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Fabrication of 4H-SiC Buried-Channel nMOSFETs
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Abstract: The buried channel (BC) nMOSFET s with gate oxide grown thermally on 4H-SiC are fabricated. The BC

region and source/drain region are formed by nitrogen implantation at room temperature followed by annealing at

1600°C. The channel depth is about 0. 2um. T he peak field-effect mobility of 18. l(-.m:/( V *s) for Spym device is

achieved. Thickly dotted pits found in the surface through microscope may be one of the important factors of the

cause low field-effect mobility. The threshold voltages are 1.73V and 1. 72V for the gate lengths of 3um and 5pm

respectively. T he transconductance at Ve= 20V and Vo= 10V is 102uS for the gate length of 3um.
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1 Introduction

4H- and 6H-SiC are attractive semiconductor
materials for high-power and high temperature
electron devices because they have excellent physi-
cal properties such as wide bandgap, high break-
down voltage, high thermal conductivity, and high
saturation electron drift velocity. In addition, SiC
has the advantage of a thermally grown native ox-
ide, which provides the opportunity for its applica—
tion in metal-oxide-semiconductor(MOS) devices.

With the improvement of SiC material quality
and device process, the device research is expanding
to analog and digital integrated circuits. Some
monolithic nM OS and CM OS digital and analog in-
tegrated circuits have been demonstrated''™ . All
SiC-based integrated circuits have been demon-
strated to operate successfully at the temperature
range from 373 to 673K. But, low channel mobility

caused by Si02/SiC interface traps becomes one of
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the obstacles in the development of SiC MOSFET
integrated circuits.

The bulk mobility of 4H-SiC is approximately
twofold higher than that of 6H-SiC. T herefore, the
4H-5iC MOSFET is a promising candidate for a
high-power switch device at high speed and low
loss. However, the surface channel mobility of 4H-
SiC MOSFET reported is extremely low'". Tt is be-
lieved that the high density traps at 2.9eV above
the valence band edge at the Si02/4H-SiC interface
lower the surface channel mobility'”'. One possible
solution to raise the channel mobility is to keep
elecirons away from the Si02/4H-SiC interface.
Some research groups reported that a buried chan-
nel structure can improve the channel mobility in
4H-SiC MOSFETs' ¥ The highest reported chan—
nel field-effect mobility in a normally-off BC MOS-
FET of 140em’/(V *s) has been achieved. T hese
results show that this structure of BC-MOSFET
has important potential in high speed circuits. But

there is no report about this kind of device to be
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achieved in our country so far.

The critical factors of affecting the character—
istics of BC-MOSFET are channel doping concen-
tration, channel depth, Si0>/SiC interface quality,
and the characteristics of metal-8iC ohmic contact.
In this study, we have designed this kind of device
and fabricated BC-MOSFETs with different chan-
nel length for the first time in our country. Some
measurement results give us some important infor—

mation for further studies.

2 Operation modes of BC-MOSFET

The SiC buried-channel n MOSFET is realized
by implanting nitrogen into the surface of p-5iC.
This implantation not only adjusts the threshold
voltage, but significantly changes the operational
characteristics of the device. Figure 1 shows a
structural cross section of buried—channel MOS-
FETs. Depending on the bias conditions, the device
can be worked in surface channel, buried-channel,

surface-buried combined channel, and pinch-off

modes.
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Fig. 1 Cross section of a typical buried-channel

MOSFET device

With Ves— Vee> Vos, where Ves, Vos, and Ve
are gate/source voltage, drain/source voltage, and
flat-band voltage, respectively, the surface of the
buried—channel MOSFET

source to drain, and in this case the buried—channel

is in accumulation from

MOSFET operates in surface channel mode ( as
shown in Fig. 2(a)) .
When Vs is reduced such that 0< Ves— Vis<

Vs, the surface is in partial accumulation/partial
depletion (source is in accumulation and drain is in
depletion), and the buried-channel MOSFET oper-
ates in surface-buried combined channel mode (as
shown in Fig. 2(b)).

As Ve is reduced further, the surface depletion
region will extend over the entire channel length.
Under the condition, a true buried channel from the
source to drain is formed, which is called buried-
channel mode(as shown in Fig. 2(c¢)).

Further reduction in the gate voltage can lead
to punch through between surface depletion layer
and the depletion region of the metallurgical junc-
tion. Under such circumstances the buried channel
becomes pinched off, which is called channel pinch-
off mode (as shown in Fig. 2(d)).
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Fig. 2 Modes of operation for BC-MOSFET (a)
Surface-channel mode: Ves— Ven> Vos: (b) Surface—
buried combined channel mode: 0< Ves— Vis< Vis:

(¢) Buried—channel mode: Vies— Vis< 0; (d) Pinch-off

mode

When a sufficiently negative gate voltage is
applied, the density of the holes at the surface will
exceed the doping density in implanted channel re-
gion and the surface region of the device can be-
come inverted. The device cannot be turned off at a
gate bias if surface inversion occurs before pinch-

off. So the concentration and the depth of the chan-
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nel must be designed carefully in experiment.

3 Device fabrication

BC-M OSFETs are fabricated on a 2um thick,
lichtly doped p-type 4H-SiC epilayer with doping
of 2.3X10"em™ " grown on a heavily doped n* sub—
strate. The channel width is 100um. Source/drain
regions and BC region are formed by multiple ener—
gy nitrogen ion implantations at room tempera—
ture, and the doses, energies, and simulated concen—
tration profiles with Tsuprem 4 are shown in Fig.
3. Some parameters taken from Ref. [ 9] are re-
ferred to this simulation. We can see from Fig. 3
that the uniform impurity concentration of about
10"em ™

channel depth is about 0. 2um, but the actual chan-

is obtained in the channel. The designed

nel depth should be less than 0.2um after implant
activation annealing, sacrifice oxidation, and gate
oxidation. The implanted ions in the BC region and
the source and drain regions have been activated si-

multaneously at 1600°C for 30min.
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Fig. 3 Simulated ion implantation profiles for S/D

regions and buried-channel region

Gate oxide layer growth has been done by
thermal oxidation in dry O2 atmosphere at 1200°C
for 140min. The thickness of the gate oxide is
about 40nm. Ni metal layer with the thickness of
0.3um has been deposited as the gate and the
source/drain contacts and then annealed at 900°C
in vacuum for 30min. Finally, Ni/Pt/Au is formed.
The total thickness of metal layers is about
1. 5um. A specific contact resistance of 1.7 X 10"

2 . . .
Q*cem” is obtained by the measurement with

transfer length method structures.

4 Results and discussion

Figure 4 shows typical drain current—voltage
(Ip¥v) characteristics of the BC MOSFETs with
channel length of 3um and Spm. Drain current in
saturation region for 3um and 5um device increase
obviously with drain bias, which may be caused by
surface leakage current and channel length modula-
tion effect. The threshold voltage of MOSFETSs is
determined by extrapolating the point of maximum
slope on the /v ¢ characteristics to the gate—volt—
age axis(the inset in Fig. 6). The threshold volt-
ages are 1. 73V and 1. 72V for the gate lengths of
3um and Spm respectively. Positive threshold volt—
age indicates that the devices are operated in en-—

hancement mode.
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Fig. 4 Iv+¥v characteristics of the BC MOSFETs with

channel length of 3um (a) and Sum (b)

Figure 5 shows the transfer characteristics and
transconductance gm at Vo= 10V in the saturation
region for various gate lengths. For the gate
lengths of 3um and 5um, the transconductances at

Ve= 20V are 102 and 60uS, respectively.
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Fig.5 (a)Transfer characteristies: (b) Transconductance

gw at Vo= 10V in the saturation region for various gate

length

A field-effect mobility (pre) is usually calecu-
lated from the drain /v—¥¢ curves at linear region

with the following formula:

ay 1L
Ve S cove S W (1

But equation( 1) is not suitable for BC MOS-

X

HFE =

FET because the surface of device can enter into a
number of states, such as inversion, depletion, and
accumulation, and the calculations of drain current
are different in each state. For obtaining a unitized
expression, some simplification must be maken.
The drain current in linear region is caculated from

the following expression:
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where W and L are the channel width and length
respectively, xiis the channel depth, N and N are
ionized donor and acceptor impurity concentration.
Vii is built-n potential of the channel-substrate
junction. C is the average capacitance, which can

not be measured. When Ves— Vs> 0, the surface is

in complete surface accumulation and C= Cux, Cox is
oxide capacitance. When Ves— Vis< 0, the surface
is in complete surface depletion, and the capaci-

tance is calculated from the following expression:
CIIK

2C5(Ves— Vip)| 2
G E-Entno

C=
1 -

From Eq. (2), we can obtain the field-effect
mobility:
oln 1 L
oo 1 L
Ve CVos

v (3)

HFE =

The subthreshold and transfer characteristics
at Vo= 0.1V for 5um device are shown in Fig. 6.
The subthreshold slopes of 629mV /decade are ob-
tained. We believe that the trapping of interface
states plays an important role in the poor sub-
threshold characteristics. Figure 7 shows the field-
effect mobility wpre as a function of gate voltage at
Vo= 0.1V. The peak field-effect mobility is about
18. lem™/(V *5).

T

Deain eurrent

T T

T T T

18
st

Fig. 6 Transfer characteristics at Vo= 0.1V with a

gate length of Spm
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Fig. 7 Field-effect mobility pre as a function of gate

voltage at Vo= 0.1V with a gate length of Sum
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Generally, for SiC inverted MOSFET, the
field-effect mobility at low electric field is affected
by the Coulomb scattering from the ionized impuri-
ties and the charges at interface states, and the
field-effect mobility at high electric field is affected
by the roughness scattering from the surface. But it
is different for BC-MOSFET.

When a BC-MOSFET is biased into surface
depletion, the channel is buried in the bulk between
the surface depletion layer and the depletion region
of the metallurgical junction, and the bulk consti-
tutes the dominant conduction path. In this case,
the Coulomb scattering from the ionized impurities
has most important effect on field effect mobility.
As the gate bias is increased, the edge of the chan-
nel moves to SiC/Si02 and the channel becomes
thicker, which leads to the increase of carriers tak-
ing part in conduction and field-effect mobility.

As the surface is driven into accumulation, the
conduction of electrons occurs both through the
bulk portion of the channel and a surface accumu-
lationHayer. The transport of electrons in the bulk
is still dominated by Coulomb scattering from the
ionized impurities. But in accumulation layer, the
field effect mobility is also affected by following
factors.

Firstly, in accumulation layer, the carrier con-
centration is always higher than the density of ion-
ized impurities. As the gate bias is increased, the
ionized dopants are quickly screened by the accu-
mulated carriers allowing the carrier mobility to in-
crease quickly before surface scattering effects be—
gin to dominate.

Secondly, a large density of interface states ex—
ist on the SiC/SiO: interface, which increases rapid-
ly with energy near the band edges. When the sur—
face of the device is in accumulation, the Fermi lev—
el is located closer to the conduction band edge,
where the density of interface states is very high.
Under this condition, the effect of interface states
should not be neglected. Interface states within the
bandgap affect the transport of electrons in two

distinct ways: on the one hand, some electrons in

accumulation-ayer will be trapped by interface
states and become immobilized and only a fraction
of electrons takes part in conduction; on the other
hand, the drift of electrons in accumulation-layer
will be affected by additional Coulomb scattering
from the charged interface states.

Thirdly, the effect of carrier-carrier interac—
tions becomes important as the carrier concentra-
tion increases to high level. The carrier concentra—
tion can be quite high even before the surface field
becomes strong enough for surface roughness to
become dominant.

Finally, as the gate electric field is increased to
high values, surface roughness scattering becomes
dominant. But it will have a very serious effect
even in low or moderate field if the surface is very
rough.

[n our experiment, the sample is annealed at
temperature of 1600C after drain/source implanta-
tion without any protection. At such temperature,
silicon atoms evaporate preferentially from the SiC
surface lattice and this severely roughens the sur-
face. We have found that the surface is thickly dot-
ted with little pit through magnification with mi-
croscope. T he decrease of mobility caused by sur-
face scattering will quickly offset the increase of
mobility caused by the growing of carrier concen-
tration in accumulation layer. So surface roughness
scattering may be one of the most important fac-
tors of lowering the field effect mobility.

Moreover the field-effect mobility also is a
function of source/drain parasitic series resistance,
which is relative large due to larger specific contact
resistance, lower activation of implantation dopant,
and lower ionization rate al room temperature.
Large source/drain parasitic series resistance also
is one of the factors of causing low field-effect mo-

bility.

5 Concolusion

It is believed that the low mobility in the 4H-

SiC surface channel MOSFET is caused by the high
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