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The fabrication and characterization of 4H—SiC power UMOSFETSs*
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The fabrication of 4H-SiC vertical trench-gate metal-oxide-semiconductor field-effect transistors (UMOSFETS) is
reported in this paper. The device has a 15-pm thick drift layer with 3x10'3 cm™3 N-type doping concentration and a 3.1-
um channel length. The measured on-state source—drain current density is 65.4 A/cm? at Vg =40V and Vps = 15 V. The
measured threshold voltage (Viy,) is 5.5 V by linear extrapolation from the transfer characteristics. A specific on-resistance

(Rsp_0n> is 181 mQ-cm? at Vg =40 V and a blocking voltage (BV) is 880 V (Ips = 100 pA@880V) at Vo =0 V.
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1. Introduction

Silicon carbide (SiC) is a very attractive semiconduc-
tor for high temperature, high-power, and high-frequency de-
vices because of its wide band gap (~ 3 eV) and high crit-
ical breakdown field (3 MV/cm-5 MV/cm), electron satura-
tion drift velocity (2.0x107 cm/s), and thermal conductivity
(3.7 W/em-°C—4.9 W/cm-°C).'=*! For the same blocking volt-
age, SiC devices offer theoretical specific on-resistance two
orders of magnitude lower than that of silicon devices.’! 4H-
SiC power metal-oxide-semiconductor field-effect transistors
(MOSFETs) have been recognized as attractive devices for
high-voltage switching applications because of the low spe-
cific on-resistance and high breakdown critical electrical field
of 4H-SiC.[%] Recently, great progress has been made in the
development of SiC power MOSFETs.”! For example, a 5-
kV power UMOSFET in 4H-SiC (115 pm, 7.5x10'% cm~3)
was reported with a specific on-resistance of 228mQ-cm?]
In China, research on SiC materials and devices has made
great progress in the past decade.!'®-1>) However, research has
mostly focused on SiC MESFETs, SiC power SBDs, and SiC
JBSs, and paid very little attention to SiC power MOSFETs.
In this paper, our recent work on 4H-SiC power UMOS-
FETs is reported. The 4H-SiC power UMOSFETSs were suc-
cessfully fabricated on 15-pum thick 4H-SiC N-type epilay-
ers and the fabricated devices exhibit specific on-resistance
of 181 mQ-cm?2, threshold voltage of 5.5 V, and a block-
ing voltage (BV) of 880 V, yielding a figure-of-merit (FOM)
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BV?/Rop.sp 0f 4.3 MW/cm.

2. Device structure and fabrication

A schematic cross section of the 4H-SiC UMOS-
FET is shown in Fig. 1, and figure 2 shows a top view
photograph of a fabricated device with an active area of
9.88x10™% cm?. The presented 4H-SiC UMOSFET con-
sists of nine gate fingers and a 20-um pitch between gate
fingers with no edge termination, based on active epilayer
of 4H-SiC grown on a 4° off-axis N*-type 4H-SiC sub-
strate at the Key Laboratory of Wide Band Gap Semicon-
ductor Materials and Devices, Xidian University. The epi-
taxial structure of the 4H-SiC UMOSFET in our study,
from bottom to top, consists of 380 pum/5x10'® cm™3
N*-type substrate, 15 um/3x10 cm™ N~-type drift
layer, 3.1 um/2.2x10' cm™3 P~ -type channel layers, and
1.4 um/1.0x 10" cm™3 N*-type source layers.
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Fig. 1. (color online) Schematic cross section of the fabricated 4H-SiC
UMOSFET.

*Project supported by the National Natural Science Foundation of China (Grant Nos. 61176070 and 61274079), the Doctoral Fund of Ministry of Education of
China (Grant No. 20110203110010), and the Key Specific Projects of Ministry of Education of China (Grant No. 625010101).

fCorresponding author. E-mail:
© 2013 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

027302-1


http://dx.doi.org/10.1088/1674-1056/22/2/027302
mailto:
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 22, No. 2 (2013) 027302

-. Ssource
>

BIUOD 9I.IILO!

Fig. 2. Top-view of a 9-finger 4H-SiC UMOSFET.

The device fabrication started with mesa isolation approx-
imately 15-um deep, P-type channel layer contact trenches ap-
proximately 1.5-um deep, and gate trenches approximately 5-
um deep, which were formed by inductively coupled plasma
(ICP) etching in a gas mixture of SFg and O, using a Ni mask.
Then, sacrificial oxidation was performed to consume dam-
aged surface layers created by ICP and to smooth the trench
sidewalls and corners prior to gate oxidation. The wafer was
subsequently oxidized at 1150 °C to form a gate oxide layer.
Next, a polysilicon film was deposited and patterned to form
the gate contact. Finally, source and drain Ohmic contacts
were formed by evaporating Ti/Ni/Al (50 nm/100 nm/200 nm)
and annealed with rapid thermal processing (RTP). Direct cur-
rent (DC) characteristics were measured by using an Agilent-
B1500A semiconductor parameter analyzer, while the block-
ing characteristics measured by a Tektronix 370B curve tracer.

3. Results and discussion

Figure 3 shows the room-temperature transfer character-
istics of the 4H-SiC UMOSFET measured at a drain voltage
of 100 mV. A threshold voltage of 5.5 V is obtained by linear
extrapolation from the linear region of the transfer character-
istics. From the semi-log plot of the transfer characteristics,
it can be seen that the device is completely pinched off with
a drain current of as low as ~3.0x107 1% A at V, = 1.3 V and
Vbs = 100 mV.

Figure 4 shows on-state source—drain (Ip ~ Vpg) charac-
teristics at room temperature for the 4H-SiC UMOSFET with
an active area of 9.88x10~* cm? with the gate voltage (Ve)
increased from (bottom) 0 V to 40 V and the drain—source
voltage (Vps) increased from 0 V to 22 V. The device ex-
hibits a drain current density of 65.8 A/cm? at Ve =40V and
Vps = 15 V. From the slope of the Ip ~ Vpg characteristics in
the linear region, the specific on-resistance (Rgp-on) can be cal-
culated. Figure 5 shows the relationship between the specific
on-resistance (Rgp-on) and the gate voltage (Vg), which indi-
cates that the total specific on-resistance gradually reduces as

the gate voltage increases. This is attributed to the reduced
channel resistance that results from increased charge in the in-
version layer and the drift region resistance gradually becomes
the predominant one. The Rgpon of 181 mQ-cm? can be ob-
tained from the Ip ~ Vps characteristics at Vy =40V, as shown

in Fig. 5.
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Fig. 4. (color online) On-state characteristics of the 4H-SiC UMOS-
FET.
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Fig. 5. Relationship between Rgp on and V.

The blocking characteristics of the 4H-SiC UMOSFET
is also presented in Fig. 6. The blocking characteristics mea-
surement was performed with a gate voltage of O V. The mea-
sured blocking voltage is 880 V (about 60% of the theoretical
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value). Because no edge termination structure is used in this
device, three-dimensional (3D) field crowding at the edges of
the trench corners may play a leading role in premature break-
down of the device. The figure of merit (FOM) BV? / Ronsp 18
4.3 MW/cm, which is a quantity used to evaluate the perfor-
mance of a power device.
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Fig. 6. Blocking characteristics of the 4H-SiC UMOSFET.

from the figure that although our devices are fabricated on a
relatively thin 4H-SiC epilayer (15 um/3x10'5 cm™3), the
performance of our fabricated device has been close to the in-
ternational average level. To further improve the device per-
formance, more work needs to be done in the future, such as
ICP etch optimization, gate oxide process optimization, and
edge termination technology.

4. Conclusions

A 4H-SiC UMOSFET made on a 15-pm thick drift epi-
layer has been fabricated and characterized. The presented
device shows the V4, of 5.5 V and on-state drain current den-
sity of 65.8 Alem? at Vg =40 V and Vps = 15 V. The specific
on-resistance (Rsp_on) is 181 mQ-cm? at V, = 40 V and the
blocking voltage (BV) is 880 V (Ips = 100 pA@880 V) at
room temperature.

References

[1] SuiY, Tsuji T and Cooper J A Jr 2005 IEEE Electron. Dev. Lett. 26 255

[2] Song Q W, Zhang Y M, Zhang Y M, Tang X Y and Jia R X 2012 Sci.
China: Tech. Sci. 55 606

[3] Tang XY, Zhang Y M and Zhang Y M 2010 Chin. Phys. B 19 047204

[4]

[5]

~ /silicon

‘g 103 eiheoretical

3 ;‘““ N limig

G

g Purdue, F;&u Pu

T 10%F - ;

9 L Sunwn\/ cmﬁA

g m cma. ’ L / 2004,

5 101 iw'ﬂ L} this wr\rl( Purdue

= 1008 |

g sic

o theoretical
limit

100
0 102 103

104
Breakdown voltage/V

Fig. 7. (color online) On resistance and breakdown voltage of represen-
tative 4H-SiC power UMOSFETs since 1993 to date. Solid diagonal
lines represent the theoretical limits for silicon and 4H-SiC, and the
dashed line represents the current stat-of-the-art in 4H-SiC.

Figure 7 presents the performance of a number of SiC
power UMOSFETsS reported between 1993 and the present;
the device fabricated in our group is included for comparison.
Solid diagonal lines in the figure represent the theoretical lim-
its for silicon and 4H-SiC, respectively, and the dashed line
represents the current state-of-the-art in 4H-SiC. We can see

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]
[14]

[15]

027302-3

Chen F P, Zhang Y M, Zhang Y M, Lu H L and Song Q W 2010 Chin.
Phys. B 19 047305

Li Y, Cooper Jr J A and Capano M A 2002 IEEE Electron. Dev. Lett.
49 972

Ryu S H, Krishnaswami S, O’Loughlin M, Richmond J, Agarwal A,
Palmour J and Hefner A R 2004 IEEE Electron. Dev. Lett. 25 556
Howell R, Buchoff S, Van C S, Mcnutt T, Ezis A, Nechay B, Kirby C,
Sherwin M, Clarke C and Singh R 2008 /EEE Trans. Electron. Dev. 55
1807

Noborio M, Suda J and Kimoto T 2008 Proc. 20th Int. Symp. Power
Semicond. Devices ICs. pp. 263-266

Lee W S, Lin C W, Yang M H, Huang C F, Gong J and Zhao F 2011
IEEE Electron. Dev. Lett. 32 360

Zhang Q, Zhang Y M, Yuan L, Zhang Y M, Tang X Y and Song Q W
2012 Chin. Phys. B 21 088502

Cheng F P, Zhang Y M, Lu H L, Zhang Y M, Guo H and Guo X 2011
Chin. J. Semicond. 32 064003

Bai S, Chen G, Zhang T, Li Z Y, Wang H, Jiang Y Q, Han C L and
Chen C 2007 Chin. J. Semicond. 28 10

Chen G, Li Z Y, Bai S and Ren C J 2007 Chin. J. Semicond. 28 1333
Song Q W, Zhang Y M, Zhang Y M, Zhang Q and Lu H L 2010 Chin.
Phys. B 19 087202

Tang X Y, Song Q W, Zhang Y M, Zhang Y M, JiaR X, Lu H L and
Wang Y H 2012 Chin. Phys. B 21 087701


http://dx.doi.org/10.1109/LED.2005.845495
http://dx.doi.org/10.1007/s11431-011-4697-1
http://dx.doi.org/10.1007/s11431-011-4697-1
http://dx.doi.org/10.1088/1674-1056/19/4/047204
http://dx.doi.org/10.1088/1674-1056/19/4/047305
http://dx.doi.org/10.1088/1674-1056/19/4/047305
http://dx.doi.org/10.1109/LED.2004.832122
http://dx.doi.org/10.1109/TED.2008.928204
http://dx.doi.org/10.1109/TED.2008.928204
http://dx.doi.org/10.1109/LED.2010.2101041
http://dx.doi.org/10.1109/LED.2010.2101041
http://dx.doi.org/10.1088/1674-1056/21/8/088502
http://dx.doi.org/10.1088/1674-4926/32/6/064003
http://dx.doi.org/10.1088/1674-4926/32/6/064003
http://dx.doi.org/10.1088/1674-1056/19/8/087202
http://dx.doi.org/10.1088/1674-1056/19/8/087202
http://dx.doi.org/10.1088/1674-1056/21/8/087701

	1. Introduction
	2. Device structure and fabrication
	3. Results and discussion
	4. Conclusions
	References

