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Abstract

This paper reports an analytical delayed-turn-off model for 61-5iC buried-channel NMOS devices
considering incomplete ionization. As verified by the PISCES results, the analytical model provides
an accurate prediction of the IV characteristics of a 6H-SiC buried-channel NMOS device. According
to the analytical model, the siope of delayed-turn-off region becomes smaller as the doping den51ty of
the buried channel increases.

Summary

The 6H-SiC is receiving a lot of attention for high-temperature and high-power applications owing to
its large bandgap, high thermal conductivity, and high breakdown voltage [1]. Using 6H-SiC, buried-
channel NMOS devices have been fabricated [2]. Due to a large effective: acceptor/donor jonization
energy, incomplete jonization of dopants {3} complicates the analysis of SiC MOS-devices. In:this
paper, an analytical delayed-turn-off model for 6H-SiC buried-channel NMOS devices considering in-
complete ionization is reported.

As shown in Fig. 1, the 6H-5iC buried-channel NMOS device [2] has a gate oxide of 736A and a
0.16m n-type buried channel doped with a density of 4.9 x 10*7cm™3 above the p:type 101%cm~3
substrate. In order to facilitate 2D analysis for the 6H-SiC NMOS device, PISCES simulation has
been used with appropriate parameters including bandgap, densities of states, and mobilities. In ad-
dition, the ionized impurity concentrations have been modeled using Fermi-Dirac statistics with the
effective donor and acceptor ionization energies [4]. Fig. 2 shows the Ip vs. Vg curves of the 61i-SiC
buried-channel NMOS device with a channel junction depth of 0.08um, 0.168um, and 0.32um, biased
at Vg = OV, ~6V, based on the PISCES results. ‘At Vg = 5V, it’s in the accumulation region. As
shown in the-figure. as Vg becomes more negative, it’s in the delayed-turn-off region. With a buried
channe] of 0.32pm and 0.16xm. as the drain current reaches a certainr negatne value, a more neg,atne
Vg does not degrade the drain current as a result of surface hole inversion.

In the delayed-turn-off region, the buried-channel is partially depleted. As indicated in Fig. 1, the
vertical direction of the device can be divided into three sections. In the channel region, the elec-
tric field is neglible, from charge neutrality considering incomplete ionization, one obtains Eq. (1) as
shown in Fig. 3. Note that in the channel region, incomplete ionization is important sincé E¢ — Ep
is large as shown in Fig. 3. From Egs. (1)-(3), the channel potential is as Eq. (4). lu the partially
ionized regions above and below the channel region, the Poisson’s equation is as Eq. {5). Solving the
Poisson’s equation with boundary conditions. as Eqs. (6)&(7), the electric field at the boundary is as
Eq. (8). Considering the voltage drop across the partially lonized region and from Eq. (8), the width
of partially ionized region and the effective charge density have been obtained as Egs. (9}{10). In the
fully onized regions above and below the partially ionized regions, the Poisson’s equation is Eq. (11).
Solving the Poisson’s equation with boundary conditions, the widths of the fully ionized regions are as
Eqgs. {12)-(14). In the delayed-turn-off region, the conduction current is expressed as Eq. (15). At the
onset of hole inversion at the oxide interface, the hole density.is expressed as Eq. (16): From Eq. (16),
the surface potential and consequently tihe gate voltage have been obtained as Eqs. (}7)&(18). As the
buried-channel is fully depleted. the gate voltage is as Eq. (19).

Fig. 2 shows the Iy vs. Vg curves of the 6H-SiC buried:-channel NMOS device with a channel

Junction depth of 0.08um, 0.16um, and 0.32um, biased at Vp = 0V, ~68V, based on-the analytical
model and the PISCES results. A good match between the model results and the PISCES. data
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can be observed. Fig. 5 shows (a} the electron density distribution and (b) electrostatic potential
distribution in the substrate direction of the 6H-SiC buried-channel NMOS device biased at Vg =
+5V {accumulation), -10V {delayed-turn-off), -20V (inversion) based on the analytical model and the
PISCES results. As indicated in the figure, incomplete ionization of donors in the channel region can
be seen. A good match between the model results and the PISCES data can be seen. Fig. 6 shows the
transconductance vs. channel doping density curves of the 6H-SiC buried-channel NMOS device biased
in the delayed-turn-on region. With a more heavily doped buried chaunel, the transconductance in the
delayed-turn-off region is smaller as a result of the incomplete ionization effect and the concentration-
dependent. effect. Fig. 7 shows the gate voltage when punchthrough of the buried channel occurs
(Vgpt) and the gate voltage when surface inversion starts to happen (Vgsi) vs. the channel doping
density of the 6H-SiC buried-channel NMOS device with a channel junction depth of 0.08um and
0.16pm, biased at Vg = 0V and —6V. For a deeper buried channel of 0.16um, surface inversion
occurs at a less negative Vg since Vgsi > Vgpe. Once the surface inversion happens, the device
cannot be turned off. Therefore, in order to have a 6H-SiC buried-channel MOS device, which can be
turned off, the buried channel should be properly designed such that Vgp, > Vggi.
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Fig. 2. The 1p vs. Vg curves of he 6H-5iC buried-
channel NMOS device with a channel junction depth of
0.08um, 0.16pm, 20d 0.32um, biased at V s =0V, -6V,
based on the anaiytical mode and! the PISCES resubts.

Fig. 4. Encrgy band of the 611-5iC material.



594

&

: Medel

-~ et

’-‘E s00:PISCES
8 fvesesv ' . %) =046 um"
L Nyz OV .

o @

= )y Tox= 736 A

a |

< - 5’," \ o
g u $ \ 1
€ h :

G ? "

O |oz-10ve ) ! .

c H 1

e W [ { { Doping )

‘G ¢

° L Vg= -20V

w :

$ .
e L e T s e B gt il g [N (XK (¥} 035 0.3
o X (um)
15

Modai

e pULE:

v 00 : PISCES

i.uw-r«.) ot G .‘,...-,,'. f. | Ve-Paeaetn .-.oz’z.‘ X\ = .16 yrm
ot Vg = OV

Vo - Vis vt =V w
3

=736 A

na
2], 5L

Lo

Vet S
Creee EEryyon

neg

an

-3
1

Electrostatic Potential (Voit)
~ o &

s

o Fiame

b5
PO o L] [ 2} o 03 (X} 0s 0.6 a7 o3
e m e o . X (um)
Fig. 5. (a) The electron density distribution and (b)
o ‘_.:-«,»-.n-:,.lx'-'-.-w-—"-k the electrostatic- potential distribution in: the subsirate
direction of the 611:SiC buried-channe! NMOS. device
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