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Abstract

Analytical models for breakdown voltage and specific on-resistance of 4H-silicon carbide Schottky diodes have been

derived successfully by extracting an effective ionization coefficient v from ionization coefficients o and (3 for electron
and hole in 4H-SiC. The breakdown voltages extracted from our analytical model are compared with experimental results.
The specific on—resistance as a function of doping concentration is also compared with the ones reported previously. Good
fits with the experimental results are found for the breakdown voltage within 10% in error for the doping concentration in

the range of about 10°~10" cm™. The analytical results show good agreement with the experimental data for the specific

on-resistance in the range of 3x10°~2x10" c¢m™.

Keywords : 4H-SiC, Effective ionization coefficient, Breakdown voltage, Epilayer thickness, Specific on-resistance.

I. Introduction

carbide(SiC) has received increased
because of potential high

temperature, high power, high frequency and high

Silicon
attention its for
voltage applications due to its wide band gap, high
breakdown field, high thermal conductivity and high
saturation Velocitym. There exist a large number of
crystal polytypes of SiC. However, the two polytypes
that have received considerable attention recently are
6H-51C and 4H-SiC.

The most significant difference between 6H-SiC
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and 4H-SiC 1s that the electron mobility in 4H-S1C is
two times that of 6H-SiC perpendicular to the c-axis
and almost 10 times that of 6H-SIC parallel to the
c-axis?, This fact alone explans the increased
immportance of 4H-S1C. Vanous 4H-Si1C devices, such
as a pn junction diode[B], a Schottky diodesmwlz], a
UMOSFET™, a TIGBT™ a BJT™, a SITh™ and
a GTO[B], have been reported recently.

Avalanche 1onization coefficients for electrons, «
and for holes, 8 in SIC are fundamental quantities in
designing SIC devices. However, calculation of the
avalanche breakdown voltage through the numerical
ionization integral using different values of o and 3
considerably 1involved and not easily

1S SO

incorporated in device design. And, although the
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breakdown voltage 1s one of the most important
parameters of semiconductor devices, an analytical
formula or expression of the breakdown voltage for a
device design has not been reported yet.

The purpose of this paper is to report simple
analytical model of the breakdown voltage and
specific on-resistance for 4H-SiC Schottky diodes by
employing an effective ionization coefficient. Since no
measurements for 4H-SiC avalanche ionization rates
have been reported, the impact ionization parametersm
for 6H-SiC are used™. The experimental results for
4H-SiC Schottky diodes™ ™ and for 6H-SiC diodes™
% 142 are used to verify the analytical variation of
the breakdown voltage for 4H-SIiC Schottky diodes.
The specific on-resistance and the breakdown voltage
as functions of doping concentration are compared

with the ones ™™ reported previously, respectively.

II. Modeling for Breakdown Voltage and
Specific On—Resistance

The breakdown in devices when the ionization
integral approaches to 1, as expressed by:

|24 T
fo ﬁexp(fo (a—B)dz)dz =1, (1)

where W is the depletion layer width, o and 3 are

the ionization coefficients for electron and hole,

respectively.
7
a=1.66 X 1OGexp(-— 1273 10 ) em” ', (2)
| E]
1.4 %107 _
=518 X loﬁexp(— B 0 cm Y, (3)

where E is the electric field in the range of 1x10° ~
5x10° V/em. Since o and g differ by considerably
less than an order of magnitude over a wide ranges
of electric fields, no serious error is obtained by
putting a =~ 3 = ~. So the ionization integral can be
solved by reducing the two parameters of the
reported ionization coefficients o« and 3 for electron
lonization

and hole to one parameter, effective
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The effective ionization coefficient as a function
of electric field, compared to the ionization

coefficients, « and 6[1], respectively for electron
and hole.

coefficient, . Therefore ~ is approximated from «

and 3 in terms of electric field and 1s given as:

v=1.94x10"®E® em™ ', (4)

where F is the electric field. In Fig. 1, v is plotted
as a function of electric field, as compared to o and
3. A reasonable agreement of v with a and § i1s
observed, where the electric field 1s used from 1x10°
to 5x10° V/em.
The range of electric field is chosen as that of the
breakdown field for the doping concentration 10°~
10" em™,

The ionization integral employing the effective
ionization coefficient in equation (4) can be reduced

to.

|14
f ydz =1,
0

where W is the depletion layer width. Solving the

()

Poisson’s equation gives an electric field distribution

in depletion layer, as expressed by:
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E(z) (W—2x) V/em, (6)

o0

where ¢ is the electronic charge, /V,, is the epilayer
doping concentration, ¢, and €, are, respectively the
relative permittivity in 4H-SiC and the dielectric
constant 1n free space and x i1s the distance from
junction.

(4)
equation (5) provides the depletion layer width at

Inserting equation (6) and equation into

breakdown, as expressed by:

Wp = 2.27 % 10"V, *® em, (7)

Substituting equation (7) into equation (6) for
x = 0 gives the critical breakdown field as:

E_ =4.25%10°NY® V/em. 8)

The critical breakdown field from equation (8) is
shown as a function of doping concentration in Fig.
2. It should be noted that the calculated critical
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breakdown field correspond to the electric field (1x10°
~ 5x10° V/cm) used for the ionization coefficient. A
fairly good agreement between the evaluated critical
breakdown field from our model and the experimental
data'®* 24 §s observed.

For 2 =0, breakdown voltage of 4H-SiC is
obtained by substituting equation (7) into equation
(9):

N, W2
y= 12750 9)
2¢€ €,
Therefore, the breakdown voltage 1s derived as:
Vip = 482X 108N, 2% V. (10)

The breakdown voltage from equation (10) is
shown as a function of doping concentration in Fig.
3.

(ood accordance may be observed with the
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experimental results for 4H-S1C Schottky diodes”
and for 6H-SiC diodes™ " " in the range of about
10°~10" cm™.

The breakdown voltage of a Schottky diodes
depends on the semiconductor critical field, epilayer
doping, epilayer thickness. Therefore, the breakdown
voltage may be used to determine the epilayer doping
and thickness
breakdown conditions. The desired epilayer doping is

under parallel plane avalanche

the maximum doping that will sustain the specified
breakdown voltage.
The relationshipm] for the epilayer doping is

2
EsEcr

N,= ,
D 2qVBD

(D)

where /Vj, is the epilayer doping concentration, €, is
the semiconductor dielectric constant(=e.€,), £ is

the semiconductor critical breakdown field, g is the

electron charge, and Vjpp is the breakdown voltage.

The corresponding epilayer thickness is the reverse
bias depletion width at the breakdown voltage. The

relationshipm]

the cntical field, and the breakdown voltage is

between minimum epilayer thickness,

—_ E —_ WBD!

cr

t

ept (12)
where 1., 1s the minimum epilayer thickness, and is
equal to equation (7).

The specific on-resistance of the Schottky diodes
1s given by:

Wep
R =
on, sp QND n; (13)
where u, 1s the mobiity for electrons. Using

1, = 800 cm?/ Vsec? for electrons and substituting

equation (7) in eguation (13), the specific
on-resistance can be expressed as:
R, =L771x10% N, Y5 Qem? (14)

at 300K. The specific on-resistance obtained from

equation (14) is provided together with the

e =X N 45 HSDEHANG =

(599)
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Fig. 4. Comparison the analytical breakdown voltage
and specific on-resistance as a function of
doping concentration with the experimental

results[4”9], respectively.

experimental results’ ™ in Fig 4.
- Also,

function of doping concentration are shown with the
4~9]

in the figure, breakdown voltage as a
experimental results* ™%, A good accordance within
10% in error may be observed in the region of 3x10™

~ 2x10" em™,
[II. Conclusion

In summary, a | simple analytical models for the
breakdown voltage and the specific on-resistance of
4H-SiC Schottky diodes have been provided by
employing the effective ionization coefficient. The
analytical breakdown voltage agrees fairly well with
the experimental data in the literature within 10% in
error for the doping concentration m range of 10°~
10® cm™®. An analytical expression for the specific
on-resistance 1s also presented and compared with
the results reported previously. The analytical results
show good agreement with the experimental data of
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within 109 for the specific on-resistance m the
region of 3x10°~2x10" cm*. The breakdown voltage
from our model may be useful for the practical
design of 4H-SiC power devices.
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