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Abstract: A precise theoretical calculation off the pinch of voltage of the box-ike ion implantation 4H-8iC MES-
FETs is investigated with the consideration of the effects of the ion-implanted channel and the depth of MESFETs

channel. The implant depth profile is simulated using the Monte Carlo simulator TRIM. T he effects of parameters

such as temperature, acceptor density, and activation rate on channel depth a, pinch off voltage are studied.
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1 Introduction

Silicon carbide (SiC) has outstanding proper—
ties such as wide bandgap, high breakdown field,
and saturation electron drift velocity, and has been
expected to fabricate high-temperature, high-pow -
er, and high-speed devices. Because thermal diffu—
sion rates of most dopants are very slow in SiC at
normal temperature, ions implantation of dopants
has been recognized as a crucial means of selective
area doping. A number of experimental'“* and the-
oretical " * investigations have been carried out by
various workers to study the effect of ion implanta-
tion on SiC device characteristics. An analytical
model of an ion-implanted Si-M ESFET was report—
ed, with respect of changes of ions profile by ther—
mal annealing. by Chattopadhvav'®. whose samples

were implanted one time. However, multiple ener
p p gy
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box profile implants are often used in the fabrica-
tion of SiC-based devices'"™. Furthermore, the na-
ture of silicon is not the same with that of SiC. No
nitrogen diffusion is apparent after annealing at
~ 170°C'"". At present, the Monte Carlo simulation
is a vital tool for predicting implantation parame-

I and  implantation

ters, such as damages
ranges' . The location of peak concentration and
the longitudinal straggling of implanted ions can be
calculated with the Monte Carlo simulator TRIM.
There have not been reports on the characteristics
of 4H-8iC M ESFETs fabricated on nitrogen multi-
ple implanted channels.

In this article we report a theoretical modeling
of the pinch off voltage of the box-ike—profile ion
implanted 4H-8iC MESFETs. The profile of ion—
implantation into SiC is represented approximately
bv a svmmetrie Guassian distribution. Poission’s e—

quation has been solved to obtain the pinch off
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voltage of SiC MESFETs. The expression of the
pinch off voltage and the channel depth are given.
We focus on explaining the effect of parameters
such as temperature (T), acceptor density (N.),
and activation rate (8) on pinch off voltage (Vr).
Such study is expected to have an assistance on the
fabrication of multiple ion implanted 4H-SiC M ES-
FETs hereafter.

2 Theory

The structure of MESFETs investigated in
this study is shown in Fig. 1. The substrate is high-
ly doped n-type with a lightly doped p-type epitaxi-
al layer. N-wells were formed by multiple nitrogen
ions implantation, while n* regions for Ohmic con-

tacts were formed by a highly nitrogen ions im-

plantation.
Implanted n—well region n* iegiun
[ —— e ——
p—type epitaxial layer
n—type substrate
Fig. 1 Schematic structure of the MESFET s

One-dimensional Poisson’s equation in the il-

luminated condition can be written as

dw gP(x)
dx’ - € (])
w here
) = 3 A g (R -,
(2)

¥ is the surface potential. x is the direction along
which ions are implanted, P(x) is the effective car—
rier concentration at a distance x from surface and
also is the impurity concentration in the ion im-
planted channel of the MESFETSs after nitrogen ac-
tivation by annealing, ¢ is the electronic charge, & is
permittivity of 4H-8iC, B is the activation rate of
ions, Q( Qi) is the implanted dose, 0( ;) is the im-
planting straggle parameter, Rp( Ryi) is the implant

range parameter, and N is the acceptor concentra—

tion. With the boundary conditions d{h}= 0 and E-

(h)= d‘i?/dx h)=0,we get
Y(x) = ; q'ﬁo( - R,H.)[erf(x ;?IZ_“)
W - Ry gﬁ!lr i x = Ry,
- erf exp| - :
o+ P el ()
W - Rw’ 2 qu. I
- el (U - - W) (9
The pinch off voltage is
Vee Af‘n_ U/(O)| I E{GBO iR i [ erf( hn[— Rm'}
q 12 o
~er a— Ry q'ﬁgmex _a= Ry,
(U7 e Bl (T
ht}— 2 ra 2 2
—expl- () L O h) (4)

120
where W is the thickness of depletion layer under
gate, AEv is the Fermi level difference between
metal and 4H-SiC, ho is the thickness of static de-
pletion layer under gate, and @ is the channel
depth.

The channel depth (a) can be calculated by
the last time implantation. T he distance (x.) from
SiC surfaces is the intrinsic point at which

gN .= q&)" exp| - (x“ r_—RM) EJ (5)

|

1210 1203
So we get

'21n RO (6)
h 2”0-1N a

pn junctions between the buffer (the epitaxial

xa= Rp+ 05

layer) and the channel of MESFETs are abrupt
junctions. So the thickness of the depletion layer in

the n-region is

1
ZE:JV:; 2
dns NoaVom VD) (7

where n is the effective carrier concentration, Vo is

Xn =

the build in voltage of pn junction, and Va is the
applied bias voltage. T hus the channel depth is de-

termined by

1= Xa— Xn (8)
The build in voltage of pn junction'""
Vo = &qzln( %) (9)

where ni is the intrinsic carrier concentration, and
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. [12]
can be written as

n(T) = ni(To)( ,f,‘n)

e

Ex(T) _ EulT),
2T 3T
(10)

expl

[12.13]

Energy gap of 4H-SiC is written as
E.T) = E.(300) - 3.3 X 10T - 300)
(11)
E:(300)= 3.26eV.

where

3 Simulation results and discussion

In order to obtain simulation results, we de—
signed a triple implanted 4H-SiC MESFETs. Nitro-
gen ions of n-well region were implanted at ener—
gies and doses of 55keV and 1.07 X 10" em™ 7,
100keV and 1.53X10"em™ %, and 160keV and 1. 95
X 10"em” %, The location of peak concentration and
the longitudinal straggling of N were calculated
with the Monte Carlo simulator TRIM. Figure 2
shows the ion implantation profiles using the Gaus-
sian model for expressing the ion implantation

ranges.

10"

- Effect doping
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Distance from surface/pwm

Fig. 2 Simulated ion implantation profiles for N im-

plants into 4H-8iC

The activation of N by annealing in the range
of 1400~ 1500°C is about 10% ~ 20%'"?. The im-
planting profile shown in Fig. 2 is expected to re—
sult in an effective doping concentration of 1.5X
10"em ™.

Figure 3 shows that the theoretical calculated
pinch off voltage of the multiple ion implanted 4H-
SiC MESFETs changes with the acceptor density.

The activation rate here is 0. 1 and temperature is

300K. While the channel depth decreases with in—
creasing acceptor density of the epitaxial layer, the
absolute value of the pinch off voltage decreases
with increasing values of acceptor density of the

epitaxial layer.

0

—5¢ P

Pinch off voltage/V

0 2 4 6 8
Acceptor cancentration/1 O‘pl.m-a

Fig. 3 Pinch off voltage versus acceptor density of

the epitaxial layer

Figure 4 shows the pinch off voltage versus
activation rate at three different temperature (300,
500, 700K ) , with Nu= 6.5X10%em™ " of the epitax—
ial layer. We only received one curve in Fig. 4 be-
cause the change of the pinch off voltage is small
with increasing temperature (Fig. 3). Since the in-
crease in activation rate increases the channel
depth, the absolute value of the pinch-off voltage

increases with the increase of activation rate.

Pinch off voliage/V
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Fig. 4 Pinch off voltage versus activation rate

Considering the temperature dependent pa-
rameters, we got the curves of the pinch off voltage
versus temperature in Fig. 5, which has the same
values of the activation rate and temperature in
Fig. 3. With the increase of temperature, the chan—
nel depth increases and the absolute value of the

pinch off voltage increases too.
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