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Carrier Concentration Analysis in 1.2 kV SiC
Schottky Diodes Under Current Crowding

F. Bonet , O. Aviñó-Salvadó , Member, IEEE, M. Vellvehi , X. Jordà , P. Godignon , and X. Perpiñà

Abstract— Die-level current crowding phenomena are
analyzed at the microsecond timescale with an internal
IR-Laser Deflection set-up. To this end, the 4H-SiC plasma-
optical coefficient for the refractive index is reported for the
first time. A SiC Schottky diode with an edge termination
based on a junction termination extension is used as a
test vehicle. Under biasing conditions, the edge termination
starts a local bipolar conduction along the device active
area perimeter, leading to current crowding effects. Using
refractive index measurements, a depth-resolved carrier
profile is extracted and assessed using both, simulation and
Free Carrier Absorption measurements.

Index Terms— IIR-LD, current crowding, SiC Schottky
diode, plasma-optical coefficient, filamentary conduction.

I. INTRODUCTION

CURRENT crowding is a non-homogeneous conduction
mechanism in the power devices drift region. It usually

occurs at local areas with a lowered resistance or a high
concentrated electric field strength, compromising the device
performance, reliability and ruggedness [1]–[3]. This effect is
studied and partially avoided by design using physics-based
simulations [4], [5]. This entails limitations to quantitatively
predict such an effect for wide bandgap (WBG) power devices
and/or its geometrical study (3D effects), as some of these
parameters or models have not been properly assessed [6], [7].
To this end, measuring carrier density under current crowding
is crucial. Based on carrier power absorption of a laser beam,
the Free-Carrier Absorption (FCA, mainstream technique)
may be used [8]–[11], but with drawbacks. In WBG vertical
devices, its accuracy is limited by, not only the lack of specific
calibration approaches, but also the device slicing and similar
thickness of its drift region to the beam diameter [10]–[12],
as they distort the actual carrier density and detected laser
power [13].

In this work, Internal Infrared Laser Deflection (IIR-LD)
technique is applied to a whole power device [8], [9] to
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Fig. 1. IIR-LD probing at a given depth y0 and lateral position x0, with
all the involved physical effects [9].

extract for the first time, carrier density profiles under current
crowding. Thereby, all prior drawbacks are overcome, as the
beam power and sample preparation do not affect IIR-LD
results [14]. Besides, calibration approaches for IIR-LD and
FCA are presented. Thus, the IIR-LD suitability is proved
using a 1.2 kV SiC Schottky diode, physics-based Technology
Computer Aided Design (TCAD) simulations and FCA results.

II. EXPERIMENTAL SET-UP AND TEST VEHICLE

Fig. 1 outlines the operation principle of IIR-LD and FCA,
together with their common experimental set-up [9]. At a given
depth y0 and lateral position x0, an 1.3 µm-laser beam passes
through a power device die, perpendicularly striking on its
two opposite lateral sidewalls. When the device is turned-on,
free-carriers are injected into its drift region and self-heating
starts, observing several effects on the probe beam. On one
hand, gradients of free-carrier density ( �∇C) and temperature
( �∇T ) appear, inducing a refractive index gradient �∇n [6] as

�∇n(x0, y0) = ∂n

∂C
�∇C(x0, y0) + ∂n

∂T
�∇T (x0, y0) (1)

where ∂n
∂C and ∂n

∂T are respectively the plasma and

thermo-optical coefficients for n. As a result, the beam diverts
as depicted in Fig. 1. Thanks to a four quadrant photo-
diode, two signals are provided depending on the deflection
direction, i.e., Vout,y(x0, y0) and Vout,x(x0, y0). They relate
with the x and y components of �∇n(x0, y0) as ∇i n(x0, y0) =
ξVout,i(x0, y0); where i refers to the x or y direction and
ξ is a set-up constant. On the other hand, free-carriers partially
absorb IR-radiation. Thus, C at y0 and x0 is inferred by mea-
suring the laser power signal (Vout,P(x0, y0)) after traversing
the die, i.e.:

C(x0, y0) = �P(x0, y0)

L1

(
∂α

∂C

)−1

(2)
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Fig. 2. (a) JTE edge termination structure, highlighting x0 = xEdge
and the doping profile cut. (b) Doping profile used in the simulations.
Experimental and simulation results comparison at room temperature
for: (c) static I-V characteristic (normalized to device total area) and
(d) IBias waveform. Fig. 2c insert: blue electroluminescence at 3.3 V
and 86 A/cm2 by JTE bipolar activation.

where L1 and ∂α
∂C are the laser-device interaction length and

the plasma-optical coefficient for the absorption coefficient α,
respectively. �P(x0, y0) corresponds to

�P(x0, y0) = ln

(
Vout,P0(x0, y0)

Vout,P(x0, y0)

)
. (3)

Vout,P0(x0, y0) is Vout,P(x0, y0) before turning the device on.
In comparison to FCA, IIR-LD is more robust to laser power
fluctuations, as deflections are sensed by normalizing the
signals to the detected total power [14]. Moreover, when the
beam dimensions are similar to the drift region thickness,
the IIR-LD depth-resolved capability comes from the laser
light distribution. This profile corresponds to all multiple rays
composing the beam [15]. Therefore, the vertical microposi-
tioning stage fixes the IIR-LD depth resolution.

To show the potential of IIR-LD for current crowding
analysis, a 1.2 kV Schottky SiC diode (1.6 mm×1.6 mm active
area) with an edge termination based on Junction Termination
Extension (JTE) is used as a test vehicle. Figs. 2a and 2b
represent a section of the test device and its doping pro-
file, respectively. Fig. 2a presents a 13 µm-thick drift region
with a n-type doping level of 4×1015 cm−3, a 0.5 µm-thick
n-type buffer layer of 1018 cm−3 and a n+-type substrate
with 7.5×1018 cm−3 (see Abrupt in Fig. 2b). The Schottky
contact is implemented with Titanium. The p-type JTE consists
of a multiple Aluminum ion implantation at 300 ◦C with
a dose of 1.1×1013 cm−2 and post annealing at 1600 ◦C
during 30 mins. (doping peak of 9.9×1016 cm−3 measured
by SIMS), using a SiO2 layer as a field plate. Prior to its
measurement, this device is properly prepared. First, the lateral

Fig. 3. Calibration results on 4H-SiC for both techniques: (a) IIR-LD and
(b) FCA. A definition used in (4) and (6).

walls interacting with the laser beam are polished to enhance
its transmissivity until reaching an optical grade (RMS surface
roughness below 60 nm). After that, the die is soldered on a
power substrate and their contacts established with Aluminium
bonding wires. Thereby, its handling, support, and biasing
are facilitated. To induce current crowding conduction in the
test vehicle, the device is placed at room temperature on a
heat sink and set under short pulsed current IBias ranging
from 215 to 330A/cm2 (100 µs) [9]. All the measurements
are conducted with a die-averaged beam diameter of 15.5 µm
(minimum 8 µm) below the field plate edge end (x0 = xEdge,
see Fig. 2a).

TCAD simulations [18] are performed to assess the
experiments with different physical models and doping pro-
files (see Fig. 2b). Firstly, simulations are carried out for
the abrupt doping profile under the conditions of incomplete
ionization (II) of the dopants [18] usually present at room
temperatures in WBG semiconductors. From an electrical
viewpoint, they are properly set up to match the test vehicle
behavior. Figs. 2c and 2d compare at room temperature, the
simulation results with the experimental static I-V character-
istics and dynamic response to the IBias pulse, respectively,
observing in both cases an excellent agreement. Moreover,
the simulation results actually evidence bipolar injection in
the JTE area for the voltage drop reached under IBias . This
can be observed in Fig. 2c, where for voltages higher than
VP I N,act =2.8 V, the slope slightly changes (see dashed
lines in Fig 2c). The inset of Fig 2c also supports the JTE
bipolar injection at voltage values higher than VP I N,act : at
86 A/cm2 and 3.3 V, blue electroluminescence occurs at the
end of the field plate [16], [17]. Secondly, for further analysis,
a Gaussian transition between the drift and the high doped
layers in a span of 5 µm is also taken into account (see Fig. 2b)
considering both complete and incomplete ionization. Thus,
a set of C(x = xEdge, y) profiles is extracted to discuss
experimental results.

III. RESULTS AND DISCUSSION

A. IIR-LD and FCA Measurements Calibration
To acquire the contribution of only �∇C (i.e., �∇T ≈ 0),

deflection measurements at the time instant t0 where IBias
stabilizes to a current value I0 (i.e., t0 =15.6 µs) are used,
as highlighted in Fig. 2c. Currently, no experimental value
of ∂n

∂C for 4H-SiC is reported. Thus, to be able to derive C
from IIR-LD results and as a novelty, ∂n

∂C is extracted using

∇yn(xEdge, wB) = ∂n

∂C

βI0

q ADn
(4)
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Fig. 4. Comparison of carrier profiles at x0 = xEdge between experi-
ments and various simulated doping profiles for I0 = 8.7A.

where wB is the drift zone thickness, q is the electron
elemental charge and Dn is the electron diffusion constant
in 4H-SiC. Besides, β is the I0 fraction diverted through the
parasitic PIN, and A is the area traversed by the PIN current
(i.e., βI0) at y = wB (see inset Fig. 3). β has been inferred
by fitting simulations results to experiments (β = 0.115),
as Fig. 2b shows. Eq. (4) is derived from the condition of
hole current equal to zero at the device’s drift zone end [19].
To calculate A, the shape and dimensions seen in the insert
of Fig. 3 are used. L1 is measured directly on the sample
by using an optical microscope. L2 is extracted from the
simulations as the distance between the 1st and 99th percentile
of carrier concentration in the x-axis at y0 = wB . Using (4)
and performing a linear fitting of ∇yn versus the PIN current
(i.e., βI0), whose slope is

m1 = ∂n

∂C

107

q ADn
, (5)

the plasma-optical coefficient for n is calculated. The linear
fitting is presented in Fig. 3a, yielding for a wavelength
of 1.3 μm, ∂n

∂C = −(3.21 ± 0.07) × 10−21 cm3.

For the FCA measurements, ∂α
∂C is required. For consistency,

Vout,P(x0, y0) is acquired at t0. Considering the mean C in the
drift region of a PIN diode [19], i.e., the mean �P(xEdge, y0)
along y

(
�P (xEdge, y0)

)
, ∂α

∂C can be extracted using

�P(xEdge, y0) = 2
βI0

A

L1τH L

qwB

∂α

∂C
(6)

where τH L is the bipolar carrier lifetime. Here, this value is
calculated using Open-Circuit Voltage Decay (OCVD) mea-
surements [20], [21], obtaining a result of τH L = 247 ± 5 ns
in accordance with [20]. After this step, ∂α

∂C = (2.87±0.29)×
10−18 cm2 is finally derived. Fig. 3b depicts the linear fitting,
whose slope m2 relates with ∂α

∂C as

m2 = ∂α

∂C

2L1τH L102

AqwB
. (7)

In [22], ∂α
∂C = 4.45 × 10−18 cm2 is reported. This disparity

may be due to the approach used in [22]: light pumping the
free-carriers and probing them with a polarized laser.

B. Free Carrier Concentration Analysis
As a summary, Fig. 4 compares at x0 = xEdge, the C pro-

files simulated and measured in the drift region. The solid

lines correspond to simulation results. They are labeled in
accordance with its doping profile (Gaussian or Abrupt) and
its dopant ionization state: “no II” for complete ionization and
“II” for incomplete ionization. The IIR-LD and the simulation
results agree when the abrupt doping transition at y0 = wB
and II model are considered (“Abrupt II”). However, the
experimental results present less variation with depth than
the abrupt II one. This evidences a possible lower injection
from the n+ layer at y0 = wB . This behavior may be
ascribed to a less abrupt transition, as a Gaussian profile with
and without assuming II is considered in Fig. 4. Examining
in Fig. 4 the simulated profiles under such assumptions, the
“Gaussian no II” and “Abrupt no II” highly differ from the
other two. This, paired with the fact that II occurs in 4H-SiC,
is enough to rule out these simulated results as an inaccurate.
The “Gaussian II” one produces a profile closer in shape to
the IIR-LD results, but with lower C values and starting to
decay at 8 µm. This denotes a transition between the n− and
n+ layers beginning at a lower depth than in the “Abrupt II”
one.

Moreover, in a device like the studied here, diffusion of
the dopants as high as to create a Gaussian profile is not
expected. Therefore, the “abrupt II” results best describe the
experiments. The slight mismatch between the measured and
abrupt simulation profiles (≤12%) can be linked to a lower
JTE injection efficiency predicted by the simulations.

The C profile measured with FCA is also presented in
Fig. 4. Even though the results are of the same order of
magnitude than the simulations and IIR-LD measurements, the
shape is very different, rapidly decreasing with depth. This
shape can be attributed to be inspecting drift regions with
thicknesses comparable to the probing-laser beam diameter.
Thus, the FCA approach is not suitable for this application.
Nevertheless, these results serve to validate the IIR-LD mea-
surements, as they show light absorption by the parasitic PIN
bipolar carrier injection. It can also be observed that the
IIR-LD technique provides a higher accuracy when measuring
current crowding phenomena in thin drift regions.

IV. CONCLUSION

For the first time, current crowding phenomena have
been investigated along the JTE-edge termination of a func-
tional 1.2 kV SiC Schottky diode using the IIR-LD technique.
Besides, to extract the carrier profile, the 4H-SiC plasma-
optical coefficient has also been inferred with an innovative
method.

To assess the IIR-LD results, they have been compared
with FCA measurements, calibrated with a novel physics-
based approach, and TCAD simulations. In contrast to FCA,
IIR-LD findings are less affected when the drift region thick-
ness is of the same order of magnitude than the beam diameter,
also exhibiting a much better accuracy thanks to the beam
intensity distribution and their independence from the laser
total power. Besides, IIR-LD and abrupt-doping simulation
results excellently agree. The observed differences (≤12%)
suggest that a lower carrier efficiency injection in the JTE
junction is predicted by the simulations.

As another application, the approach proposed for the
plasma-optical coefficient determination may be exploited for
using SiC as a material for optoelectronics or power devices
simulation purposes, for instance to better calculate heat
dissipation under bipolar injection.
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