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In this paper, the impact of silicon carbide intrinsic defect states, such as Z1/2

and EH6/7 centers, on the forward current–voltage curves of aluminum (Al)-
implanted 4H-SiC p-i-n diodes is investigated by means of a physics-based
device simulator. During the simulations, an explicit carrier trap effect due to
an electrically active defect concentration produced by the Al+ ion implanta-
tion process in the anode region was also taken into account. The obtained
current–voltage characteristics are compared with those measured experi-
mentally for several samples at different current levels. It is found that
intrinsic defect densities as high as the epilayer doping may lead to undesir-
able device properties and instability of the forward bias behavior. The diode
ideality factor and the series resistance increase with the increase of defects
and could be controlled by using high-purity epi-wafers. Furthermore, due to
their location in the bandgap and capture cross-sections, the impact of Z1/2

centers on the device electrical characteristics is more severe than that of EH6/

7 centers.
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INTRODUCTION

During recent years, the 4H polytype of silicon
carbide (4H-SiC) has been identified as a wide-
bandgap semiconductor with the potential to offer
great performance improvements in power electron-
ics.1–4 Compared to more conventional materials, like
silicon (Si) or gallium arsenide (GaAs), 4H-SiC
is well known for its higher critical electric field
(2–3 MV/cm), thermal conductivity (3.5–4 W/K cm),
and saturated carrier velocity (2 9 107 cm/s).5 How-
ever, 4H-SiC technology still has to face important
technological issues, including the presence of
intrinsic material defects in large-area substrates

and epilayers, as well as the control of uninten-
tionally introduced defects by ion implantation.6–8

In fact, the presence of defects has a strong impact
on the electrical characteristics of 4H-SiC-based
devices and, depending on their location in the
bandgap, defects act for electrons and holes both as
traps and as recombination centers. Traps reduce
the semiconductor free carrier density, whereas
recombination centers introduce generation-recom-
bination currents in rectifying devices.9,10 Therefore,
considering the important scattering mechanisms for
which experimental or theoretical data is not quite
available, intensive efforts should be made in order to
gain control and understanding of defect activity.

In this paper, the electrical characteristics of
aluminum (Al)-implanted 4H-SiC p-i-n diodes are
investigated by a numerical simulation study devel-
oped using a commercial finite-element device sim-
ulator.11 Recombination and trapping effects due to
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an intrinsic defect concentration of Z1/2 and EH6/7

centers, and the incomplete activation of the ion-
implanted impurities, are carefully taken into
account. The simulated behaviors as functions of
defects with both different densities and locations
are compared with those measured experimentally
for several diodes at various conduction regimes. By
fitting the experimental results, the fundamental
device electrical parameters, namely the ideality
factor and series resistance, are extracted as refer-
ence values.

DEVICE DESCRIPTION

The 4H-SiC p-i-n diodes considered in this work
were fabricated by the CNR Institute for Microelec-
tronics and Microsystems—Unit of Bologna (Italy).
The diodes are based on a commercially available
<0001> 8� off-axis n/n+ 4H-SiC epitaxial wafer
having a 5-lm-thick and 3 9 1015 cm�3 nitrogen
(N)-doped epilayer as schematized in Fig. 1. The
epilayer thickness and doping concentration assure
a theoretical breakdown voltage on the order of
1 kV.

The anode regions were realized by multiple
implantation doses of Al at a temperature of
673 K. From secondary ion mass spectroscopy
(SIMS) measurements on the implanted profiles,
the Al concentration is 6 9 1019 cm�3 up to 0.2 lm
from the surface and then decreases with a half-
Gaussian shape crossing the epilayer doping at
1.35 lm.12 The anode and cathode ohmic contacts
were made by deposition of titanium–aluminum
(Ti–Al) dots on the p+-implanted regions and a
nickel (Ni) film on the n+ back surface of the wafer,
respectively. Further details about the adopted 4H-
SiC technology, the implantation process, and the
post-implantation annealing are reported in Ref. 13

and reference therein.
For all the samples, the calculated active area is

in the range 0.75–1 9 10�3 cm2 and the anode
contact resistance is close to 1.5 mX cm2 at room

temperature.13 From the literature, this Ti–Al-
specific contact resistance can be considered a
typical value for depositions on highly doped p-4H-
SiC samples (i.e., p ‡ 2 9 1019 cm�3).14

SIMULATION MODELS

The simulation analysis was carried out using the
numerical device simulator ATLAS-Silvaco11 by
solving, with Newton’s method, the Poisson’s equa-
tion in the form of:

er2w ¼ �qðp� nþNþ
D �N�

A Þ �Qt ð1Þ

Here, Nþ
D and N�

A are the ionized impurity concen-
trations and Qt is the total charge due to traps
which depends upon the trap density, Nt, and its
probability of occupation. This charge can be
expressed in terms of the carrier thermal velocities,
vn,p, capture cross-sections, rn,p, and emission rates,
en,p, by using:

Qt ¼ qNt
vprp þ en

vpðrp þ rnÞ þ ðen þ epÞ

�

� vnrn þ ep
vnðrp þ rnÞ þ ðen þ epÞ

� ð2Þ

where vn = 1.99105 m/s and vp = 1.29105 m/s are
specific 4H-SiC constants at room temperature,15

and the emission rates for electrons and holes are
calculated as a function of the difference between
the trap energy level and the intrinsic Fermi level,
namely Etrap, as follows:

en ¼ vnrnni exp
Etrap

kT

� �
; ð3Þ

ep ¼ vprpni exp �Etrap

kT

� �
: ð4Þ

The others basic physical models taken into account
during the simulations and their reference param-
eters at T = 300 K are summarized in Table I.

Here, in particular, N is the total impurity
concentration for a specific device region, NA and
ND are the substitutional p-type and n-type doping
concentrations, NV and NC are the hole and electron
density of states varying with temperature, DEA

and DED are the acceptor and donor energy levels,
and DEgp and DEgn are the bandgap narrowing for
the p-type and n-type regions, respectively.

Finally, for high-electric fields, a carrier mobility
reduction due to a carrier saturated drift velocity of
2 9 107 cm/s is considered as described in Ref. 25.

Note that the simulation setup assumed in this
work has also been used in other recent papers of
ours,12,26,27 and it is supported by comparison with
experimental results obtained on similar Al-im-
planted 4H-SiC p+-i-n diodes in a wide range of
currents and temperatures.28,29

Fig. 1. 4H-SiC p-i-n diode schematic cross-section. Plot not in scale.

Analysisof the Forward I–VCharacteristicsof Al-Implanted4H-SiCp-i-nDiodeswith Modelingof
Recombination and Trapping Effects Due to Intrinsic and Doping-Induced Defect States

1415



EXPERIMENTAL RESULTS

The measured forward current–voltage (IF–VF)
curves of four identical diodes placed on the same
die are shown in Fig. 2 in half-log scale. The
measurements were performed at room tempera-
ture by means of a HP4155 semiconductor

parameter analyzer imposing a compliance current
of 100 mA.

Although almost all the samples showed good
rectifying behaviors with a leakage current
< 0.2 nA at � 100 V, as can be observed in Fig. 2,
the diodes labelled as D2C and D2G must be
classified as leaky diodes. In fact, they exhibit
distorted IF–VF characteristics (especially diode
D2G) with higher currents than the well-behaved
diodes D2A and D2E under low-voltage test condi-
tions. This excess current is ascribed to an inhomo-
geneous epitaxial layer containing intrinsic defects
that give origin to a leakage path (or a shunt
resistance) connected in parallel with the actual p-i-
n structure. In other words, regardless of the diode
fabrication process,30,31 the leaky diode current
behaviors can be modeled as being 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. Conversely, the good-quality diodes D2A
and D2E show the typical p-i-n electrical behavior.
They are characterized by a sharp turn-on at a
threshold voltage of about 2 V and quick rise in
slope, which is a characteristic of high-quality and
low-resistance diodes. The diode current is domi-
nated by recombination and carrier diffusion up to a
bias voltage close to 2.5 V and 2.8 V, respectively.

Table I. Physical models and reference parameters

Shockley–Read–Hall (SRH)
recombination5,16

RSRH ¼ pn�n2
i

sp nþni exp
Etrap
kT

� �� �
þsn pþni exp �Etrap

kT

� �� � ni = 6.7 9 10�11 cm�3

Auger recombination17 RAuger ¼ CAppþ CAnn
� �

np� n2
i

� �
CAn = 5 9 10�31 cm6/s
CAp = 2 9 10�31 cm6/s

Carrier lifetime18,19 sn;p ¼ s0n;p

1þ N

NSRH
n;p

� � s0n = 500 ns
s0p = 100 ns

NSRH
n;p = 1 9 1030 cm�3

Incomplete ionization
of impurities20–22

N�
A ;

þ
D ¼ NA;D

�1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ4gv;c

NA;D
NV;CðTÞe

DEA;D
kT

r

2gv;c
NA;D

NV;CðTÞe
DEA;D
kT

0
BB@

1
CCA NV = 3.29 9 1019 cm�3

NC = 1.66 9 1019 cm�3

gv = 4
gc = 2

DEA = 190 meV
DED = 70 meV

Bandgap energy23 EgðTÞ ¼ Eg300 þ a 3002

300þb � T2

Tþb

	 

Eg300 = 3.2 eV

a = 3.3 9 10�4 eV/K
b = 0

Apparent bandgap
narrowing24

DEgp ¼ Ap
N�

A

1018

	 
1
2þBp

N�
A

1018

	 
1
3þCp

N�
A

1018

	 
1
4

DEgn ¼ An
Nþ

D

1018

	 
1
2þBn

Nþ
D

1018

	 
1
3þCn

Nþ
D

1018

	 
1
4

Ap = 1.54 9 10�3

Bp = 1.3 9 10�2

Cp = 1.57 9 10�2

An = 1.17 9 10�2

Bn = 1.5 9 10�2

Cn = 1.9 9 10�2

Carrier
mobility23,25

ln;p ¼ lmin
0n;p

T
300

� �an;pþ lmax
0n;p

T
300ð Þbn;p�lmin

0n;p
T

300ð Þan;p

1þ T
300ð Þcn;p N

Ncrit
n;p

� �dn;p lmin
0n = 40 cm2/V s

lmin
0p = 15.9 cm2/V s
lmax

0n = 950 cm2/V s
lmax

0p = 125 cm2/V s
Ncrit

n = 2 9 1017 cm�3

Ncrit
p = 1.76 9 1019 cm�3
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Fig. 2. Experimental IF–VF curves of four 4H-SiC p-i-n diodes at
room temperature.
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Finally, at the highest voltages, all the samples
show a series resistance effect. The curves tend to
become flat and the current is entirely dominated by
a series resistance that can be considered as the
sum of the contact contributions and the diode
internal resistance. From the experimental results,
80% of the diodes was classified as well-behaved
diodes.

A compact analytical current conduction model
can be written in the form of32,33:

Jtot ¼ Jsdiff exp
qVD

n1KT

� �
� 1

� �

þ Jsrec exp
qVD

n2KT

� �
� 1

� �
þ Jt expðBVDÞ;

ð5Þ

where Jtot is the diode total current density, Jsdiff is
the saturation current density for diffusion, Jsrec is
the saturation current density for space-charge
recombination, Jt is the saturation current density
for tunneling, n1 and n2 are ideality factors, and B is
a fitting parameter. As is well known, in the case of
ideal diffusion, n1 = 1. The value of n2, instead, is
dependent on the location of recombination centers
within the bandgap. Finally, the third term is
attributed to a shunting phenomenon in order to
give a better fitting of the leakage current.

By taking the natural logarithm of both sides in (5),
separately in the ranges where each of the two
exponential terms is dominant, we obtain an expres-
sion in the form of a linear equation from which we
can get the slope and, by fitting the experimental
results, we have extracted the values of the diode’s
electrical model parameters, i.e., n1, n2, and B, as
summarized in Table II. Here, the diode series
resistance, calculated by fitting the slope of the linear
plot dVD/dln(Jtot) versus Jtot, is also reported.

As expected, in the diffusion regime
(2.5< VD £ 2.8 V), the ideality factor can be con-
sidered in the proper value for the diodes D2A and
D2E, whereas the diode D2G shows a value of n1

strongly affected by defects, resulting in a value
close to 2. In addition, in the low-injection regime
(VD £ 2.5 V), the diodes D2G and D2C have an
ideality factor n2 in excess of 3 as a consequence of a
higher current contribution related to the recombi-
nation processes in the space-charge region.

The diode series resistance is on the order of 7 X,
except for the leaky diode D2G where it appears 6
times larger. In this case, it is evident that the

contribution of the series resistance related to the
diode internal resistance meaningfully overcomes
the contact resistance values that we can assume to
be the same for all the samples. Therefore, this
result is mainly due to the lack of an effective
carrier injection through the diode junction, pre-
venting the setup of a conductivity modulation
regime in the low-doped middle region.

SIMULATION ANALYSIS

By assuming the device parameters extracted from
the measurements (i.e., ideality factor and series
resistance) as reference values, the aim of this section
is to investigate the degradation of the forward
current–voltage characteristics of 4H-SiC p-i-n
diodes caused by the formation of crystal defects,
either as a result of interactions with energetic
particles or growth of the epitaxial layer. These
defects are, in fact, deep states into the material’s
forbidden energy gap where carriers recombine.

In accordance with the SIMS Al doping profile
described above, the post-annealing residual crystal
damage created by the Al+ ion implantation process
was introduced within the diode structure in the
form of a depth profile of electrically active traps up
to a distance of 1.35 lm from the anode contact. In
particular, considering that for implant concentra-
tions on the order of 1019 cm�3 only a percentage
close to 90% of Al atoms can be assumed to really
occupy a substitutional position in the crystal,14,34,35

as an initial entry data for modeling the trap
density was set, at each depth, as 10% of the
implanted impurities.36 In addition, the energy
level of these traps was assumed to be close to the
Al acceptor level, i.e., 0.2 eV from the valence band
edge,21,35 determining a donor-like effect. In fact,
the traps are positively charged when empty and
can only capture electrons. Conversely, according to
the experimental data present in literature and
supported by deep-level transient spectroscopy
(DLTS) measurements,30,31 the mostly two deep
native defects observed in 4H-SiC-based devices are
in the upper half of the bandgap.14 They are labelled
as Z1/2 and EH6/7 and are located at 0.67 eV and
1.65 eV from the conduction band edge, respec-
tively. These defects produce an acceptor-like effect.
In other words, similarly to ionized acceptor impu-
rities, they are negatively charged when filled and
became neutral when empty.

Table II. Diode electrical parameters

Diode n1 (2.5< VD £ 2.8 V) n2 (VD £ 2.5 V) B (V21) Series resistance (X)

D2A 1.35 2.13 1.329 9 10�12 7.77
D2C 1.72 3.38 1.066 9 10�12 7.28
D2E 1.63 2.17 0.854 9 10�12 7.32
D2G 2.03 3.53 0.997 9 10�12 46.46
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The fundamental defect parameters assumed
during the simulations are listed in Table III14,36,37

where, for the sake of simplicity, the traps induced
by the Al implantation process are labelled as Al10%.

In order to describe the impact of the starting
substrate on the forward current–voltage charac-
teristics of the presented 4H-SiC p-i-n diodes, wide
ranges of intrinsic defect concentrations were con-
sidered. The IF–VF curves obtained for three differ-
ent Z1/2 densities are shown in Fig. 3. Here, the
measured characteristics of the well-behaved diode
D2A and leaky diode D2C are also reported for
comparison.

As can be seen, the Z1/2 concentration is a key
parameter that controls, at low and medium bias
voltages, the parts of the forward current character-
istics related to recombination and diffusion phe-
nomena. In these regions, in fact, the diode total
current is strongly influenced by the effective carrier
lifetime in the epitaxial layer.38 In particular, the
carrier lifetime dependence on the trap density can be
written using the standard expression11:

sn;p ¼ 1

vn;prn;pNt
: ð6Þ

In Fig. 3, the curve of the diode D2A is well fitted
for a Z1/2 density of 1 9 1015 cm�3. Densities

exceeding the epilayer doping (e.g., Nt = 3 9 1016

cm�3), however, tend to increase the shunt resis-
tance behavior and at the same time have a
detrimental effect on the diode series resistance.
The main reason for this lies in the penalized flow of
electrons due to defect effects, which originate in the

Table III. Fundamental defect parameters

Defect name Location (eV) Density (cm23)
Electron cross-
section (cm2)

Hole cross-
section (cm2)

Z1/2 0.67 0.01–3 9 1016 2 9 10�14 3.5 9 10�14

EH6/7 1.65 0.02–3 9 1016 2.4 9 10�13 1.0 9 10�15

Al10% 0.2 6 9 1018 (peak value) 2.58 9 10�13 2.58 9 10�13
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Fig. 3. Measured and simulated IF–VF characteristics for different
Z1/2 concentrations.
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epilayer region, increasing the local recombination
rate as shown in Fig. 4. Therefore, the diode current
is degraded because these defects reduce the carrier
lifetime and act as carrier traps in the device’s
active region, introducing high-resistive paths.39

The measured IF–VF behavior of the diode D2A
and the simulated ones for different concentrations
of EH6/7 are shown in Fig. 5.

We can note that the curve of the diode D2A is
rather well fitted for EH6/7 concentrations in the
upper limit of 9 9 1014 cm�3. In particular, increas-
ing Nt the linear region of the curves tends to shift
toward the lower voltages and up in the whole low-
medium bias range (VF< 2.8 V). Then, when the
defect density becomes comparable to the epilayer

doping (3 9 1015 cm�3 for our samples), it appears
clear that the device’s electrical properties, i.e.,
current capability and series resistance, are heavily
modified.

The changes of the diode ideality factor and series
resistance for different Z1/2 and EH6/7 concentra-
tions are depicted in Figs. 6 and 7, respectively.

The presence of defects considerably increases the
ideality factor, which is, in particular, strongly
dependent on the Z1/2 concentration. In particular,
from Fig. 6 we can note that for concentrations of
Z1/2 close to 1 9 1015 cm�3 and EH6/7 lower than
9 9 1014 cm�3, the ideality factor agrees well with
the value calculated for the good-quality diodes D2A
and D2E in Table II. Then, increased defect densi-
ties tend to determine ideality factors typical of
leaky diodes.

On the other hand, as shown in Fig. 7, the series
resistance is on the order of a few ohms and it
appears slightly dependent on the substrate crystal
quality up to a defect density which does not exceed
the epilayer doping ðNt � 3 � 1015cm�3Þ: Then,
however, the Z1/2 concentration once again has a
noticeable impact on the diode current characteris-
tics. For example, a defect density close to
6 9 1015 cm�3 determines a series resistance com-
parable with the value calculated for the leaky diode
D2G in Table II.

Finally, it is worthwhile noting that at high forward
bias voltages (VF> 2.8 V), the diode series resistance
is also determined by traps due to the non-substitu-
tional Al doping concentration in the anode region,
which affect, in particular, the carrier mobilities.

The simulated IF–VF curves for different trap
concentrations set as a fraction of the implanted Al
doping density are shown in Fig. 8.

Here, the current behaviors can be explained
considering that an increased trap concentration in
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the anode region determines an increase of the diode’s
internal resistance,Ri, mainly due to a decrease of the
electron mobility parameter (Ri a 1/qNln). By using
the simulator to calculate the electron and hole
concentration depth profiles at different bias levels,
in fact, the analysis reveals that above the IF–VF curve
knee, the total diode current is dominated by the
electron injection into the anode,29 resulting in the
concentration of free holes for conduction limited by
the incomplete activation of the ion-implanted impu-
rities. In more detail, the incomplete ionization model
predicts a saturation level of ionized acceptor concen-
tration � 10 times lower with respect to donors, and
the higher dopant activated in the n+ substrate tends
to suppress the hole injection into the cathode and
enhances the electron injection into the anode.

CONCLUSIONS

In this work, the forward current–voltage charac-
teristics of Al-implanted 4H-SiCp-i-ndiodes have been
investigated as a function of different defect states
located in the material bandgap. The post-annealing
crystal damage created by the Al+ ion implantation
process in the anode region has been considered
assuming a trap concentration as a fraction of the
chemical Al doping profile at each depth.

The presence of intrinsic defects Z1/2 and EH6/7

inside the epitaxial layer affects the device current
behavior by varying the ideality factor from its
reference value. The diode series resistance is also
affected, although a significant increase, compared
to the calculations extracted from the measure-
ments, is observed only for defect concentrations
exceeding the epilayer doping. The degradation of
the device’s electrical parameters can be related to a
defect activity, which determines a change in the
device’s physics in terms of free carrier concentra-
tion, carrier lifetime, and carrier mobility.
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