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Abstract— Predictions on limits of silicon in power devices have
failed spectacularly in the past, but in spite of that, the theory that
generated them is still used today and adapted for wide bandgap
materials to justify their superior standing against silicon. The
superjunction MOSFET was the first device to break by more
than one order of magnitude the so-called ‘limit of silicon’ above
600V. The current theory of superjunction seems however to
define a new technology based limit rather than a material based
only limit. This implies that by scaling down the dimensions, in
particular the cell pitch, the on-state resistances can continually
decrease by several orders of magnitude, without a boundary.
This paper shows that the down scaling of the cell dimensions
cannot happen indefinitely and there is a material dependent
intrinsic limit for any power device, which no longer is limited by
the geometry or the technology available. Using an analytical
approach, and backed up by advanced numerical simulations, we
show that the minimum cell pitch is 0.18 pm for silicon and 0.05
um for 4H-silicon-carbide, and further reduction in the cell pitch
would result in an increase in the specific resistance. Finally, a
new figure of merit for a superjunction MOSFET based on a
rigorous 2D analysis is defined.

Index Terms— Power devices, Superjunction, JFET, Limit of
superjunction.

I. INTRODUCTION

From the 1980s, the power metal oxide semiconductor field
effect transistor (MOSFET) has been dominating a major

part of the power industry for high frequency and high
voltage applications. In particular, the power MOSFET with a
vertical drift region can sustain high voltages in the off-state
with a moderately low on-state resistance. Baliga has shown
that the specific on-state resistance of the power MOSFET
(Rsp.standara) Increases with the square of breakdown voltage, V3,
and is inversely proportional to the cube of the critical field [1],
[2]. The specific on-state resistance can be expressed as:

Vg?
sp.standard = —83 (Q : sz) . (1)
HnésEc
Where u,, &, and Ec are the electron mobility, the permittivity
of a semiconductor material, and the critical electric field,
respectively. The relationship was derived using a 1D Poisson
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theory, and for many years, when applied to silicon, the
relationship was known as ‘the limit of silicon’.

While the theory was correct for a MOSFET design, it was
wrong to infer that it could define a limit of a material. The
introduction of the superjunction in the late 90s, has shown that
adopting a different design based on a two-dimensional
geometry with compensating n/p pillars in the drift region, the
specific on-state resistance can be cut by more than order of
magnitude [3]-[7]. The CoolMOS, concept, was released in
1998 [7] with the catching title ‘of breaking the limit of silicon’.
An early theoretical study of the superjunction, widely adopted
today, concept was introduced by Fujihira [3] with the specific
on-state resistance given by:

=L52d (Q-cm?), (2)

Hnéstc

where d is a cellpitch of a superjunction device. The main
advantage of the use of a superjunction structure within the
drift region is that the specific on-state resistance is linearly
proportional to the breakdown voltage. At the same time, the
superjunction has a potential for further reduction of Ry, by
scaling down the cellpitch, d. Nevertheless, Fujihira’s
approach does not consider the parasitic junction field effect
transistor (JFET) effect, and, as a result, by decreasing the
cellpitch, the specific resistance in Fujihira’s model can be
reduced indefinitely without any limitation. This infers that
there is no ‘boundary’ associated with a material in particular,
and the minimum achievable on-state resistance is dictated by
the technological capability. As first demonstrated by Disney
et al [8], a parasitic JFET effect exists in the superjunction
structure which significantly narrows the conduction width of
the on-state current, and thus leads to an increase in the specific
on-state resistance. This parasitic JFET effect is prominent at
higher drain voltages, but even at zero bias, a depletion region
exists, given by the intrinsic potential associated with the
junction between n/p pillars. In Fig. 1(a), the effective
conduction path is given by (d-Wp;)/2, within the drift region,
where W}, is the depletion region created by the built-in voltage,
Woi.

Rsp.SJ

The goal of this research is to find a “true limit” and a “true
figure of merit” for a superjunction MOSFET, and to
understand what parameters of the material contribute to the
ultimate limit of the superjunction. For this, a new approach
for a superjunction MOSFET is developed to take into account
the parasitic JFET of the superjunction. The specific on-state
resistance is defined as the inverse of the slope in the current-



voltage output characteristics at zero bias. As per previous
studies, the contributions of the channel and substrate
resistances are neglected. Under the consideration of zero-bias
depletion width in the superjunction, the minimum resistance
is calculated and a new figure of merit for the superjunction
MOSFET is established. This is exemplified for silicon and
4H-silicon-carbide (SiC) devices. As shown in Fig. 1(b),
assuming the p-type gate is grounded, the SJ structure can be
regarded as a grounded gate JFET. The gate of the JFET is
connected to the source (See Fig. 1(c)), and the channel of the
JFET is normally open. The depletion of the JFET
(superjunction) is determined by two factors: 1) the built-in
potential between the p-type gate (p-pillar) and the n-drift (n-
pillar), 2) the voltage applied to the drain.
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Fig.1. Illustration of (a) the zero-bias parasitic JFET in a superjunction
MOSFET, (b) the pillars of a superjunction as a grounded gate JFET, and (c) a
new inner circuit model for a superjunction MOSFET

Il. JFET MODEL OF SUPERJUNCTION MOSFET

It should be noted that as shown in Fig. 1(a), the p-pillar
and the n-pillar have the same width, d/2, and the same dopant
concentration, Np (for charge balance). When the p-pillar is in
the grounded state, the required voltage to fully deplete both

n-pillar and p-pillar can be defined by solving one-dimensional
Poisson equation:

gNpd?
deg

V). 3)

By applying a drain bias, V'ps, on the drain, the depletion width,
Wps, and, Wpa, can be expressed as the following simple
depletion equations [9

gsl/jbl l//bl u (Cm) (4)
V qND ‘//p
W _\/gs(l//bi +Vps) _d |whi +Vos —Eu
Dd =+ 7 N aal . Sl
gNp 2 Yo 2
where ¢ and yy,; are unit charge and built-in potential between

the p-pillar and the n-pillar, respectively. By using the total
sheet charge, O.(x), in the n-pillar,

Vo=

(em), — (5)

Qu(¥)=adNp(@a-Wp) (cm), (6)
the drain current can be expressed as,
15 () =ZQ,(X)V(X) (4), ™

where x, Z, Wp and v(x) are, the lateral dimension from source
to drain, the depth of pillar into the paper (the third dimension),
a depletion width at a specific bias, and the velocity of the
majority carrier. By integrating the current in equation (7) from
left (0) to right (L) end, the drain current yields

1500 =2 [ Qv (), ®

where L is the length of the superjunction pillar as shown in
Fig .1. Since the differential form of the depletion width with
respect to the applied voltage, V, has the following relationship,

av 2qN DWD
By inserting equation (9), and v(x)=u.dV/dx into equation (8),
the drain current with respect to the applied drain bias, Vps,
leads to the following result:

(cm/V). ©)
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Ip = 220 o [0 (€ _wp wipaws, (4), (10)
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where U(Vps) in the second term of equation (11) is

U(VDS):?’(Udz_usz)_ 2(ud3_us3)a (12)
The U(Vps) in equation (11) is a Vps dependent JFET function
describing the parasitic JFET (or depletion) due to the built-in
potential and applied drain bias. By dividing the drain voltage,
Vps, by the drain current in equation (9) and multiplying the
cell area, dZ, the equation for specific resistance is obtained as
Ry =08 w7z = —2oésL . _Vos
I 149°Np“d® U(Vps)

(Q-cm?).  (13)



When Vps approaches to zero, Ry, has a minimum value
because the Vps dependent JFET expansion can be ignored. By
applying the well-known L'Hospital's rule[10] to the second
term of equation (13), Vps/U(Vps) can be written as

lim Vs :1 Yo¥p
VDSAOU(VDS) 3 h//p — h//bi

Inserting the pinch-off potential of the pillar in equation (3)
into the first term of (13), and (14) into the second term of (13),
the Ry, at Vps= 0 V finally leads to

a ( m
* qu,Np \/l//_p— Wi

The first term of equation (15) is an ideal specific resistance of
a superjunction structure with a conductance of qu,Np, and the
second term is the JFET function when Vps= 0 V. In other
words, cellpitch, d, and zero-bias depletion width, W;, are
proportional to square root of y, and s, and, therefore,
equation (15) can also be described in terms of the dimensional
terms, d, and Wp;:

Ry = 2L ( d J (Q-cm?).
QuaNp | d —W;

Intuitively, equation (16) can be proved with a simple
observation. As shown in Fig. 1, the real resistance should be
multiplied by the ratio of ideal conduction width, d/2, and the
effective conduction width, (d-W3;)/2. This means that the
JFET approach is quite reasonable when describing the on-
state Ry, of a superjunction MOSFET. Equation (16) gives us
an insight that the Ry, will not be decreased without limit by
scaling down the cellpitch, d, because the built-in depletion
width, W3;, in the denominator will have a value comparable
with, d. Further, by replacing the first term in equation (16)
with Fujihira’s ideal model in equation (2), equation (15) can
be transformed to the following equation (17):

. e
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It should be noted that, as shown by Fujihira, the breakdown
voltage, V', has a relationship, V= EcL/2.

V). (14)

(Q-cm?). (15)

(16)

Ng

(Q-cm?). (17)

COMPARISON OF ANALYTICAL MODEL WITH SIMULATION

In equation (16), the doping concentration, N ; that gives

an optimum trade-off between Ry, and V3 has been identified
by Fujihira, is given by the following relationship [3]:

E
:_8fqdc (cm™).

According to Baliga the critical field [2], Ec has a mild
dependence on the doping concentration, Np, as follows for
Si:

Np

Ec(Si)=4.0x10%-NL® (V/cm),

(18)

(19-1)

and, for 4H-SiC:

E.(SiC) =3.3x10*-NY8 (V/cm). (19-2)
By inserting equation (19-1) and (19-2) into equation (18), the
doping concentration can be expressed as a function of
cellpitch, d: for Si,

Np(Si)=Cyg-d ¥ =7.88-10"-d 87 (cm™), (20-1)
and, for 4H-SiC,
Np(SiC)=Cysic -d ¥7 =7.13.10% -d ®7 (cm™®) . (20-2)
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Fig.2. Value of optimum concentration (black line), mobility (blue line), and

approximated mobility below 1 um (red line) with respect to the cellpitch for
Si (a), and SiC (b).

The optimum concentration of 4H-SiC is around 9 times
higher than that of silicon, and, as the cellpitch, d, is decreased,
the concentration becomes higher. Once an optimum
concentration is given, the Np dependent mobility, u,, can be
defined at each cellpitch using previously measured data[11],
[12] obtained, see Fig. 2 (blue line). Additionally, both the
pinch-off potential, w,, and built-in potential, ys;, at a given
cellpitch can be determined by using the values of optimum
concentration given by equation (20).

Fig. 3 shows the results of the analytical model given by
equation (15) and simulation result for Si and SiC at L= 40 um.



Both the analytical model and the simulation results show the
same trend and nearly the same Ry, for the entire range of the
cellpitch. Initially, Ry, of both Si and SiC devices decrease
linearly because the zero-bias depletion width, W, is
negligible compared to the cellpitch, 4. However, as the
cellpitch diminishes below 1 um, the rate of decrease of the Ry,
becomes slower owing to the relatively increased JFET width,
and, finally, both Ry, reach minimum values at 0.18 um (Np=
2.08x10"7 em3) for Si and 0.05 um (Np= 7.47x10'8 cm3) for
SiC, respectively. Inconsistent to the previous ideal model
given by equation (2), further decrease of the cellpitch leads to
a rapid increase of Ry, owing to the significantly increased
JFET width. It should be noted that the length of the pillar, L,
is not a function of the cellpitch, d, i.e., L does not contribute
to the optimum cellpitch point of R,.
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Fig. 3. Calculation of the analytical model in equation (15) with respect the
cellpitch (black line), and the simulation result (red line) for Si and 4H-SiC.
Length of pillar, L= 40 um.

For a practical on-state operation, with increasing the drain
voltage, the Ry, increases because the JFET region in the
superjunction expands and thus narrowing the conduction path
(n-pillar) [8]. At the same time, the electron mobility decreases
(electron velocity increases) and, therefore, a Vps dependent
mobility model should be employed. Referring to equation
(13), an empirical model for electron mobility u.(¥ps, Np) can
be expressed as following equation:

yn(vDS,ND)z%,mzljs.

1+ Vos. "
Ecl

Where w0 is an impurity concentration dependent mobility
when Vps= 0, and u,o can be referred from Baliga’s study [2]:

21-1)

. 5.10x10™ + 92N
ﬂnO(Sl)z 375)(1015+Ng'91 > (21-2)
.\ 4.05x10" +20N2
tno(4H —SiC)= (21-3)
" 3.55x10% + N26

Inserting the Vps dependent mobility model given by (21-1)

into equation (13), the R, with respect to V'ps can be plotted in
Fig. 4. It should be noted that the mobility model in equation
(21-1) assumes an average of the electron mobility throughout
the entire n-pillar. In reality, when a value of the drain bias is
applied during on-state, the lower part of the pillar sustains a
higher portion of the applied voltage than the upper part of the
pillar because the JFET width of the lower part is wider than
that of the upper part. Therefore, the value of the mobility of
the lower part of the pillar should be lower than that of the
upper part of the pillar. This effect is however taken into
account by using a simplified model with an average value
of the mobility.
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Fig. 4. Calculation of the analytical model in equation (13) with respect the
cellpitch (black line), and the simulation result (red line) for Si and 4H-SiC.
(a) Vps= 0.5V, (a) Vps=2.0 V. Length of pillar, L= 40 um.

As shown in Fig. 4. The analytical model showed almost
the same trend as the simulation data. As the applied drain bias
increases, the value of the Ry, increases for the entire cellpitch
owing to the expanded JFET width in the n-pillar. Additionally,
as expected, the minimum cellpitch is shifted toward a higher
cellpitch:  for Si, 0.18 um (0 V), 0.22 um (0.5 V), and 0.34 um
(2.0 ), forSiC, 0.05 um (0 V), 0.06 um (0.5 V), and 0.37 um
(2.0 V). These results mean that there is a minimum condition
when a superjunction’s Ry, starts to increase again. This
discussion will be presented in the next section. By utilizing
the Ry, model, and the mobility model given by equation (13)
and (21), practical Ry, and current density can be obtained at a



given drain bias.

IV. TRUE FIGURE OF MERIT FOR SUPERJUNCTION

The last step of this research is finding a new figure of
merit which can describe the minimum Ry, as found in Fig. 3.
In equation (15), except for ¢ and L, all of the parameters can
be expressed as a function of cellpitch, d. Especially, below 1
um, as shown in Fig. 2, the electron mobility, u, is
approximately dependent on a square root of d: for Si,

#(S1)=C, 5 - 0% =1310-d"  (cm? /(v -5)) .
and, for SiC,

(22-1)

1, (SIC)=C, g -dY?=550-d"% (cm?/(V -5)) . (22-2)

Pinch-off potential, y,, also can be expressed in terms of d, by
combining equation (3) with (20-1) for Si,

Wpsi=Cysi %7 =307x10"-d%7 (v), (23-1)
and by combining equation (3) with (20-2) for SiC,
Wpsic =Cysic d®'"=334x10°-d*"" (v). (23-2)

By inserting the optimum concentration, Np, given by equation
(20), the electron mobility, i, (22) and the pinch-off potential,
Wp, (23) into equation (15), the Ry can be expressed as a
function of d:

2L 1 yC,d°®"” 2L
w = (73 87 /7 )=—"¥(d)
g C,d7°-Cyd \/C.,,d ~\WVbi

(Q-cm?). (24)
It should be noted that, since the minimum Ry, is presented at
high impurity concentration, the built-in potential, y4;, can be
assumed to be near the potential of the semiconductor’s
bandgap, E, /q, where E, is the energy bandgap of a material.
When the differential form, 0 W(d)/ dd, in Equation (24) is
equal to zero, ¥(d) has a minimum value and the condition of
this is as follows:

Yhi. - % = § , (25)

Yo d 5
where Wy, is a built-in depletion width of a superjunction or the
width of the parasitic JFET as shown in Fig. 1(a). When the
width of parasitic JFET, Wj;, occupies 60 % of the cellpitch, d,
the superjunction MOSFET reaches a minimum Ry, and further
expansion of the JFET rather increases Ry, Additionally,
inserting the pinch-off potential relationship in equation (3),
the optimum concentration relationship in equation (18) into
equation (25), and assuming w»= E/q, the optimum cellpitch,
can be expressed by the material parameters:

_50 Eq
P =g GE,
This relationship indicates the optimum cellpitch, dop, moves

to a relatively lower value when the used material has a
relatively higher bandgap. In a more quantitative perspective,

(cm). (26)

according to Hudgins’s study [13], a semiconductors’ critical
electric field with an indirect bandgap showed the relationship ,
Ec x E 2’ and, therefore, the optimum cellpitch should be
shifted at least by the reciprocal amount of the bandgap:

dop < Ei 27

g
By inserting the minimum JFET condition in equation (25) and
the optimum cellpitch in equation (26) into equation (17), a
new specific resistance for a superjunction MOSFET is
defined:

500 Eg

=22 9 v, (Q-em?). (28)
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Fig. 5. Specific resistance versus breakdown voltage for power MOSFETs,
(a) Si MOSFET: standard (black line), Redrawn Fujihira’s ideal superjunction
(blue line) [3], and true limit of superjunction (red line), (b) 4H-SiC MOSFET:
Standard (black line), and true limit of superjunction (red line)

As with the original ideal model given in equation (2), the
real Ry, is linearly proportional to Vg. However, owing to the
zero-bias depletion in the superjunction, the unconfined
dimensional factor, d, is replaced by Es/gEc. As a result, the
on-state resistance is proportional to VsE/u.eEc’ rather than
Vad/unesE’. Additionally, by applying Hudgins’s relationship
[13], Ec « E/2% it can be found that the Ry, of the
superjunction MOSFET is inversely proportional to E,’:



Ry oc —YB . (29)
tngsEg

or is inversely proportional to E.>:

R VB (30)

Sp 2.5
HnsE¢

The value of Ry, with respect to a given V3 is calculated by
substituting the optimum values for each parameter in equation
(28). For Si,

Rypsi =4.99x107* Vg (mQ-cm?), (1-1)

where E;= 1.12 (eV) [13], = 592 (cm?/Vs), Ec= 5.86x10°
(V/iem), es= 1.03x107'2 (F/cm) [12]. For example, a
commercial silicon power MOSFET with 600 V rating never
falls below 0.3 mQcm?. In the case of 4H-SiC,

Rypsic =3.79x10° Vg (mQ-cm?), (31-2)

where E,= 3.25 (eV) [13], un= 130 (cm?/Vs), Ec= 7.54x10°
(V/em), esic= 8.55x10°13 (F/em) [12].

Based on the above values, a SiC power device can have
around 130 times lower Ry, than a Si device at the optimum
conditions. However, one should point out that technological
limitations may limit the ultimate reduction in the SiC on-state
resistance as the pillars require very heavy doping, Np=
7.47x10"® ¢cm and the minimum pillar width is only 50 nm.
We have also made the assumptions that no quantum effects
apply, and this is justified by the relatively large dimensions
considered (quantum effects are more prominent at sub 10 nm
levels). Table 1 shows the ‘ideal’ on-state resistances as
derived by Baliga [1], [2], Fujihira [3] and in this study (Kang
and Udrea). This is applied to both silicon and silicon carbide.
Baliga’s ideal on-state resistance, based on a standard
MOSFET, is only material dependent and results in a correct
estimation for a standard power MOSFET but cannot be
applied to superjunctions and therefore cannot result in a
meaningful ‘limit of silicon’. Fujihira’s on-state resistance
applied to superjunctions is more realistic as an ideal limit for
a given material, but it is important to state that it does not take
into account the JFET effect and moreover, it cannot be applied

to very narrow geometries, as for such geometries the effect of
the built-in voltage (or the applied on-state voltage) cannot be
neglected. Furthermore, Fujihira’s on-state resistance is not
only material dependent but also geometry dependent
(cellpitch). The on-state resistance calculated by Fujihira can
be used only at relatively large cellpitches (e.g. greater than 0.9
um for silicon and greater than 0.25 um for SiC). In this study,
we demonstrate that the ultimate (for the ideal) minimum on-
state resistance is not geometry (or technology) dependent but
only material dependent. The study takes into account the
JFET effect created by the built-in potential between the
superjunction pillars and it shows that there is a minimum
cellpitch beyond which the on-state resistance can no longer
be decreased. The minimum cellpitch depends on the material
and is inversely proportional to the bandgap. The study has
also been extended to take into account the increase in the on-
state voltage (the drain-source voltage) on the JFET effect and
consequently on the specific on-state resistance.

It should be however pointed out that today the on-state
resistance is still limited by the available technology and
superjunctions with submicron cellpitches are yet to be
manufactured. For example, the lowest reported on-state
resistance for a 650 V silicon superjunction device is 7.8
mQcm?® [14]. This was achieved with a cell pitch of
approximately d= 1.5 um. The latest commercial CooIMOS™,

C7, device has a 10 mQcm? [6], [15].

Table 2 shows a comparison of the Figures of merit (FOMs)
for unipolar power devices. Baliga’s FOM (BFOM) [1], [2],
Fujihira’s FOM (FFOM) [3] and the FOM derived from this
study (new FOM) are applied to different materials and scaled
versus silicon. BFOM is proportional with the E.>, FFOM with
E2? while the new FOM with E.>°. The new FOM, based on a
2D superjunction design which accounts for the parasitic JEFT
effect, appears to be placed in between the two previously
derived FOMs. The new FOM is expressed as a function of the
critical electric field but can be directly expressed as function
of the bandgap of the material. In particular, the latter
expression of the new FOM gives a straight meaningful
comparison of the wide bandgap materials with a reference to
silicon.

Table 1 Ideal on-state resistance for power MOSFET given by Baliga, Fujihira, and this research
Baliga Fujihira Kang and Udrea
(this work)

Ry (m@em?) | 593x107°.Vg*° 1.98x10%-d%* v, 4.99x107* -V
Si @600 V 523 0.50 (d= 0.5 um), 0.028 (d= 0.05 um) 0.30
@1200 V 295.8 1.00 (d= 0.5 um), 0.056 (d= 0.05 m) 0.60

Ry (m@em?) | 555x107 .Vp>° 3.79x107° .V,
4H-SiC @600 V 0.05 - 0.002
@1200 V 0.28 0.005




Table 2  Figure of merit (FOM) for specific resistance of power MOSFET given by Baliga, Fujihira, and this research

Kang and Udrea
Baliga Fujihira .

Hy (Cm2 v -S) & Ec (MV /cm) (this work)
Material Hy - Es -Eg Hpy - Es* E(z; Uy &g -EE°
Si 1350 11.8 0.3 1 1 1
4H-SiC 720 10 2 134 20 52
h-GaN 900 9 3.3 677 62 204
S-Gax03 300 10 8 3571 134 692
AIN 1100 8.7 11.7 35636 914 5706
Diamond 1900 5.5 5.6 4267 229 988

It is also worthwhile noting that in order to improve the
performance of a classical power MOSFET, field plates (FP)
have been used in the drift region of a power MOSFET [16]—
[18]. Saito compared a SJ with a FP MOSFET and found that
the theoretical limits for both SJ and FP are the same [18]. It is
worth to note that a FP design is advantageous for a low
voltage application (100 ~ 200 V) while the SJ design is more
suitable for higher voltage when considering a combination of
ease of manufacturing and energy efficiency. Whereas the
analysis in this paper is based on a flat vertical electric field
and a charge balance in the pillars, Saito’s paper assumed a
vertically bended electric field and a charge imbalance
condition [19]. In particular, when there is a gradual charge
imbalance from the bottom to the top of the pillars, the vertical
electric field of the superjunction has an arch profile.
Maximum electric field (breakdown) occurs in the middle of
the pillars for a charge balance case. Saito analysed the
decrease in the breakdown for the amount of the bending of the
vertical electric field and suggested an optimum condition for
a superjunction design [19]. A simple model for the effect of
the charge imbalance on the breakdown voltage was provided
in a previous publication using a charge superposition
principle, but the research did not deal with the minimum on-
state resistance or defining FOMs [20].

V. CONCLUSIONS

A new method for determining the specific on-state
resistance of a superjunction MOSFET which accounts for the
parasitic JFET was introduced. The analytical theory
developed here is backed up by extensive numerical
simulations. The study generates a new ‘ideal’ minimum on-
state resistance function of the breakdown voltage. This can be
applied to different materials for unipolar power devices such
as silicon or SiC. We have proven that there is a minimum
cellpitch in superjunctions below which the on-state resistance
can no longer decrease. This is in contrast with the widely used
theory of superjunction proposed by Fujihira. The minimum
cellpitch is shown to be 0.18 um for Si and 0.05 um for 4H-
SiC. For example, when applied to a 600V breakdown voltage,
these give a minimum possible specific on-state resistances of

the drift region of 0.30 mcm? for Si and 2.28 uQcm? for SiC.

Furthermore, a new figure of merit for unipolar devices was
defined and applied to different materials. This new FOM
which takes into account a superjunction design and the effect
of the built-in potential shows a dependence with the electric
field to the power of 2.5, (or bandgap to the power of 5) which
is placed between the more traditional Baliga’s Figure of Merit
(BFOM) and that derived by Fujihira for superjunctions
(FFOM).

ACKNOWLEDGEMENT

This research is supported by On Semiconductor corporation
as a part of a future power electronics technology.

REFERENCES

[1] B. J. Baliga, “Power Semiconductor Device Figure of
Merit for High-Frequency Applications,” [EEE
Electron Device Lett., vol. 10, no. 10, pp. 455457, Oct.
1989.

[2] B. J. Baliga, Fundamentals of Power Semiconductor
Devices. 2010.

[3] T. Fujihira, “Theory of semiconductor superjunction
devices,” Japanese J. Appl. Physics, Part 1 Regul. Pap.
Short Notes Rev. Pap., vol. 36, no. 10, pp. 6254—6262,
Oct. 1997.

[4] T. Fujihira and Y. Miyasaka, “Simulated superior
performances of semiconductor superjunction devices,”
Proc. 10th Int. Symp. Power Semicond. Devices ICs.,
no. V, pp. 423-426, Jul. 1998.

[5] A.P.and W. M. F. Udrea, “The 3D RESUREF junction,”
Semicond. Conf. Proceedings. Int., pp. 141-144, Oct.
1998.

[6] F. Udrea, G. Deboy, S. Member, and T. Fujihira,
“Superjunction Power Devices, History, Development,
and Future Prospects,” IEEE Trans. Electron Devices,
vol. 64, no. 3, pp. 713-727, Jan. 2017.



(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

(20]

G. Deboy, N. Marz, J.-P. Stengl, H. Strack, J. Tihanyi,
and H. Weber, “A new generation of high voltage
MOSFETs breaks the limit line of silicon,” Int.
Electron Devices Meet. 1998. Tech. Dig., pp. 683—685,
Dec. 1998.

D. Disney and G. Dolny, “JFET depletion in
superjunction devices,” Proc. Int. Symp. Power
Semicond. Devices ICs,no. 2, pp. 157-160, May 2008.

S. M. Sze and K. K. Ng, Semiconductor Devices:
Physics and Technology. 2006.

A. A. E. Taylor, “L’Hospital’s Rule,” Math. Assoc. Am.,
vol. 59, no. 1, pp. 20-24, 1952.

C. Jacoboni, C. Canali, G. Otiaviani, and A. A.
Quaranta, “A Review of Some Charge Transport
Properties of Silicon,” Solid. State. Electron., vol. 20,
pp. 77-89, Feb. 1977.

M. Ruff, H. Mitlehner, and R. Helbig, “SiC Devices :
Physics and Numerical Simulation,” [EEE Trans.
Electron Devices, vol. 41, no. 6, pp. 1040—1054, Jun.
1994.

J. L. Hudgins, S. Member, G. S. Simin, E. Santi, S.
Member, and M. A. Khan, “An Assessment of Wide
Bandgap Semiconductors for Power Devices,” IEEE
Trans. Electron Devices, vol. 18, no. 3, pp. 907-914,
May 2003.

J. Sakakibara, Y. Noda, T. Shibata, S. Nogami, T.
Yamaoka, and H. Yamaguchi, “600V-class Super
Junction MOSFET with High Aspect Ratio P/N
Columns Structure,” 20th Int. Symp. Power Semicond.
Devices ICs, pp. 299-302, 2008.

Infineon Technologies, “CoolMOS™ C7 : Mastering
the Art of Quickness,” Apr. 2013.

N. C. Bantval J. Baliga, Raleigh, “Vertical field effect
transistors having improved breakdown voltage
capability and low on-state resistance,” No. 5,637,898,
United States Patent, 1997.

J. Tihanyi, “Field effect-controllable semiconductor
component,” No. 5,973,360, United States Patent,
1998.

W. Saito, “Comparison of Theoretical Limits between
Superjunction and Field Plate Structures,” Proc. Int.
Symp. Power Semicond. Devices ICs, pp. 241-244,
May 2013.

W. Saito, “Theoretical limits of superjunction
considering with charge imbalance margin,” Proc. Int.
Symp. Power Semicond. Devices ICs, pp. 125-128,
May 2015.

H. Wang, E. Napoli, and F. Udrea, “Breakdown
voltage for superjunction power devices with charge
imbalance: An analytical model valid for both punch
through and non punch through devices,” IEEE Trans.

Electron Devices, vol. 56, no. 12, pp. 3175-3183, Oct.
2009.

Florin Udrea (M=) received the Ph.D. degree in
power devices from the University of Cambridge,
Cambridge, U.K., in 1995.

He is a Professor in semiconductor engineering
and Head of the High Voltage Microelectronics
and Sensors Laboratory with the University of
Cambridge. He has authored over 400 papers in
journals and international conferences.

Hyemin Kang received the M.S. degree in
Nanodevice fabrication and characterization from
the University of Yonsei, Seoul, South Korea, in
2012. He joined design and development of
superjunction MOSFET department in Fairchild
Semiconductor from 2012 to 2015, Bucheon,
South Korea. He is a Ph.D. candidate for future
technologies on superjunction power devices
under the supervision of Florin Udrea in the

University of Cambridge, Cambridge, U.K., from 2016.



