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a b s t r a c t

New structures named as recessed gate and channel (RGC) silicon
carbide (SiC) based metal semiconductor field effect transistors
(MESFETs) are reported in this paper, in which the gate is recessed
into the channel, and the channel is recessed into the p-buffer layer
at the source and/or the drain side. Important parameters such as
short channel effect, maximum DC trans-conductance (gm), drain
current, breakdown voltage and output resistance of the proposed
structures are simulated and compared with the conventional
4H–SiC MESFET. Simulation results disclose that, compared to
the conventional structure, the structure with recessed full gate
and channel (FGC):

1. Improves the DC trans-conductance (gm).
2. Increases the output resistance.
3. Enhances the breakdown voltage.
4. Reduces the short channel effect.

Moreover, source side recessed gate and drain side recessed
channel (SG–DC) structure has higher gm and output resistance in
comparison with the conventional structure. Drain side recessed
gate and source side recessed channel (DG–SC) structure has larger
breakdown voltage and drain current than those of the conven-
tional 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. With the recent progress in SiC epitaxial material and the device
process, excellent power and RF performances of SiC MESFETs have been reported [1]. The absence
of gate oxide makes the MESFET device naturally immune to oxide-related problems such as radiation
plasma damages and hot-carrier effects. Besides, the channel of a MOSFET device is formed by the
inversion layer at the gate oxide–silicon interface, thus carriers suffer from high normal fields and seri-
ous roughness scattering, leading to drastic reduction of effective mobility and trans-conductance.
However, the channel of MESFET device is formed in the undepleted bulk region which is usually near
the bottom of the active layer, thus carrier mobility is less degraded. This is one of the advantages for
the MESFET devices against the MOSFETs. On the other hand, since the gate of MESFET is a metal–
semiconductor Schottky contact, the voltage swing is limited within a relatively small range, depend-
ing on the barrier height. Hence, the MESFET is a good candidate for low-power applications [2]. SiC
MESFETs are very well-suited for high voltage, high power and high temperature applications due to
its superior material properties especially high critical electrical field, high electron saturation veloc-
ity, and high thermal conductivity. The main drawback in using SiC for microwave devices lies in its
poor low field electron mobility of 300–500 cm2/V s, at doping levels of interest for MESFETs in the
range of 1 � 1017–5 � 1017 cm�3. This drawback results in a larger source resistance and lower
trans-conductance compared to GaAs based MESFETs [3–9].

In order to improve the device performance of SiC MESFETs, various structures are proposed in the
literature. Floating metal strips [7], recessed p-buffer layer [9], double recessed gate [10], multiple re-
cessed gate [11], and un doped space barrier [12] are techniques to improve the device performance.
In this article, with the purpose of improving the short channel effects, saturated drain current, break-
down voltage, DC trans-conductance and output resistance, new 4H–SiC MESFETs with recessed gate
and channel (RGC) are proposed. In the following section, the proposed structures and the physical
models used in the 2-D simulation are described in details. Also, in this section, fabrication feasibility
of the proposed structures is investigated. In the third section, we first explain how the presence of the
recessed gate and channel will reduce the short channel effects such as DIBL. Also, in this section the
effect of recessed gate and channel on the drain current, electric field and breakdown voltage is stud-
ied in details. After that, the maximum DC trans-conductance and output resistance of the proposed
structures are simulated and compared to that of conventional structure.

2. Device structure and fabrication feasibility

2.1. Device structure

Fig. 1a–d shows the schematic cross-section of the source side recessed gate–drain side recessed
channel (SG–DC), drain side recessed gate–source side recessed channel (DG–SC), recessed full gate
and channel (FGC) and conventional [9] structures respectively. The dimensions of the four structures
are as follows: gate length Lg = 0.7 lm, gate–drain spacing Lgd = 1 lm, gate–source spacing Lgs =
0.5 lm, channel thickness TC = 0.25 lm, and the channel doping ND = 3 � 1017 cm�3. The doping and
thickness of the p-buffer layer are NA = 1.4 � 1015 cm�3 and TP = 0.5 lm, respectively. A compensa-
tion-doped (vanadium) semiconductor is used for semi-insulating substrate. Nickel is chosen for
the gate Schottky contact with a work function of 5.1 eV and aluminum is used for the source/drain
contacts. For all of the structures, recessed gate depth into channel and recessed channel depth into
p-buffer layer are 0.05 lm. Recessed gate and channel length for SG–DC and DG–SC structures are
0.35 lm, but, recessed gate and channel length for FGC structure is 0.7 lm. The devices are simulated
using two dimensional device simulator ATLAS software [13] with SiC material parameters [14–16]. In
order to achieve more realistic results, several models are activated in simulation, including the ‘SRH’
model for Shockley–Read–Hall recombination, the ‘Conmob’ model for standard concentration depen-
dent mobility, the ‘Fldmob’ model for parallel electric field-dependent mobility, the ‘Fermi Dirac’
model for statistics and the ‘Impact Selb’ model for impact ionization [17].
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2.2. Fabrication feasibility

It is worth noting that the conventional structure can be fabricated using based on the procedure of
[18]. Also, the FGC, SG–DC and DG–SC structures can be fabricated using the same procedures as re-
ported in [18,19]. The recession of the channel into the p-buffer layer n-type region with the doping
concentration of 3 � 1017 cm�3 can be produced with the same procedure used to form highly doped
n-type source and drain regions in [18] with ion implantation and activation process as follows: high-
temperature and multiple-energy ion-implantation with phosphorous can be performed. A thick SiO2

layer can be used as a mask for implantation, and a thin SiO2 layer can be used to protect the surface of
the implanted region. Activation of the implanted ions can be achieved by inductively heating at a de-
sired time and temperature in an Ar atmosphere. A sacrificial oxide layer, which is formed with con-
suming thin contaminated surface and is removed during etching process, plays an important role
both to passivate the substrate surface and to achieve a controlled interface between the substrate
and the contact metal. A thin thermal SiO2 layer as sacrificial layer, and then a thick SiO2 layer can
be deposited by plasma enhanced chemical vapor deposition (PECVD).

To create the recessed gate in the channel, the recessed gate area of the transistors can be fabri-
cated as reported in [19] as follows: First, a thermal oxide is grown on top of the channel area. An
opening where the recessed gate should be placed is etched through this oxide and continued down
into the 4H–SiC channel. This step defines the gate length, and the drain current of the device could be
determined by the etch depth into the SiC channel. Second, the Nickel gate is deposited on top of the
opening.

3. Results and discussion

The device performance can be greatly improved by reducing the gate length to enhance the trans-
conductance and reduce the gate capacitance. On the other hand as the technology is pushing the gate
length to the sub-quarter micrometer range, short channel effects becomes increasingly significant.

Fig. 1. Cross section of the (a) SG–DC, (b) DG–SC and (c) FGC and (d) conventional structures.
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One of the most pervasive short channel effects is the drain-induced barrier lowering (DIBL). DIBL is an
electrostatic effect causing the barrier between the source and drain of a field effect transistor (FET) in
or near the sub-threshold region to be lowered when the drain voltage is increased. This effect causes
the channel to return from a pinch-off state to the conduction state and shifts the threshold voltage.
Consequently, the DIBL places a hard limit on the minimum gate size and degrades the trans-conduc-
tance and output conductance, which are critical to the gain and power output for a power FET and the
noise margin for a digital FET [20,21]. As is depicted in the Fig. 2, negative shift in the threshold voltage
with increasing the drain voltage of the FGC structure is less than those in the SG–DC, DG–SC and con-
ventional structures. This is due to larger recessed gate length of the FGC compared to other structures
that increases the vertical electric field by the gate–source voltage in the channel. With increasing ver-
tical electric field of the gate in the channel, carrier transport in the channel is significantly affected by
the gate–source voltage. This in turn reduces the carrier transport dependence to the lateral electric
field by the drain–source voltage in the channel and then reduces the short channel effects such as
DIBL. As can be seen in this figure, the negative shift in the threshold voltage with increasing the drain
voltage for FGC and conventional structures are �4 V and �5.4 V respectively. It is clear from this fig-
ure that the recessed gate in the source side of the SG–DC structure has more effect than the recessed
gate in the drain side of the DG–SC structure to reduce the short channel effects. This is because the
SG–DC structure increases the aspect ratio of the gate length to the channel thickness (Lg/a) in the
source side while the DG–SC structure reduces the (Lg/a) in the drain side. Negative shift in the thresh-
old voltage in the DG–SC structure is more than those in the other structures. It is worth noting that
we determine the threshold voltage of a MESFET from a conventional definition involving an abrupt
transition between turn-on and turn-off operations [21].

To allow for high drain current in a MESFET, a large product of the channel doping and thickness
(N � a) is required [9]. Fig. 3 shows the drain current with respect to the drain voltage for SG–DC,
DG–SC, FGC and conventional structures at VGS = �1 V. As is evident from this figure, the DG–SC struc-
ture has larger saturated drain current compared to other structures. This is because in the DG–SC
structure, the recessed gate is located in the drain side and recessed channel is placed in the source
side. Therefore, in this structure channel thickness in the source side is larger than that at drain side.
The SG–DC structure has smaller channel thickness at source side in comparison with the other struc-
tures and therefore has smaller saturated drain current. It can be concluded that the channel depth
under the gate in the source side has a significant effect on the drain current.

It is important to understand the breakdown mechanism in SiC MESFETs since the breakdown is a
major factor limiting the output power. Though many mechanisms have been identified in the past
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Fig. 2. Threshold voltage as a function of the drain–source voltage for four structures.
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two decades, it is generally accepted that the gate/drain avalanche mechanism is the physical cause of
high field breakdown [22]. A further investigation shows that the breakdown happens at the gate cor-
ner near the drain due to the electric field crowding [9,10,23]. It is well known that there is a critical
electrical field in the semiconductor material of the channel. The maximum electric field in the chan-
nel is increased by enlarging the drain–source voltage at the gate corner of nearing the drain. When
the electric field is reached to the critical electric field at the gate corner near the drain, the applied
drain–source voltage is considered as the breakdown voltage. In our simulations, to find the break-
down voltage, we have activated the Impact Selb model for impact ionization and then we can reveal
the breakdown voltage from the drain current with respect to the drain–source voltage curve. The
breakdown voltage of the four structures are shown in the Fig. 3 at VGS = �1 V. As can be seen in this
figure, the DG–SC structure has a larger breakdown voltage compared with the other structures. This is
because, this structure has a recessed gate at the drain side that reduces the channel thickness under
the gate near the drain and consequently reduces the maximum lateral electric field at that place com-
pared to the other structures. Therefore, this structure can reach to the critical electric field at a larger
drain–source voltage and consequently has a larger breakdown voltage. The breakdown voltages of
the SG–DC, DG–SC, FGC and conventional structures are 121 V, 172 V, 168 V and 142 V respectively.
Simulation results in Fig. 4 show the maximum lateral electrical field of the four structures at the gate
corner near the drain at VDS = 120 V and VGS = �1 V. Comparing Figs. 3 and 4 reveals that the break-
down voltage improves with decreasing the maximum lateral electrical field at gate corner in the
drain side. The maximum lateral electric field of the DG–SC and FGC is less than those in the
SG–DC and conventional structures. Therefore, the DG–SC and FGC structures have bigger breakdown
voltage compared to the SG–DC and conventional structures. The DR-MESFET investigated in [11,12]
has the same structure as SG–DC in this paper. Comparing electric field and breakdown voltage results
of this paper with those reported in [11,12] shows that the breakdown voltage improvement in this
paper is more than that in the [11,12]. This is because in this paper the breakdown voltage is improved
from 121 V in the SG–DC structure to 172 V of DG–SC structure. In [11], the breakdown voltage is
improved from 105 V to 116 V. Also, as can be seen in [12], the breakdown voltage is increased from
109 V to 144.5 V.

The DC trans-conductance (gm) of a transistor can be calculated by differentiating the drain current
with respect to the gate–source voltage at a constant drain–source voltage [24]:

gm ¼
@ID

@VGS

�
�
�
�
VDS¼const

ð1Þ
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Fig. 3. Drain current as a function of the drain–source voltage for four structures at VGS = �1 V.
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The DC trans-conductance shows the drain current dependence on the gate–source voltage at a
constant drain–source voltage. Fig. 5 provides a comparison between maximum DC gm for different
structures. In this figure, it is illustrated that the SG–DC structure has superior gm than those in the
other structures for different drain voltages. The DG–SC structure has less gm compared to other struc-
tures for different drain voltages. It can be concluded that reducing the channel depth at the source
side under the gate, improves the maximum gm. This is because reducing the channel thickness under
the gate at the source side increases the vertical electric field imposed by the gate–source voltage in
the channel and therefore increases the drain current dependence on the gate–source voltage [9]. The
least gm in Fig. 10 of [11] obtain for MR-MESFET with N = 1 (DR-MESFET). Increasing N improves the
gm in this figure. The gm of SG–DC in this paper is bigger than that in other structures. Since the
DR-MESFET in [11] is the same as SG–DC structure, it can be concluded that the MR-MESFETs
(N = 2, 3, 4) in [11] have larger gm than that of reported in this paper.
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The output conductance (go) can be calculated by differentiating the drain–source current with
respect to the drain–source voltage at a constant gate–source voltage:

go ¼
@ID

@VDS

�
�
�
�
Vgs¼const

¼ 1
ro

ð2Þ

Fig. 6 shows the output resistance with respect to the drain–source voltage at VGS = �1 V for differ-
ent structures. As is obvious from this figure, the output resistance in the FGC structure is larger than
those of the other structures, and DG–SC structure has the lowest ro. It can be concluded from Fig. 6
that reducing channel thickness under the gate in the source side, increases the output resistance.

4. Conclusions

Recessed gate and channel 4H–SiC MESFETs with recession in the source/drain sides are proposed
in this work. Breakdown voltage, short channel effect, drain current, output resistance and the max-
imum DC trans-conductance for SG–DC, DG–SC, FGC and conventional structures are simulated and
compared. Simulations describe that FGC structure has better performance in terms of reducing short
channel effect such as DIBL than the other structures. Also, the FGC structure enhances gm, output
resistance and breakdown voltage compared to the conventional structure. The SG–DC structure
has the best gm among the simulated structures. The breakdown voltage and saturated drain current
in the DG–SC structure is better than those of the other structures.

References

[1] Z.X. Jun, Y.Y. Tang, D.B. Xing, C. Bin, C.C. Chun, S. Kun, New 4H silicon carbide metal semiconductor field-effect transistor
with a buffer layer between the gate and the channel layer, Chin. Phys. B 21 (1) (2012) 017201–017207.

[2] J. Spann, V. Kushner, T.J. Thornton, J. Yang, A. Balijepalli, H.J. Barnaby, X.J. Chen, D. Alexander, W.T. Kemp, S.J. Sampson, M.E.
Wood, Total dose radiation response of CMOS compatible SOI MESFETs, IEEE Trans. Nucl. Sci. 52 (6) (2005) 2398–2402.

[3] H. Hjelmgren, F. Allerstam, K. Andersson, P.Å. Nilsson, N. Rorsman, Transient simulation of microwave SiC MESFETs with
improved trap models, IEEE Trans. Electron Dev. 57 (3) (2010) 729–732.

[4] S. Sriram, H. Hagleitner, D. Namishia, T. Alcorn, T. Smith, B. Pulz, High-gain SiC MESFETs using source-connected field
plates, IEEE Trans. Electron Dev. 30 (9) (2009) 952–953.

[5] C.L. Zhu, Rusli, P. Zhao, Dual-channel 4H–SiC metal semiconductor field effect transistors, Solid-State Electronic 83 (2007)
72–74.

[6] Rusli, C.L. Zhu, P. Zhao, J.H. Xia, ,Characterization of SiC MESFETs with narrow channel layer’’, Microelectron. Eng. 83
(2006) 72–74.

0 10 20 30 40 50 60 70 80 90 100
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

Drain Voltage (V)

 O
ut

pu
t 

R
es

is
ta

nc
e 

(M
)

SG-DC
DG-SC

FGC
Conventional

Fig. 6. Output resistance with respect to the drain–source voltage in the four structures at VGS = �1 V.

522 S.M. Razavi et al. / Superlattices and Microstructures 60 (2013) 516–523



Author's personal copy

[7] J. Zhang, Y. Ye, C. Zhou, X. Luo, B. Zhang, Z. Li, High breakdown voltage 4H–SiC MESFETs with floating metal strips,
Microelectron. Eng. 85 (2008) 89–92.

[8] X. Deng, B. Zhang, Z. Li, Z. Chen, Two-dimensional analysis of the surface state effects in 4H–SiC MESFETs, Microelectron.
Eng. 85 (2008) 295–299.

[9] S.M. Razavi, A.A. Orouji, S.E. Hosseini, Recessed p-buffer layer SiC MESFET: a novel device for improving DC and RF
characteristics, Mater. Sci. Semicond. Process. 15 (2012) 516–521.

[10] C.L. Zhu, Rusli, C.C. Tin, G.H. Zhang, S.F. Yoon, J. Ahn, Improved performance of SiC MESFETs using double-recessed
structure, Microelectron. Eng. 83 (2006) 92–95.

[11] A. Aminbeidokhti, A.A. Orouji, A novel 4H–SiC MESFET with modified channel depletion region for high power and high
frequency applications, Physica E 44 (2011) 708–713.

[12] A.A. Orouji, A. Aminbeidokhti, A novel double-recessed 4H–SiC MESFET with partly un doped space region, Super lattices
Microstruct. 50 (2011) 680–690.

[13] ATLAS user’s manual, Device simulation software, Silvaco International, September 2005.
[14] M. Ruff, H. Mitlehner, R. Helbig, SiC devices: physics and numerical simulation, IEEE Trans. Electron Dev. 41 (6) (1994)

1040–1054.
[15] H. Linewih, S. Dimitrijev, K.Y. Cheong, Channel-carrier mobility parameters for 4H SiC MOSFETs, Microelectron. Rel. 43 (3)

(2003) 405–411.
[16] B.J. Baliga, Modern Power Devices, Wiley Interscience, New York, 1987.
[17] S.E.J. Mahabadi, A.A. Orouji, P. Keshavarzi, H.A. Moghadam, A new partial SOI-LDMOSFET with a modified buried oxide

layer for improving self-heating and breakdown voltage, Semicond. Sci. Technol. 26 (2011) 95005–950016.
[18] H.J. Na, J.H. Moon, J.H. Yim, J.B. Lee, H.J. Kim, Fabrication and characterization of 4H–SiC planar MESFETs, Microelectron.

Eng. 83 (2006) 160–164.
[19] K. Andersson, M. Sudow, P.A. Nilsson, E. Sveinbjornsson, H. Hjelmgren, J. Nilsson, J. Stahl, H. Zirath, N. Rorsman, Fabrication

and characterization of field-plated buried-gate SiC MESFETs, IEEE Electron Dev. Lett. 27 (7) (2006) 573–575.
[20] C.S. Chang, D.Y.S. Day, S. Chan, An analytical two-dimensional simulation for the GaAs MESFET drain-induced barrier

lowering: a short channel effect, IEEE Trans. Electron Dev. 37 (5) (1990) 1182–1186.
[21] P. Pandey, B.B. Pal, S. Jit, A new 2-D model for the potential distribution and threshold voltage of fully depleted short-

channel Si-SOI MESFETs, IEEE Trans. Electron Dev. 51 (2) (2004) 246–254.
[22] H. Elahipanah, A.A. Orouji, Gain improvement and microwave operation of 4H–SiC MESFET with a new recessed metal ring

structure’’, Microelectron. J. 43 (2012) 466–472.
[23] J. Zhang, X. Luo, Z. Li, B. Zhang, Improved double-recessed 4H–SiC MESFETs structure with recessed source/drain drift

region, Microelectron. Eng. 84 (2007) 2888–2891.
[24] M.K. Verma, B.B. Pal, Analysis of buried gate MESFET under dark and illumination, IEEE Trans. Electron Dev. 48 (9) (2001)

2138–2142.

S.M. Razavi et al. / Superlattices and Microstructures 60 (2013) 516–523 523


