET approaches, are
qualitatively discussed in Section IV-B.

II. DEVICE STRUCTURE AND OPERATION

The basic cell structure of the novel ACCUFET is shown
in Fig. 1. In this structure, a thin N-channel surface epilayer
is grown on the top of P-base epilayer, and a narrow trench is
etched around each MOSFET cell. The trench region is ion-im-
planted to form the thin N-type region that acts as part of the drift
region (path) for the conduction of electrons from the source to
drain. At zero gate bias, there is no path for conduction of elec-
trons because the top N-channel epilayer is completely depleted
by the built-in fields, created by the P-base–N-channel epilayer
junction and the gate electrode. This results in a normally-off
device at zero gate bias with the drain voltage mostly supported
by the N-drift region. When a positive gate bias is applied, an
accumulation channel of electrons is created at SiO–SiC inter-
face. This results in a low resistance path for the electron current,
which flows from the source through the channel, then down to
the drain through the trench and the drift region.

The main feature of this accumulation-type MOSFET is the
N-type channel, epitaxially grown on P-base region. The two
epilayers provide independent control of the doping concentra-
tion and thickness of the N-channel and P-base region. There-
fore, by varying the thickness and doping concentration of these
two epilayers, as well as the underlying N-drift region, a power
MOSFET with optimum blocking voltage, on resistance, and
threshold voltage can be designed. Another important feature
relates to the fact that a planar MOS structure, created on high-
quality epitaxial layer, is utilized with this approach. As a result,
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many of the open issues related to reliability of MOS interface
in SiC can be addressed.

III. A NALYSIS AND OPTIMIZATION OF DEVICE PARAMETERS

Five parameters, characteristic of the new structure, are
chosen to analyze the relationship between blocking and
driving capability of the novel ACCUFET. These parameters
are peak doping concentration of ion-implanted trench region,
doping concentration and thickness of P-base epilayer, and
doping concentration and thickness of N-channel epilayer.

A. Simulation Parameters and Models

Two-dimensional numerical-simulation structure (including
the mesh, the boundaries, and the impurity profiles) for the de-
vice was generated in MEDICI [11], using all the 4H-SiC pa-
rameters provided in [12], [13]. As no detailed parameters for
the impact ionization model have been reported for 4H SiC,
the values reported for 6H SiC [14] were used in the simu-
lation. Also, the analytical mobility model for concentration
and temperature dependences, developed for silicon and gal-
lium arsenide, was used with the maximum electron mobility
set to 200 cm/Vs.1 Moreover, as the carrier mobility is typi-
cally lower along the insulator–semiconductor interface than in
the bulk of the semiconductor, a mobility degradation factor of
50% was used to account for this effect. This means that the
actual channel carrier mobility was less than 100 cm/Vs, de-
pending on the normal field and other factors. Due to symmetry
of the device, only half of the device structure was evaluated.
The simulated structure has a fixed 10-m thick N-drift region
doped at cm , an N -type polysilicon gate elec-
trode with an 80-nm thick gate oxide ( cm ),
a channel length of 2.0m, and a half cell pitch of 10m.

The simulation results were used to calculate Baliga’s figure
of merit (BFOM) as the criterion for structure optimization and
comparison. BFOM is given by [15]

BFOM

where is the on-resistance and is the maximum oper-
ating voltage which is set either by the avalanche-breakdown
voltage, punchthrough voltage, or the drain-to-source voltage
that corresponds to the maximum set oxide field (3 MV/cm in
this paper).

B. Peak Trench Region Concentration

The first step in optimizing this MOSFET was to determine
the peak trench region concentration that will provide optimum
blocking capability and on-resistance of the device. Since the
N-type trench region has to be formed by ion implantation into
the P-base layer, i.e., the peak concentration of the ion-im-
planted trench region has to be set higher than the P-base
background concentration ( ), the background concentration

1It should be noted, however, that the contribution and the conclusions in this
paper do not rely on quantitative results. The methodology used in the paper
(simulation and comparison of ACCUFET approaches) focuses on the merits of
the device structure itself, independent of the specific parameter values, which
are still dominated by different technology imperfections.

of the P-base epilayer has to be optimized accordingly. Three
background concentrations of cm ,
cm , and cm of 2.0- m thick P-base epilayer
were simulated, and the peak concentration of the ion-im-
planted region was varied from cm to
cm for cm , from cm
to cm for cm , and from

cm to cm for
cm .

From the simulations results shown in Fig. 2, it was found
that the maximum blocking voltage was achieved with

cm and with a slightly higher peak trench re-
gion concentration of cm (this value was used
as the closest reasonable value to the P-base concentration of

cm ). The maximum operating voltage in this re-
gion (P-base concentration of cm ) is determined
by the maximum oxide field set at MV/cm. An in-
crease in the peak trench region concentration causes the max-
imum oxide field to occur at lower drain voltage. For the case of

cm , avalanche breakdown occurring in the
trench region determines the blocking capability of the device.
On the other hand, punchthrough breakdown determines the
maximum operating voltage when the P-base background con-
centration is equal to cm . Although the N-channel
epilayer is fully depleted in off mode, in the case of low , the
depletion-layer fields of the P-base–N-channel junction and the
gate are not strong enough to shield the high electric field from
the drain, resulting in punchthrough breakdown. In addition to
that, the maximum oxide field increases as is decreased, be-
cause the compensating effect of the built-in field is reduced.

To summarize, the peak concentration of the ion-implanted
trench region strongly influences the maximum operating
voltage of the device. To obtain the maximum operating
voltage, the peak concentration of the ion-implanted trench
region has to be slightly higher than the background concen-
tration of the P-base epilayer. The concentration of the P-base
epilayer itself cannot be set too low due to punchthrough
breakdown and increasing oxide field, as the compensating
effect of the built-in electric field is reduced.

However, it is not the maximum operating voltage alone, but
rather the figure of merit (FOM) for power devices that is used
to optimize the considered parameters. This involves the on-re-
sistance of the device, which is decreased as the peak concentra-
tion of the trench region is increased. As Fig. 2 shows, the best
trade-off between the breakdown voltage and on-resistance re-
quirements in terms of BFOM is achieved with the peak trench
region concentration of cm .

C. P-Base Layer Thickness

The thickness of the P-base epilayer is important, because it
determines the depth/length of the trench region, which in turn
affects the gate oxide field, breakdown voltage, and on-resis-
tance. The effects of the P-base layer thickness () on max-
imum operating voltage, on-resistance, and BFOM of the device
are shown in Fig. 3. In this simulation, the optimum values of
the parameters considered in the previous section are used. With
P-base concentration of cm and peak trench region
concentration of cm , punchthrough breakdown
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Fig. 2. Effects of peak trench-region concentration (N ) on maximum
operating voltage, on-resistance, and BFOM.W = 2:0 �m,W = 0:4 �m,
N = 1 � 10 cm .

limits the thickness of the P-base epilayer to minimum value of
m. On the other hand, avalanche breakdown deter-

mines the blocking capability of the device for m.
The region of 1.2 m m is selected for de-
tailed analysis and search for the optimum value (the region of

m is not of interest because the on-resistance in-
creases rapidly due to increasing length of the trench region).

As shown in Fig. 3, an increase of the P-base thickness from
1.2 m to 2.2 m, leads to increase of the maximum operating
voltage from 500 V to just below 1700 V. The maximum elec-
tric field of 3 MV/cm in the oxide appears as the limit to the
maximum operating voltage over this range of P-base thickness,
except for the case of m where its value is limited
by the avalanche breakdown. The device on-resistance also in-
creases over this range of P-base thickness. The graph in Fig. 3
shows that the P-base epilayer thickness of 2.0m is the op-
timum value in terms of BFOM.

D. Thickness and Concentration of N-Channel Epilayer

In this section, the effects of varying thickness ( ) and
doping concentration ( ) of the N-channel epilayer were in-
vestigated. The results are shown in Fig. 4. The dashed line indi-
cates the punchthrough limit: the punchthrough current through
the N-channel epilayer becomes too large when is in-
creased beyond the dashed line for a given . Left of the
dashed line, the maximum gate oxide field (set at 3 MV/cm)

Fig. 3. Effects of P-base thickness (W ) on maximum operating voltage,
on-resistance, and BFOM. The difference betweenN and P-base
concentration is set to4� 10 cm ; W = 0:4 �m andN = 1� 10

cm , andN = 1 � 10 cm .

determines the maximum operating voltage with the exception
of m and high values, where the avalanche
breakdown before the maximum gate oxide field is reached.
Fig. 4 also shows the dependence of the on-resistance on
and . As can be observed, an increase in does not have
much effect on the on-resistance, because majority of the current
flows through the accumulation layer at the interface. Nonethe-
less, increasing reduces the on-resistance, this being due
to a decrease in the threshold voltage of the device. The max-
imum BFOM value of V / is achieved with 0.5 m
thickness and cm concentration of the N-channel
epilayer.

Overall, the maximum BFOM value of the simulated device
is achieved with 2.0-m P-base epilayer doped at
cm , ion-implanted trench region with peak concentration of

cm , and N-channel epilayer concentration and
thickness of cm and 0.5 m, respectively.

IV. COMPARISON-BASED EVALUATION OF THE NOVEL

STRUCTURE

In this section, the novel structure is compared to two
alternative ACCUFET approaches, referred to henceforth as
trench-gateand planar. The specific structures, selected to
represent the trench-gate and the planar approaches, were pub-
lished in [6] and [6]–[10], respectively. It should be emphasized
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Fig. 4. Effects of N-channel concentration and thickness (W ) on maximum
operating voltage, on-resistance, and BFOM.W = 2:0 �m,N = 1� 10

cm , N = 1 � 10 cm .

that the same models and parameters were used in the MEDICI
device simulator to obtain and compare the performance
characteristics of all the simulated structures.

A. Electrical Performance

The simulated structures of the alternative ACCUFETs
are shown in Fig. 5. Due to symmetry of all the compared
device structures, only half of the device cells are shown.
The trench-gate structure has been extensively investigated
and applied to 6H SiC [16]–[19]. Recent development in
trench-gate ACCUFETs on 6H SiC demonstrated a device
that is capable of withstanding voltage of 450 V with a low
on-resistance of 23.84 mcm [6]. The design concept of the
trench-gate approach is schematically illustrated in Fig. 5(a).
The main feature of this structure is that the N-channel region
is epitaxially grown on the trench sidewall to form the MOS
structure. The electron current flows through accumulation
channel formed at the trench sidewall, from the source toward
the drain contact. The planar ACCUFET approach is illustrated
in Fig. 5(b). In this structure, a thin N-type epilayer is grown
epitaxially over a P-type region, implanted into N-type drift
layer. The ion-implanted P buried region separates the thin
epitaxially grown N-type and the thicker N-drift layer. The
electron current flows laterally through the accumulation
channel formed at the surface of top N-type region, and then

(a)

(b)

Fig. 5. Alternative ACCUFET structures: (a) trench-gate approach and
(b) planar approach.

vertically toward the drain contact through the opening between
the P buried regions (JFET region). It has been shown that the
optimized device has a 2.0-m separation distance between the
P regions [7], [10]. The crucial device parameters that have
been established in [6] and [10] for the trench-gate and planar
structure approach, respectively, are used in this simulation and
analysis.2 However, in order to enable meaningful comparison,
the common parameters are set to identical values: all of the
compared structures are set to have a drift region thickness and
concentration of 10 m and cm respectively,
channel length of 2.0m, an N -type polysilicon gate electrode
over an 80-nm thick gate oxide ( cm ), an
N region concentration of cm , and a Gaussian
doping profile with characteristic width of 0.15m (where
applicable). No other optimization was done in trench-gate and
planar ACCUFET structures beyond those already performed
in [6], [7], and [10], respectively.

2The thickness and impurity concentration of the trench-gate ACCUFET side-
wall epilayer were 0.3�m and1� 10 cm , respectively [6]. The thickness
and impurity of the planar ACCUFET P-base implanted region were 0.5�m
and1�10 cm , respectively, and the thickness and impurity of the channel
epilayer were 0.6�m and1:0� 10 cm , respectively [8].
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Fig. 6. Comparison of simulated transfer characteristics.

TABLE I
COMPARISON OFACCUFET STRUCTURES

The obtained current–voltage characteristics for V
are shown in Fig. 6, and they were used to calculate the on-re-
sistances. Additional simulations were performed to obtain the
maximum operating voltages, so that the BFOM could be calcu-
lated. The results for on-resistance, maximum operating voltage
and BFOM are listed in Table I. The results show clearly that the
new ACCUFET structure enables a BFOM value 2.25 higher
than the trench-gate and the planar approaches.

Fundamentally, the trench-MOS device was proposed for
its low on-resistance and relatively high blocking capability
compared to other MOSFET devices [19]–[21]. As shown by the
simulation results, the trench-gate ACCUFET has the smallest
on-resistance,butalsothelowestbreakdownvoltageascompared
to the others. The major contribution to the on-resistance in the
trench-gatestructurecomesfromthechannel resistanceand
the drift region-resistance . In terms of the breakdown
voltage, the avalanche breakdown limits its blocking capability,
due to the localized high electric field near the trench base level.

Focusing on the planar device, let us note first that the thick-
ness of P-base region is limited by the ion-implant process in-
volved. Hence, to achieve a high blocking voltage, the Pregion
has to be implanted with a high dose. However, the high concen-
tration of the P region creates a high electric field in the de-
pletion region across the P–N junction (JFET region), where the
avalanche breakdown is more likely to occur. It should also be
mentioned that this built-in potential plays a shielding role, re-
ducing the electric field stress of the oxide and limiting the elec-
tron current in off mode. The distance between the Pregions
determines the tradeoff between the on-resistance and the break-
down voltage. Small opening between the P-base regions results

in a device with high breakdown voltage and high on-resistance,
while wider opening will result in lower breakdown voltage and
loweron-resistance. Agood tradeoffbetween these requirements
was achieved with 2.0-m separation distance of the buried P
region [7], [10]. As shown in Table I, the planar structure has
a medium blocking voltage capability and the highest on-resis-
tance. In the case of the novel structure, the peak concentration
of ion-implanted trench region influences its performance in an
analogous way to the separation distance of the JFET region in
the planar device. The ion-implanted trench region determines
the opening for the electron current path. The ability to control
the thicknessandconcentrationof theP-baseepilayer in thenovel
device gives an advantage in terms of tailoring the device elec-
trical performance. In calculating the on-resistance, the channel
width was set to 10 cm for the novel ACCUFET structure. To
compensate for the effect of a wider unit cell of the novel struc-
ture, the on-resistance of the trench and planar structures were
reduced by the half-cell pitch ratio of 10.5:10.

B. Device Processing Considerations

The analysis and comparison presented in the previous
section are focused on the device structures, and to distill the
device-structure effects, any process-related differences are
removed by selecting equal parameters for all the structures
considered. This section addresses the main process-related
effects in a descriptive manner.

A disadvantage of the trench structure is the fact that the gate
oxide is grown on a slopped surface.3 It was shown that the
problems could be alleviated by deposition of an epilayer on the
etched surface [6], however, there are inherent problems with
the slopped surface.

1) It was shown that epilayers grown on slopped surfaces
exhibit terrace profile [22].

2) The defects from the reactive ion etching (RIE) used to
create this surface could affect the quality of the epilayer
[23]–[26].

3) Anisotropic oxidation rates [27] result in nonuniform
oxide when grown on a slopped surface [28].

All these factors adversely affect the gate oxide and its interface
with the SiC, in particular, in terms of the oxide reliability [19],
[29], [30].

In the case of the planar ACCUFET approach, the P-base re-
gion is formed by high-dose ion implantation of boron, a process
that may leave damage in the top 0.2–0.25m region from the
surface [31]. The channel, epitaxially formed over the damaged
region, would exhibit increased leakage current between the
source and drain. The fact that the Pregion is formed by ion
implantation is also related to inability to independently control
its thickness and doping. However, this effect is included in the
simulation results presented in the previous section.

The quality of the channel region in the novel ACCUFET is
not compromised by these process-related issues. The solution
for the channel region offers not only more robust technology,
but also additional comparative advantages in electrical perfor-
mance, such as oxide reliability and channel carrier mobility.

3Although Fig. 5(a) shows this surface as vertical, in reality the angle is 70
[7].
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To clarify this statement, it should be emphasized again that the
simulation results given in the previous section are for identical
technological parameters, including channel carrier mobility.

V. SUMMARY

The novel design structure of ACCUFET for high-power ap-
plications has been proposed. MEDICI device simulations were
used to analyze the novel structure, as implemented in 4H SiC.
The characteristic parameters (the peak trench region concentra-
tion, the thickness and concentration of the P-base layer, and the
thickness and concentration of the N-channel epilayer) were an-
alyzed in terms of their influences on the on-resistance and max-
imum operating voltage. The peak concentration of the ion-im-
planted trench region strongly influences the breakdown voltage
and on-resistance of the device. Setting the peak concentration
slightly higher than the background concentration of the P-base
epilayer provides maximum operating/blocking voltage, how-
ever the on-resistance suffers due to low net carrier concentra-
tion in the trench region. On other hand, increasing the peak
concentration of the trench region reduces the maximum oper-
ating voltage of the device. The doping concentration and the
thickness of the P-base region are the most important design pa-
rameters for determining the blocking voltage and on-resistance
of the novel device. Decreasing the P-base doping concentra-
tion below cm decreases the blocking capability
of the device due to the punchthrough in the P-base epilayer.
On the other hand, the maximum operating voltage is limited
by the maximum oxide field (set at 3 MV/cm), when the p-base
concentration is increased to cm . If increased fur-
ther, the maximum operating voltage becomes limited by the
avalanche breakdown. The best tradeoff between these require-
ments is achieved by setting the P-base background concentra-
tion at cm , and the peak trench concentration at

cm . Due to reasonably high net carrier concentra-
tion in the trench region, changing the thickness of the P-base
epilayer does not change the on-resistance significantly. How-
ever, it does change the maximum operating/blocking voltage
of the device. The maximum BFOM value was obtained with
P-base thickness of 2.0m. The concentration of N-channel epi-
layer has the least effect on the on-resistance, due to the appear-
ance of accumulation layer at the surface. However, its thickness
has significant effect on the on-resistance (due to the shift in the
threshold voltage) and on the maximum operating voltage (due
to punchthrough in the channel).

The following optimum values have been established:
channel thickness and concentration of 0.5m and
cm , respectively, P-base epilayer thickness and concentration
of 2.0 m and cm , respectively, and trench region
ion-implanted peak concentration of cm .

The simulation based evaluation of the novel ACCUFET
included comparison to trench-gate and planar ACCUFETs,
as representatives of two alternative approaches. Given that a
number of ACCUFETs, based on the alternative approaches,
were manufactured and the electrical characteristics were
published, our simulation-based comparison could focus on the
merits of each of the considered structures. Finally, relevant
technological issues were considered in qualitative terms.

REFERENCES

[1] J. Wang and B. W. Williams, “Evaluation of high-voltage 4H-SiC
switching devices,”IEEE Trans. Electron Devices, vol. 46, pp. 589–597,
1999.

[2] A. K. Ararwal, J. B. Casady, L. B. Rowland, W. F. Valek, M. H. White,
and C. D. Brandt, “1.1 kV 4H-SiC power UMOSFETs,”IEEE Electron
Device Lett., vol. 18, pp. 586–588, 1997.

[3] J. N. Shenoy, J. A. Cooper, Jr., and M. R. Melloch, “High-voltage
double-implanted power MOSFETs in 6H-SiC,”IEEE Electron Device
Lett., vol. 18, pp. 93–95, 1997.

[4] D. Peters, R. Schorner, P. Friedrichs, J. Volki, H. Mitlehner, and D.
Stephani, “1800 V triple implanted vertical 6H-SiC MOSFET,”IEEE
Trans. Electron Devices, vol. 46, pp. 542–545, 1999.

[5] N. S. Saks, S. S. Mani, A. K. Agarwal, and M. G. Ancona, “A 475-V
high-voltage 6H-SiC lateral MOSFET,”IEEE Electron Device Lett., vol.
20, pp. 431–433, 1999.

[6] S. Onda, R. Kumar, and K. Hara, “SiC integrated MOSFETs,”Phys.
Stat. Sol. (a), vol. 162, pp. 369–388, 1997.

[7] P. M. Shenoy and B. J. Baliga, “The planar 6H-SiC ACCUFET: A new
high-voltage power MOSFET structure,”IEEE Electron Device Lett.,
vol. 18, pp. 589–591, 1997.

[8] , “Analysis and optimization of the planar 6H-SiC ACCUFET,”
Solid State Electron., vol. 43, pp. 213–220, 1999.

[9] R. Kumar, J. Kozima, and T. Yamamoto, “A novel diffusion resistant
P-base region implantation for accumulation mode 4H-SiC epi-channel
field effect transistor,”Jpn. J. Appl. Phys, vol. 39, pp. 2001–2007, 2000.

[10] Y. Wang, C. Weitzel, and M. Bhatnagar, “Design issues of SiC accumu-
lation channel power MOSFET,”Mater. Sci. Forum, vol. 338–342, pp.
1287–1290, 2000.

[11] Technology Modeling Associates, Inc., Palo Alto, CA,MEDICI User’s
Manual—Input Statements: TMA MEDICI Two-Dimensional Device
Simulation Program ver. 2.3, 1997, vol. 2.

[12] M. Ruff, H. Mitlehner, and R. Helbig, “SiC devices: Physics and numer-
ical simulation,”IEEE Trans. Electron Devices, vol. 41, pp. 1040–1054,
1994.

[13] M. Bhatnagar and B. J. Baliga, “Comparison of 6H-SiC, 3C-SiC, and Si
for power devices,”IEEE Trans. Electron Devices, vol. 40, pp. 645–655,
1993.

[14] R. Raghunathan and B. J. Baliga, “Temperature dependence of hole im-
pact ionization coefficients in 4H and 6H-SiC,”Solid State Electron.,
vol. 43, pp. 199–211, 1999.

[15] B. J. Baliga,Power Semiconductor Devices. Boston, MA: PWS-Kent,
1995.

[16] J. Palmour, J. Edmond, and C. Carter, Jr., “Demonstrating the potential
of 6H-silicon carbide for power devices,”IEEE Trans. Electron Devices,
vol. 40, pp. 2129–2130, 1993.

[17] M. Bhatnagar, D. Alok, and B. J. Baliga, “SiC power UMOSFET: De-
sign, analysis, and technology feasibility,” inProc. 5th SiC and Rel.
Mater. Conf., 1993, pp. 703–706.

[18] R. Siergiej, A. Agarwal, W. Wagner, M. White, C. Brandt, M. Driver,
and R. Hopkins, “Novel SiC device technology featuring enhancement
and depletion mode transistors,” inDig. 53rd Annu. Device Res. Conf.,
1995, pp. 98–99.

[19] C. Zetterling and M. Ostling, “A novel UMOS capacitor test structure
for SiC devices,”Solid State Electron., vol. 39, pp. 1396–1397, 1996.

[20] N. Thapar and B. J. Baliga, “Influence of the trench corner design on
edge termination of UMOS power devices,”Solid State Electron., vol.
41, pp. 1929–1936, 1997.

[21] K. Shenai, “Optimized trench MOSFET technologies for power
devices,”IEEE Trans. Electron Devices, vol. 39, pp. 1435–1443, 1992.

[22] B. E. Landini and G. R. Brandes, “4H-SiC substrate orientation effects
on hydrogen etching and epitaxial growth,”Mater. Sci. Forum, vol.
338–342, pp. 185–188, 2000.

[23] K. Christiansen, S. Christiansen, H. P. Strunk, and R. Helbig, “Ho-
moepitaxial growth of 6H SiC on single crystalline spheres,”Mater.
Sci. Forum, vol. 338–342, pp. 193–196, 2000.

[24] D. J. Morrison, A. J. Idduck, V. Moore, P. J. Wilding, K. Hilton, M.
J. Uren, and C. M. Johnson, “Effect of plasma etching and Sacrificial
oxidation on 4H-SiC Schottky barrier diodes,”Mater. Sci. Forum, vol.
338–342, pp. 1199–1202, 2000.

[25] V. Saxena and A. J. Steckl, “Building blocks for SiC devices: Ohmic
contacts, Schottky contacts, and p–n junctions,” inSiC Materials and
Devices (Semiconductors and Semimetals, Y. S. Park, Ed. New York:
Academic, 1998, vol. 52, pp. 77–160.

[26] V. Khemka, T. P. Chow, and R. J. Guttmann, “Effect of reactive ion
etch-induced damage on the performance of 4H-SiC Schottky barrier
diodes,”J. Electron. Mater., vol. 27, no. 10, pp. 1128–1135, 1998.

[27] K. Christiansen and R. Helbig, “Anisotropic oxidation of 6H-SiC,”J.
Appl. Phys., vol. 79, pp. 3276–3281, 1996.



LINEWIH et al.: NOVEL SiC ACCUMULATION-MODE POWER MOSFET 1717

[28] K. Fukuda, S. Suzuki, J. Senzaki, R. Kosugi, T. Tanaka, and K. Arai,
“Observation of SiO/SiC interface with different off-angle from
Si(0001) face using transmission electron microscopy,”Mater. Sci.
Forum, vol. 353–356, pp. 647–650, 2001.

[29] J. N. Shenoy, M. K. Das, J. A. Cooper, Jr., M. R. Melloch, and J. W.
Palmour, “Effect of substrate orientation and crystal anisotropy on
thermally oxidized SiO/SiC interface,”J. Appl. Phys., vol. 79, pp.
3042–3045, 1996.

[30] B. J. Casidy, K. A. Agarwal, B. L. Roeland, S. Seshadri, R. R. Siergiej,
C. D. Sheridan, S. Mani, A. P. Sanger, and B. C. Brandt, “Silicon car-
bide power MOSFET technology,” inProc. IEEE 24th Int. Symp. Comp.
Semiconductors, 1998, pp. 359–362.

[31] V. Khemka, R. Patel, N. Ramungul, T. P. Chow, M. Ghezzo, and J.
Kretchmer, “Characterization of phosphorus implantation in 4H-SiC,”
J. Electron. Mater., vol. 28, no. 3, pp. 167–174, 1999.

Handoko Linewih received the B.Eng. degree in
microelectronic engineering from Griffith Uni-
versity, Brisbane, Qld., Australia, in 1994. He is
currently pursuing the Ph.D. degree at the same
university. His main research interests are modeling
and characterization of SiC MOS devices and power
MOSFETs.

Sima Dimitrijev (S’87–M’88) received the B.Eng.,
M.Sci., and Ph.D. degrees in electronic engineering
from the University of Nis, Yugoslavia, in 1982,
1985, and 1989, respectively.

From 1982 to 1983, he was with the Semicon-
ductor Factory of the Electronics Industry, Nis,
where he worked on the development of CMOS
technology. From 1983 to 1990, he was with the
Faculty of Electronic Engineering at the University
of Nis. In 1990, he joined Griffith University,
Brisbane, Qld., Australia, where he is currently

an Associate Professor at the School of Microelectronic Engineering. He
is an active researcher in the areas of semiconductor technology (including
micromachining and integrated optics), MOSFET applications (in particular
power electronics), as well as MOSFET design, modeling, fabrication, and
characterization (including SiC MOSFETs).

Dr. Dimitrijev is a member of the Editorial Board ofMicroelectronics Re-
liability and the author ofUnderstanding Semiconductor Devices(New York:
Oxford Univ. Press).

Charles E. Weitzel (M’78–SM’83) received the
B.S.E.E. degree from Georgia Institute of Tech-
nology, Atlanta, in 1967, and the M.S. and Ph.D.
degrees from North Carolina State University,
Raleigh, in 1971 and 1973, respectively.

Upon graduation, he joined RCA Labs., Princeton,
NJ, and contributed to materials, fabrication, and de-
vice development of silicon-on-sapphire CMOS dig-
ital circuits. He also pioneered work on platinum sili-
cide gate CMOS/SOS. In 1978, he joined Motorola’s
Semiconductor R&D Laboratory, Phoenix, AZ, and

was a key contributor to the introduction of Motorola’s first commercially avail-
able GaAs MESFET (MRFG966) in 1982. For the next ten years, he contributed
to a wide variety of GaAs discrete and MMIC MESFET and HFET projects. In
1992, he initiated SiC device development in Motorola’s Phoenix Corporate
Research Laboratories. Collaboration between his group and Motorola’s Power
Products Division resulted in the introduction of Motorola’s first GaAs Schottky
rectifier product in 1995. From 1992 to 1998, he led Motorola’s SiC Schottky
diode, RF MESFET, and high-voltage MOSFET development activities which
were supported in part by ONR and DARPA. He is presently leading GaAs
device development activities in Motorola’s Compound Semiconductor Tech-
nology Laboratory, Tempe, AZ. He has published over 75 technical articles and
holds 41 U.S. patents.

Dr. Weitzel was Technical Program Co-Chair for IMS2001, which was held
in Phoenix in May 2001.

H. Barry Harrison received the B.E. degree in
electrical engineering (honors) and the Diploma of
Education from the University of Melbourne, Aus-
tralia, in 1965 and 1967, respectively. He received
a graduate degree in communication engineering in
The Netherlands in 1972.

He is currently Dean of the Faculty of Engineering
and Information Technology at Griffith University,
Brisbane, Qld., Australia, as well as Professor of Mi-
croelectronics. He is also a Director of the Microelec-
tronic Research Centre and the Innovation Centre for

Engineering Education at Griffith University. He is a major contributor to the
Cooperative Research Centre for Microtechnology. His research interests are in
the area of limits to scale of integration and microtechnology. He has published
more than 200 papers, one book, and two book chapters.


