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Simulation and Characterization of 4H-S1C JBS
Diodes Irradiated by Hydrogen and Carbon Ions

Rupendra Kumar Sharma, Pavel Hazdra, and Stanislav Popelka

Abstract—This paper presents the development and
application of simulation models for proton and carbon
irradiated 4H-SiC junction barrier Schottky (JBS) diodes.
Commercial JBS diode chips were irradiated to the identical
depth with different doses of hydrogen and carbon ions. The
resulting defects were then identified by deep level transient
spectroscopy (DLTS). Comprehensive I-V and C-V measurement
performed prior to and after ion irradiation was used for
calibration of simulation models. Results show that compared to
protons, heavier carbon ions introduce more defects with deeper
levels in the SiC bandgap and more stable damage. For the first
time, the free carrier concentration profile extracted from CV
simulations for irradiated JBS diode has been compared with
experimental data. The simulation of irradiated JBS diodes
exhibit excellent matching with experimental data and can be
very useful for the optimization of SiC power devices.
Furthermore, it is shown that the developed model can be used
for prediction of the effect of ion irradiation on both the static
and dynamic characteristic of PiN diode.

Index Terms—4H-SiC, characterization, JBS diode, PiN diode,
simulation.

1. INTRODUCTION

HE unique properties of silicon carbide (SiC) material

have the potential of an excellent semiconductor for the
development of high-power, high-voltage, and high-
temperature electronic devices [1]. 4H-SiC junction barrier
Schottky (JBS) rectifiers as a key device in power conversion
applications have been widely investigated in recent years [2]-
[3]. The JBS diodes have a Schottky rectifier structure with p-
n junction grids integrated into the drift region and thus
behave similar to Schottky diodes in the on-state and
switching characteristics while show reverse characteristics
similar to PiN diodes [4]. The understanding of electrically
active defects induced by ions is very important since they
cause performance degradation of SiC devices working in
space applications [5].

In our previous study, we have developed simulation
models for proton irradiated 4H-SiC JBS diode [6]. This
analysis was limited to the impact of proton irradiation on
forward and reverse characteristics and C-V analysis was not
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presented. In the present paper, we have analyzed the influence
of defects induced by irradiation with carbon ions together with
hydrogen ions on the electrical performance of 1700 V 4H-SiC
JBS diodes including C-V characteristics and temperature
dependence. The developed simulation models for proton
irradiation can easily be adopted for JBS diodes irradiated with
carbon ions. This analysis is quite valuable and can be used for
prediction of the effect of ion irradiation on both the static and
dynamic characteristic of JBS and PiN diodes.

II. EXPERIMENTAL

Devices under test (DUTs) were CPW3-1700-S010B chips

of 10 A/1700 V JBS power diodes produced by Cree™ [7].
Diodes were fabricated on 4H-SiC epilayers grown on heavily
doped nitrogen n* (0.025-0.028 Q cm) 360 um thick SiC
substrates. Thickness of the N-epilayer was 20 um and the
level of nitrogen doping about 4x10" ¢cm™. Diode has an
active region of 6.72 mm” composed from titanium Schottky
contact combined with implanted p* aluminum strips.
The diodes were irradiated from the anode side with 670 keV
protons or 9.6 MeV C* ions using 3MV Tandetron accelerator.
The irradiation fluences varied from 3x10° to 6x10'° cm™ and
formed a damaged region peaking 2.5 um below the surface of
the SiC epilayer. Radiation defects and their influence on diode
characteristics were then characterized by capacitance deep
level transient spectroscopy (DLTS), C-V profiling and I-V
measurements. TCAD simulation on an equivalent JBS
structure (Fig. 1) has been carried using the simulator ATLAS
from SILVACO Inc. to develop and calibrate simulation
models of ion irradiated SiC devices.
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Fig. 1. Schematic device cross section of the simulated 4H-SiC JBS diode.
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III. RESULTS AND DISCUSSION

Concentration profiles of dominant deep levels for proton
irradiated JBS diode are presented in Fig. 2. Profiles, which
were obtained by DLTS measurement in double-DLTS mode,
show that radiation defects, which are localized close to the
ion’s projected range Rp, follow well the distribution of
primary damage (vacancies) obtained by simulation using the
code SRIM [8] (dashed). Compared to protons, heavier carbon
ions (not shown here) generate a larger number (50x) of
primary defects (vacancies). However, the introduction rate of
secondary (stable) defects is substantially lowered due to
increased recombination of primary defects inside the denser
cascade of recoiled atoms produced by carbon ions. We have
noticed that the total number of stable defects produced per
one introduced primary vacancy decreases from 0.3 (protons)
to 0.03 (carbon) defect/vacancy.

Device simulation using ATLAS software was used
to analyze underlying effects. Physical models accounting
for the electric-field-dependent carrier mobility with
velocity saturation, Shockley—Read—Hall (SRH)
recombination / generation (g-r) with doping-dependent
carrier life-timeand Auger recombination along with Fermi-
Dirac statistics were applied [9]. The Schottky thermionic
emission model accounts for field-dependent barrier- lowering
along with universal Schottky tunneling (UST) model is
activated. Lindefelt bandgap narrowing model for doping
induced bandgap narrowing and incomplete ionization model
for relatively large ionization energies in SiC poly types are
taken into consideration. For doping-and temperature-
dependent low-field mobilities, Caughey and Thomas mobility
model is used.
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where N is the local (total) impurity concentration and 7 is the
temperature. The same model is applied for the degradation of
mobility due to radiation defects from the proton irradiation by
including concentration of all deep levels N; to the total
impurity concentration (N) and 7 is the temperature. The
parameters used for the calibration are given in Table I. For
impact ionization, anisotropic impact ionization models are
taken into account for direction dependent electric field
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Fig. 2. Profile of deep level T285 measured in the 4H-SiC JBS power diode
after irradiation with 670 keV protons to fluence of 7x10° cm™ together with
the simulated profiles of primary vacancies (dashed).

Here, E, and E, are the electric field magnitude in the x and y
directions. The parameters a,, a, b, and b, depend upon the
crystal orientation. In the present analysis crystal orientation
0001 is selected and the parameters used are given in Table 1.

Furthermore, band-to-band tunneling model is activated to
take care of very high electric field in JBS diode. The
tunneling generation rate is as follows:

GBBT = DaE7exp(— gj (3)

where E is the magnitude of the electric field, D is a statistical
factor, and ¢, f3, and yare fitting parameters (Table I).

For irradiated devices, an approach accounting for
introduction of one dominant deep level into the Schottky-
Read-Hall model of carrier generation/recombination (g/r) was
used. For both ions, the model uses the g/r parameters of the
Z1/7Z2 centre (acceptor level Ec — 0.69 eV with electron/hole
capture cross section of 9x10™* cm?®) and above mentioned
introduction rates (the number of defects produced per
primary vacancy) which re-scales the simulated profile of
primary vacancies to the profile of Z1/Z2 centers [10].
Identification parameters of registered deep levels and their
identity are shown in Table II.
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Fig. 3. Forward I-V characteristics of unirradiated and irradiated with proton
(6x10'" cm™) and carbon (1.2x10'"" cm™®) 4H-SiC JBS diode.
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Experimental and simulated forward -V characteristics of
irradiated 4H-SiC JBS diode are shown in Fig. 3. The donor
doping is compensated close to the projected range of
incoming ions because of acceptor character of the majority of
introduced defects. This results in higher forward voltage drop
(Vewp) for irradiated diodes. In spite of lower fluences of
carbon, the Vgwp for carbon irradiated diode is much larger
than the proton irradiated devices. This is because, carbon ions
are heavier than hydrogen, thus create more damage in the epi-
layer.

The simulated models have also been verified for reverse
characteristics of both the unirradiated and irradiated JBS
diode (Fig. 4). Note that the introduction of acceptor traps by
proton irradiation increases the breakdown voltage of the JBS
diode. This is because of decrease in fixed positive charge of
the space charge region in the damaged region of the epilayer
in the blocking regime. The lower built-in charge implies
lower electric field in the epi-layer and allows applying higher

reverse bias. The introduced defects also decrease the rate of
impact generation and slightly reduce the leakage current of
the irradiated JBS diode at higher reverse voltages (> 2kV).
Due to the wide SiC bandgap, the charge generation on
introduced defects lying in the space charge region is
negligible and we observe only a small increase of leakage at
lower voltages (< 150V). It is observed that the breakdown
voltage (not shown here) for JBS diode irradiated with carbon
(1.2x10" ¢cm™) is marginally (~ 30 V) higher than the proton
irradiated (6)(1010 cm’z) device, however, lower than the
device irradiated with proton fluence of 9x10'° cm™.

The developed simulation models have the advantage to be
used for the analysis of free carrier concentration profiles
obtained from C-V measurements. In Fig. 5, we have
compared experimental profiles obtained by C-V
measurements with simulated ones. The method used for
calculation of free carrier concentration from C-V
measurements is as stated by Kimerling [15].

3
10° = B 2 4)
Solid line - Experimental . NW)= o d - d 1
10"+ Dotted line - Simulation 12x10" qeA” —(C) q&43 ——
1071 9x10™ |

10°+
10%+
10°+

pajeIpel|

10°+

1074
-8
1500 1800 2100 2400 2700
Reverse Voltage, VR (V)

Reverse Current, Ig (A)

Fig. 4. Reverse I-V characteristics of 4H-SiC JBS power diode irradiated with
670 keV H* for 6x10'° cm, 9x10'° cm™?, 1.2x10" cm fluences.

The depletion width (W) of a reverse biased p-n junction,
when considered as a parallel plate capacitor isW =eA/C . It
is very clear from Eq. (4) that the device area be precisely
known for accurate doping profiling.

Note that the distribution obtained from C-V does not
correspond to reality (flat without acceptor defects Fig. 2).
Simulation results nearly perfectly show this effect. The
difference between simulated and experimental curves is given
by the different depletion profiles of Schottky and p-n junction
regions, unknown levels, and their exact positions.

TABLE I

TCAD CALIBRATED PHYSICAL MODEL PARAMETERS FOR 4H-SIC JBS DIODE

Simulation Models Physical Parameters
Caughey and Thomas Unpay = 947 cm’/V.s 3, =0.61 UPmax = 124 cm?/V.s 8, =034
mobility model HNpin = 40 cm*V.s Ya=24 HUPmin = 15.9 cm*V.s Y, =23
NCRITN = 194617 CIIl’3 oy = -0.5 NCRITP = 176619 Cl’Ilr3 (xp =-05
Bn =-29 BP =-29
Anisotropic Impact a.=1.86x10° cm - 2,=3.01x10% cm’! -
Tonization be=2.8%10" cm™’ bp=2.05%10" cm™
Band-to-Band o =9.66x10" B =1.5x10’ 1=1.67 D=1.0
Tunneling (cm'V3s™) (V/cm)
SRH model Z1/2, E.level = 0.68 SIGN = 5x10™ cm™? SIGP = 5x10"* cm™ 1,=0.3
Thermionic Emission me.tunnel = 0.7 mh.tunnel = 1.2 mass.tunnel = 0.76
TABLE II
PHYSICAL MODEL PARAMETERS FOR 4H-SIC JBS DIODE
Ion Bandgap position [eV] Capture cross section [cm?] Identity
H/C Ec —0.60 4x10™ ? [11,12,13]
H/C Ec - 0.69 9x10™ Z1/72 [12,13,14]
H/C Ec—-0.72 7x10™ ? [11,12,13]
H/C Ec-0.88 3x10™ RD; [8,13]
H/C Ec - 1.04 6x10™ EH4 [12]
H/C Ec-1.10 5x107"° EH5 [12]
C Ec—1.45 8x10™ RD, [8,13]
H Ec - 1.64 3x10™" EH6/7 [12]
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Fig. 5. Free carrier (electron) profiles measured in 4H-SiC JBS power diode
irradiated with 670 keV H* together with the profile simulated for proton
irradiated JBS (dashed).

Since majority of introduced defects exhibit acceptor
character, the donor doping is compensated close to the
projected range Rp of incoming ions and thus decreases the
free carrier concentration. This drop in the concentration of
free carrier increases with increasing proton fluences
(acceptors) because of the growing compensated region in the
n-type epi-layer. Note that the non-homogeneous distribution
of deep acceptor traps creates a sharp increase in the
concentration of free carriers at the edge of the damage region.
The similar behavior with higher peak concentration is also
observed in the simulation. This peak is clearly anomalous and
has no real relation to net donor behavior of any kind. Usually,
in the case of non-homogeneous distribution of deep centers
these profiles are subjected to significant artifacts [15].

The developed simulation models accounting for local
introduction of deep levels into SiC structures by ion
irradiation can be further used for investigation of the effect of
local lifetime control in bipolar power devices. Fig.6. shows
the simulated variation of carrier lifetime profile in the
epi-layer irradiated from the left side with different fluences of
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Fig. 6. Simulated variation of carrier lifetime with depth in the epi-layer
irradiated with different fluences of 670 keV protons (left side irradiation).

centers introduced by penetrating protons decrease strongly
670 keV protons. As can be readily seen, recombination the
lifetime of excess carriers in the region close to their range
(2.5um), however, noticeable reduction can be also observed
in the so-called tail region extending from the damage peak to
the irradiated surface (left). Our simulation shows that a
significant lifetime reduction occurs already at very low
irradiation fluences (below 1010cm’2).

The effect of 670 keV proton irradiation on static and
dynamic characteristics of the 1700V SiC PiN diode is shown
in Figs. 7 to 9. The investigated PiN diode was identical to the
structure of the 1700V JBS diode described above (Fig.1),
only the P region covered the whole area of the anode
junction, i.e., there were no Schottky contacts. The region of
the maximal lifetime reduction produced by 670 keV proton
was than located approx. 1.8um below the anode junction.
Fig. 7 shows the effect of increasing proton fluence on diode
forward characteristics. Simulation shows that irradiation
gradually increases the forward voltage drop due to the
reduction of the ON-state electron-hole plasma concentration
in the n-base region of the diode which is given by the
increased carrier recombination in the damaged region.
Simultaneously, the recombination current in the subthreshold
region increases. On the other hand, proton irradiation
substantially speeds up the reverse recovery of the PiN diode
and reduces the turn-OFF losses. This is shown in Fig.8
presenting the effect of 670 keV proton irradiation on the
resistive turn-OFF of the investigated PiN diode to the reverse
voltage of 1kV. Figure shows that increasing proton fluence
substantially reduces the reverse recovery current maximum
and the reverse recovery charge Qgg. It also shows the
advantage of proton irradiation — with increasing fluence, the
recovery is getting softer without significant voltage
overshoots. Finally, Fig.9 which is showing the trade-off
between the reverse recovery charge Qggr and the forward
voltage drop Vg of the PiN diode subjected to 670 keV proton
irradiation allows finding an optimal fluence for balancing the
ON-state and OFF-state losses.
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Fig. 7. Simulated room temperature forward characteristics of a PiN diode
irradiated with different fluences of 670 keV protons.
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Fig. 8. Reverse recovery of a PiN diode irradiated with different fluences of
670 keV protons — room temperature simulations.
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IV. CONCLUSION

The calibration of simulation models for ions irradiated
4H-SiC JBS diode is presented. The developed models show
close proximity with experimental data and is used for the
carrier life-time control in PiN diode. For the first time, the
free carrier concentration profile obtained through C-V
simulation is presented. The detailed information about the
physics of damaged region can be understood through this
analysis. Furthermore, the developed models are worthwhile
for the optimization of SiC bipolar power devices.
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