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Abdtract : The effects of several factors on mobility in 4H-SiC buried-channel (BC) MOSFETs are studied. A sim-
ple model that gives a quantitative analysis of series resistance effects on the effective mobility and field-effect
mobility is proposed. A series resistance not only decreases field-eff ect mobility but also reduces the gate voltage
corresponding to the peak field-effect mobility. The dependence of the peak field-effect mobility on series resist-
ance follows a simple quadratic polynomial. The effects of unif orm and exponential interface state distributions in
the forbidden band on field-effect mobility are analyzed with an analytical model. The effects of non-uniform in-
terface states can be ignored at lower gate voltages but become more obvious as the gate bias increases.
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1 Introduction

The bulk mobility of 4H-SiC is approximately
two times higher than that of 6H-SiC. Therefore,
the 4H-SiC MOSFET is a promising candidate for
high-power devices with high speed and low |oss.
However ,the reported channel mobility of 4H-
SiC surface channel MOSFETs is extremely
low™? with atypical value of 5 40cm’®/ (V - s).
It is believed that the channel mobility™ is low-
ered by the high density traps at 2. 9eV above the
valence band edge at the SiO:/ 4H-SiC interface.
Recently,4H-SiC MOSFETs fabricated on other
crystal faces have demonstrated higher mobili-
ty" but few improvements have been made on
commercial Si faces. It has been reported that oxi-
dation in N2O or NO can improve mobility notice-
ably®™  but the process has not been refined and
needs to be further studied.

One possible way to raise the channel mobili-
ty is to keep the transported electrons away from
the SiO2/ 4H-SiC interface. Some research groups
have reported that a buried channel (BC) struc-
ture can improve the channel mobility in 4H-SiC
MOSFETs"® ®. An effective mobility in a 4H-SiC
BC-MOSFET of 230cm®/ (V - s) was reported .
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This result shows that this BC-MOSFET structure
has important potential in high speed circuits.

We have found™ that interface states and
series resistances still influence the transconduct-
ance and channel conductance of the device and
therefore affect the field-effect mobility and ef-
fective mobility. A series resistance decreases the
voltage across the channel and makes the meas-
ured channel conductance smaller than actual val-
ue. L arge densities of interface states within the
bandgap possibly affect the observed drain cur-
rent and transconductance because interf ace states
capture carriers and change the mobile carrier
density. At present,the effects mentioned above
have not been reported.

In this paper, the effects of interface states
and series resistance on effective mobility and
field-effect mobility are studied quantitatively.
Several analytical models are deduced to describe
the effects. The dependence of peak fieldeffect
mobility on series resistance and interf ace states is
obtained. Mrinal et al.'™ pointed out that thein-
terf ace state density increases rapidly with energy
near the band edges. So the effect of non-uniform
interf ace state distribution on fiel d-eff ect mobility
is also discussed in this paper.
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2 Device fabrication and main pa-
rameters

The detailed fabrication processes of SiC BC-
MOSFETSs are described in Ref.[8]. The main pa-
rameters of a 4H-SiC BC-MOSFET are listed in
Table 1,in which d is the thickness of the oxide
layer, Np the channel carrier concentration, Ve
the flatband voltage, and xi the implanted chan-
nel depth. They are extracted from CV measure-
ments. Q« is the interface eff ective charge density
obtained from the relation Qx = - Cx (Ve -
$us) 1 g, Qs isthe density of deep level trapsin the
SiC/ SiO: interface estimated by the voltage shift
inforward- and reverse- scanned C-V curves. The
threshold voltage of MOSFETSs is determined by
extrapolating the point of maximum slope on the
Io Ve curve to the gate-voltage axis. A specific
contact resistance of 55 x 10 *Q - c¢cm'? is ob-
tained by the measurement with the transfer
length method.

Tablel 4H-SIC BC-MOSFET parameters

d|VT|] xi |[Vr Qsc Qds

Na/cm-3|Ng/cm=-3| W/ L
/nm|[/V [Mm|/V]| /cm-2 /ecm- 2

2.3x10%|7.64 x 1026|100/ 3| 44 |2.290.19| 5.7(- 2.7 x101} 1.2 x 101

3 Extraction of effective mobility and
field-effect mobility

The Si C surface can be in the depletion,accu-
mulation,and flatband states at different gate bia-
ses. Different surface states allow the BC MOS-
FETs to operate in several modes:surface channel
mode, buried-channel mode, and surface-buried
channel mixed mode. The analytical expression of
the drain current is different in each operational
mode. The surface/ buried channel mixed mode
can be ignored if the drain voltage is very small,
and the drain current in the linear region for a
BC-MOSFET can be described by

Ip =- ALAlq”_chh Vo (1)

where W and L are the channel width and
length M, is the average mobility in the channel,
and Qc is the electron density per unit areain the
channel ,which includes the implanted charge Qi ,
the charge Qs in the surface depletion/ accumula-

tion region,and the depletion layer charge Qs of
the pn junction

1
Qn = Q+ Qs+ Q= L i s

5? N I>I (Vo - VBS)1/2i|
Na + Np

(2)
Here xi is the channel depth,NS and N, are the
ionized donor and acceptor densities respectively,
Vi is the built-in potential of the channel-sub-

strate junction,and Vss is the substrate/ source bi-

C(Ve - V) -

as. Ve is afunction of the surface potential Vs if
interf ace state charge cannot be neglected.
Vi = Vs - 4Qu(Vs) | 0Qu(Vs = 0) (3)
Cox Cox
Here Qit (Vs) isthe charged interf ace state densi-
ty which varies with surface potential. Q:(Vs) =
- gDt (Vs + &) if theinterface states are distribu-
ted uniformly in the f orbidden band. Equation (3)
can be rewritten as
Vs = Ves +m (4)
Cox
Vs equals the flatband voltage Vs if the in-
terface state density is very small. Cis the average
capacitance. When Ves - Ve >0,the surface isin
complete surface accumulation, the device oper-
ates in the surface channel mode,and C= Cu. At
a gate bias of Ves - Ve <0,the surfaceisin com-
plete surface depletion and the device operates in
buried channel mode. In this case, C hardly varies
with drain voltage in linear region,and the aver-
age capacitance can be calculated by
C eyl ®
Ll ) € £0Np J
According to Eq. (1) ,the effective mobility
and field-effect mobility can be extracted by

_ — O
Metr = ] W 0 (6)
L gqQch
Mee = W= (7
L CVo

where @b is the channel conductance,and gn is the
transconductance.

4 HEfect of interface sates and 9 D
ries resistance

For SiC devices, the influence of interface
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states and source-drain series resistance usually
cannot be neglected. It is believed that the nega-
tive interface effective charge with a density of a-
bout - 2 7x10%cm *shown in Table 1 is deter-
mined by the interface states that capture elec-
trons. Cand Ve in Eq. (2) are related to the in-
terface states, and the existence of the source
drain series resistance Rss makes the voltage
across the channel smaller than the drain bias. In
practice, however, the measured mobility is in-
cludes the effects of the interface states and Rsp.

Assume Qi to be the channel electron density
without the effect of interface states. ThenM g (or
M%) refers to the intrinsic effective (or field
effect) mobility without taking into account the
effects of the interface states and series resist-
ance. Equation (1) can be rewritten as

W(v f;;f(VD = |D RSD) Qch

L
(8)
The effective channel conductance is thus ex-
pressed by

Ip = JLA[qJeffVD Q?:h =

0

W 0 — O

ch = 9
L(]Jefoh 1+Rsog% (9
where the intrinsic channel conductance g% is giv-
en by

O =

6 = e Qo (10)

Let go = Ogo/ OV
0
— O

= 11
Ge (1 + R g%)z (11)
where g = 0go/ Ve. From Egs. (9 11)
ue

Mer = 0 X 0 (12)

Qi 1+ RsoOp

M
Mee = (13)

(1 + Rs (Q]OD)2
Differentiating Eq. (13) ,the following expression
is obtained:
e _ 1 @JgE 2RSD(|JIO:E)2
OVe (1+ Reo g?))2 OVe (1 + Reo 93)3
(14)
We define V%,max as the gate bias at which the

intrinsic fiel d-effect mobilityuiE is maximum ,and
Ve mx IS at the maximum of Hre. So %/ OVe =0
at Ve = Vo ma. From Eq. (14)
Qe _ 2 Rsp (U ) ®
OVelve 7 (14 Reogo (Vem))®

It can be seen from Egs. (13) and (15) that Mee <
M2 and @ re/ OVe <0 at Ve = Vo ma ,which means

(15)

the existence of Rsp not only decreases the field-
effect mobility but also changes the gate voltage
corresponding to peak field-effect mobility. We
conclude fromp e <M %e that Ve mx > Vo ma.

The effects of series resistance and interface
states on effective mobility W« can be analyzed
with Eq. (12) . But Equation (13) is only used to
analyze the effect of series resistance on field-
eff ect mobility Mre. L et g?n be the intrinsic trans-
conductance without taking into account the
effect of interface states

C.
On = Om| 1- —L;J (16)

Cox + Cs + Ci
N TS
u‘ég( 1- —.
Cox + Cs + Cit C
= X = 17
Mre (1 + Rep g%)z C (a7
where GCs is the capacitance of surface depletion

layer, Ci = - 0Qu/ OVs is taken as the interface

state capacitance (C: = ¢° Dit) ,and C" and C are
the average capacitance with and without the
effect of the interface state capacitance, respec-
tively.

5 Resultsand discussion

5.1 Hfect of average capacitance

Chung et al. replaced E with Co to extract

the field-effect mobility™® :
Hepe = — 38— (18)
L Cox VD

This simplification is suitable in the surface chan-
nel mode,but an error occurs in the buried-chan-
nel mode. Figure 1 shows the extraction results of
the field-eff ect mobility with Egs. (7) and (18).
The field-effect mobility at Ve < Ve is underesti-
mated if C= Cw«. From experiment data,the peak
field-effect mobilities are 41 and 24. 3cm?/ (V - s)
respectively. When Ve < Vg ,the device operates
in the buried-channel mode, and the actual gate
capacitance should be smaller than the oxide ca-
pacitance Co. When Ve > Vm ,the device oper-
ates in surface-channel mode. In this case,the sur-
face of the semiconductor is in accumulation,so
that C= Cu« ,and the two curves match well.

5.2 Hfective mobility

The measured sheet resistance of the source/
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Fig.1 Effect of average capacitance on field-effect
mobility

drain region is about 4. 52/ O and the source (or
drain) series resistance calculated according to the
designed size of 16/ m x 104 m is about 0. 72KQ2 .
Therefore the total source/ drain series resistance
Rso is 1. 44KQ . The expression for intrinsic effec-
tive mobility is obtained from Eq. (12).
ue, = o)A « —Mar
Qan 1- Rsogpo
In our calculation,the interface state density
is obtained to ensure that Ve = Ve (Ve =Vr) at

(19)

the threshold voltage. In our samples, Vs (Ve =
V1) is about 4. 33V ,and Di =1 16 X 10”cm™? -
eV '. The interface state charge density Qi de-
pends on the bending of the surface band qVs,
and the relation between Vg (or C) and Vs can
be determined only by solving Poisson’ s equation
numerically.

Figure 2 shows the effective mobility versus
gate bias at a very small drain voltage. The pa-
rameters used in calculation are listed in the inset.
The effective mobility Her can be extracted easily
with Eq. (6). Then the intrinsic eff ective mobility
Uer can be calculated from Eq. (19) .M and U
express the effective mobility in terms of differ-
ent interface states and the series resistance re-
ferred toPar. At Ve =4V Her is about 38cm?/ (V
-s) and the intrinsic effective mobility szf can
reach 77cm?/ (V - s) . Also it can be seen in Fig. 2
that the interface state and series resistance both
decrease effective-mobility noticeably at a lower
gate voltage. The eff ect of the series resistance be-
comes more obvious at a higher gate voltage be-
cause the drain current increases greatly with the
gate voltage, and the voltage dropped across the
series resistance becomes more serious,s0 Rsp is

90
= 8ot A A WipRep=0,D,=0
w
; 70k + M Rey=0.0,=Dy,
fé 60k A A A B Reo=Rypo, D=0
< X Lo sRsp™Rpn Dy =D
.b 01 + A
B 40 X a
g + a A
) 3op i + +
= 20 | Rype=1.44kQ X N A
13
& | Dy=1.16x10%cm eV x 2
108y (Vo= )=4.33V

0 L 1 1 1 1

2 4 6 8 10 12
VoV

Fig.2 Dependence of effective mobility on gate volt-
age

the one of main factors that decreases mobility at
a larger gate voltage.

5.3 Fied-effect mobility

The field-effect mobility extracted directly
from experimental transconductance is shown in
Fig. 1 (black square). The intrinsic fieldeffect
mobility can be calculated from Eq. (20)

Mee (1 + Rso Q?J)Z __C_

U?:E = L. C XE* (20)
Cx + Cs + Cit
To the second-order, Eq. (13) takes the fol-
lowing form:
Hmex =Hiall - 2Ro 63 (Ve ma) + 3(Ro g (Vamd))’]
(21)

Figure 3 (a) shows the field-effect mobility
versus the gate voltage f or various source-drain se-
ries resistances Rs> ,and Figure 3 (b) illustrates
the dependence of the maximum mobility U m and
its gate voltage point Vemx On Rso. The peak
field-effect mobility decreases from 75 to about
53cm’/ (V - s) when the series resistance Rsp in-
creases from zero to 1. 4K2 ,and Ve,mx decreases
from 4. 2to3 7V.Moreover ,the peak field-eff ect
mobility calculated with Eq. (21) is also shown in
Fig. 3 (b) . The quadratic polynomial can be used
to exactly describe the dependence of the peak
field-effect mobility on series resistance.

Figure 4 shows the effect of the interface
states on field-effect mobility. Unif orm interface
state density in the forbidden-band is assumed.
The peak field-effect mobility decreases linearly
with interface state density ,and Ve max varies only
slightly with interface state density. This is be-
cause the effect of the interface states is screened
by electrons in the accumulation layer. Thus in
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this case the field-effect mobility in the surface
channel mode hardly changes with interface
state.

As a matter of fact, the experiment shows
that the interface state density in the forbidden
band is non-unif orm ,following an exponential re-
lation with energy :

Di = Duo + Dce (& 9% (22)
Here Diw is the interface state density in the mid-
band ,and D.isthe peak interface state at the bot-
tom of the conduction band. Keeping Diw and D.
constant ,the effect of interface states for differ-
ent{ on field-effect mobility is shown in Fig. 5.
The calculated distribution and experimental da-
ta’™ of interface states are also plotted in the in-
set. The reduction of peak field-effect mobility
caused by non-uniform interface states is smaller

90 —A—£ 0.17eV 103
gof o1y

r u Exgerimemaldala
— E={).2eV

=] e 017V
% e E0) 1V

De=1.2x[0"cm eV
1 1

0 5 10 15 20
ViV

Fig.5 Effect of nonunif orm interface states density
on field-effect mobility

than that caused by uniform interface states, as
shown in Fig.6. Usually the surface of a semicon-
ductor is in depletion and the Fermi energy level
is far from the bottom of the conduction band Ec
corresponding to the point of peak fieldeffect
mobility ,while the interf ace state density is smal-

80
701 —+—§=0.17eV
—~—D.=1.16x10"%cm?.eV"!
~ 601
W
—,>' 50
E 40F
2
= 30+
3 N,
B 20 +\_\
3
10 y, '\M
0 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
VeV
Fig.6 Dependence of field-effect mobility on gate

voltage for different interface state distributions
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ler than the average interface state density. With
the increase of the gate voltage,the Fermi energy
level moves forward Ec and the related interface
state density increases exponentially,so a greater
reduction of the field-effect mobility is observed.
When the gate voltage is larger than the flatband
voltage,the Fermi energy is very close to Ec,and
the interface state density is so large that the
effect of interface states is not screened complete-
ly by the carriers in the accumulation layer.

6 Conclusion

A buried channel MOS structure can be used
to reduce the effect of surface scattering and im-
prove channel carrier mobility. But the influence
of the interface states on carrier mobility in the
channel cannot be completely avoided. Surface
band bending varies with gate voltage, as do
charged interface states. This phenomenon leads
to the decrease of channel conductance and trans-
conductance and lowers the extracted effective
mobility and field-effect mobility. The series re-
sistance has also the same role of decreasing mob-
ility.

A simple quadratic polynomial has been pro-
posed to analyze the effect of series resistance on
peak field-effect mobility. The peak fieldeffect
mobility has a linear relation with the average in-
terface state density. The gate voltage correspond-
ing to the peak field-eff ect mobility decreases lin-
early with series resistance and varies slightly at
different interface state densities. The effects of
non-uniform interface states can be ignored at
lower gate voltages but become more obvious with
the increase of the gate voltage.

Our 4H-SIC BC-MOSFET has exhibited ex-
cellent improvement of mobility. The intrinsic

peak field-effect mobility can reach 75cm*/ (V -
s) ,but it isstill smaller than bulk mobility because
of the surface roughness. We conclude that reduc-
ing the series resistances and improving the SiOz/
SiC interface quality are also important for attai-
ning good performance of 4H-SiC BC-MOSFETSs.
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