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A new 4H silicon carbide metal semiconductor field-effect transistor (4H-SiC MESFET) structure with a buffer
layer between the gate and the channel layer is proposed in this paper for high power microwave applications. The

physics-based analytical models for calculating the performance of the proposed device are obtained by solving one- and

two-dimensional Poisson’s equations. In the models, we take into account not only two regions under the gate but also a
third high field region between the gate and the drain which is usually omitted. The direct-current and the alternating-
current performances for the proposed 4H-SiC MESFET with a buffer layer of 0.2 pm are calculated. The calculated

results are in good agreement with the experimental data. The current is larger than that of the conventional structure.

The cutoff frequency (fr) and the maximum oscillation frequency (fmax) are 20.4 GHz and 101.6 GHz, respectively,
which are higher than 7.8 GHz and 45.3 GHz of the conventional structure. Therefore, the proposed 4H-SiC MESFET
structure has better power and microwave performances than the conventional structure.
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1. Introduction

Silicon carbide metal semiconductor field-effect
transistors (SiC MESFETS) are well suited for high-
power radio frequency (RF) applications, especially
in extremely challenging environments, owing to
their superior material properties.[!l With the recent
progress in SiC epitaxial material and the device pro-
cess, excellent power and RF performances of SiC
MESFETSs have been reported.2=9 Although the SiC
MESFET has a higher RF power density than that
based on Si and GaAs, it is still worth investigating
potential ways to improve it to better meet the in-
creasing demand for high power microwave applica-
tions.

To achieve higher power microwave performances,
a large product of the channel doping and the thick-
ness (N x a) and a minimum size of the gate length
(Lg) are required. However, a high doping concen-
tration will lower the breakdown voltage, and a thick
channel layer and a small gate length will lead to a
low ratio of gate length to channel thickness (Lg/a),
which will degrade the performance of the devices and
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circuits.[10:11]

In view of these drawbacks, to improve the high
power microwave performance, a new 4H-SiC MES-
FET structure is proposed in this paper for the first
time, in which a lower doped gate-buffer layer is in-
serted between the gate and the channel layer with
the channel doping, the thickness, and the gate length
the same as those in the conventional structure. Due
to the inserted lower doped gate-buffer layer, the pro-
posed structure avoids the reduction of the breakdown
voltage, which might occur while improving the device
performance in the conventional structure. The ana-
lytical models of the current—voltage characteristics
and the small-signal parameters for the proposed de-
vice are derived by solving one- and two-dimensional
Poisson’s equations. Using these analytical models, we
calculate the direct-current (DC) and the alternating-
current (AC) characteristics of the proposed 4H-SiC
MESFET. The calculated currents are in excellent
agreement with the experimental data. The results
show that not only the channel currents but also
the cutoff frequency and the maximum oscillation fre-
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quency are improved compared with those of the con-
ventional structure though the channel doping. In
addition, the thickness is not increased and the gate
length is not reduced either.

2. Device structure and physical

model

2.1. DC I-V characteristics model

For the SiC material, the dependence of electron
mobility on the electric field can be described by the
Caughey-Thomas model as!!?]

p(E) :Mo/ {H (“;f)ﬁ] 1/6, (1)

where p is the low-field mobility, vg is the saturation
velocity, E is the electric field strength, and (3 is a cur-
vature parameter of order 1 describing the saturation
tendency. For the SiC material, the measured value of
6 is 1.2 in one experiment.['3! For simplicity, 3 = 1 is
a reasonably good approximation.!'

S G D

Fig. 1. Schematic diagram of the structure of the pro-
posed SiC MESFET in saturation mode.

Ic(Va,Vp) =1Ip

33 — ) — 2(ul — ud)] — 3ap/a- [(ud — u3) — 2uq — uo)]

Figure 1 is the schematic diagram of the structure
of the proposed SiC MESFET structure in this paper.
Compared with the conventional SiC MESFET, a low
doped gate-buffer layer is inserted between the gate
and the channel layer.

To describe the device operation, the channel cur-
rent at any point in the channel can be expressed as

Io = ¢Wn(x)(E)E(x)]a — h(z)], (2)

where q is the charge of an electron, W is the channel
width, a is the epitaxial channel layer thickness, F(x)
is the field strength along the channel, n(x) is the elec-
tron concentration, and x is the distance away from
the source. For small drain biases, we assume that the
gate bias is not large enough to pinch off the channel,
and that the electron velocity in the channel does not
reach its saturation value. Thus, n(z) is simply the
doping concentration Np of the channel. The h(z) is
the depletion layer thickness under the gate and can
be obtained by solving the one-dimensional Poisson’s
equation as

1

. 2
h(z) = ag (l - ]]\\;—; + W) —ao, (3)
where Ny is the uniformly doped concentration of the
buffer layer between the gate and the channel, which is
smaller than that of the channel; aq is the thickness of
the gate buffer layer; ¢ is the dielectric constant; V' (z)
is the potential difference between the source and the
point x away from the source; Vg is the gate bias; and
Vbi is the built-in voltage.

Under a low drain voltage, the electric field in
the channel is less than the saturation field Eg, and
only region I exists with its length L. With the field-
dependent mobility incorporated, by integrating over
channel length L, the channel current is obtained as

1+ Z(u% —ud) + Z - 2ap/a- (uq — uo)

, (4)

where ug (uq) is the depletion layer width hg (hq) at the source (drain) end of the channel normalized to the

epilayer channel layer thickness a and is given by

- h() _ NQ 0,3
umm—a—¢0 M)¥+

(Vo + Woi + IcRs)  ao

Vp a’

uq(Va, Vp) = % = \/( - ]Z\\g)

(Vo + Ve + Wi —IcRp)  ao
Vp a ’
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where Vp is the drain bias; Rg (Rp) is the epitax- ity approaches its saturation value, i.e. v(L) = vy,
ial channel layer resistance between the gate and the  where v is a velocity saturation factor that is close
source (drain); and Ip, Vp, Z are constants expressed  to unity, uq = us and the channel current reaches its

by saturation value. The reasons are as follows. When
9 x93 v = 1 in our model, an infinite field strength in the
q“Nja® oW . .
Ip = el channel appears at the drain according to Eq. (1). For
N 6‘52 N2 ~ less than but close to unity, e.g. 0.99,1'%! we obtain
Vp = m, 7 = w, (6)  a finite value for the saturation electric field strength
2¢ 2e Ly E
s
with L being the gate length. At a high drain bias, the channel is in saturation
With the drain bias increasing gradually, the de- mode and can be divided into three regions, as shown

pletion layer at the end of the gate near the drain  in Fig. 1. In region I, which is L; long and near the
extends toward the substrate, forcing the channel to  source under the gate, the electric field is low, and the
shrink progressively. Meanwhile, the lateral electric  electron velocity is less than the saturation velocity

field in the channel increases, and the electron veloc-  (vs). The saturation regions below the gate and be-
ity rises toward its saturation value. It is assumed in  tween the gate and the drain are labeled as regions IT
our analysis that the saturation in the electron veloc- and III, respectively.

ity occurs before pinching off the channel by the gate In region I, according to the analysis in the linear
depletion region, and that when the electron veloc- mode, the current is expressed as

[3(ui — uj) = 2(ui — ug)] — 3ag/a - [(uf — uf) — 2(us — uo)] 7)
1+ZL/L1(U%*U%)+ZL/L12(10/(1(U17’U,0) ’

Ic(Vo,Vp) = Ip

where u; is the depletion layer thickness normalized  where h; is the depletion layer thickness at the point
to the epilayer channel layer thickness a at the point  where the electron reaches the saturation velocity,
where the electron reaches saturation velocity. It is V(Ly) is the potential difference between the source

given by and the point = Ly, and v(L1) = yvs. So the satu-
wr (Va, Vi) = % ration channel current is expressed as
_ _ & ﬁ + V(L) + Ve + Vi) Iesat = gNpWaryvs(1 — uy). (9)
ND a2 Vp
a
- ;Oa (8)  The L; can be derived from Eqgs. (7) and (9) as
|
(0 — ) — = (uf — ) 22 4 ofy— 1
L1 - L7 3 _(u%_ug) _LZ aO{(ul_uo)"' [(7_ )—’YUl](Ul—UQ)}(IO)
Y1 —uq) va 1—wu
\
From Egs. (9) and (10), for given uy or Ly, the sat- _ _4Np for 0 <y < a. (11b)
€

uration current in the channel can be obtained. Thus,

other equations involving uy or Ly are required, which — py potential drop across regions II and III is obtained

can be two-dimensional Poisson’s equations.

as
The two-dimensional Poisson’s equations in the
depletion layer are V(L + L3) — V(L)
O (z,y) | O (a,y) _ {Q(WIW N Lz} E,
Ox? Oy? & 3
L —nL
A « sinh M) (3)
= for —ag<y<O, (11a) St (Q(aul + ao) P 2(auq + ao)
Wy (z,y)  0*Ws(z,y) EsL; { ( mLo ) }
! ! + 2e — | + 1. 12
Ox? + oy? 3 P 2(auy + agp) (12)
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The equation involving L is With consideration of the resistance R}, of the
» [ ¢Npau, 7Ly buffer layer between the channel and the substrate,

Lj . Esexp Nau (aus + ao) the drain current is expressed as

Es . L
+—sinh (M) In =Ic+ Vp/Ry. (14)
7 2(auy + agp)

« {1 1 tan ( ﬂ} From the analysis above, for a given SiC MES-
2(auy —|— ao FET, of which the structural parameters (L, W, a,

ag, Np, Ny) are explicit, and a given bias (Vp, Vg),
2(auq —|— ap) the drain current can be obtained.

= (aup)*E; {exp(

. 7TL2 —7TL3
— sinh ( ) exp ( )], (13) .
2(auy + ao) 2(auy + ao) 2.2. AC model for small-signal parame-

where ters
; mag Tauy
=tan| ——— | cos (| ——— i its hi ica-
n 2(aur + ao) 2(aur + ao) - F‘or the SI-C MESFET, its high frequency applica
au tion is also of interest to researchers. To evaluate the
+ sin (1> , high frequency performance conveniently, it is impor-
2(au1 + ap) . . .
tant to describe the small-signal parameters analyti-
V(L + L3) =Vp — IcRp.
cally.
From Egs. (9), (10), (12), and (13), the saturation From Eq. (4) the device drain conductance for the
current in the channel is obtained. linear region can be derived as

3Ip(ua + ao/a) [(1 —ua) — Z(ua — ao/a)(ui — ug) +2/3 - Z(u} — ul) —2Z - ao/a - ua - (ua — wo)]

- , 15
g maVp (14 Z(u2 —u2) +2Z -ao/a - (ua — uo)]” (15)
where
mq = uq + ap/a.
Similarly, the transconductance for the linear region is
_ 3Ip(ua + ao/a) [(1—wa) — Z(ua — ao/a)(ul —ud) +2/3- Z(ud —ud) — 27 -ao/a - ua - (ua — uo)]
Gt maVp 1+ Z(u2 —u2) +2Z - ao/a - (ua — uo)]’
_ 3Ip(uo + ao/a) [(1 — uo) — Z(uo — ao/a)(ug — uf) +2/3- Z(ud —ui) —2Z - ao/a - uo - (ua — uo)] (16)
moVp (14 Z(u2 —u2) +2Z - ao/a - (ua — uo)]’ ’
| 2 2
Where _@ (ul _U’O) - (U]_ —’LL()) _2(1_7)]}
mo = ug + ag/a. va (1 —up)?
mp, = uj + ap/a.
Based on Eq. (9), the drain conductance for the satu-
ration region is obtained as The expression of the transconductance for the
saturation region is
3’7[1)
gas = — 51 (17) 3vlp
2Zmy Vi e = — P (), 18
mp, Vp g 2ZmL1Vp( +1) (18)
where where
1 2Fsa L—-L 1 2Fsa L—-L
=1+ asmh ™ ( ) h=-— asmh ™ ( )
2mp, Vp | w 2 (auy + agp) 2mp, Vp | 2 (auy + agp)
Esa (L*Ll) cos W(L*Ll) :l Esa(Lle) cos W(L*Ll) :|
(auy + agp) 2 (auy + agp) (auy + agp) 2 (auy + agp)
E.LZ m(L— L) E.LZ 7 (L —Ly)
— cosh cosh
2mr, Vp 2 (aug + agp) 2mp, Vp 2 (au; + ag)
[l 0 el 2st - ) o [Ralmn) 0 el st -
gl (1 —up)? A V(1 —u)?
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_GO[(u%—U%)—(Ul—UO) _2(1_7)]}

va (1—u)?
. UOESLZ ™ (L — Ll)
moVp 2(au1 —|—ao)
1-— (') ag )
X |— 1| (14 2,
[’Y (1—u) ] < ao
k = fh.

osh

To find the gate—source capacitance, the quantity
of the charge in the depletion layer under the gate
is needed. It can be derived from the potential dis-
tribution in the depletion layer, which is obtained by
solving the two-dimensional Poisson’s equation. The
expression of the gate—source capacitance is

Cgs = Cge1 + Cgea + Clss, (19)
where
Cos1 = 46{4;?;1)[1) { _Iim Kl - ?) (uf — ug)
- St -+ 20 - )
o))
iz (04 ) (-2
Con — 2€W£Zu1 {22 mngm (k+1)

Up | UL — Uo
mo

(1 —uy)

)
(1 — ) (L — Ly)
Eﬁ?ff? Lf“?ﬁfﬁ}

kE+1

Cys3 = —eEW
gs3 ¢ a(?le‘/P

aul + ag Uy
’iTUOLZ(l—Ul) 5 W(L—Ll)
i
2moVp (auy + ag) 2(auy + ap)

() (i)

g:]__Ll_Zul{|:2ul(1_PY)
L

v
(u2 — ug) — 2/3(ud — )
- V(A= up)? ]
Cag [(uf —ug) = (w —ug)
w[ 0w “1”4}

The maximum oscillation frequency is calculated
from the following formula:

fr
2/ga - (Rc + Rs)’

fmax = (20)

where R, is the channel resistance and is expressed as

R - V(L)  a(ur —wg) a-+agp
T Ip cu W cv W
L—1L;

xln<1u1)+
1—UO

3. Results and discussion

qNppoaW (1 — uy)’

In our proposed SiC MESFET structure, the gate
length and the gate width are 0.7 um and 332 pm, re-
spectively. Meanwhile, the thickness and the doping
concentration are 0.26 pm and 1.7x10%7 ¢m™3 for the
channel layer, and 0.2 um and 1x10' cm™3 for the
gate-buffer layer between the gate and the channel,
respectively.

Using our model, we calculate the I-V character-
istics of the proposed 4H-SiC MESFET with a gate-
buffer layer of 0.2 um, as shown in Fig. 2. For the
condition ag = 0 in our model, the current versus
the drain voltage describing the properties of a simi-
lar conventional SiC MESFET can also be obtained.
For comparison, corresponding experimental results
for the conventional structure are also included.['¢ Tt
can be seen that the I-V characteristics calculated
by using our model for the conventional structure are
in accordance with the experimental results and our
model is verified. Given a gate bias, the drain current
achieved in our proposed device is larger than that in
the conventional one. For instance, the maximum sat-
uration drain current is 0.18 A, which is larger than
0.1 A in the conventional structure. Since the total de-
pletion layer is composed of the completely depleted
gate-buffer layer and the depletion layer in the channel
layer, the part in the channel layer shrinks as com-
pared with that in the conventional structure when
there exists a gate-buffer layer, as shown in Fig. 1. As
a result, the effective channel width is increased, and
a larger current occurs in the proposed device than
that in the conventional one.

0.24F calculated results for proposed structure
----- calculated results for conventional structure

0.20F experimental results for conventional structure
0.16

<

~

5 0.12F

~

0.08

0.04

Vas/V

Fig. 2. Calculated and measured I-V characteristics for
the proposed and the conventional structures at Vgs = 0V,
-2V, -4V, -6V, -8 V.
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Figure 3 shows the drain currents versus the gate-
buffer layer thickness under the gate. The thicker
the gate-buffer layer, the larger the drain current, as
demonstrated in the figure. A detailed investigation
of the depletion layer under the gate shows that the
increase of the drain current is due to the larger chan-
nel width, which is attributed to the decrease of the
depletion layer thickness in the channel when the gate-
buffer layer thickness is increased. In Fig. 3, a mean-
ingful phenomenon appears, i.e., when the gate-buffer
layer is increased sufficiently, the drain current ap-
proaches saturation. As a matter of fact, when the
gate-buffer layer thickness is large enough, most of
the depletion layer lies in the gate-buffer layer, and
the remaining part in the channel layer is negligible in
comparison with the channel layer thickness. When
the gate-buffer layer thickness is further increased, the
depletion layer completely lies in the gate-buffer layer,
and the conduction channel thickness is as wide as
0.26 wm, which is invariable and leads to a constant
current.

0.090

g 0.080
3
0.070
0.0605 0.2 0.4 0.6 0.8 1.0
ap/pm

Fig. 3. Dependences of drain current on the buffer layer
thickness at Vgs =0 V and Vgs =5 V.

Figures 4, 5, and 6 show the effects of the gate-
buffer layer thickness on the small signal parameters.
The transconductance, the gate—source capacitance,
and the channel resistance are reduced while the drain
conductance is increased with the increase of the in-
serted lower doped gate-buffer layer thickness (com-
pletely depleted), because the total depletion layer
thickness under the gate is increased but the part in
the channel is decreased, as depicted in Figs. 4 and
5. The cutoff frequency (fr) increases slowly with the
increases of the gate-buffer layer thickness, because
the decrease of the transconductance is offset by the
Since the
decrease of the channel resistance with the increase
of the gate buffer layer thickness is dominant com-
pared with the increase of the drain conductance, the
maximum oscillation frequency (fmax) increases more
rapidly than the cutoff frequency. The results show

decrease of the gate—source capacitance.

that fr and fmax at Ve = 0 V and Vg = 30 V
are 20.4 GHz and 101.6 GHz, respectively. For the
conventional structure, fr and fi.x are 7.8 GHz and
45.3 GHz, respectively. Therefore, the proposed 4H-
SiC MESFET structure has better frequency perfor-
mance than a similar device based on the conventional
structure.

1.0

0.8F

0.6f N

0.4F AN

Normalized gy, Cy

0.2F N

0 0.1 0.2 0.3 0.4 0.5
ap/pm

Fig. 4. Dependences of transconductance gm and gate-
source capacitance Cgs on gate buffer layer thickness at
Vgs =0V and Vg =30 V.

10
0.50}°
n 045
g
=
= 0.40
0.35
030 1 1 1 1 6
0.0 0.1 0.2 0.3 0.4 0.5

ap/pm

Fig. 5. Dependences of drain conductance gq and channel
resistance R. on gate buffer layer thickness at Vs =0V
and Vg =30 V.

160F — fr
| fmax ,’,f”’
. I ///,
3 120
O] //
S - -
E //
£ 8o}
;{: i ///
40
0 1 1 1 1
0 0.1 0.2 0.3 0.4

ap/pm

Fig. 6. Dependences of cutoff frequency fr and maximum
oscillation frequency fmax on gate buffer layer thickness at
Vgs =0V and Vg =30 V.
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4. Conclusion

A novel 4H-SiC MESFET structure with a buffer
layer between the gate and the channel layer is pro-
posed in this paper for high power microwave appli-
cations. Its physics-based analytical models for calcu-
lating the performance of the proposed 4H-SiC MES-
FETs are obtained for the first time by solving one-
and two-dimensional Poisson’s equations. The calcu-
lated results show good agreement with the experi-
mental data. The maximum saturation drain current
is about 0.18 A for the proposed 4H-SiC MESFETS,
which is higher than 0.1 A for the conventional de-
vice. The cutoff frequency and the maximum oscilla-
tion frequency of the proposed SiC MESFET struc-
ture are 20.4 GHz and 101.6 GHz, respectively, which
are inproved compared with 7.8 GHz and 45.3 GHz
for the conventional one. Therefore, the proposed 4H-
SiC MESFET has better power and microwave per-
formances than a similar device based on the con-
ventional structure. The proposed 4H-SiC MESFET
structure and the achieved analytical models for the
current—voltage characteristics and the small-signal
parameters will provide valuable references to the re-

search on the power microwave semiconductor devices.
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