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Comparative Study of RESURF Si/SiC
LDMOSFETs for High-Temperature
Applications Using TCAD Modeling
C. W. Chan, F. Li, A. Sanchez, P. A. Mawby, and P. M. Gammon

Abstract — This paper analyses the effect of employing
an Si on semi-insulating SiC (Si/SiC) device architecture for
the implementation of 600-V LDMOSFETs using junction
isolation and dielectric isolation reduced surface electric
field technologies for high-temperature operations up to
300 °C. Simulations are carried out for two Si/SiC transistors designed with either PN or silicon-on-insulator (SOI)
and their equivalent structures employing bulk-Si or SOI
substrates. Through comparisons, it is shown that the
Si/SiC devices have the potential to operate with an offstate leakage current as low as the SOI device. However,
the low-side resistance of the SOI LDMOSFET is smaller in
value and less sensitive to temperature, outperforming both
Si/SiC devices. Conversely, under high-side configurations,
the Si/SiC transistors have resistances lower than that of
the SOI at high substrate bias, and invariable with substrate
potential up to −200 V, which behaves similar to the bulkSi LDMOS at 300 K. Furthermore, the thermal advantage of
the Si/SiC over other structures is demonstrated by using a
rectangle power pulse setup in Technology Computer-Aided
Design simulations.
Index Terms — High-temperature operation, Power
LDMOSFETs, reduced surface electric field (RESURF),
semiconductor device modeling, silicon carbide, siliconon-insulator technology, silicon-on-silicon carbide.

I. I NTRODUCTION

T

HE reduced surface electric field (RESURF) principle
has been widely used for Si-based lateral power transistors, enabling them to operate one-step closer to the ideal
switch that features infinite electrical conductivity or resistivity when turned ON or OFF. However, this behavior can
be degraded by thermal effects, which happens in powerintegrated circuits (ICs) designed for high-temperature applica-
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tions (up to 300 °C). Activation of parasitic structures, thermal
coupling effects between neighboring parts in a device [1] and
transient power overload [2], [3] can further negatively affect
the electrical function by increasing the junction temperature
and thermal gradient. One way to reduce the impact of these
problems is to develop a structure that exploits the benefits of both bulk-Si and silicon-on-insulator (SOI) substrates,
a solution with good heat conduction and electrical insulation,
respectively. Examples like this are partial SOI [3], [4],
compound buried layers [5], [6], silicon on sapphire [7],
and silicon on aluminum nitride [8], [9]. Nevertheless, their
heat transfer abilities do not break the Si limit and in this
respect, the bulk-Si solution has thermal advantage over the
others.
Further enhancement in the heat removal of substrates is
favorable, and can be regarded as embedding a heatsink in
a Si-based integrated circuit, which leads to less difference
between the junction and ambient temperature, thereby reducing the need for external cooling. Diamond is envisaged
to be one of the best materials for this purpose due to
its superior thermal properties [10]. Research in this Si-ondiamond (SOD) structure is continuing and progress has been
made [11], [12] though the ultimate cost of this solution may
be prohibitive. Alternatively, semi-insulating (SI) SiC is a
viable option because of its wide bandgap and a thermal conductivity about 3 times that of the Silicon [13]. This substrate
has already been employed in the next-generation electronics
targeted at ultrahigh temperature and voltage applications,
such as AlGaN/GaN-on-(SI) SiC transistors at 500 °C [14]
and 3510-V lateral SiC-on-(SI) SIC JFETs [15].
The Si-on-SiC layer transfer has been performed using SOI
bonding techniques, with poly-SiC [16], (SI) 6H–SiC [17]
and (SI) 4H–SiC (shown in Fig. 1) [18] being selected as
the material of the handle wafers. The thicknesses of the
overlying Si region in [16]–[18] are in the range of 1 to 16 μm,
giving wide options to designers aiming at various applications. Shinohara et al. [17] have tested the cooling effect
offered by 6H–SiC at 300 °C, by comparing MOSFETs
fabricated in bulk-Si and their 2-in Si/SiC substrates. Sixtypercentage reduction in self-heating was achieved in the Si/SiC
samples, with no electrical degradation at room temperature
compared with that of the Si counterparts [17]. Lotfi et al. [16]
developed a more cost-effective Si/poly-SiC substrate, using
150-mm diameter wafers and a poly-Si film in-between.
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Fig. 2. Layout of the simulated (a) SOI-like and (b) bulk-Si-like Si/SiC
power LDMOS with about 600-V breakdown voltage.
Fig. 1.
(a) 100-mm Si/SiC-bonded wafers with a (1) 1-µm,
(2) 2-µm or (3) 5-µm-thick Si film, as well as Transmission electron
microscopy views of the Si/SiC interfaces, showing (1) no interfacial layer,
(2)&(3) presence of an amorphous layer and (4) an island-like defect,
respectively [18].

Their results showed that RF LDMOSFETs built on this
platform had less self-heating effect in contrast with the
SOI references [16]. It is worth noting that these Si/SiC
MOSFETs were produced with traditional Si manufacturing
processes [16], [17].
In this paper, a numerical analysis on 600-V Si/SiC
LDMOSFETs designed with SOI and PN RESURF concept
is conducted using SILVACO ATLAS software package. The
simulated transistors are constructed based on two classic
templates—the first using dielectric isolation (DI) technology
as in Arnold et al. [19], and the second using junction
isolation (JI) as in Disney et al. [20]. Comparisons are made
among the devices using bulk-Si, SOI and Si/SiC substrates,
focusing on potential distribution, leakage current, low-side
and high-side resistance, and transient self-heating.
II. S IMULATED Si/SiC S TRUCTURES
Fig. 2 shows two simulated LDMOS embodiments established in distinct technologies: SOI and PN RESURF. 6H–SiC
is used as the substrate material. In each transistor, the part
enclosed by a box is transferred from the design developed
by Arnold et al. [19] or Disney et al. [20]. These require
either a thin (1.5 μm) or thick (16 μm) Si layer on a SiC
wafer, both of which have already been demonstrated in [18]
and [21]. The Si/SiC LDMOS with the SOI layout has a
thinned-down region 0.2-μm-thick, according to [19], [22].
For fair comparison, they have the same channel dimensions,

SiC substrate (300 μm) and drift region length (∼44 μm).
These lead to very similar threshold voltages (∼2 V at 300 K)
and breakdown voltages of about 640 V.
The use of SI SiC reduces the thermal resistance of both
devices, allowing them to approach the heat transfer ability
of SiC-based counterparts [23]. A second benefit can be
radiation hardening as in SOS and SOD [24], but this need
to be qualified by systematic experiments. Third, vertical
leakage is minimized, as the SOI layout does, making hightemperature operating possible. However, substrate-assisted
depletion (SAD) is suppressed, due to the fact that no dopant in
the SiC substrate can create the back-RESURF effect [15], [25]
that are inherent in SOI and bulk-Si case. This vertical
depletion can be positive or negative to devices’ figure of
merit, which depends on the RESURF dimension (2-D or 3-D).
In the transistors shown in Fig. 2, this aspect is desirable, and
therefore the layout in the Si region should be able to facilitate
self-depletion, to compensate for the weak SAD in the Si/SiC
architecture.
The doping in their drift regions are arranged in a way
similar to [20], [22], with some modifications to suit the
Si/SiC structure for 600 V. The detail on this for the SOI-like
Si/SiC has been stated in [26] and [27], highlighting a linear
doping profile with a dose half of that of the equivalent
SOI transistor [28]. As for the bulk-Si-like Si/SiC, impurity
concentrations of the N drift and P buried are determined based
upon the triple RESURF principle [20], while the P-substrate
doping is decided following the rule for lateral SiC-on-SI
SiC power transistors [25]. These configurations result in the
drift regions of both devices having similar doses of about
3 × 1012 cm−2 [20] but they differ in doping concentration (cm−3 ) owing to dissimilar Si layer thickness.
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Similar to SOI wafers, charge exists along the Si/SiC
interface due to the termination of the crystal structure of both
materials. This additional charge may raise leakage current
significantly and the RESURF condition can be distorted.
For instance, the presence of a Si/poly-Si/poly-SiC interface
could be the reason why the Si/SiC LDMOSFET conducts
reverse current one order magnitude higher than that of the
SOI counterpart [16]. Although Sasada et al. [21] reported that
their Si/SiC samples have negative surface charge of less than
2×1010 cm−2 (similar to +4×1010 cm−2 for the Si/SiO2 [19]),
large leakage is still able to be produced if the Si layer is
N-type and has very low doping (Nd = 1 × 1013 cm−3 ) [21].
Conversely, the Si/SiC wafers with P-type silicon exhibits
leakage lower than that of the bulk-Si reference [21], indicating that the bonded substrate has a device-quality Si layer
with good electrical insulation properties, and that the leakage
is likely to be induced by the depletion or inversion in the very
low-doped N-type region [21]. This phenomenon may affect
the electrical characteristics of the two transistors in Fig. 2
differently as they are designed on a Si region with opposite
doping types. Recent TEM results [18] show that a very
sharp interface and thin amorphous layer (<5 nm) are visible
in the majority of our Si/SiC bonded wafers, but in some
areas an island-like defect is formed and extends up to 8 nm
of the Si side [see Fig. 1(b)], which potentially contributes
more interfacial charges. In this simulation, the interface effect
is simplified by setting the surface charges of Si/SiO2 and
Si/SiC to +4 × 1010 cm−2 [19] and −2 × 1010 cm−2 [21],
respectively. It is worth noting that this Si/SiC interface
charge will vary according to the wafer bonding process and
subsequent annealing, which will affect device performance.
III. S IMULATION S ETUP
Device simulation is carried out using SILVACO ATLAS,
for the two Si/SiC transistors and their SOI and bulk-Si
equivalents. As described in Section II, interface charges
are defined along the Si/SiO2 and Si/SiC surface, namely
+4 × 1010 cm−2 [19] and −2 × 1010 cm−2 [21], respectively.
Carrier lifetimes are set to 1.5 and 70 μs at room temperature
for the thin and thick-film structures, to achieve generation
lifetimes, which are similar to those in [19]. The influence
of temperature and doping density on carrier lifetime and
mobility are considered with the physical-based analytical
models developed by Klaassen [29], [30] according to [19].
These models have been used in [26] to benchmark the
thin-film Si/SiC transistor to the SOI device developed
by Arnold et al. [19].
IV. S IMULATION R ESULTS

A. OFF-State Performance
1) Potential Distribution: Fig. 3 shows the potential contour
of the two transistors at the onset of breakdown (640 V),
with the substrate contact connected to ground. A nearly
linear voltage drop can be seen along the x-direction of the
drift region of each device, which results from the vertical
depletion induced by the SOI layout or P-N pairs. The gate
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Fig. 3.
Potential distribution at 640 V for (a) SOI-like and
(b) bulk-Si-like Si/SiC power LDMOS (axes unit: µm). Their substrate
contacts are grounded.

contact covers most parts of the field oxide (FOX) in the thinfilm Si/SiC LDMOS, creating a SOI RESURF that distributes
the electric field evenly. The blocking voltage in this case is
governed in part by the thickness of the FOX, which resembles
the criteria for the BOX in the traditional SOI structures [22].
Furthermore, negligible interface effects on the potential gradient are observed, owing to the charge density specified along
the Si/SiC surface being far lower than that of the drift region.
In the thick-film Si/SiC transistor, the depletion mechanism is
similar to the conventional design [20], except for the voltage
being supported vertically by the N drift/P-sub/SiC structure
rather than the N drift/P-sub junction alone.
2) Reverse Leakage Current: Fig. 4 presents the variation of
reverse current with temperature for the two Si/SiC LDMOSFETs and their corresponding designs in SOI and bulk-Si
technology [19], [20]. Also shown are two dashed lines—
each of them indicates the relationship between temperature
and intrinsic carrier concentration (n i ), or n 2i —characterizing
the tendency of generation and diffusion leakage concerning
temperature, respectively. These two outweigh other leakage components arising from the interface, tunnelling and
avalanche effects, due to the devices simulated with low interface charges and a drain–source voltage of 300 V [19], [31].
Over the temperature range of 27–300 °C, the SOI and its
Si/SiC equivalent has very similar reverse current, slightly
lower than that of the bulk-Si Si/SiC which has a much thicker
Si layer, thereby increasing the generation component despite
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Fig. 4.
Temperature dependence of leakage current for the SOI,
bulk-Si, SOI Si/SiC and bulk-Si Si/SiC LDMOS at a drain voltage of 300 V,
along with two lines (∝ni & ∝n2i ) representing generation and diffusion
component, respectively.

Fig. 5. Temperature dependence of low-side specific on-resistance for
the SOI, bulk-Si, bulk-Si Si/SiC, and two SOI Si/SiC transis tors that
have differing Si layer thickness, namely 0.2 and 0.1 µm. The dotted
line is derived from halving the curve for the SOI Si/SiC LDMOS with a
0.1-µm-thick Si film.

higher carrier lifetime [19]. The gradients of their leakages
against temperature are similar and can be mostly described
by the ∝n i line (see Fig. 4). However, the bulk-Si LDMOS
distinguishes itself from the others by having a much larger
leakage current, whose increase rate approaches that of the
∝n 2i line. The reason for this is that the generation leakage
is raised when the depletion region expands into the P-type
substrate of the bulk-Si transistor, and that a vertical diffusion
current appears owing to the absence of electrical isolation.

B. ON-State Performance
1) Low-Side Specific ON-Resistance: The effect of temperature on the low-side specific on-resistance of different devices
can be seen in Fig. 5. The bias conditions of Vds = 1 V and
Vgs = 15 V are applied in the simulation to minimize the
influence of channel resistance and “pinch-off,” thus the total
resistance mainly depends on the quantity of donors in the
drift region. All the transistors are designed with an effective
dose [32] of around 3 × 1012 cm−2 [20], [26] in their drift
regions for 600 V, except for the Philips’ LDMOS having
about 6 × 1012 cm−2 on account of the polysilicon-Oxide-

siliCon-Oxide-Silicon structure [28]. It is worth noting that in
the SOI and SOI-like Si/SiC device, a charge-rich region will
be formed underneath the FOX because of the gate extension
and applied gate bias [28]. However, the effect of such induced
electrons on the resistance is limited and not as substantial
as that shown in [32], where one third of the drift region is
flooded with accumulation carriers, accounting for 68% of the
total current conduction [32].
Under this setting, very high charge density (cm−3 ) is
present in the SOI group and their carrier transports are
dominated by impurity scattering [19], [29], [30]. By contrast,
the thick-film (16 μm) transistors in JI technology accommodate far less impurity atoms per unit volume and hence
lattice scattering prevails [19], [29], [30]. This brings about the
on-resistance of the SOI-like Si/SiC transistors less sensitive to
temperature compared with the thick-film Si/SiC counterpart,
but in return a lower conductivity is observed, with the
0.1-μm-thick device having the least conductance due to the
highest impurity concentration (see Fig. 5). No difference
in the resistance is observed between the bulk-Si and its
equivalent Si/SiC device, because the p-sub region in this
Si/SiC plays the same role as the one in the traditional bulkSi structure, facilitating a back-RESURF for the drift region.
However, the thin-film SOI exhibits a resistance slightly lower
than those of the two bulk-Si LDMOSFETs at room temperature. Its degradation rate with temperature is also smaller than
those of any other structures. This is because the transistor
features a double SOI RESURF effect, and can be regarded
as two SOI devices with a 0.1-μm Si layer working backto-back [28], as can be demonstrated with the dotted line
in Fig. 4, which is obtained from halving the results of
the 0.1-μm Si/SiC, which operates with just a single SOI
RESURF technique.
As opposed to the SOI, the thin and thick-film Si/SiC transistors have 56% and 5% more low-side resistance at 300 K,
respectively, increasing to 79% and 71% at 573 K. Therefore,
it is advantageous in high-temperature operations that high
doping density and high-order RESURF are employed in the
unipolar transistors. In the case of the Si/SiC architecture,
the 3-D super-junction layout [33] could be the answer to the
improvement of the on-resistance, as the SAD effect is weak
in the Si-on-(SI) SiC structure such that the depletion of the
of 3-D RESURF structure is mainly induced from the sides,
in the direction of device width, leading to a double RESURF
effect with relatively high doping.
2) High-Side Specific ON-Resistance: Fig. 6 demonstrates
the high-side specific on-resistance as a function of substrate
voltage for the simulated transistors at ambient temperatures of 300 and 573 K. The gate and drain terminals are
biased at 15 and 1 V, with the substrate voltage varying
from 0 to −200 V. In order to reduce the effect of substrate
bias on the backgate (P body), the N-drift region in the
bulk-Si structure is extended laterally to enclose the channel
region [34]. Furthermore, this LDMOS is excluded from the
simulation at 573 K, owing to the activation of parasitic bipolar
junction transistors that distort the device’s characteristics.
It can be seen in Fig. 6 that the Si/SiC devices have
on-resistances insensitive to the substrate bias regardless of
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Fig. 6. Relationships between specific on-resistance and substrate bias
for the simulated LDMOSFETs at 300 and 573 K, excluding the one for
the bulk-Si at 573 K.

ambient temperature, so does the bulk-Si at 300 K. The
common reason is that they all have a high-resistive substrate,
which sustains most of the applied voltage, thereby reducing
the depletion in the Si active region [34]. In the bulk-Si and
its equivalent Si/SiC device, the thick Si layer (16 μm) and
application of charge compensation (triple RESURF) [35] also
alleviate the effect of substrate bias, by increasing the depletion limit and decreasing the depletion width, respectively.
However, in the SOI device, potential is confined by the BOX
so that the depletion in the top Si film is enhanced. This
significantly lessens the effective area for current conduction
in the already-thin Si layer, resulting in a rapid rise of
on-resistance up to −100 V at 300 K (see Fig. 6). Beyond this
value, the expansion of depletion region with the substrate bias
is hindered by the formation of an inversion layer [35], leading
to a less drastic increase in on-resistance. Similar features are
observed in the curve for the SOI at 573 K, but the impact
of substrate bias seems to be weakened, yielding an even less
abrupt change and eventually the resistance is lower than that
at 300 K. This is because with the presence of large amount
of thermally generated carriers, the depletion region does not
function as strong a potential barrier as at 300 K.
Despite reducing low-side resistance as shown in the previous section, the SAD effect in this case is disrupted by the
substrate bias, thereby increasing the resistance. Compared
with the SOI, the equivalent Si/SiC achieves 86% and 40%
reduction in the high-side resistance at 300 and 573 K,
respectively, under a substrate potential of −200 V. Likewise,
the bulk-Si Si/SiC has 91% and 36% lower high-side resistance
at 300 and 573 K. By introducing a step Si film on a thicker
BOX layer [36], this downside in the SOI can be partially
resolved but the dependence on substrate bias still exists,
which gives rise to a difference between low- and high-side
resistances.

C. Transient Self-Heating
The setup used in this section, for assessing the effects of
self-heating, is a rectangle power pulse (RPP), which has been
proven to be equivalent to the clamp inductive switching [37].
Applications of this approach for LDMOS devices can be
found in [2], [3], [37]. All the simulated transistors are
simulated in this section as being 1-mm-wide and have
a 300-μm thick substrate, under which a thermal contact is
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Fig. 7. Dynamic temperature responses to a 90 W/mm2 power pulse
10-µs-long under a RPP setup, for the simulated structures.

defined and fixed at 300 K. A dc gate voltage of 15 V is
applied and the drain biased by a pulse voltage source that
lasts 10 μs, with its value tailored for each device to achieve
the same power pulse of 90 W/mm2 . This value [2] is selected
to energise the device and does not represent normal power
dissipations [2].
Due to strong self-heating, the power applied in the SOI
drops from the initial value to about 67 W/mm2 at 10 μs,
and the maximum temperature rises up to 550 K (see Fig. 7).
On the contrary, other devices have far less temperature
increases and their power pulses are nearly the same. The
disparity of junction temperature between the bulk-Si and its
equivalent Si/SiC starts to appear at 2.5 μs, indicating the
cooling effect of the SiC substrate. The thin-film Si/SiC also
receives such thermal benefit, but a slightly rapider temperature rise is found when compared with the bulk-Si devices,
mainly due to a nonuniform heating [38] caused by the linear
doping in the drift region. Nevertheless, the maximum junction
temperature of this device is the same as that of the bulkSi (green) at 10 μs, and thereafter decays faster than that of
the thick-film Si/SiC counterpart. One can expect that more
thermal improvement can be offered by the Si/SiC solutions
under conditions where longer and larger power pulses are
present.
V. C ONCLUSION
Two 600-V Si/SiC LDMOSFETs designed with PN and
SOI RESURF were studied at temperatures up to 300 °C,
using traditional bulk-Si [20] and SOI transistors [19] as
references. Through comparison, it has been demonstrated
that both Si/SiC devices have leakage currents similar to
that of the SOI at a drain–source bias of 300 V, due to
a small charge density of −2 × 1010 cm−2 [21] defined
along the Si/SiC interface. It has been shown that although
the SOI delivers low-side resistance smaller than those of
the Si/SiC devices, the resistance of the SOI becomes larger
when high substrate biases are applied, which represents a
typical high-side operation. These relations hold true over the
temperature range of 27 to 300 °C, and their differences in
the resistance are as follows. In the on-state, the Si/SiC using
SOI RESURF has a low-side resistance 56% and 79% higher
than the SOI at 300 and 573 K, respectively, owing to a lack
of SAD effect. The Si/SiC using PN triple RESURF has a
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low-side -resistance 5% and 71% higher than the SOI at
300 and 573 K, respectively, which is caused by lower
doping density in the drift region. Under high-side conditions,
the resistance of the SOI increases with the substrate potential,
and eventually reaches a value 86% and 91% greater than those
of the SOI Si/SiC and bulk-Si Si/SiC, respectively, at −200 V
and 300 K. At 573 K, these differences are reduced to 40% and
36% correspondingly. In addition, their transient self-heating
effects are evaluated via a RPP circuit, showing that the Si/SiC
structures have thermal behaviors comparable to the bulk-Si
with a 10 μs pulse of 90 W/mm2 . Coupled with the insulation
property of SiC substrates, this remarkable cooling ability
makes the Si/SiC a potential solution for high temperature
and power applications.
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