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An improved 4H-SiC metal-semiconductor field-effect transistors (MESFETSs) with step p-buffer layer is proposed,

and the static and dynamic electrical performances are analysed in this paper. A step p-buffer layer has been applied

not only to increase the channel current, but also to improve the transconductance. This is due to the fact that

the variation in p-buffer layer depth leads to the decrease in parasitic series resistance resulting from the change in

the active channel thickness and modulation in the electric field distribution inside the channel. Detailed numerical

simulations demonstrate that the saturation drain current and the maximum theoretical output power density of the

proposed structure are about 30% and 37% larger than those of the conventional structure. The cut-off frequency and

the maximum oscillation frequency of the proposed MESFETSs are 14.5 and 62 GHz, respectively, which are higher than

that of the conventional structure. Therefore, the 4H-SiC MESFETs with step p-buffer layer have superior direct-current

and radio-frequency performances compared to the similar devices based on the conventional structure.
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1. Introduction

Silicon carbide (SiC) is one of the materials for
choice in advanced next-generation power electronics
both for high frequency, high temperature and high
voltage power-switching applications due to its ex-
cellent electrical and physical properties, i.e., wide
band gap, high electron saturation velocity, high
critical electric field, high radiation stability, and
high thermal conductivity.[! =3 These properties have
made SiC metal-semiconductor field-effect transistors
(MESFETSs) a promising candidate for microwave
power applications. In recent years, SiC MESFETSs
are in the market, and the application areas are the
commercial and military communication and radars.

As is known to all, the use of a p-buffer layer that
isolates the semi-insulating substrate from the active
channel is of vital importance and can significantly re-
duce the substrate trapping effects associated with the
channel-substrate interface for MESFETs.[ The per-
formance and reliability correlate closely to the critical
characteristics of off-state breakdown voltage and par-
asitic capacitance that are strongly dependent on the
quality and behaviour of the p-buffer layer. Since the
SiC material growth and the device fabrication tech-
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nology are becoming quite mature, substrate trapping
effects of SiC MESFETSs can be alleviated by the in-
troduction of high-purity semi-insulating substrate.!"!
Hence the p-buffer layer of the device will play a crit-
ical role to improve the device performances, which
needs to be carefully designed in order to provide
the needed channel isolation while not hindering high-
frequency device operation by introducing significant
parasitic capacitance and drain leakage current. Al-
though a large number of SiC MESFETSs structures
and various optimisations have been reported,[®7] few
studies of p-buffer layer configuration in SiC MES-
FETSs have been performed up to now.

In this paper, an improved 4H-SiC MESFETs
with step p-buffer layer is investigated using a two-
dimensional (2D) device simulation program, ATLAS.
The thinner p-buffer layer in ungate channel region
is employed to obtain low parasitic series resistance,
while the thicker p-buffer layer underneath the gate
terminal is adopted to maintain a larger aspect ra-
tio of gate length to channel thickness (Lg/a). The
direct-current (DC) and radio-frequency (RF) perfor-
mances of the proposed 4H-SiC MESFETs have been
studied in detail, and the simulation results are com-
pared with those obtained from the conventional p-
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buffer layer device. 0.2 ym and doping level Nq = 1.0 x 10*® ecm~3. In or-
der to completely remove the cap layer in the recessed
etching, overetching of about 500 A (1 A=0.1 nm)

2. Device structure and physical | e _ ,
is applied in the simulations. The gate length L,

model is 0.5 pm, and the gate—source and the gate—drain
spacings, Lgs and Lgq, are 0.5 and 1.0 um, respec-

2.1. Device structure tively. The gate width W is 100 pum, and a temper-
Schematic cross-sections of the proposed and con- ~ ature of 300 K is employed by default in the simula-

ventional 4H-SiC MESFETSs are shown in Figs. 1(a)  tions. The step buffer layer structure consists of the
and 1(b). To compare the characteristics of the pro- ~ P-doped layer (Na = 4 x 10" ecm™?) with stepped

posed structure with the conventional one, the ba-  thicknesses of 0.9 (a1), 0.95 (az) and 1.0 um (a3).
sic parameters of the structure, except for the p-type ~ Step length in the gate-source region (Lstep) is 0.25
buffer layer configuration, are left unchanged and de- ~ pm. As a result, the thickness of the channel layer
scribed as follows. The layer stack consists of four lay- ~ underneath the gate is 0.2 ym (a4). To have a mean-

ers: an ideal high-purity semi-insulating (HPSI) sub- ingful comparison, the channel thickness of the MES-
strate, a p-type buffer layer, an n-type active layer =~ FETs based on the conventional structure is also set
with 0.25 pm thickness and doping level Ng = 3.1 X at 0.2 um, namely, a 1.0 ym thick p-type buffer layer
10" em™3, and an N* cap layer with a thickness of — with N, =4 x 106 cm™3.

source drain i
[ S [ [ { source L < L drain
Lst,
IJ+ B gatC N+ N gat(

| as]  wchannel Ng =3.1x 1017 em™? aa | n-channel Ny = 3.1 x 1017 cm™>
H [y 1 A 4
F —
‘ a1l a2 a3" az] p-buffer N, =4 x 1016 cm—3 asl p-buffer Na =4 x 10" cm™3
(a) HPSI substrate (b) HPSI substrate
Fig. 1. Schematic cross-sections of 4H-SiC MESFETs with (a) step p-buffer layer structure and (b) conventional
structure.
. i B, i Qn,
2.2. Physical models N pon, (T/300 K)o — pgin (T/300 K)*»

. . - L+ (N/Ngie) ™ 7
The 2D numerical device characteristics are re- ’ (1)

alised with Atlas from Silvaco. In addition to basic

Poisson and the drift/diffusion equations, the differ-  where N is the total impurity concentration and Nrclfri)t
ent physical models used simultaneously in Silvaco are  is the doping concentration at which the mobility is
SRH (Shockley—Read—Hall) and Auger ones for gen-  halfway between the minimum and maximum values,
eration and recombination, respectively, analytic and ~ namely the mobilities in highly doped and undoped
Fldmob for mobility, incomplete for incomplete ioni- materials. Both u{)’}fﬁ) and g,y are the mobility val-

sation of dopants, and finally, impact Selb for impact ~ ues at room temperature.l’l Exponents «, 3 and +y are

ionisation. Here traps in the HPSI substrate are not fitting parameters.
Velocity saturation at high electric fields is mod-

considered.
The mobility of the carriers in 4H-SiC is mod- eled with the Canali model.
. - . . . Mn ,
eled using the Caughey—Thomas expression, which is finp (E) = 0,P0 e 2)
used to specify doping- and temperature-dependent (1 + (Hng po /Usat)ﬁE)

low field mobility. ®!

here, F is the parallel electric field, fg is a fitting pa-

Hn,p = Hon,p 300 K

. T Qn,p rameter and fino and g0 are the low field electron and
min
( ) hole mobilities respectively.
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The simulator Atlas accounts for the impurity
frozen-out with appropriate degeneracy factors Gy
and Gy, for conduction and valence bands respec-
tively. The ionised donor and acceptor impurity con-

centrations are then given byl

Nq

) ( )
E —(E. + F
1 G ( Fn (kc db))

Nf =

Na
N, = =

a — . (4)
1+ Gypexp <(Ev + Fan) EFp)

kT

where FEjyy, is the donor energy level, E, is the ac-
ceptor energy level, Fr, and Er, are the quasi-Fermi
energy levels for electrons and holes, E. and FE, are
conduction and valence band edge energies, and Ny
and N, are net compensated n-type and p-type dop-
ingcontents, respectively.

The effect of the recombination centres can be described by the conventional SRH recombination/generation

expression

np —n?

Rsru =

where

Tn0,p0
S T (NN 8
here, 7, and 7, are electron and hole lifetimes, n; is
the effective intrinsic carrier concentration, n and p
are electron and hole densities, Ey.p is the difference
between the trap energy level and the intrinsic Fermi
level, and IV, ;, expresses the characteristic parameter
for electrons and holes, respectively. For the sake of
simplicity a difference Firap = 0 was assumed during
this analysis.
Auger recombination was also considered and cal-
culated by introducing the coefficients C,, and Cp
given in Ref. [11]

Ravu = (Can + Cpp)(np — n?). (7)

The temperature dependence of the band gap is
modeled as

Eg (T) = E2° — 3.3 x 10~*(T — 300), (8)

where Egoo is the band gap energy at room tempera-
ture.

3. Results of analysis and discus-

sion

3.1. DC Characteristics

In Fig. 2 we compare the simulated I-V char-
acteristics of a conventional and step p-buffer layer
structures under the gate bias (Vgs) varied from to
—8 V in a step of —4 V. It is noted that the pro-
posed MESFETSs provides a larger saturation drain

Tp (TL + n; eXp(Etrap - Ec)) + 7'n(p + n; GXP(EV - Etrap)) ’

()

current than the conventional MESFETSs. As is seen
from the figure, the saturation drain current (l4sat) at
Vgs = 0V and Vgs = 40 V is about 350 mA-mm~" for
the SiC MESFETs with step p-buffer layer, whereas
it is only about 270 mA-mm~! for the conventional
MESFETSs. This enhancement in the value of Igg, is
due to a wider channel region between source/drain
and gate terminals, which results in low parasitic se-
ries resistance.

400 T T T T T T T
—s— conventional structure
[ --=-- proposed Structurja_a_u_’;_&_}-ﬂ'ﬂ-htﬁ
e Em S
300 f L Ves =0V
T M‘Eﬂ S
E F ” e < i \_/ 7
E -
< 200F ;g Ves = —4 V]
El : I
3 by .g--#-'ﬂ"J"}m-E-a E
~ i E_E_E-r-r-i"} . e
100y 2" & st E
e v
v Vgs = -8 V 1
0 ) e F-'J"'H'E'EG_:-‘?L—?Q\-& -}"J
ol e 1 - - it - - 2T
0 10 20 30 40
Vds/V

Fig. 2. -V characteristics for the MESFETs with pro-
posed and conventional structures.

The simulated three-terminal breakdown charac-
teristics for both types of devices are illustrated in
Fig. 3. It can be observed from the figure that the
source—drain breakdown voltage (BVg4s) of the pro-
posed structure is about 90 V by exploiting the stan-
dard fixed threshold definition of the breakdown volt-
age (Iys = 1 mA-mm~1!), which is almost the same as
that of the conventional structure. A further investi-
gation shows that the breakdown occurs at gate edge
towards drain due to the electric field crowding at that
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edge for the two structures. Therefore, the breakdown
characteristic of the proposed SiC MESFETSs is found
to be very similar to that of the conventional MES-
FETs.

1.0 T T T T
—=— conventional structure (Vg =—10 V)
[ —0— proposed structure (Vgs =—12 V)

0.8

0.6F

0.4¢

Igs/mA-mm~!

0.2t

—L —
0 20 40 60 80 100

Fig. 3. Simulated three-terminal breakdown characteris-
tics.

For a Class A amplifier, the maximum theoretical
output power density (Ppax) can be expressed as

1 sa B s nee
P = 2t Vdg Viace) (9)

According to the

where Vinee is the knee voltage.
above equation, Pp.x of the step buffer layer and con-
ventional 4H-SiC MESFETSs are about 3.7 W-mm ™!
and 2.7 W-mm~™! respectively. Therefore, the pro-
posed structure has superior power performance com-
pared to a similar device with the conventional struc-
ture.

3.2. Small signal characteristics

Small-signal characteristics for 4H-SiC MESFET's
with step p-buffer layer and conventional struc-
tures are estimated by S-parameter simulation from
800 MHz-80 GHz. Values of the parasitic elements
for the equivalent circuit are extracted using the
Dambrine method."?! Figure 4 shows frequency de-
pendence of the small signal current gain ho;, max-
imum stable gain (MSG), maximum available gain
(MAG) and unilateral power gain (U) simulated under
the bias conditions of Vo = 0 V and Vg =40 V. The
results show that the cut-off frequency fr (defined as
the frequency at which the current gain is equal to
1) and the maximum oscillation frequency fiax (de-
fined as the frequency at which the unilateral power
gain is unity) of the proposed structure are 14.5 and
62 GHz, respectively. On the other hand, for the con-
ventional SiC MESFETSs, fr and fnax are 12.5 and

51 GHz, respectively. This improvement in fr and
fmax is attributed to the increase of the transconduc-
tance as well as the decrease of the parasitic series re-
sistance compared to the conventional p-buffer layer

MESFETs.

T
.. —e— Hy, conventional structure
40 PNRex —+— MSG/MAG, conventional structure
e, —=— U, conventional structure
e --e--Hy, proposed structure
X --m-- MSG/MAG, proposed structure
30 N~ ==~ U, proposed structure
A \\, Vgs =0V |
= N Vs =40V
,E 20 .’\?:N"'\ N ds
N H T
] sl ‘ii‘,.‘
ST
10 s Q& \%i;~
S N
PING. N R
0 H N . Y
10° 10%0 10t
Frequency/Hz

Fig. 4. Simulated small-signal high frequency character-
istics of 4H-SiC MESFETs.

To understand the origin of the increase in fr
and fmax, the comparisons of gate-to-source capac-
itance (Cgs) and transconductance (gm) extracted
from S-parameters as a function of frequency for the
two structures of simulations previously discussed are
shown in Fig. 5. As compared to the conventional
structure, the MESFETs with step p-buffer layer
shows an approximately 17.4% g, improvement at
Vas = 40 V and Vg = 0 V, while the value of Cg
increases from 5.55 x 107! to 5.69 x 1074 F. The
increase of gy, is due to the fact that the variation
in p-buffer layer depth results in the change in the ac-
tive channel thickness, which modifies the electric field
distribution inside the channel and, consequently, the
electron velocity. The increase in Cjs is considered
to be caused by the excess charges in the depletion
extension region at the edge of the gate, arising from
a wider channel opening outside of the gate termi-
nal. It is known that, in the intrinsic FET, the cut-off
frequency and the maximum oscillation frequency are

given as follows:['3!

fr = g—m7
27T(Cgs + Ogd)

max 2 /7701_’_](.’117_37

(10)

(11)

where
Rg + R; + Rq
rn = )
Rds
T3 = 2T Ry Cyq, (12)
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and R, is the gate resistance, R; and Rg4s are the input
and output resistances under the gate, Cgq is gate-to-
drain capacitance. As is inferred from Eq. (10), the
improvement of g, has a positive impact on the cut-
off frequency of SiC MESFETSs, whereas the increase
of Cys shows the opposite behaviour. Although Cls of
the proposed 4H-SiC MESFET: is slightly larger than
that of the conventional one, the important quantity
gm/Cqgs still increases because of an effective enhance-

ment in gp,.

Y PO

Py {10
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Zl" — — = proposed structure 8 UEJ
o 4 ~
. E
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Fig. 5. Change of the extracted gate-to-source capaci-
tance and transconductance as functions of the frequency.

Hence, it can be concluded that the higher fr of
the step p-buffer layer structure is derived from the
larger gm/Cgs ratio. The behaviour of frax, as shown
in Fig. 4, can be interpreted using Egs. (10) and (11).

In fact, the proposed structure will increase transcon-
ductance and decrease the parasitic series resistance
compared to the conventional structure, which is re-
sponsible for an approximately 22% fmax improve-

ment.

4. Conclusion

In this work, the electrical performances of a
newly developed 4H-SiC MESFETSs with step p-buffer
layer are investigated in detail by 2D device simula-
tion. The simulation results show that the satura-
tion drain current and the output power density of
the step p-buffer layer structure are about 30% and
37% larger than those of the conventional structure,
due to wider channel opening between source/drain
and gate terminals. The cut-off frequency and the
maximum oscillation frequency of the proposed MES-
FETs are 14.5 and 62 GHz, respectively. On the other
hand, the cut-off frequency and the maximum oscil-
lation frequency are only 12.5 and 51 GHz for the
conventional MESFETsS.

device, the proposed device shows an approximately

Compared to conventional

17.4% improvement in transconductance at Vgs =0V
and Vgs = 40 V. Therefore, the 4H-SiC MESFETSs
with step p-buffer layer have superior DC and RF per-
formances compared to the similar device based on the

conventional structure.
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