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Abstract: The radiation influences on electrical parameters of
4H-SiC vertical double-implanted metal-oxide-semiconductor
field effect transistor (VDMOS) are studied. By simulations
on SRIM software and SILVACO software,
parameters shifts of the device with defects in different regions
are observed. The results indicate that the defects in different
regions induced by radiations lead to different degradations of
the electrical parameters. Non-ionization bulk defects in the
JFET region make the drain-source on-state resistance Ry,
increase, and those near the impact ionization center make the
breakdown voltage V... iNCrease. Moreover, the radiation-
induced SiC/SiO, interface defects, known as negative
interface charges or positive interface charges, influence the
electrical parameters significantly as well. The positive
interface charges along the SiC/SiO, interface above the
channel region lead to a decrease in threshold voltage V,,
Ry, and V| ... While positive interface charges along the
SiC/Metal interface above the main junction of the terminal
only leads to the decrease in V,
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he SiC device has become one of the most promising
Tcandidates in power electronic fields due to its high
blocking voltage, low power loss and high working tem-
perature!' '
used in the aerospace industry. Since the space environ-
ment is extremely harsh, it is significant to comprehen-
sively consider the radiation influences upon the SiC de-
vice. As one of the most widely used SiC devices at the
moment, 4H-SiC vertical double-implanted MOSFET

(VDMOS) is of great investigation value in radiation-re-
141

Also, it has immense potential to be widely

sistant fields
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Cosmic particles, such as protons, damage the device
via different mechanisms. For the bulk region, when the
device is exposed to space environment, incident particles
can enter the device and impact the lattice atoms with en-
ergy transfer, thus making atoms ionize or displace. As
the bandgap of the SiC material is so large that the
ionization cannot be the main source of damage, the dis-
placement dominates the damage'”'. The displacements of
lattice atoms can induce instable vacancies in SiC materi-
als. Parts of the vacancies disappear since the lattice at-
oms have adequate energy to allow simple damage to re-
grow back into its original crystalline form. The rest va-
cancies form deep level defects in SiC materials' . It has
been proved that the deep level defects in 4H-SiC materi-
als are accepter traps'”’. For the SiC/SiO, interface re-
gion, the incident particles can break fragile bonds and
bring charges to the interface when passing through it.
The type of radiation-induced interface charges in 4H-SiC
nMOS capacitor interfaces have been proved to be nega-
tive'”’. However, the types of radiation-induced Q. in
different interface regions of power VDMOS are un-
known.

Numerous articles have illustrated the radiation effects
on SiC devices. Ref. [9] reported that 4H-SiC diodes
show increase in series resistance and blocking voltage af-
ter the proton radiation. Ref. [10] reported that the radia-
tion effects on the SiC/SiO, interface are different from
those on Si/SiO, interface. However, the attention paid
to the radiation effects on 4H-SiC VDMOS are not
enough, especially in the terminal region of VDMOS'",
so comprehensive studies of the radiation reliability are in
high demand.

In this paper, the radiation effects on 4H-SiC VDMOS
are studied via simulations. First, the non-ionization radi-
ation-induced traps, whose information is obtained by the
SRIM software, are added to the bulk region of the de-
[l " Moreover, both positive interface charges and
negative interface charges are added to the interface re-
gion to make the investigation more comprehensive.
Then, the electrical parameter shifts are obtained by the
SILVACO software. Finally, the mechanisms of the deg-
radations are illustrated.

vice

1 Structure and Simulation

Fig. 1 shows the schematic cross section view of the



Investigation of radiation influences on electrical parameters of 4H-SiC VDMOS 475

1.2 kV 4H-SiC VDMOS studied in this paper. The de-
vice mainly contains the cells and terminal region. The
terminal structure of the device consists of a main junction
(connected to the source) and several guardrings. The
depth of the drift region is 12 wm with a doping concen-
tration of approximately 9 x 10" ¢cm ~*. The doping con-
centrations of the main junction, guardrings and p-body
are all 5 x 10" ¢cm ~*, and the depth of the main junction,
guardrings and p-body are all 0.95 pm.
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Fig.1 The schematic cross section of the investigated 4H-SiC
VDMOS with terminal

Fig. 2(a) shows the typical case of the incident path of
120 keV protons. The incident particles can make target
atoms recoil, then the recoiling target atoms cause colli-
sion cascades, which dominates the damage process. The
transfer of energy occurs during the above process, and
the red dots are only plotted if the transferred energy is
large enough to displace the atom from its lattice site.
Thus, these dots can indicate the main position where the
displacements occur'”'. Fig. 2(b) shows the ions distri-
bution in the device, which indicates the position of pro-
duced defects more clearly. In the case mentioned, the
position of the induced defects is about 1 ywm beneath the
material surface, near the p-body bottom.

layer

SiO, layer

(a) (b)
Fig.2 Damage process of proton radiation. (a) The incident
path of protons; (b) Induced ions distribution

In order to distinguish the influences brought by the
damages in different regions, the energy and incident an-
gle of the particles are changed, and three typical damage
regions are selected (see Fig. 1). The region marked as
R, is located in the JFET region, where the current flows

through. The region marked as R, is located under the p-
body region, where the impact ionization center appears,
which is observed via simulations. The region marked as
R, is located at the corner of the main junction, where
the electric field is usually extremely high. Then the traps
are added to the three typical regions to complete the sim-
ulations.

The collision cascades can be more serious in the inter-
face region (see Fig.2(a)) and the SiC/SiO, interface is
usually of poor quality, thus some fragile bonds can be
broken and interface charges can be accumulated at the in-
terface. Whether positive interface charges or negative in-
terface charges will be accumulated at the SiC/SiO, or
SiC/Metal interface in the VDMOS is unknown, both
positive interface charges and negative interface charges
are added into the following three regions to compare ( see
Fig. 1). The region marked as R, is the SiC/SiO, inter-
face above the channel region. The region marked as R,
is the SiC/Si0O, interface above the JFET region. Finally,
the region marked as R, is the SiC/Metal interface above
the main junction.

When the defect information has been confirmed, sim-
ulations by the SILVACO are completed to acquire the
electrical parameter shifts of the device under investiga-
tion. What needs to be pointed out is that the surfmob
model (the effective field-based surface mobility model)
and the aniso impact model (only for 4H-SiC material) in
SILVACO are used to ensure the accuracy of the simula-

tion results'"" .

2 Results and Discussion

Fig. 3 shows variations in the drain-source on-state re-
sistance R, and breakdown voltage V of the inves-
tigated device. To be noted, R
Vand V=5V, and V4., is extracted at V, =0 V
and I, =100 pA. R, increases significantly with the in-
crease of the trap density when the traps exist in R;,. To
better understand this phenomenon, Ve is set to be 18 V
and V, is set to be 5 V. Then, the current density and
depletion distribution of the device with/without traps in
R, are obtained. Also, the electron mobility along p-body
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bottom is extracted (see Fig. 4(b)). With the electron
captured by the traps in R, the electrons density decrea-
ses and the depletion layer expands to the JFET region,
which leads to narrowing of the current path (see Fig. 4
(a)). The electron mobility decreases at the same time
due to the traps. As a result, the current that reaches the
electrode decreases and R

increases. The results are

dson
consistent with those in Ref. [9]. However, the traps
have no influence on V,,, since they cannot influence the

inversion layer under the channel region.
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Fig.4 On-state information of the device with traps. (a) Cur-
rent density distribution; (b) Extraction of electron mobility

Voreardown 10CTEAses when the traps exist in R, and R.,.
From the simulations of the four conditions with different
trap densities, it can be observed that the peak impact
generation value appears in the same location but with
different values (see Figs. 5(a) and (b)). The electric
field and electrons concentration along p-body bottom are
extracted to understand these phenomena, as shown in
Fig. 5(c). The values of the electric field of the four con-
ditions are the same, but the values in the electrons’ con-
centrations are different. It means that electrons are cap-
tured by the traps and few electrons join in the impact
ionization process, leading to the decrease in the genera-
Vireardowa 2radually increases.
Moreover, when the traps are closer to the impact ioniza-

ted current. As a result,

tion center, V, will increase more.

reakdown

Fig. 6 shows the variations of the values of V,, R
and V... When negative interface charges exist. To be
noted, V, is extracted at V,, =1 V and I,, =0.1 mA. It
can be seen from the picture that electrical parameters
change only when negative interface charges exist in Ry, .
The negative interface charges can reduce the potential in

the channel region, and then prevent the inversion process
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Fig.5 Off-state information of the devices with traps. (a) Im-

pact ionization distribution; ( b) Extraction of impact ionization;

(c) Extraction of electric field values and electron concentrations

in the channel region. Moreover, V, and R, are deter-
mined by the inversion degree. When the negative char-
ges exist in the channel region, the inversion degree is re-
duced, and the channel width can be decreased. The ver-
tical cutting line is applied to obtain the electrons’ con-
centrations in the channel region (see Fig. 7). The result
indicates that the channel width is narrower and the carrier
concentration in the channel is lower when negative inter-
face charges exist in R, thus V, and R

Then, R, electrons concentration, and current density

4o 1DCTEASE.
distribution are extracted to understand the increase of
Vireardowns @S shown in Fig. 8. It needs to be classified that
the impact ionization center is the same as that shown in
Fig.5(a), so a part of the curve is shown in Fig. 8(a).
The ionization-produced current path is just below R,
the potential along the current path is lower when negative

SO

interface charges exist, influencing the impact process

and making the decrease of R Therefore, V, in-

IGmax * breakdown

creases in spite of the unchanging electric field. For other
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conditions, negative interface charges are distant from the
current path, so the impact process cannot be influenced

and V.. T€mains unchanged.
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Fig.6 Static electrical parameters of the device with negative
interface charges. (a) Variations in V,, when the density of negative
interface charges increases; (b) Variations in Ry, and V, .gown When

trap density increases
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Fig.7 Electron concentrations in the channel region of the de-
vice with interface charges

and V,

breakdown

Fig. 9 shows the variations of V,, R, .
when positive interface charges exists. As positive inter-
face charges in R, increase the potential and attract elec-
trons into the channel region, the electron concentration
in the channel region is larger and the channel width is
wider (see Fig.7), thus V, and R
decreases significantly when positive interface charges ex-
ist in R,.

decrease. V,

dson breakdown

The positive charges can increase the potential

at the interface and influence the distribution of carriers,
thus influence the impact ionization process. The impact
ionization distribution in Fig. 10 indicates that positive in-
terface charges in R, makes the impact ionization center
move to the interface, and R is much higher. In this
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way, V, .ow decreases significantly.
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Fig.8 Off-state information of the device with negative inter-
face charges. (a) Extraction of impact ionization; (b) Extraction of
electron concentration and electric field values; (c¢) Distribution of cur-
rent density after breakdown

The decrease of V,

breakdown

interface charges exist in R;.

is also observed when positive
The distribution of R
and the current density are acquired to illustrate the phe-

IGmax

nomena. As shown in Fig. 11, the impact ionization ap-
pears between the main junction and p-body when posi-

tive interface charges exist in R, and the current genera-

@
ted during impact ionization flows to the electrode along
the main junction edge. It means that positive interface
charges in R increase the potential under the main junc-
tion and attract more electrons, thus enhancing the impact

process and making V, ... decrease.

3 Conclusion

The radiation influences on electrical parameters of 4H-



478 Li Sheng, Xu Zhiyuan, Wei Jiaxing, Liu Siyang, and Sun Weifeng

20rzz Ry,
XY R,
L6 B RQ}
12}
Z,
e
0.8} 7 7
04F
0
0 1107 5%1012 1x10%
Density/cm™
(a)
420 12500
Ja\ R
| +——————¢ ®
350 ———¢t—8% oo
2801 o °
g [ - 415002
E210+ £
a0l o g 10007
Ql A
70L ® R
—A— Ry — — o 1500
0 1 1 1 1
0 1x10% 5%1012 1x10%

Density/cm
(b)
Fig.9 Static electrical parameters of the device with positive
interface charges. (a) Variations in V,, when the density of positive
interface charges increasing; (b) Variations in Ry, and Vi, aown When

charge density increasing

Gate

— Source|

&

With positive
interface charges in R,
@V,=1600V

Fig.10 The impact ionization distribution

Gate  gourge ,

With positive

interface charges
in Ry;

(a)

@V,=1600V

(b)
Fig.11 Off-state information of the device with positive inter-
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SiC VDMOS are studied. For bulk damages, the radia-
tion-induced accepter traps in the JFET region make R
increase, and the radiation-induced accepter traps near the
impact ionization center make V, .. .. increase . For in-
terface damages, the radiation-induced negative interface
charges above the channel region repulse electrons, thus
making V,, R, and V, ... increase. In contrast, the
radiation-induced positive interface charges above the
channel region attract electrons and make V,, and R, de-
crease. Moreover, these positive charges can make the
impact ionization center move to the SiC/SiO, interface
above the channel region. As a result, V, ..
significantly. However, the positive charges above the
main junction make the impact ionization center move to
the bottom of the main junction and attract more electrons
there, thus intensifying the impact process and decreasing
Vireardown- 10 make the 4H-SiC VDMOS more available in
aerospace industry applications, the device structure or
process should be optimized. The direct method is in-
creasing the passivation layer thickness to reduce the inci-
dent particle energy. Moreover, using appropriate materi-
als can be more efficient, for example, Al,O, has more
intrinsic traps, which can recombine the radiation induced
charges, so it is more appropriate for the passivation layer
than SiO, and Si;N,.

dson

decreases
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