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a b s t r a c t
In this work different experimental current–voltage behaviours of several Al implanted 4H-SiC p–i–n
diodes are investigated by means of numerical simulations in a wide range of currents and temperatures.
Some devices for which recombination and tunneling are the dominant current processes at all biases are
classiﬁed as ‘‘leaky’’ diodes. The well behaved diodes, instead, show good rectifying characteristics with a
current conduction due to tunneling below 1.7 V, recombination between 1.7 V and 2.5 V, and diffusion
processes above 2.5 V. At higher current regimes, a series resistance in excess of 1 mX cm2 becomes the
main current limiting factor. Depending on the relative weight between the contact resistances and the
internal diode resistance, different temperature dependencies of the current are obtained. A good agreement between numerical and measured data is achieved employing temperature-dependent carrier lifetime and mobility as ﬁtting parameters.
Ó 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Silicon carbide (SiC) is a wide band-gap semiconductor with
interesting physical properties in order to realize electronic devices
well suited to operate under high-temperature, high-power, and/or
high-radiation conditions. The potentials of the 4H-SiC polytype, in
particular, are expected to enable signiﬁcant improvements to a far
ranging variety of applications and systems [1–5]. However, since
this is a relatively new technology, intensive efforts are still necessary to ascertain the detailed physics and the real design beneﬁts
that can be obtained by developing simple SiC-based devices. To
this extent, in this paper different forward J–V behaviours of several Al implanted 4H-SiC vertical p–i–n diodes are investigated
by means of measurements and numerical simulations in a wide
range of currents and temperatures. In details, diode experimental
data and results of a proprietary simulation software [6] are combined to extract key physical parameters, including temperature
dependent carrier lifetime and mobility, which aid to differentiate
the current transport mechanisms at different biases. The current–
voltage characteristics of well behaved and leaky diodes, realised
with the some fabrication process, are presented. In addition, the
role of the diode internal resistance in determining a crossing point
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from a positive to a negative temperature coefﬁcient of the current
[7–9] is reconsidered by simulations.
The realization of 4H-SiC p–i–n diodes with a negative temperature coefﬁcient of the forward current could be well suitable for
stable applications using parallel devices. This study could also
turn useful in the design of more complex 4H-SiC power devices,
such as the various JFET-based devices recently presented in literature [10–13], where p–i–n diodes are the embedded structures
determining the device on- and off-state characteristics.

2. Device structure
The schematic cross-section (plot not in scale) of the investigated Al implanted p–i–n diodes and the calculated net doping
proﬁle along the vertical axis of symmetry of a device realized
using a 5 lm-thick and 3  1015 cm3-doped epilayer, are shown
in Fig. 1.
The diodes were provided by the CNR Institute for
Microelectronics and Microsystems – Unit of Bologna (Italy).
Details about the adopted technology were provided in [7] and
references therein. In short, starting from a commercially available
h0 0 0 1i 8° off-axis 4H-SiC n-type homoepitaxial wafer of elevated
crystal quality [14], the diode structure consists of a n+ substrate
with a doping concentration in the order of 1019 cm3, a
3  1015 cm3 n epilayer and a p+ anode region obtained by
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where, NV and NC are the hole and electron density of states varying
with temperature, Na and Nd are the p-type and n-type doping concentrations, DEa and DEd are the acceptor and donor energy levels,
and ga = 4 and gd = 2 are the appropriate degeneracy factors of the
valence and conduction band. Considering the nature of the doping
species (i.e. Al and N), an ionization energy level DEa = 190 meV and
DEd = 70 meV is assumed [16,17].
3.2. Band gap model
The temperature dependence of the 4H-SiC band-gap is [18]:

Eg ðTÞ ¼ Eg0 
Fig. 1. 4H-SiC p–i–n diode schematic cross-section and net doping proﬁle of a
device with a 3  1015 cm3-doped epilayer.

aluminium implant. For the device in Fig. 1 (structure #1) the anode
region exhibits a smooth half-Gaussian shaped proﬁle with a peak
doping of 6  1019 cm3 at the surface, a proﬁle edge located at
about 0.2 lm and a proﬁle tail crossing the epilayer doping at
1.35 lm, as veriﬁed by SIMS measurements. Almost similar diodes
(structure #2) realized using a wafer with an epilayer thickness of
16.5 lm have also been analysed in this paper. The device ohmic
contacts are made of a deposited Ni ﬁlm on the back, while Ti/Al
dots were deposited on the anode surface. Details about the
implantation process and the post–implantation annealing are
again reported in [7]. There, in particular, mainly depending on
different post-implantation thermal treatments of the samples,
two different anode contact resistances in the order of
1.25  103 X cm2 and 2  105 X cm2 were measured at room
temperature for the structures labelled #1 and #2 in Table 1,
respectively. For all the samples, the calculated active area is in
the range 0.75–1  103 cm2.

The simulation analysis was carried out using the Silvaco’s
ATLAS simulator. The fundamental 4H-SiC physical models taken
into account, such as the incomplete ionization of dopants, the
band-gap temperature dependence, the carrier mobility and the
carrier lifetime as a function both of doping and temperature, are
brieﬂy recalled as follows.

ð2Þ

where Eg0 = 3.26 eV is the assumed band-gap energy at 300 K,

a = 3.3  104 eV/K and b = 0 are speciﬁc material parameters and
T is the lattice temperature.
An apparent band-gap narrowing effect as a function of the activated doping in the p-type and n-type regions, i.e. DEga and DEgd
respectively, is also included during the simulations according to
the Lindefelt’s model of the band edge displacements [19]:
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where Aa,d, Ba,d and Ca,d, are appropriate 4H-SiC constants.
3.3. Mobility models
The low electric ﬁeld mobility is modelled by the Caughey–
Thomas empirical equation validated for 4H-SiC in [20]:

ln;p ¼ lmin
0n;p
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where N is the local (total) concentration of the ionized impurities.
max
The model parameters lmin
, N crit , a, b, d, and c, are taken from
0 , l0
[18,20] and summarized in Table 2.
For high electric ﬁelds a carrier mobility reduction due to a carrier saturated drift velocity of 2  107 cm/s is considered as
described in [10].

3.1. Incomplete ionization
3.4. Carrier lifetimes
Due to the wide bandgap of SiC, not all doping atoms can be
assumed as fully activated. Using the Fermi–Dirac statistics, the
þ
carrier concentration N 
a and N d (i.e. the number of ionized acceptors and donors) can be calculated with the expression [15]:

Table 1
Geometrical and doping parameters of different 4H-SiC p–i–n diodes.

Anode thickness, Ya (lm)
Anode doping (cm3)
Base thickness, Ybase (lm)
Base doping (cm3)
Cathode thickness, Ysub (lm)
Cathode doping (cm3)

Structure #1 (D1)

Structure #2 (D2)

0.2
6  1019
4.8
3  1015
300
5  1019

0.5
1  1020
16
3  1015
350
1  1019

The carrier lifetimes useful to deﬁne the Shockley–Read–Hall
recombination rate are modelled as functions of doping and

Table 2
4H-SiC carrier mobility parameters.

lmin
(cm2/V s)
0
lmax
(cm2/V s)
0
Ncrit (cm3)

a
b
d

c

n

p

40

15.9

950
2  1017
0.5
2.4
0.76
0.76

125
1.76  1019
0.5
2.15
0.34
0.34
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temperature by means of a relation derived by the Scharfetter’s
model [10]:

sn;p ¼

s0n;p
1þ






T k
300

N
N SRH
n;p

j

ð5Þ

Here, N is the total doping density for a given device region,
16
cm3 is a reference constant, and s0 is a process-deN SRH
n;p = 5  10
pendent ﬁtting parameter.

4. Experimental results and simulations
The current–voltage measurements were realised by means of a
HP4155 Semiconductor Parameter Analyser. Imposing a compliance current of 100 mA, several diodes with the structure #1 and
#2 in Table 1 were characterized at different operating temperature.
Almost all the samples showed good rectifying behaviours.
4.1. Room temperature analysis
The forward log(J)–V characteristics of good quality diodes
labelled as D1A, D1B, D2A and D2B are shown in Fig. 2(a) and
(b). For comparison, each ﬁgure also reports the characteristic of
a typical ‘‘leaky’’ diode (D1C in Fig. 2(a) and D2C in Fig. 2(b)).
The good quality diodes are characterised by a sharp turn-on at a
threshold voltage close to 2 V and perform at relatively high biases
a current densities in the range 10–100 A/cm2.
By analysing with the aid of numerical and analytical simulations the electron and hole concentrations, as well as the
recombination rate depth proﬁles of similar p–i–n structures at
various voltage biases as described in [21,22], four different current regimes can be determined. In details, referring to Fig. 2(a),
the current is dominated by carrier diffusion in the region (III)
and recombination in the region (II). The diffusion and recombination current mechanisms produce a quick rise in slope, which is a
characteristic of high quality, low resistance, and efﬁcient operation. Conversely, the diode D1C conducts a considerably high current at the lowest voltages in region (I), which is a characteristic of
conduction through tunneling phenomena. This excess current can
be related to a leakage path or a shunt resistance connected in parallel with the principal (ideal) p–i–n junction. In other words, such
a shunt resistance has nonlinear characteristics and then the D1C
current behaviour can be modelled as due to two diodes with different barrier heights connected in parallel, each contributing to
the current independently, where the defective diode has a lower
turn-on voltage. This effect is most likely due to an inhomogeneous
epitaxial material structure containing intrinsic defects, like micropipes, regardless of the subsequent diode fabrication process [23–
25]. From the experimental analysis, a percentage in the order of
20% of the samples has been classiﬁed as ‘‘leaky’’ diode.
Obviously, this statistic is related to the effective diode size and
crystal quality of the starting 4H-SiC wafer.
Finally, at voltages higher than 2.9 V, all diodes in Fig. 2(a)
show a series resistance effect in the region (IV). Here the plots
tend to become ﬂat and the current is entirely dominated by a series resistance value that can be considered as the sum of the contact contributions and the diode internal resistance. In this region,
the D1C behaviour can be related to the lack of an effective carrier
injection through the junction, preventing the setup of a conductivity modulation regime in the low doped middle region.
An analogue analysis on the current transport mechanisms at
different biases can be made for the samples D2 in Fig. 2(b), though
they show lower current densities in region (IV) if compared to D1,
as a consequence of a higher series resistance due to the thicker
epilayer and lower doping of the substrate (see Table 1).

The well behaved diodes D1A and D2A were selected in order to
ﬁt with simulation results. The parts of the forward current characteristics due to recombination and diffusion phenomena are well
suited as reference for the calibration of the carrier lifetime
parameters. In particular, from the simulations it is evident that
at low and medium current regimes, namely in the voltage bias
range 1.8–2.75 V, the total diode current is strongly inﬂuenced
by the effective carrier lifetime in the base region as shown in
Fig. 3 for the diode D1A assuming different values of s0 in (5) with
a ratio s0n/s0p = 5 [18].
A ﬁtting parameter s0n = 10 ns for D1A is in accordance with the
experimental results measured on similar p–i–n diodes by using
both the reverse recovery [26] and the open-circuit voltage decay
[27] techniques. For D2A, s0n results 3 times lower. This value is
due to the existence of a higher concentration of deep-level defects
produced by the Al+ ion implantation process probably located near
the metallurgical boundary of the p+–n junction [28] and responsible of an explicit carrier recombination effect. The Al implantation
into 4H-SiC epitaxial layers, in fact, yields only a fraction of Al atoms
that really occupy a substitutional position in the crystal. Therefore,
depending on the implantation process and the annealing conditions, a deep-centres density correlated with the non-substitutional
Al concentration that produces a donor-like trap effect (the traps
are positively charged when empty), with energy levels in the range
0.2–0.3 eV from the valence band edge, can be assumed [29].
4.2. High temperature analysis
Interesting diode behaviours were obtained performing a high
temperature analysis for both the D1 and the D2 samples.
The measured and simulated J–V characteristics of the diode
D1A at various temperatures are shown in Fig. 4 in semi-log scale.
As the temperature increases the curves tend to shift left and
up. This is an explicit effect of the temperature dependence on
the carrier lifetime and intrinsic carrier concentration, which are
fundamental parameters in determining the recombination and
diffusion components of the diode current behaviours. For example, when the testing temperature is at 378 K, the simulations indicate a carrier lifetime value that increases up to about 30 ns in the
base region. At all temperatures, the simulated J–V characteristics
are in good agreement with the experimental data over several
decades for current.
The diode saturation current density, Js, was also estimated
from the simulations at different temperatures. The Arrhenius plot
of ln(Js) against 1000/T is shown in Fig. 5. The best linear ﬁt indicates that the recombination currents determine an activation
energy of 1.61 eV. This value is close to the half value of the material band-gap energy.
At the medium biases, namely between 2.5 V and 2.75 V, an ideality factor in the order of 1.3 was extracted in the considered temperature range as shown in Fig. 6.
In the series resistance region of the curves in Fig. 4 only a limited current increase is observed for voltage biases higher than 3 V.
A good ﬁt between the simulated and experimental results was
achieved considering a temperature dependence of the contact
resistance in the order of 5 lX cm2 K1 as experimentally measured in [7] in the 298–563 K temperature range, pointing out a
mixing of thermionic and ﬁeld-effect conductions through the contact-semiconductor interface. This result is also conﬁrmed in [22]
where the distributed contact resistance of similar p–i–n diodes
was investigated.
In the series resistance region, however, structure #2 exhibits a
different J–V–T behaviour, as shown in Fig. 7 for the diode D2A. In
fact, although there are weak differences between the D1 and D2
diodes in (a) the current components related to the carrier
recombination and diffusion phenomena with a positive
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Fig. 2. Forward J–V characteristics of several 4H-SiC p–i–n diodes (structure #1 (a), structure #2 (b)) measured at 298 K.

Fig. 3. Calibration of the carrier lifetime simulation parameters for the diode D1A at
T = 298 K. The inset shows a comparison between the measured J–V curves of the
diodes D1A and D2A.

D2A this point is located at a voltage bias close to 2.8 V,
corresponding to a current density of 300 mA/cm2.
Considering the diode series resistance, Rs, in the form
Rs = 2Rc + Ri, where Ri represents the diode internal contribution
and Rc(D2) < Rc(D1) as obtained from measurements [7], whereas
for the diode D1A we can assume 2Rc > Ri (see the negative temperature coefﬁcient of the curves in Fig. 4), in order to explain
the current behaviours shown in the series resistance region of
Fig. 7, it is evident that for the diode D2A the Ri effect overcomes
the Rc contributions at all temperatures determining a positive
temperature coefﬁcient. In fact, since the carrier lifetime is too
low to ensure a proper conductivity modulation, the diode internal
contribution Ri is mainly determined by the thickness and doping
of the epilayer and substrate. Therefore, the carrier mobilities
decrease with temperature limits more and more the D2A current
capabilities. In particular, Ri / 1/qNln and, in fact, as a consequence
of a higher dopant activated in the n+ region that tends to suppress
the hole injection in the substrate, above the J–V curve knee the
total diode current is dominated by the electron injection into
the anode. This can be explained with the incomplete ionization
model, predicting a 10 times lower saturation level of the ionized
acceptor concentration with respect to donors. In other words, in
the anode region the substitutional Al atoms give origin only to a
limited concentration of free holes for conduction.
In order to better highlight the temperature dependence of the
carrier mobility and to properly ﬁt the measured forward characteristics of the device D2A at highest current regimes, a simpliﬁed version of (4) in the form ln,p = l0n,p(T/300)a was also considered

Fig. 4. Simulated (solid lines) and experimental (dot lines) forward characteristics
of the diode D1A at different temperatures.

temperature coefﬁcient, (b) the carrier lifetime increasing with
temperature and (c) an ideality factor close to 2, we can note the
existence for the D2 samples of a crossing point in the J–V characteristics as the temperature increases. In particular, for the diode

Fig. 5. Arrhenius plot of the diode D1A saturation current density.
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Fig. 6. Ideality factor of the diode D1A between 2.5 V and 2.75 V at different
temperatures.

Fig. 7. Simulated (solid lines) and experimental (dotted lines) forward characteristics of the diode D2A at different temperatures.
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the limited maximum current handling of the samples D2 compared
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