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Abstract

A normally-off 4H-SiC trenched gate MOSFET structure with epitaxial buried
channel, coupled with improved fabrication processes has resulted in substantially
improved channel mobility. Fabricated devices subject to high-temperature ohmic
contact rapid thermal annealing at 850 °C for 5 min exhibit a peak field-effect
mobility (ueg) of 95 cm?/Vs at room temperature (25 °C) and 255 cm*/Vs at 200 °C,
which are among the highest reported to date. The dependence of channel mobility

and threshold voltage on buried channel depth is investigated to explore the optimum

range of channel depth.
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1. Introduction:

Silicon carbide (SiC) power devices are expected to drastically outperform Si
counterparts due to the superior physical properties of SiC, such as wide bandgap,
high breakdown field and high thermal conductivity. In particular, the 4H-SiC

MOSFET is a key component in future power switching applications to meet
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increasing demands of handling higher power densities at temperatures possibly up to
200°C. At present, however, the development of 4H-SiC MOSFETs have been
hampered by notorious channel mobility and gate oxide reliability problems. The
major reason for low channel mobility is believed to be the presence of the
exponentially increased interface states towards the conduction band edge, resulting
in substantial electron trapping and Coulomb scattering at the SiO,/SiC interface [1].
Besides, interface surface roughness may also play a major role in affecting channel
mobility through scattering of the electréns by collision. In typical SiC-MOSFETs,
the source region is formed by a heavy implantation followed by activation annealing
higher than 1500°C, which make the flat surface of SiC rough. The fact that gate
oxide is usually formed on the source region with substantial surface roughness also
gives rise in the concems of gate oxide reliability. Hence we believe the substantial
surface roughness is the ultimate bottleneck in limiting the gate oxide reliability as
well as the channel mobility. Recently, various approaches have been employed to
improve the quality of the MOS interface [2-7]. Peak inversion channel mobilities of
50~70 cm®/Vs [3, 4] have been obtained by the nitridation of SiO,/SiC interface
through nitric oxide (NO) growth or NO annealing. Even higher high inversion
channel mobility up to 150 cm?/Vs has been achieved by the use of contaminated
alumina environment for gate oxidation [5]. However, two factors might make this
special process not suitable for MOSFET fabrication: Rapid thermal annealing for
ohmic contacts has to be excluded for attaining the above results, or the channel
rhobility can be decreased by a factor of about two [6]; Substantial mobile ions have
been introduced into gate oxide under the contaminated alumina environment. In
addition, some researchers utilized a buried channel structure formed by ion

implantation to improve the channel mobility in 4H-SiC MOSFETSs up to 140 cm?’/Vs



[7]. Similar to [5], however, this high mobility was only obtained without high-
temperature contact annealing.

In this paper a 4H-SiC lateral trenched gate MOSFET with very high channel
mobility is reported. Unlike all published works [3-8], the structure of lateral treﬂched
gate MOSFET contains the novel features aiming at improving channel mobility and
gate oxide reliability: no N* source implantation and hence no high-temperature
(1500 °C) surface-degrading activation annealing are introduced in fabrication; no
epitaxial regrowth is required; no MOS channel implantation. In addition, the study of
the lateral trenched gate MOSFET is part of an on-going effort in developing vertical
power MOSFETs, where all the advantages described above can be transferred into
reliable power MOSFETs with low on-resistance. This paper will report the result of
the successful demonstration of very high channel mobility for the lateral MOSFET.
The dependence of channel mobility and threshold voltage on buried channel depth is

also studied to explore the optimum channel depth.

2. Device fabrication

The cross-sectional view of a fabricated 4H-SiC lateral trench-gate MOSFET is
presented in Fig.1. As shown, if the dotted p-type region is converted into n-type by a
low dose ion implantation, the lateral structure can be easily transformed into a
vertical power MOSFET. The channel length to width ratio of the device is 15 um /
350 um. The starting 4H-SiC 8° off-axis Si face commercial wafer had an initial 0.22
um thick N-type epilayer with a doping concentration of 2x10'® ¢m™ as the buried
channel, a 0.90 pm 4x10"7 cm™ doped P-type epilayer underneath the channel layer,
and a highly doped N* cap epilayer (0.15 um, Ng=2x10" ¢cm™) for implant-free source

ohmic contact. The wafer was first etched by inductively-coupled plasma (ICP) in the



CF4/O, mixture into p-type epilayer for mesa isolation. Thereafter, three trenched-gate
regions with different depths of 0.15, 0.12 and 0.09 pm were then formed by shallow
ICP etching, in order to investigate the dependence of channel mobility and threshold
voltage on buried channel depth. A sacrificial oxide layer was then thermally grown
in wet ambient at 1100 °C for 0.5 hr and then stripped off by diluted HF acid. The
gate oxide was grown first in nitric oxide (NO) at 1175 °C, followed by NO annealing
at 950 °C and further oxidation in dry O at 1175 °C plus a final oxidation in NO at
1175 °C, resulting in a total gate oxide thickness of 100nm. After opening windows
into the oxide, 300nm thick Ni was sputtered to form source and drain contacts. Rapid
thermal annealing for ohmic contacts was performed at 850 °C for 5 min in nitrogen
forming gas (5% H, in Ny), which is a critical step for future vertical power MOSFET
fabrication. Gate contacts were formed by a 300 nm thick layer of Mo.

Based on device structure shown in Fig.1 and above fabrication process, it is seen
that source region is formed by epitaxial N” layer instead of heavily implanted N
region, which hence excludes high temperature activation annealing (=1500 °C). The
preserved SiC flat surface would alleviate the concerns on channel mobility and gate
oxide reliability. Although low dose implantation will be introduced in the fabrication
of vertical power MOSFETSs, only low temperature activation annealing (<1500 °C) is
used. In addition, buried MOS channel is formed by N epitaxial layer so that neither
epitaxial regrowth nor channel implantation is introduced. The expitaxial buried
channel layer would contribute to the improvement of the channel mobility by
keeping electrons conduction flow away from the SiO2/SiC surface to reduce

interfacial trapping effects on carrier mobility.

3. Results and discussion



Characterizations were conducted with a HP4145B semiconductor parameter
analyzer. All the devices were tested at chip level using a standard probe station with
source contacts grounds. The gate leakage between the gate and drain contacts was
first measured and confirmed to be in pA range. The results presented in the paper
were collected from MOSFETs with channel current flow perpendicular to the
wafer’s major flat, since such devices were always found to exhibit relatively higher
output currents.

The output Ips-Vps characteristiés of a device at room temperature (25 °C) and 200
°C are shown in Fig. 2a and Fig. 2b, respectively. The gate voltage was stepped in 10
V step up to 40 V, corresponding to a high electric field of 4 MV/cm across the gate
oxide. It is very clear that the drain currents at 200 °C are drastically higher compared
to those at room temperature, indicating substantially increased channel mobility at
200 °C. Fig. 3a and Fig. 3b show the transfer Ips-Fgs characteristics of a device
measured with Vps = 50 mV at room temperature and 200 °C. The corresponding

field-effect mobility ppe was calculated from equation (1) and also plotted in Fig. 3a

and Fig.3b.
ol 1 L
Hpg = —= (_j (1)
aI/GS COX VDS W

In the above equation, Coy is the oxide capacitance, and L and W are the channel
length and width respectively. Fig. 3a shows pgg at room temperature reaches a peak
value as high as 95 cm?/Vs around the electric field of 1 MV/cm, representing a
significant improvement in the channel mobility at room temperature as compared to
that in [3, 4] subjected to similar high-temperature ohmic contact rapid thermal
annealing. It is worth point out that this result is more meaningful for fabrication of
MOSFETs compared to those higher mobilities of 140~150 cm?/Vs in [5-7], because

those results could be only obtained without ohmic contact annealing. It can be also



inferred that the buried-channel, epitaxially grown with superior quality in
comparison to implanted channel, effectively reduces the influence of interface traps
and surface roughness by keeping the electron flow further away from the interface.
The calculated ppg at 200 °C as a function of Vgs shown in Fig. 3b exhibits a
substantially higher peak value of 255 cm?/Vs around a low electrical field of 1
MV/cm as compared to that at room temperature. The increase of the channel
mobility with increasing temperature, which was also reported in [3], can be attributed
to thermal detrapping of electrons. The reduced Coulomb scattering due to the
detrapping leads to higher channel mobility which, on top of increased channel
electron concentration, result in the drastic increase in the MOSFET drain current as
shown in Fig. 2b. On the other hand, in power MOSFETs the increased channel
mobility at elevated temperature can be useful to compensate the increased on-
resistant of low-dose drift layer at elevated temperature due to phonon scattering.
Revisiting both Fig. 3a and Fig. 3b, it is seen that the pre decreases from the peak
value as gate oxide electric field is increased. It is an expected phenomenon because
at high gate oxide electric field channel electrons are drawn very closer to the
Si0,/SiC interface, where the interface traps as well as surface roughness give rise to
much stronger scattering of the electron flow. Threshold voltage (V) is extracted
from the intercept on the Vgs axis of Fig. 3a and Fig. 3b by a linear fit. Vi, at room
temperature is found to be 5.3 V, showing a clear normally-off operation. Ve at 200
°C is extracted to be 5.1 V from the Ips-Vgs curve in Fig. 3b, still showing a stable
normally-off operation.

The depth of expitaxial buried channel (D) is an important parameter for trenched
gate MOSFETs. In addition to the devices with 0.15 pum thick buried channel, the

devices with 0.12 and 0.09 pm thick buried channel were fabricated on the same chip



and tested in the same procedure as above. Fig. 4 shows the dependence of the peak
1eg on buried channel depth at room temperature and 200 °C. For the channel depth of
0.09, 0.12, and 0.15 um, the peak ppe values are 59, 81, and 95 cm?/Vs at room
temperature, respectively. The significant improvement of channel mobility with
increase of channel depth is also discovered at the device temperature of 200 °C, i.e.,
160, 190, and 255 cm?/Vs for the channel depth of 0.09, 0.12, and 0.15 pm
respectively. This tendency can be interpreted that as channel depth increases more
electrons can flow in the deep position away from the SiO,/SiC interface with less
scattering of interface traps and surface roughness. At each channel depth the devices
always show much higher channel mobility at 200 °C than that at room temperature
because of thermal detrapping of electrons. It can be then inferred that surface
roughness scattering dominates at elevated temperature of 200 °C. The dependence of
the threshold voltage on buried channel depth at room temperature and 200 °C are
compared in Fig. 5. It is seen that threshold voltage decreases due to the extension of
channel depth. For the channel depth of 0.09, 0.12, and 0.15 pm, the threshold
voltages are 25.3, 14.6, and 5.3 V respectively at room temperature, 14, 10.4, and 5.3
cm?/Vs respectively at 200 °C, all indicating normally-off operation. The decrease of
Vi, with extended D, can be attributed to less pinch-off of buried channel in thicker
buried channel. Fig.5 also shows for each channel depth, Vi, is always higher at
elevated temperature of 200 °C as compared to that at room temperature, which is
consistent with the detrapping of negative electrons at the channel interface. However,
the devices with different D, show substantial discrepancy on the variation of Vi, at
room temperature and 200 °C. The device with D¢y of 0.15 pm only shows the shift of
Vi as small as 0.2 V, whereas the device with D, of 0.09 pum exhibits a big shift of

11.3 V. It can be inferred that in thicker buried channel thermal detrapping of



electrons would give rise to weaker influence on Vy,. Based on the analysis on Fig. 4
and Fig. 5, it can be concluded that D, of 0.15 pm is most optimized channel depth
among three regions, which gives the device the highest mobility at both room
temperature and 200 °C and limit the shift of ¥ to the smallest.

The high channel mobility result reported in this paper is being used in the on-
going fabrication of vertical power MOSFETs having a structure similar to Fig.1
except the dotted, shadowed p region is converted to n region by low dose nitrogen
implant with lower temperature (<1500 °C) activation annealing which preserves a
near virgin epilayer surface to ensure high channel mobility and high gate oxide

reliability.

4. Conclﬁsion

A high channel mobility lateral 4H-SiC trenched gate MOSFET has been
demonstrated. The fabricated devices with a channel depth of 0.15 pum, even after
undergoing the rapid thermal annealing at 850 °C for ohmic contacts, still exhibit a
high channel mobility of 95 cm?’/Vs at room temperature and 255 cm?®/Vs at 200 °C
with a clear normally-off operation. To the best of our knowledge, this value is among
the highest reported to date for a normally-off 4H-SiC MOSFET that has undergone
high temperature rapid thermal annealing. This result makes it possible to develop
vertical power MOSFET with the novel features of (i) no high-dose ion implantation,
(il) no >1500°C high-temperature surface-degrading activation annealing, (iii) no N*
source implantation and hence no gate oxide on top of heavily implanted source
region, (iv) no epitaxial regrowth, and (v) no MOS channel implantation, all aimed at
improving channel mobility and gate oxide reliability. In addition, the dependence of

channel mobility and threshold voltage on buried channel depth has been investigated



and compared to conclude that the channel depth of 0.15 pm is close to the optimized

range for highest channel mobility and smallest threshold voltage shift.
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Figure captions:

Fig. 1. Cross-sectional view of lateral 4H-SiC trenched gate MOSFET which can be
readily converted into vertical power MOSFET by converting the dotted p-region into
n-region through a lower dose implant with a lower temperature activation annealing .

Fig. 2. Output characteristics of the lateral 4H-SiC trenched gate MOSFET (Forward
I4, versus Vs at different Vi) (a) at room temperature; (b) at 200 °C.

Fig. 3. Transfer characteristics (Iss versus Vi) of the lateral 4H-SiC trenched gate
MOSFET at V4 of 50 mV, and field-effect mobility as a function of gate voltage (a)
at room temperature; (b) at 200 °C..

Fig. 4. Peak field effect mobility Vy, as a function of buried channel depth Dy, at room
temperature and 200 °C.

Fig. 5. Threshold voltage Vi, as a function of buried channel depth D, at room
temperature and 200 °C.
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Fig. 1. Cross-sectional view of lateral 4H-SiC trenched gate MOSFET which can be
readily converted into vertical power MOSFET by converting the dotted p-region into
n-region through a lower dose implant with a lower temperature activation annealing.
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Fig. 2. Output characteristics of the lateral 4H-SiC trenched gate MOSFET (Forward
Ips versus Vpg at different Vgs) (2) at room temperature; (b) at 200 °C
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Fig. 3. Transfer characteristics (Ips versus Vgg) of the lateral 4H-SiC trenched gate
MOSFET at Vps of 50 mV, and field-effect mobility as a function of gate voltage (a)

at room temperature; (b) at 200 °C.
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