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Abstract— 4H silicon carbide (4H-SiC) has great potential for
useasamaterial for power devicesowing toitssuperior electrical
properties. Thedistinctive feature of 4H-SiC isthe high avalanche
breakdown field and its anisotropy. In order to realize 4H-SiIC
power devices that make the best use of the excellent physical
properties, device simulation, considering anisotropic physical
propertiesisindispensable. This paper reports on the modeling of
anisotropic impact ionization coefficients for device simulation,
and the effect of anisotropic impact ionization coefficients on the
avalanche breakdown of 4H-SiC power devices. We show that the
avalanche breakdown voltage is degraded due to the anisotropy of
impact ionization coefficients, which is caused by the lateral field
at thetermination structure. In addition, we precisely evaluate the
effect of the high avalanche breakdown field of 4H-SIC on the
performance of power devices. Scaling theory is applied for the
design of power devices. A new figure of merit (HFOM) isderived
as an invariant of scale transformation, which is a function of
avalanche breakdown field and regarded as a measure of the
performance of the power device.

I. INTRODUCTION

Among many wide-band-gap semiconductor materials, 4H
silicon carbide (4H-SiC) has great potential for use asamaterial
for power devices owing to its crystal maturity and superior
electrical properties such as nearly isotropic low-field mobility
and high avalanche breakdown electric field. In order to realize
SiC devices that make the best use of the excellent physical
properties, device simulation technology for SIC devices is
indispensable. Drawing on the pioneering work by Ruff [1], the
device simulation of SIC devices is commonly used for the
design of SiC power devices. Much work has been devoted to
the improvement of the accuracy of SiC device simulation and
the expansion of its scope [2,3]. However, the physical
modeling of 4H-SiC for device simulation is still developing
although many studies on physical properties of 4H-SIC have
been reported. The distinguishing feature of SIC is the
anisotropy of the physical properties such as mobility, dielectric
constant and breakdown field, which originate from the
hexagonal crystal structure. Recently, we reported on the
impact ionization coefficient of 4H-SIC and discussed its
anisotropic nature [4]. In this paper, we show how anisotropic
impact ionization coefficients are modeled in the device

simulator. Further, the effect of anisotropic impact ionization
coefficients on the performance of 4H-SiC power devices is
discussed. In addition to the device modeling issues, we discuss
the design principle of 4H-SIC power devices, which is the
underlying base of their design using TCAD. We show how the
scaling law of electric devicesworksin the case of the design of
power devices. A new figure of merit of power devices is
derived based on the scaling theory, which can be used for
precise evaluation of the performance of the designed power
deviceinstead of the well-known Baliga's figure of merit [5].

Il. MODELING OF ANISOTROPIC IMPACT IONIZATION
COEFFICIENTSOF 4H-SIC

A. Brief summary of experimental results[4]
The breakdown voltages of the p*n diodes on (oo and
(1120) faceof 4H-SiC are different if the doping density of the

n-layer is the same. From the experiment, the following
empirical expression for the breakdown voltage and avalanche
breakdown field is derived:

Vgp =1940% (10'°/N)°8 , Fo =2.70%(10" / N, )™°* for p'n
diodes on (0001) face, and

Vgp =1200% (101°/N)%® , F, =2.19%(10" / N,) ™ for p'n
diodeson (1120) face,

where N (cm®) denotes the doping density of an n-type layer.
The breakdown voltage of ap'n diodeona 120y waferis60%
of that ona (0oo1) wafer in the case that the doping density of an
n-type layer isthe same.

The impact ionization coefficients are obtained by the
combined fitting procedure of the multiplication measurement
[6] and breakdown voltage-doping density measurement. In the
fitting, the impact ionization coefficient model suggested by
Chynoweth [7] is assumed:
a=a,exp(-b,/F), p=a,exp(-b,/F):
where a and pdenote theimpact ionization coefficients for an
electron and a hole respectively, and F represents the
magnitude of the electric field. Other parameters are fitting
parameters. The obtained parameters of the electron and hole
impact ionization coefficients model are summarized in Table 1.
The device simulation using these parameters reproduces the
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Fig.1 Breakdown voltage of a SBD asa
function of a doping density of the
termination structure

observed breskdown voltage of p"n diode on 4H-SiC.
Parameter ae ay b. bh

Unit cm™? Viem

(0001) |1.76x108 3.41x108|3.30x107 2.50x107
(1120) |2.10x107 2.96x107| 1.70x107 1.60x107

Table 1: Calibrated parameters of electron and hole impact
ionization coefficients model

B. Interpolation formula of the anisotropic impact

ionization

In this subsection, we show how anisotropic impact
ionization coefficients are modeled in the device simulator. In
order to introduce anisotropy of impact ionization coefficients
into two- or three-dimensiona device simulation, the impact
ionization coefficients for any direction should be specified. In
fact, we have to derive interpolation formula for impact
ioni zation coefficients between <0001>-direction and <112 0>-
direction based on device physics. It should be noted that carrier
heating due to high electric fieldstriggers the impact ionization.
Thus, considering the energy balance equation and anisotropic
mobility of 4H-SIC, generalized expression of anisotropic
impact ionization coefficients in any direction of electric field
) isderived;

( I:<11§0> ! F< 0001>

2 1)
b bF o Fons | |°
H(F<11§0>|F<00()1>) = aEXp[_F\/l— Az{il:b o001 b 1120 ] J
<0001 >

<1120>
where F2=F 2

<1120>
2 (k2 — 2 2 2 2
Fo/b® = F<11§o> / b<11§0> + I:<0001> / b<0001> !

2
+ F<0001> !

= 9z V0250, F %) (02 o) (02000 F ) g
<1120> 0001>

A= |n[a<oom> ) )
a<11§0>

where the parameters for the impact ionization coefficients in
the device ssimulation are given for the <0001>- direction and

a

Schottky

Fig.2 Electric field distribution of the
reverse-biased SBD in which the
avalanche breakdown beginsto takes
place.

the <112 0>-direction, respectively:
a (F) = agyp XP(—0 g0 / F) - for F// <0001>

a (F)=a_,,, (50, | F): for F 1/ <1120>,

where F and F denote the electric field vector and the
magnitude of the electric field. The detail of the derivation of
these formulas is given in the APPENDIX. It should be noted
that this expression is valid for the drift-diffusion scheme
although we implicitly consider the energy-balance and carrier
temperature.

exp(-b,

C. Example of device simulation using anisotropic impact
ionization coefficients

The effect of anisotropic impact ionization coefficients on
performance of 4H-SIC power devices is examined using
Synopsys's device simulator DESSIS. Figure 1 shows the
results of breakdown voltage of 4H-SiC Schottky diodes as a
function of the doping density of the termination region. The
depth of the termination region is 0.5 micron. The termination
structures, which we have examined, are the planar-type
(Junction termination extension, JTE) and mesa-type structures.
These device simulation results suggest that JTE cannot fully
exploit the potential performance of 4H-SIC power devices.
Around the doping density of 3x10” cm™®, breakdown voltage
of anisotropic simulation is much lower than that of isotropic
simulation. Thisbreakdown voltage degradationisdueto lateral
field at JTE edge shown in theinset of Fig. 2. In the case of the
mesa-type termination, the degradation of breakdown voltage
due to anisotropy of the breakdown field is totally suppressed,
because the depl etion region does not extend outside the edge of
the mesa when the reverse biasis applied. The electric field is
perpendicular to the surface at the edge area if the dose of the
p-type termination is larger than the critical value. Thus, the
mesa-type termination is more suitable for SIC power devices
than JTE.
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Fig.4: The performance limit of Super SBD’'s. The

extrapolating lines are obtained by the scaling theory of power
devices.

The scaling properties of the basic equations of
semiconductor devices congtitute the fundamental principles of
the design of MOSFET s for digital circuits and, indeed, for the
design of any semiconductor device. In this section, we show
that the scaling theory leadsto the guideline for the optimization
of the design of the voltage withstanding structure of a power
device. We should note that the breakdown voltage and the
on-state resistance depend on the design of the voltage
withstanding structure and, they are trade-off characteristics,
which represent the performance of a power device
Conventionaly, Baliga's figure of merit

(BFOM =guEE OV %ep | R,y , Where Vgp and Roy are

breakdown voltage and on-state resistance, respectively) has
been used in order to evaluate the performance of a power
device [3]. We should note that BFOM implicitly assumes that
the breakdown field is constant. However, in general,

breakdown field E isafunction of adoping density N, Of the
drift layer of power devices ( E. =2.70%(10°/ ND)*O-lMV/cm in

the case of 4H-SiC) [4]. As shown below, we can define a new
figure of merit of power devices (HFOM), which is the
extension of BFOM, based on the scaling properties of
semiconductor devices.

The scaling invariant condition for Poisson equation under the
scaing transformation p=K,p', =K', r=K.r' is as
follows;

KZK, /K, =1. 2

It should be noted that the characteristic length of a power
device is the depletion layer width at breakdown, which is a
function of the doping density and the breakdown field. If the
doping density of the drift layer of a power device is changed,
the physical structure of a power deviceisrescaled according to
the new characteristic length, and this device shows the rescal ed

breakdown voltage: Vg, = KV, '. We adso note that the

SCALING PROPERTIES IN THE DESIGN OF POWER DEVICES

following equation is derived from the doping dependence of
the characteristic length, considering the doping dependence of
the breakdown field:

Ko=K, 3

Scaling transformation also affects the on-state resistance as
follows:

Rov =K /Ky Ry’ (4)
HFOM is defined as an invariant of the scale transformation.
The following equation is derived from Egs. 2, 3 and 4:

HFOM EVE;2E>375/R0N - (K &0.3*2.375 / Kril'g)v'égm/RION :VI§S75/RION .
HFOM isuseful for the optimization of a power device, because
HFOM describes the “quality” of the optimization of a power
device structure.

The optimization of a SiIC Schottky barrier diode with the
floating junction structure (Super-SBD), which is shown in
figure 3, has been performed using HFOM. The results are
shown in Fig.4. The performance of the optimized Super-SBD
surpasses the performance limit of 4H-SIC devices with the
conventional structure in every range of breakdown voltage.
The extrapolating lines are obtained by the scaling theory of
power devices as has aready been shown.

IV. CONCLUSION

The modeling of anisotropic impact ionization coefficients
for device simulation is presented, and the effect of anisotropic
impact ionization coefficients on the avalanche breakdown of
4H-SiC power devicesisexamined. We show that the avalanche
breakdown voltage is degraded due to the anisotropy of impact
ionization coefficients. Scaling theory is applied for the design
of power devices. A new figure of merit (HFOM) is derived as
an invariant of scale transformation. HFOM is regarded as a
measure of the performance of the power device.
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APPENDIX |

DERIVATION OF INTERPOLATION FORMULA OF THE ANISOTROPIC
IMPACT IONIZATION COEFFICIENTS

High electric fieldsinduce the increase of carrier temperature,

and hot carriers that have greater energy than band gap trigger

impact ionization. An impact ionization coefficient is primarily

a scalar function of carrier temperature, even if the impact

ionization coefficient isanisotropic for the applied electric field.

Therefore, if theimpact ionization coefficient isthe samefor the
different applied electric fields F1//<1120>, F2//<0001>;

a<11§01> (Fl) = 001> (FZ) )

the carrier temperature for the carrier ensemble under the

electricfield F1 isequal to that under electric field F2 applied
parallel to y-axis. The following Fig. 5 shows the position of

Fland F2.
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Fig.5: Electron impact ionization coefficient of 4H-SIC
when the applied field is parallel to <0001> axis (solid
line) and parallel to <1120> axis

From the energy balance equation of the carrier ensemble under

the electric field F1 and that under electric field F2 , the
following equation holds;

Hopzon (FOFL? = p1 0 (F2)F 22 = (ko T, - ko T) /7,0 (A1)
where 4 - (F1) is <1120 >-component of mobility vector for
F1// <1120 >-axis, and . (F2) is <0001>-component of
anisotropic mobility vector for F2 // <0001>-axis. We also
notethat 7,,,T,, and T, areenergy relaxation time, electron

temperature and lattice temperature, respectively.
Now, we extend Eq. A.1 for the electric field of the arbitrary
direction: E =(F.F,)- It should be noted that in this expression

the suffixes Xand Yy are used instead of <1120 > and <0001>

for simplicity. We also define the anisotropic mobility vector:
H(T,) = (1, 4,) - L€t us assume that the carrier temperature of

the carrier ensemble under the electric field F=(F,,F,) is equal

to that under the electric field F1 and F2 . The following
equation holds:

u (FYE? +,uy(F2)E§ =u (FYF1* = u,(F 2)F2%. (A.2)
In order to derive Eq. A.2, we used the following relation;

H(Te) = (o ) = (14, (FD), 1, (F2)).

Thisrelation is based on the fact that the mobility under the high
electric field isthe function of the carrier temperature.

We can easily eliminate the mobility dependence from Eq. A.2.
FX2/ F1% + Fy2/F22 =1.

In this relation, we eliminate F2 by substituting the relation:
a,(F)=a,(F2)or F2=aa,(F).

Then, F1 is expressed by F, and F,.

Substituting F1 as a function of F, and F, into the following
expression for the impact ionization coefficient;

a, (F1) =a exp{-b,/FL .

In the end we can derive Eq.1 in the body text.
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