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Abstract—A new process technology for 4H-SiC planar power
MOSFETs based on a Boron diffusion step to improve the
SiO,/SiC interface quality is presented in this work. Large area
(up to 25 mm?) power MOSFETSs of three voltages ratings (1.7
kV, 3.3 kV and 4.5 kV) have been fabricated showing significant
improvements in terms of inversion channel mobility and on-
resistance in comparison with counterparts without Boron oxide
treatment. Experimental results show a remarkable increase of
the channel mobility, which raises the device current capability,
especially at room temperature. When operating at high
temperature, the impact of the high channel mobility due to
Boron treatment on electrical forward characteristics is reduced
as the drift layer resistance starts to dominate in the total on-
state resistance. In addition, the 3™ quadrant characteristics
approximate to those of an ideal PiN diode, and the device
blocking capability is not compromised by the use of Boron for
the gate oxide formation. The experimental performance in a
simple DC/DC converter is also presented.

Index Terms— Gate dielectric, High Voltage, Power MOSFET,
SiC, Wide Band Gap Semiconductors.

I. INTRODUCTION

TODAY, electricity accounts for 40% of primary energy
consumption, which is expected to increase with the full
introduction of renewable energies. It is expected that 80% of
electricity will pass through some kind of power electronics by
2030 [1]. Power electronics plays a key role in the generation-
storage-distribution cycle of the electric energy since the main
portion of the generated electric energy is consumed after
undergoing several transformations through power electronic
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converters. The largest portion of the power losses in power
electronic converters is dissipated in their power
semiconductor devices, and consequently the improvement of
these power devices technologies is crucial to achieve a more
rational use of the electric energy together with considerable
improvements in efficiency, size and robustness of power
converters.

At present, most power devices are based on the very well-
established Silicon technology, covering a huge market of
applications as low as 20 V up to several kV. However,
Silicon material properties limit power devices’ performances
regarding blocking voltage capability, operation temperature
and switching frequency. Therefore, new generations of power
devices based on Wide Band Gap (WBG) semiconductor
materials are mandatory for high efficiency power converters.

Silicon Carbide (SiC) is one of the most advanced WBG
materials for power devices as far as commercial availability
of starting high quality material (wafers and epitaxial layers)
and maturity of their technological processes is concerned [2,
3]. However, the SiC high voltage capability is not fully
exploited yet. SiC diodes have been available in the market for
more than 15 years (recently up to 15 kV [4]), becoming key
components in various power applications. SiC switches are
relatively new in the market and systems designers are
becoming familiar with them. The development of low
resistance SiC power MOSFETSs has been delayed due to the
very low inversion channel mobility values (ug), high
threshold voltage (Vry) instability, reduced maximum
negative gate voltage and leakage through the channel at 0 V
gate bias. These problems are mainly caused by a poor MOS
interface quality, affected by large interface trap density (Dy)
values. Improvements in the MOS interface quality have
allowed the appearance of commercial SiC MOSFETS up to
1.2 kV - 1.7 kV [5, 6], and full SiC power modules with
current capabilities in the range of 100 A [5-7]. It is expected
that SiC MOSFETSs will compete with Silicon IGBTs and will
replace them up to 5 kV breakdown voltage in a near future.

This paper presents an innovative process technology for
high voltage SiC power MOSFETs with a Boron doped gate
oxide to improve the SiO,/SiC interface quality. In the next
sections, design considerations, process technology and
experimental results of fabricated devices will be discussed.
As it will be shown, significant improvements in terms of pg,
on-resistance (Rpsen), and 31 quadrant behavior are obtained
in comparison with counterparts without Boron treatment.
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Il. DESIGN AND PROCESS CONSIDERATIONS

Fig. 1 shows the schematic cross-section of a vertical SiC
power MOSFET. Several considerations arising from the SiC
material properties must be taken into account for a proper
device design.
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Fig 1. Schematic cross-section of a SiC power MOSFET half-unit cell.

First, doped regions in SiC cannot be obtained by impurities
thermal diffusion due to their low diffusion coefficient values.
Hence, these regions are usually defined by multiple high
energy ion implantations although shallow junction depths are
obtained (typically below 1 pm). In addition, the epilayer
doping level for a given blocking voltage is higher than that
needed for a Silicon power MOSFET. Consequently, the
extension of the depletion region within the p-well in the off-
state can easily reach the n*-source leading to a premature
punch-through breakdown. Therefore, the p-well doping
profile must be carefully designed to avoid the punch-through
while maintaining the desired V1 [8, 9]. Fig. 2 (a) highlights
the punch-through of a power MOSFET with a non-optimized
p-well doping profile by means of numerical simulations [10].

Another strategy to prevent the punch-through phenomenon
is to increase the channel length but this has a negative impact
on the device Rpsy, especially due to the low pyg values.
Therefore, submicron channel lengths together with a suitable
design of the p-well region are needed to reduce Rpsq, and, at
the same time, to avoid the punch-through. Fig. 2 (b) depicts
the numerical simulation of the same power MOSFET with a
higher p-well doping profile. As it can be inferred from this
figure, the p-well doping level prevents the depletion region to
reach the n*-source.

The p-well doping profiles used for the simulation results
shown in Fig. 2 are plotted in Fig. 3. In both cases, the
resulting doping profile has been obtained by multiple
Aluminum implantations allowing achieving a high doping
level deep inside the p-well while maintaining a relatively low
value at the surface in order to not compromise the V1 value.
The submicron channel length is obtained with a self-aligned
process using a polysilicon layer through which both p-type
and n-type impurities are implanted. After the p-type
implantation, the polysilicon layer is oxidized, and then the n-
type implantation is performed. The lateral length of the
oxidized polysilicon defines the channel length.

2

(b)

Fig. 2. Simulated electrical current distributions in a SiC power MOSFET
with (a) a non-optimized, and (b) an optimized p-well doping profile.
VDS:1-3 kV.
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Fig. 3. Simulated one-dimensional p-well doping profiles.

On the other hand, one of the main issues in the SiC
MOSFET technologies is the quality of the SiO,/SiC interface.
The large D;; values and the surface roughness severely affect
e increasing the device Rpsen and compromising reliability.
uee values in SIC MOSFETs are more than one order of
magnitude lower than in Silicon. Hence, new gate oxide
configurations must be considered to improve the interface
oxide quality and then pe. Several technological solutions
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have been proposed to improve the MOS interface quality,
such as the use of Nitrogen [11] or Phosphorus [12, 13]
doping during post-oxidation. More recently, alkaline earth
elements (Sr, Ba) [14, 15] have also been proposed to
passivate charge traps and to generate counter doping effect at
the SiO,/SiC interface. In addition, different ionic species
have been used to passivate the interface, for example Sb (e
= 100 cm?¥(V-s)) [16] or La (ue=130 cm?(V-s)) [17].
Recently, Okamoto et al [18] have proposed Boron diffusion
in dry oxide to passivate dangling bonds, thus decreasing D;.
This approach allows obtaining high pg values (ue=100
cm?/(V-s)) with a higher V1 stability. Other groups have also
obtained encouraging results by Boron treatments [19] with pg
up to 115 cm?/(V-s).

An important issue in designing a SiC MOSFET is to
prevent high electric field values at the gate oxide interface.
Although the critical electrical field strength in SiC is one
order of magnitude higher than in Silicon, the existence of
high electric fields at the SiO,/SiC interface could
compromise either the gate oxide integrity or its reliability due
to hot electrons injection into the oxide. Consequently, a
shielded SiC MOSFET design is needed to ensure relatively
low electric field values at the gate oxide interface [9].

Another design consideration is the use of a Low Doped
Source (LDS) structure (see Fig. 1). It consists in a highly
doped n*-source tied to a lower doped n-region. Although this
structure penalizes Rpson, it allows limiting the pg reduction
effect and decreasing hot carrier injection into the oxide [20].

I1l. DESIGN AND PROCESS TECHNOLOGY

4H-SiC vertical power MOSFETs of voltage classes
targeting 1.7 kV, 3.3 kV and 4.5 kV have been fabricated with
a process technology having 13 photolithographic steps. Table
I shows the SiC epilayer properties used to fabricate devices
of three voltage classes. The mask set includes small and large
area (up to 25 mm?) power MOSFETSs, lateral n-MOSFETs
and test structures. The p-well doping profile used for all the
devices is the optimized one shown in Fig. 3. Fig. 4 shows a
picture of the fabricated monitor chip.

TABLE |
SIC EPILAYER PARAMETERS

Voltage class Thickness Doping concentration
(kV) (1m) (x10*° cm?)
17 15 5
3.3 34 15
4.5 40 1

A new gate oxide configuration based on a Boron diffusion
step has been considered. Unlike [18], where a simple thermal
dry oxide was used, the gate oxide presented in this work
consists of a rapid thermal oxide (RTO) grown in N,O
ambient similar to the one in [21], in which Boron diffusion is
carried out by means of BN planar sources [22, 23]. Finally, a
PECVD TEOS oxide is deposited on top (see Fig. 5), resulting
in total oxide thickness around 100 nm. Boron concentration is
equally distributed in the thermal oxide, and no Boron

3

impurities have been found in the TEQS. SIMS measurements
have also shown that Boron atoms do not penetrate into the
SiC crystal [23,24]. In addition, these measurements have also
evidenced a lack of Boron concentration uniformity across the
wafer and, consequently, more effort will be further required
to optimize the Boron diffusion process to avoid spreading in
device performance.

mjmpe

Fig. 4. Photograph of the monitor chip showing four large area power
MOSFETSs and test structures.

Furthermore, the power MOSFET edge termination consists
in a Junction Termination Extension (JTE) with p-well guard
rings surrounded by additional JTE rings with a total length of
158 um [25]. Simulation results have shown good edge
termination efficiency (defined as the ratio between
breakdown voltage and parallel plane voltage) for all the three
voltage class devices, and have also been confirmed on test
structures showing efficiencies close to 90% [26, 27].

| = Expected Boron concentration (cm) |

__________________ = 1020

Sio, (N,0)

Si0, / SiC interface

SiC n-type epilayer
SiC n+

Fig. 5. Schematic cross-section of the gate oxide, SiO,/SiC interface, and
expected Boron concentration.
IVV. EXPERIMENTAL RESULTS

Fig. 6 shows the measured forward blocking characteristics
of a power MOSFET for the three voltage -classes.
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Independently of the voltage capability, similar blocking
voltages have been obtained in devices with or without Boron
diffusion into the gate oxide. This fact demonstrates that the
Boron diffusion process does not affect either the edge
termination area or its efficiency.
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Fig. 6. Forward blocking characteristics of 25 mm? power MOSFETSs with
(solid) and without (dashed) Boron treatment.

Fig. 7 depicts the transfer characteristics of 25 mm? 4.5 kV
power MOSFETS with and without Boron diffusion treatment.
As it can be seen, Boron significantly reduces the channel
resistance component and also decreases the V1 value. This
V14 reduction allows the use of both thicker gate oxides and
higher p-well doping profiles, which are useful to prevent a
premature punch-through as mentioned before. The V14 (Vgs
at which Ips is equal to 1 mA) mean value is between 4 V and
5 V for the three voltage class devices with Boron diffusion

process.
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Fig. 7. Transfer characteristics of 25 mm? 4.5 kV power MOSFETs.
VD5=0.1 V.

The maximum gate voltage before oxide degradation was
55 V, which is slightly lower than that measured on wafer
without Boron (~ 60 V). Consequently, the Boron doping of
the gate oxide does not significantly impact the gate oxide
integrity. Moreover, it has only a slightly influence on V1y
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stability. In this sense, Bias Stress Instability (BSI) tests have
been carried out biasing the MOSFET gate between -5 V and
+25 V following the sequence shown in Fig. 8 (a). Fig. 8 (b)
depicts the resulting V4 drift of power MOSFETs with and
without Boron treatment under PBSI and NBSI stress.
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Fig. 8. (a) Bias Stress Instability test sequence. (b) V- drift of 9 mm? power
MOSFETSs with and without Boron treatment under PBSI and NBSI stress at
room temperature.

As it can be seen, after the last bias step of 3600s the Vy
drift of the power MOSFET with Boron is lower than 5%
under negative BSI (NBSI) and 2% under positive BSI
(PBSI). Hence, the V14 stability is not significantly affected
by the Boron gate oxide treatment. However, some
improvements are still needed to reach the stability levels of
commercial gate oxides showing nearly zero Vy, drift after
1000 hours BSI test [28, 29]. On the other hand, the
comparison of test structures with and without LDS structure
on the same wafer has revealed that the LDS does not
influence the Vqy stability. However, the Vyy drift under
NBSI increases until 12% when the negative gate test bias is
set to -10 V. These drift values are not as good as those
obtained in novel power MOSFET generations. The trade-off
between high mobility and V1 stability is still a challenge we
improved in this work but further optimizations are still
needed.
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Fig. 9. Boron impact on the field-effect mobility. Vps=0.1 V, Lep=12pum. 3.3kV
100m
25°C
Fig. 9 plots g obtained from the transconductance curves
of lateral n-MOSFET test structures according to 80m
e=L(WCuVps) Mdlps/dVgs, Where L and W are the channel 150°C

60m

length and width, and C, is the oxide capacitance per unit
area. As it can be seen, the Boron treatment significantly
increases s with values as high as 60 cm?/(V-s) for normal 40m /

los ()

gate operation biases. These values are lower than those

reported in [18] because the p-well has been performed by 20m | 300°C
multiple high-energy implantations. In our case, other lateral /%;EE;’C’
n-MOSFETs with the same gate oxide configuration 00 T 7 . 3' : .
fabricated on p-type epitaxied substrates exhibit ps values as Vo)
high as 160 cm?/(V-s) [23, 30] which is 60% higher than the o
results reported in [18]. (b)
The experimental 1ps(Vps) output characteristics of a large 45KV
area 4.5 kV power MOSFET is presented in Fig. 10. The 100m 25°C
average measured Rpso, Of the device active area at Vgs=20 V
is 28 mQ-cm?, 45 mQ-cm? and 62 mQ-cm? for 1.7 kV, 3.3 kV 80m
and 4.5 kV devices at room temperature. These values are
relatively high due to the large conservative cell pitch g oo Lsoe
dimensions (36 um). By reducing the cell pitch using stepper 8
lithography the above mentioned values could be reduced by 40m
at least a factor of 2. 300°C
20m
40 *x //if 0
Ves: 25y o T=25°C-300°C
* 0 1 2 3 4 5
30 V=20V Vos (V)
" (©
T / V =15V Fig. 11. Impact of temperature on the output characteristics of 0.8 mm?
= 20 * v—"] power MOSFETSs with Boron treatment. (a) 1.7 kV, (b) 3.3 kV and (c) 4.5
_0 V//v' kV. VGS:ZO V.
Ves=dV-25V /
v .
0 ™ Rpson Values of power MOSFETSs without Boron treatment
v VesT OV are 4 to 5 times higher, thus showing the efficiency of the gate
/v oxide Boron doping in reducing the on-state losses. As
0 . . . . VesTSV mentioned before, the g increase due to the Boron diffusion
0 2 4 6 8 10 strongly raises the current capability at room temperature for
Vye (V) all blocking voltage classes, and this current value decreases
Fig. 10. Experimental output characteristics of a fabricated 25 mm? 4.5 kV when I:alsmg temperature. However, pov_ver MOSFETs with
power MOSFET. and without Boron treatment show a different temperature

behavior since the scattering mechanisms that affect pg show

0278-0046 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2017.2723865, IEEE

Transactions on Industrial Electronics

16-TIE-3434

different temperature dependences. Scattering with phonons
are more effective at higher temperatures while scattering with
surface interface traps becomes less effective as increasing
temperature since the faster moving carriers interact less
effectively with them. In the case of MOSFETSs without Boron
treatment (high Dy) the current capability increases as the
temperature is raised from room temperature up to 150 °C and
then starts decreasing at higher temperatures. This is a due to
the fact that, first mobility increases with temperature since
scattering with interface traps predominate while at higher
temperatures the mobility decreases due to phonon scattering.
On the other hand, the current capability in devices with
Boron diffusion in the gate oxide (low Dj) always decreases
when increasing temperature due to the phonon scattering
predominance. Figs. 11 and 12 show the impact of
temperature on the output characteristics measured on small
area power MOSFETs with and without Boron, respectively
(only the output characteristics of structures with Boron
treatment are represented in the case of 3.3 kV power
MOSFETSs since their counterparts without Boron were not
fabricated). As it can be inferred from these figures, at 300°C
the current capability is very similar for devices with and
without Boron diffusion for each blocking voltage since the
major contribution of the drift layer to the Rpgon.
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Fig. 12. Impact of temperature on the output characteristics of 0.8 mm?
power MOSFETS without Boron treatment. (a) 1.7 kV and (b) 4.5 kV.
VGSZZO V.
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The interface quality improvement by the Boron treatment
of the gate oxide can also be inferred from the 3" quadrant
MOSFET characteristics [31, 32]. In this operation mode,
there are two interacting paths for the current flow; i.e.,
through the PiN diode and through the MOS channel. The
current through the channel is determined by the MOS gate
bias which suffers from a V1 reduction due to the body-effect
[31]. The current through the channel is strongly affected by
the interface quality, and can be suppressed by applying a
negative gate voltage. The I(V) characteristics of fabricated
devices have been measured to check the channel current flow
at 0 VV and at -4 V gate biases (see Fig. 13). As it can be seen,
at Vgs=0 V current starts increasing for drain voltages lower
than the p-n built-in potential (~2.5 V) although these voltages
are higher in the case of devices with Boron treatment. Given
that all fabricated devices have the same cell structure design,
it could be another indication that Boron treatment improves
the interface quality since the (V) curve is closer to that of a
PiN diode.
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Fig. 13. 3" quadrant I(V) characteristics at Vgs=0 V and Ves=-4 V of 25
mm? fabricated power MOSFETs (a) without Boron treatment, (b) with
Boron treatment.
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It is also clearly seen that the current through the channel is
reduced when applying a -4 V gate bias as shown in
commercial devices [32]. Concerning devices with Boron
treatment, epilayers targeting 1.7 kV and 3.3 kV show
different knee voltages at 0 V and -4 V while there is almost
no difference for epilayers targeting 4.5 kV (both curves
approach to that of an ideal PiN diode). In any case, a further
negative increase of the gate voltage does not shift the diode
characteristics.

The switching performance of fabricated MOSFETs has
been preliminary tested using a resistive circuit. A low
switching frequency (fy=1 kHz) signal is applied to the gate
of the 3.3 kV power MOSFET with a signal generator. The
voltage applied to the gate to turn on and off the MOSFET are
20 V and -5 V respectively. Fig. 14 shows the experimental
switching waveforms. The performance of the power
MOSFETSs under test has been analyzed in a simple DC/DC
converter. A prototype of a boost converter was developed and
used to test the switching behavior under inductive load. A
PWM signal has been applied to the MOSFET gate using a
driver to increase switching speed. The applied gate voltages
to turn the MOSFET on and off were also 20 V and -5 V, and
the switching frequency is 50 kHz. The experimental
waveforms at V;,=0.5 kV, V=1 kV by the boost converter of
approximately 1 kW are shown in Fig. 15. In this operation
point, the efficiency of the boost converter was around 95%.

Stop 5 B 900V

@

100v/ @ 1ovs @ 1008/ @ £ [ 50278 50003 Stop § B 8.00V

(b)

Fig. 14. Switching waveforms of a 3.3 kV MOSFET under resistive load.
(a) turn-on and (b) turn-off.

7

100v/ @ 200v/ @ 100a/ @ & 00s 5000/ Stop 4 8760

Fig. 15. Experimental waveforms of the boost converter at Vi,= 500 V,
Vou= 1000 V and P=1 kW.

V. CONCLUSION

The Boron gate oxide treatment presented in this work
significantly improves the electrical characteristics of high
voltage planar power MOSFETSs with respect to counterparts
without Boron diffusion. High voltage devices with voltage
ratings up to 4.5 kV have been fabricated. The improvements
include increase of inversion channel mobility and reduction
of specific on-resistance. Moreover, the forward blocking
capability and the threshold voltage stability are not
significantly affected by the Boron treatment. Nevertheless,
further improvements on Vy stability are still needed. High
temperature measurements have also shown that the channel
contribution to the total on-resistance lowers as the
temperature is increased. In addition, switching performance
has been successfully tested in a simple DC/DC converter.

REFERENCES

[1] Advanced Research Projects Agency - Energy (arpa-e), U.S.
Department of Energy. “Switches Program Overview”. Retrieved from
http://arpa-e.energy.gov

[2] P. Roussel, “SiC Market and Industry Update”, International SiC Power
Electronics Applications Workshop, ISICPEAW, Kista, Sweden, 2011.

[3] J. Millan, P. Godignon, X. Perpifia, A. Pérez-Tomas and J. Rebollo, “A
survey of wide band gap power semiconductor devices”, IEEE
Transactions on Power Electronics, vol.29, no. 5, pp. 2155-2163, 2014.

[4] http://www.genesicsemi.com/index.php/sic-products/schottky

[5] http://www.wolfspeed.com/power/products/sic-mosfets/table

[6] http://www.rohm.com

[7]1 http://www.pwrx.com/summary/SiC-Modules.aspx

[8] V. Soler, M. Berthou, M. Florentin, J. Montserrat, P. Godignon, J.
Rebollo and J. Millan. “Design and Fabrication of High Voltage 4H-SiC
MOS Transistors”. Proc. of SAAEI, Zaragoza, Spain, June 2015.

[9] B.J. Baliga, Silicon Carbide Power Devices. World Scientific, 2005, ch.
10

[10] TCAD Tool Suite. http://www.synopsys.com/products/ tcad/tcad.html.
Synopsys, 2006.

[11] M. K. Das, “Recent Advances in (0001) 4H-SiC MOS Device
Technology”, Materials Science Forum, Vol. 457-460, pp.1275-1280,
2004.

[12] P. Fiorenza, F. Giannazzo, M. Vivona, A. La Magna, and F. Roccaforte.
“SiC/4H-SiC interface doping during post-deposition annealing of the
oxide in N,O and POCI5”, Applied Physics Leters, Vol.105, No.15, Oct.
2013.

[13] D. Okamoto, H. Yano, K. Hirata, T. Hatayama and T. Fuyuki,
“Improved Inversion Channel Mobility in 4H-SiC MOSFETSs on Si Face
Utilizing Phosphorus-Doped Gate Oxide”, IEEE Electron Device
Letters, vol. 31, no. 7, pp. 710-712, 2010.

0278-0046 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2017.2723865, IEEE

Transactions on Industrial Electronics

16-TIE-3434

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

0278-0046 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

D. J. Lichtenwalner, L. Cheng, S. Dhar, A. K. Agarwal, S. Allen, J. W.
Palmour, “High-Mobility SiC MOSFETs with Chemically Modified
Interfaces”, Materials Science Forum, Vols. 821-823, pp. 749-752, 2015
D. J. Lichtenwalner, V. Pala, B. Hull, S. Allen, J. W. Palmour, “High-
Mobility SiC MOSFETs with Alkaline Earth Interface Passivation”,
Materials Science Forum, Vol. 858, pp. 671-676, 2016.

A. Modic, G. Liu, A. C. Ahyi, Y. Zhou, P. Xu, M. C. Hamilton, J. R.
Williams, L. C. Feldman, S. Dhar. “High channel mobility 4H-SiC
MOSFETSs by antimony counter-doping”. IEEE Electron Device Letters,
vol. 35, no. 9 (2014), 894-896.

X. Y. Yang, B. M. Lee, V. Misra, “High Mobility 4H-SiC MOSFETs
Using Lanthanum Silicate Interface Engineering and ALD Deposited
Si02”, Materials Science Forum, Vols. 778-780, pp. 557-561, 2014.

D. Okamoto, M. Sometani, S. Harada, R. Kosugi, Y. Yonezawa, H.
Yano. “Improved Channel Mobility in 4H-SiC MOSFETs by Boron
Passivation” |IEEE Electron Device Letters (EDL), Vol. 35, No. 12, pp.
1176-1178, 2014.

T. lsaacs-Smith, Y. Zheng, C. Jiao, A. C. Ahyi, S. Dhar. “Boron
Pasivation for Improved Channel Mobility in 4H-SiC MOSFETs” MRS
Spring Meeting & Exhibit, Phoenix, Arizona, USA, 2016

E. Fontana, N. Piluso, A. Russo, S. Lorenti, C. M. Marcellino, S. Coffa,
F. La Via, “Ion Implantation Defects in 4H-SiC DIMOSFET”, Materials
Science Forum, Vol. 858, pp. 418-421, 2016.

A. Constant, P. Godignon, J. Montserrat, J. Millan. “Nitrided gate oxide
formed by rapid thermal processing for 4H-SiC MOSFETs”, ECS
Transaction, vol. 35 No. 6, p. 157, 2011.

M. Cabello, V. Soler, J. Montserrat, J. Rebollo, J. Millan and P.
Godignon, “High mobilities SiC N-MOSFET using nitrided gate oxide
with Boron diffusion treatment”. Proc. of E-MRS, Symposium L, Lille
(France), May 2016.

M. Cabello, V. Soler, N. Mestres, J. Montserrat, J. Rebollo, J. Millan, P.
Godignon, “Improved 4H-SiC N-MOSFET interface passivation by
combining N,O oxidation with Boron diffusion” Proc. of ECSCRM,
Halkidiki, Grece, September 2016.

M. Cabello, V. Soler, J. Montserrat, J. Rebollo, J.M. Rafi, P. Godignon.
“Impact of Boron diffusion on oxynitrided gate oxides in 4H-SiC metal-
oxide-semiconductor field-effect transistors” submitted to Applied
Physics Lett. 2017

M. Berthou, Implementation of high voltage Silicon Carbide rectifiers
and switches. Ph. D. Thesis, 2012.

V. Soler, M. Berthou, A. Mihaila, J. Montserrat, P. Godignon, J. Rebollo
and J. Millan. “Experimental analysis of planar edge terminations for
high voltage 4H-SiC devices”. Proc. of ESSDERC, Graz, Austria,
September 2015.

V. Soler, M. Berthou, A. Mihaila, J. Montserrat, P. Godignon, J.
Rebollo, J. Millan. “Planar edge terminations for high voltage 4H-SiC
power MOSFETs”. Semiconductor Science and Technology Vol. 32
No.3, p.03500, 2017.

B. Hull, S. Allen, Q. Zhang, D. Gajewski, V. Pala, J. Richmond, S. Ryu,
M. O’Loughlin, E. VanBrunt, L. Cheng, A. Burk, J. Casady, D. Grider,
J. Palmour, “Reliability and stability of SiC power MOSFETs and Next-
Generation SiC MOSFETs”, IEEE Workshop on Wide Bandgap Power
Devices and Applications (WiPDA), 2014

SiC Power Devices and Modules (Application Note 14103EBY01).
Rohm Semiconductors. Issue of August 2014.

M. Cabello, V. Soler, J. Montserrat, J. Rebollo, P. Godignon, J. Millan.
“High channel mobility in 4H-SiC N-MOSFET using N,O oxidation
combined with Boron diffusion treatment”. CDE Conference, Barcelona,
Spain, 2017.

V. Pala, E. VanBrunt, S. H. Ryu, B. Hull, S. Allen, J. Palmour. “Physics
of Bipolar, Unipolar and Intermediate Conduction Modes in Silicon
Carbide MOSFET Body Diodes”. Proc. of ISPSD, Prage, Czech
Republic, June 2016.

V. Soler, M. Cabello, M. Berthou, J. Montserrat, J. Rebollo, J. Millan, P.
Godignon, E. Bianda, A. Mihaila. “4.5 kV SiC power MOSFET with
Boron Doped Gate Dielectric”. Proc. of ISPSD, Prague, Czech Republic,
June 2016.

8
Victor Soler was born in 1986. He
received  the B.S. degree in

telecommunications engineering in 2010
from the Autonomous University of
Barcelona (UAB), Barcelona, Spain, and
M.S. degree in micro and nano electronic
technology in the same university in 2013.
In 2014, he joined the Power Devices and
Systems Group, Centro Nacional de Microelectronica (CNM),
Barcelona, Spain, where he has been working on SiC power
devices design and technologies. His research is mainly
focused on high voltage devices. His expertise accounts for
power device simulation, mask design and electrical
characterization. He has contributed in more than 10
publications including journals and international conferences.

Maria Cabello was born in 1988, She
received the B.S. degree in physics from
the Autonomous University of Barcelona
(UAB), Barcelona, Spain in 2012, and
M.S. degree in biomedical engineering in
the University of Barcelona (UB) in 2014.
In 2015 she joined the Power Devices and
Systems Group, National microelectronics
center of Barcelona (CNM), Barcelona, Spain. Her research
activity is primarily related to SiO,/SiC interface and high-k
materials. She has co-authored more than 10 papers including
regular and conference papers.

Maxime Berthou received the B.S.
degree in fundamental physics from the
University of Paris XI, Orsay, France, in
2007 and the Ph.D. degree in electronic
from the Institut National des Sciences
Appliquées de Lyon, Lyon, France, in
2012. In 2007, he joined the Centro
Nacional de Microelectrénica, Barcelona,
Spain. Since 2014, he has been with CALY Technologies
company working on SiC power devices simulation, design
and technologies and more precisely VMOS and JBS diodes.

Josep Montserrat received the B.S. and
Ph.D. degrees in physics from the
University of Barcelona, Barcelona, Spain,
in 1985 and 1991, respectively. Since
1987, he has been with the Clean Room
Group, National Microelectronics Centre,
Universitat Autonoma de Barcelona,
Barcelona, Spain, where he is currently
working as a Process Engineer. He is responsible for ion
implantation and metallization areas. His main research
interest is in silicon technology for the manufacture of CMOS
integrated circuits, power devices, and microelectronic
Sensors.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2017.2723865, IEEE

Transactions on Industrial Electronics

16-TIE-3434

José Rebollo was born in 1959. He
received the B.S. and the Ph.D. degrees in
Physics from the Autonomous University
of Barcelona, Barcelona, Spain, in 1982
and 1987, respectively. He was an
Assistant  Professor at this University
teaching Electronics and Physics as well
as Postgraduate Microelectronic Courses. In 1989, he joined
the Power Devices and Systems Group of the National
Microelectronic Centre (CNM) where he has been working on
the physics, technology, modelling, and reliability of power
semiconductor devices. He has published more than 200
papers in scientific journals and conferences, and holds several
patents in these fields. Dr. Rebollo has participated and
managed several EU funded projects, and industrial contracts
including technology transfer, as well as R&D projects funded
by the Spanish Administration.

Philippe Godignon was born in Lyon
(France) in 1963. He received the Ph.D.
degree in electrical engineering from
Institut National des Sciences Appliquées
de Lyon (INSA), Lyon, France, in 1993.
Since 1990, he has been with the Power
I Device and System Group, Centro
Nacional de Microelectronica (CNM), Barcelona, Spain,
where he has been working on Si and SiC IGBT/VDMOS
device design and technologies. His competence covers the
device technological process development and mask design as
well as the electrical characterization. He has authored more
than 250 publications and conference proceedings on Si and
SiC power devices. He also co-authored more than 10 patents.
His recent works deal with SiC devices extended to high
temperature devices and sensors as well as grapheme and CNT
transistors for environmental and biomedical applications.

Andrei Mihaila received his Ph.D. in
Electrical Engineering from University of
Cambridge, in 2003, focusing on Silicon
Carbide power devices for high
power/high  temperature  applications.
Since then, he held several positions in
both academic and industrial
environments, including University of
Cambridge and Cambridge Semiconductors. He has extensive
experience on design, fabrication and testing of vertical power
devices fabricated in SiC as well as Si technology. He has
published more than 50 papers in journals and international
conferences and holds more than 15 international patents. He
is currently a principal scientist with ABB CRC, in the
Semiconductors Group, focusing on next generation power
semiconductors research.

9

Maria R. Rogina (S’14) was born in
Awviles, Spain, in 1990. She received the

M.Sc. degree in telecommunication
engineering from the University of
Oviedo, Spain, in 2014, and she is

currently pursuing the Ph.D. degree in the
same university. Her research interests
include switching-mode power supplies, DC-DC converter
modelling and bidirectional DC-DC power converters.

Alberto Rodriguez (S'07, M'14) was born
in Oviedo, Spain, in 1981. He received the
M.S. degree in telecommunication
engineering in 2006 from the University
of Oviedo, Gijén, Spain, and the Ph. D.
degree in electrical engineering in the
same university in 2013. Since 2006, he
has been a researcher with the Power Supply System Group
and an Assistant Professor with the Department of Electrical
and Electronic Engineering at the University of Oviedo. His
research interests are focused on multiple ports power supply
systems, bidirectional DC-DC power converters and wide
band gap semiconductors.

Javier Sebastian (M'87-SM'11) was born
in Madrid, Spain, in 1958. He received
the M.Sc. degree from the Polytechnic
University of Madrid, and the Ph.D.
degree from the University of Oviedo,
Spain, in 1981 and 1985, respectively. He
was an Assistant Professor and an
Associate  Professor at  both  the
Polytechnic University of Madrid and at the University of
Oviedo, in Spain. Since 1992, he has been with the University
of Oviedo, where he is currently a Professor. His research
interests are switching-mode power supplies, modeling of dc-
to-dc converters, low output voltage DC-DC converters, high
power factor rectifiers, DC-DC converters for envelope
tracking techniques and the use of wide band-gap
semiconductors in power supplies.

0278-0046 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



