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Abstract—The forward current-voltage characteristics (IF-VF) 

of aluminum (Al) implanted 4H-SiC p-i-n diodes are investigated 

by means of a numerical simulation study that takes into account 

both intrinsic and doping-induced deep-defects, namely the Z1/2 

and EH6/7 centers inside the drift region and an electrically active 

trap concentration inside the anode region due to the Al+ ion 

implantation process. From the experimental results, the 

fundamental electric parameters of several samples were 

extracted at different regions of diode operation and used for 

comparison. The modelling analysis reveals that Z1/2 and EH6/7 

centers reduce the effective carrier lifetimes and increases the 

recombination rate in the drift region determining the slope of the 

IF curve in the recombination and diffusion regimes. In addition, 

a defect density that becomes comparable to the epilayer doping 

concentration introduces an apparent shunt resistance effect at 

low-medium biases and at the same time has a noticeable impact 

on the diode series resistance at voltages higher than 2.7 V. A 

detrimental effect on the series resistance is also observed in 

dependence of the trap concentration in the anode region that 

increases the diode internal resistance as a consequence of the 

carrier mobility decrease. Above the IF curve knee the diode 

current is largely dominated by the electron injection into the 

anode since the concentration of free holes for conduction is 

strongly limited in turn by the incomplete activation of the ion 

implanted impurities and the trap activity. 

 
Index Terms—4H-SiC, p-i-n diodes, device modeling, defect 

states, ideality factor, series resistance. 

I. INTRODUCTION 

URING the last decade, a large variety of silicon carbide 

(SiC) based devices have been extensively proposed for 

high-power, high-frequency, and high-temperature 

applications [1]-[4]. The 4H-SiC polytype, in particular, is a 

wide-bandgap semiconductor with excellent electronic 

properties that can withstand a breakdown electric field 

(2.5 MV/cm) over eight times greater than Si or GaAs [5]. 

Also, compared to these conventional materials, 4H-SiC 

exhibits a two time greater saturated carrier velocity, i.e. 
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2×107 cm/s, and a thermal conductivity in the order of 

3.5-4 W/K×cm whereas typical values for Si and GaAs are 

1.5 W/K×cm and 0.5 W/K×cm, respectively.  

However, since the 4H-SiC is a relatively new technology, 

the deployment of intensive efforts, based in turn on numerical 

(or analytical) and experimental analyses, are needed to 

investigate the material physical parameters that affect the 

device electrical characteristics. Among the major 4H-SiC 

technological issues, we can certainly consider the presence of 

intrinsic deep defects in the starting substrates and epilayers, 

as well as the control of defect concentrations unavoidably 

introduced during the doping processes [6]-[8]. In fact, 

depending on their concentration and capture cross sections, 

defects act for carriers either as traps or as recombination 

centers [8]-[11]. Traps determine a reduction of the free 

carrier concentrations whereas recombination centers 

introduce generation-recombination currents in rectifying 

devices [11]-[13]. For these important scattering mechanisms, 

as far as we know, experimental or theoretical data are not 

commonly available yet.  

This paper is therefore addressed to investigate the 

experimental forward current-voltage characteristics of 

aluminum (Al) implanted 4H-SiC p-i-n diodes with modeling 

of recombination and trapping effects due to both intrinsic and 

doping-induced deep-defects. More in detail, in order to gain 

control and understanding of defect activity, during the 

simulations an explicit concentration of Z1/2 and EH6/7 centers 

inside the epitaxial layer and an electrically active trap 

concentration due to the Al+ ion implantation process of the 

anode region were taken into account by using a fine-tuned 

combined model. It allows to achieve a very good agreement 

with the experimental results in terms of ideality factor and 

series resistance at the different regions of diode operation in a 

current range that spans over ten decades. Preliminary results 

assuming the defect effects independent each other in 

determining the device current capabilities were previously 

presented in [14]. Moreover, in this work the attention is 

focused on the carrier injection and recombination depth 

profiles inside the p-i-n structure.   

II. DEVICE STRUCTURE  

A schematic cross-section of the 4H-SiC p-i-n diodes 

considered in this work is shown in Fig. 1 (plot not in scale). 

Here, the Al implanted profile as a function of the distance 

from the anode contact is also reported. The diodes were 
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provided by the CNR Institute for Microelectronics and 

Microsystems, Unit of Bologna - Italy. They are based on a 

<0001> 8° off-axis n/n+ 4H-SiC epitaxial wafer and perform a 

theoretical breakdown voltage of 1 kV. The epilayer thickness 

is 5 µm and the epilayer doping is 3×1015 cm-3. During the 

fabrication, the anode region was realized by multiple 

implantation doses of Al at 673 K on selected circular areas 

with a diameter in the range 150-1000 µm [15]. 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. The measured anode contact resistance is in the 

order of 1.5 mΩ×cm2 at room temperature [15]. This value is 

typical for Ti/Al depositions on p-type 4H-SiC substrates with 

doping concentrations in excess of  2×1019 cm-3 [16].  

 
Fig. 1. 4H-SiC p-i-n diode schematic cross section and Al implanted profile 

along the device. 

 

The implanted profile assures an Al concentration of 

6×1019 cm-3 up to 0.2 µm from the diode surface and then it 

decreases with an half-Gaussian shape crossing the epilayer 

doping at 1.35 µm as verified by secondary ion mass 

spectroscopy (SIMS) measurements [17], [18]. 

III. SIMULATION SETUP  

The simulation analysis was carried out using a TCAD 2D 

physical simulator [19] by solving the Poisson’s equation and 

the carrier continuity equations: 
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Here, ψ is the intrinsic Fermi potential, ɛ is the electrical 

permittivity, q is the electronic charge, n and p are the electron 

and hole concentrations, Qt is the charge due to traps and 

defects, 

DN  and 


AN  are the ionized impurity concentrations, 

Un and Up are the net electron and hole recombination rates, 

and Jn and Jp are the carrier current densities expressed by the 

drift-diffusion model in the form of  

pnpnpn nqJ ,,,                                (4) 

where φn and φp, are the quasi-Fermi levels, and µn and µp are 

the carrier mobilities.  

The charge Qt is expressed in terms of the trap 

concentration Nt, the carrier thermal velocities vn and vp, the 

capture cross sections σn, and σp, and the emission rates en and 

ep by using 
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where vn = 1.9105 m/s and vp = 1.2105 m/s at T = 300 K  

[20], and en and ep are calculated as a function of the 

difference Etrap between the trap energy level and the intrinsic 

Fermi level 
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In this analysis, the others key physical models include the 

Shockley Read Hall (SRH) and Auger recombination 

processes, the incomplete ionization of dopants and the carrier 

mobility effects.  

The SRH and Auger recombination rates are modeled using 

the standard expressions [21]    
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where Cn = 5×10-31 cm6/s and Cp = 2×10-31 cm6/s are the Auger 

coefficients [22] and τn  and τp are the carrier lifetimes 

governed in turn by traps [20] and doping concentration [23]:   
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Here, N is the total impurity concentration for a given device 

region and τ0n = 500 ns, τ0p = 100 ns, and SRH

pnN ,
= 1×1030 cm-3 

are reference parameters taken from [24].  

The incomplete ionization of impurities is expressed 

assuming the Fermi-Dirac statistics by means of [25] 
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where 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, gv = 4 and gc = 2 

are the degeneracy factors of the valence and conduction band 

and Ea and Ed are the acceptor and donor energy levels, 

respectively. Considering the nature of the doping species (i.e. 

Al and N), the ionization energy levels Ea = 190 meV and 

Ed = 70 meV are assumed [26], [27].  

Finally, the carrier mobility is modelled by the Caughey-

Thomas equation at T = 300 K, validated for 4H-SiC in [28]: 
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where N is the local concentration of the ionized impurities;  
min

0n = 40 cm2/V×s, min

0 p = 15.9 cm2/V×s, max

0n = 950 cm2/V×s 

and max

0 p = 125 cm2/V×s are fundamental model parameters 

taken from [28], [29].  

This simulation setup is supported by experimental results 

on almost similar p-i-n diodes [17], [18], [30], and further 

parameter details are provided in other recent manuscripts of 

ours [31]-[34].  

IV. EXPERIMENTAL AND MODELLING 

Several 4H-SiC p-i-n diodes (nominally identical) placed on 

different dies were characterized at room temperature by using 

a HP4155 Semiconductor Parameter Analyzer. Forward 

current-voltage measurements allowed to classify most of the 

devices as well-behaved diodes with good rectifying 

characteristics. About the 20% of the samples, however, 

showed distorted IF-VF curves with an excess of current under 

low-voltage test conditions (VF < 1.9 V) as shown in Fig. 2.  
 

 

Fig. 2. Experimental IF-VF curves of different 4H-SiC p-i-n diodes. A 

compliance current of 100 mA was imposed during the measurements. The 

device area is 1×10-3 cm2 for all the samples. 

 

Here, the leaky diode behaviors DDB and DDC can be 

compared with the typical good quality curve DDA, which is 

characterized by a sharp turn-on for a forward bias close to 

1.9 V and a quick rise in slope. The calculated device area is 

1×10-3 cm2 for all the samples since they are characterized by 

a diameter close to 350 µm. 

The diode behaviors DDB and DDC are related to an 

inhomogeneous epitaxial layer containing intrinsic defects 

that, regardless of the diode fabrication process give origin to 

a leakage path or a shunt resistance connected in parallel with 

the actual p-i-n structure [35]. In other words, depending on 

the crystal quality of the starting 4H-SiC substrate, the leaky 

diode current behaviors can be modelled as due to two diodes 

with different barrier heights connected in parallel, each 

contributing to the current independently, where the defective 

device has a lower turn-on voltage. Finally, in Fig. 2 all the 

samples exhibit a series resistance effect at voltages higher 

than 2.7 V and the curves tend to become flat. As well known, 

the series resistance is the sum of the contact contributions and 

the diode internal resistance. 

In order to extract the fundamental device electrical 

parameters listed in Table I, in the voltage range where the 

shunt resistance Rsh and the series resistance Rs are negligible, 

we assumed a diode current-voltage conduction model in the 

form of [36]-[38] 
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where Isdiff is the saturation current for diffusion, Isrec is the 

saturation current for recombination. By taking the natural 

logarithm of both sides in (14), separately in the voltage range 

where each of the two exponential term is dominant, we 

obtained an expression in the form of a linear equation from 

which we got the slope and, by fitting the experimental results 

we extracted the diode ideality factors n1 and n2. Finally, the 

Rsh and Rs values were extracted from the linear plot of the 

IF-VF curves in Fig. 2. The former at the lower voltage levels 

and the latter in the voltage range from 2.7 to 2.86 V, namely 

where the down-bending starts, by calculating the inverse 

slope of the best linear fit. The linear fit useful for the Rs 

extraction is shown in Fig. 3.  

 

 

Fig. 3. Linear fit of the IF-VF experimental curves in Fig. 2 for the Rs 

extraction. 
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By considering the device area (1×10-3 cm2), Rs is in the 

order of 10 mΩ×cm2 except for the leaky diode DDC for 

which we can calculate a value about 10 times higher. In this 

case, since the contact resistances are identical for all the 

samples, it is evident that the Rs contribution related to the 

diode internal resistance is much higher than the other devices. 

TABLE I 

DIODE ELECTRICAL PARAMETERS 

             DDA                 DDB DDC 

n1   @ 2.4 < VF < 2.7 V       1.35                  1.72 2.03 

n2   @ 1.8 < VF ≤ 2.4 V       2.13 3.38 3.53 

Rsh (×cm2)    752×106   700×106 672 

Rs (m×cm2)       9.4      10.5 106 

 

In the diffusion regime 2.5 < VF < 2.7 V, the ideality factor 

n1 can be considered in the proper value only for the diode 

DDA (n1 = 1 for ideal diffusion) whereas the defect effects 

determine, in particular for the diode DDC, n1 close to 2. Also, 

in the low injection regime VF ≤ 2.5 V, the diodes DDC and 

DDB have a higher value of n2 as a consequence of a higher 

current contribution due to the recombination phenomena.  

V. RESULTS AND DISCUSSION 

In this section, the impact of trapping effects on the IF-VF 

characteristics presented above is investigated by means of a 

numerical simulation study. During the simulations, we 

considered the presence of crystal defects inside the device 

structure both as a result of the growth of the epitaxial layer 

and as interactions with energetic particles (Al+ ions) during 

the implantation process.  

More in detail, the post-annealing residual crystal damage 

was accounted for in the form of a depth profile of electrically 

active defects located within the anode region in accordance 

with the Al doping profile in Fig. 1. Three different profiles 

were calculated as a fraction of the Al concentration, i.e. 5%, 

10%, and 15%, at each depth. From the literature, in fact, we 

can consider only a percentage around the 90% of the Al 

implanted atoms to really occupy a substitutional position in 

the crystal for high doping densities [16], [27], [39]. The 

relative trap energy level was assumed 0.2 eV from the 

valence band edge likewise the Al acceptor energy level in 

4H-SiC [26], [27]. These traps manifest a donor-like effect. In 

other words, they are positively charged when empty and 

capture electrons similarly to ionized donor impurities.  

Concerning the material intrinsic defect states, according to 

literature data supported by deep-level transient spectroscopy 

(DLTS) measurements, the mostly two deep native defects 

recognized in the 4H-SiC-based devices are the Z1/2 and EH6/7 

centers [16]. They have the same microscopic origin, namely 

the carbon vacancy, and are assumed located at 0.6-0.7 eV and 

1.6-1.7 eV from the conduction band edge [40]-[42], 

respectively. The Z1/2 traps produce an acceptor-like effect, i.e. 

they are negatively charged when filled and became neutral 

when empty. On the other hand, since the bandgap is close to 

3.26 eV at room temperature, the EH6/7 energy level is a 

midgap level and the nature of these traps could be uncertain. 

Most researchers, however, have identified in the n-type 4H-

SiC the EH6/7 centers as the donor level of a carbon vacancy 

[40]-[43]. Moreover, the Z1/2 and EH6/7 concentration ratio 

should be considered in the order of one [41]-[44].  

The defect parameters assumed during the simulations are 

summarized in Table II. The traps due to the Al implanted 

profile were labelled as Dimp and modelled as in [45] and 

references therein. Their Nt value refers to the peak 

concentration calculated from the Al SIMS profile in Fig. 1 

assuming a percentage of 5%, 10%, and 15%, respectively. As 

entry data for modeling, the case 10% was used in all the 

simulations by default. 

TABLE II 

DEFECT PARAMETERS 

 Et (eV) Nt (cm-3) σn (cm2) σp  (cm2) 

 Dimp 0.2  3×1018, 6×1018, 9×1018 2.58×10-13 2.58×10-13 

 Z1/2 0.67        3×1013 - 3×1016 2.0×10-14 3.5×10-14 

EH6/7 1.65  3×1013 - 3×1016 2.4×10-14 1.0×10-14 

 

As can be seen, in order to investigate the impact of the 

native substrate on the diode electrical characteristics, for the 

intrinsic defects a wide range of Nt was considered starting 

from a value that we can assume proper for thin 4H-SiC 

n--epilayers [10]. The Z1/2 and EH6/7 locations in the bandgap 

and  capture cross sections are consistent with the literature 

data [10], [11], [40]-[42].  

In a first set of simulations, the relative weight of the Z1/2 

and EH6/7 centers on the diode current behavior was evaluated 

increasing in turn the Nt value as shown in Figs. 4 and 5, 

respectively. Here, the experimental curves are also reported 

for comparison.  

 

 

Fig. 4. Measured and simulated IF-VF curves for different Z1/2 concentrations. 

The effect of Nt on the ideality factor n2 is shown in the inset. The EH6/7 

concentration is fixed to 3×1013 cm-3. 

 

From Fig. 4, the Z1/2 concentration plays a key role in 

determining the IF curve at low and medium forward biases, 

namely where the recombination and diffusion currents are the 

dominant components. For a value Nt = 1×1015 cm-3 the 

calculated ideality factor n2 (see inset) is close to 2.2 in good 

agreement with the experimental result for the diode DDA in 
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Table I. On the other hand, a Z1/2 concentration exceeding the 

epilayer doping (i.e., Nt > 3×1015 cm-3) more and more 

increases the shunt resistance effect and the current behavior 

tends to the DDB curve. The diode series resistance increases 

meaningfully for Nt = 3×1016 cm-3 and its value becomes 

comparable with that extracted for the leaky diode DDC 

(Rs ≈ 100 m×cm2).  

 

 

Fig. 5. Measured and simulated IF-VF characteristics for different EH6/7 

concentrations. The effect of Nt on the ideality factor n2 is shown in the inset. 

The Z1/2 concentration is fixed to 9×1013 cm-3. 

 

From Fig. 5, increasing the EH6/7 concentration up to a 

value that approaches the epilayer doping, the curves tend to 

shift toward lower voltages and up with a moderate change in 

slope for VF ≤ 2.5 V. Then, higher values of Nt have a 

detrimental effect on Rs that once again tends to the DDC 

behavior for Nt = 3×1016 cm-3.  

The previous analysis was used to achieve the best fit of the 

DDA curve by considering a combined model of the Z1/2 and 

EH6/7 centers with a concentration ratio in the order of one. By 

tuning the model parameters, the impact of different trap 

concentrations inside the anode region was also considered. 

After several attempts, the obtained result is shown in Fig. 6. 

Here, in particular, the Dimp profile was calculated as 5 % of 

the Al implanted impurities and the intrinsic defect 

concentrations were tuned to 2.5×1014 cm-3 and 1.5×1014 cm-3 

for the Z1/2 and EH6/7 centers, respectively. Finally, in order to 

fit the curve at the lower voltages (VF ≤ 1.8 V), a shunt 

resistance correspondent to the value extracted for the diode 

DDA in Table I was imposed for the anode current calculation 

of the simulated device.  

It is worthwhile noting that, fixed the role of the intrinsic 

defects, an appropriate trap concentration in the anode region 

improves the fit of the experimental curve at highest current 

regimes. The simulated IF -VF curves for the different Dimp 

profiles considered in this work are shown in Fig. 7. These 

current behaviors are mainly related to the effective trap 

concentration inside the implanted region that affects the 

carrier mobility determining de-facto the diode internal 

resistance Ri, resulting Ri α 1/qNµn. At the same time, the 

carrier trap effects due to the non-substitutional Al doping 

concentration have almost no impact where the total diode 

current is governed by the effective carrier lifetime in the drift 

region. 

 

 

Fig. 6. Measured and simulated IF-VF curve for the diode DDA.  

 

 

Fig. 7. Impact of different trap concentration profiles in the anode region 

calculated as a fraction of the Al implanted impurities. 

 

In order to extract interesting information on the device 

physics, we highlighted the role of the carrier injection into the 

p-i-n structure by plotting in Fig. 8, for the simulated curve in 

Fig. 6, the electron and hole concentration profiles as a 

function of the distance from the anode contact for three 

different bias voltages. The plot was traced by taking a vertical 

cut along the diode axis of symmetry. 

Due to the defect state concentration that limits the carrier 

lifetimes (10), a significant carrier injection into the drift 

region does not start up to VF is close to 2.7 V. Then, around 

VF = 3 V the diode reaches the high injection regime and the i-

region appears filled of the electron-hole plasma which is 

required for reaching therein a conductivity modulation 

regime. The down-bending of the IF curve in Fig. 6 is therefore 

related to a significant minority carrier injection into the diode 

terminal regions where the carriers recombine.  
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The corresponding carrier recombination depth profiles are 

shown in Fig. 9. 
 

 

Fig. 8. Electron and hole concentration profiles at different forward biases. 

The drift region doping concentration is 3×1015 cm-3. 

 

 

Fig. 9. Carrier recombination depth profiles at different forward biases. 

 

As expected, up to VF = 2.4 V the dominant component of 

IF is the recombination current which originates in the drift 

region supported by the trap-assisted recombination 

phenomena. Then, the increased recombination rates tend to 

be concentrated more and more in the anode region. Above the 

curve knee (VF ≥ 2.7 V), in fact, the diode current is largely 

dominated by the electron injection into the anode, being the 

concentration of free holes for conduction strongly limited in 

turn by the incomplete activation of the ion implanted 

impurities and the trap activity. On one hand, the incomplete 

ionization model (12) predicts a saturation level of the ionized 

acceptor concentration in the anode over 10 times lower with 

respect to that of donors in the n+-region. On the other hand, 

the large cross sections σp of the intrinsic defects, in particular 

of the Z1/2 centers, capture the holes injected from the anode 

very effectively.  

Simulation results for different values of the capture cross 

sections in the same decade as proposed in [11], and 

preserving the σp/σn ratio, showed a limited impact on the 

diode current capabilities confirming the presented analysis.     

VI. CONCLUSION 

In this work, the impact of recombination and trapping 

effects on the measured forward IF-VF curves of Al implanted 

4H-SiC p-i-n diodes has been investigated by means of a fine-

tuned numerical model. The combined activity of both 

intrinsic and doping-induced deep-defects were considered 

during the simulations. The experimental devices were 

classified as well-behaved and leaky diodes. Their 

fundamental electrical parameter were extracted and used for 

comparison. 

Z1/2 and EH6/7 centers in the device active region reduce the 

effective carrier lifetimes and increase the local recombination 

rate varying the ideality factor from its reference value that is 

slightly above 2 in the recombination region and in the order 

of 1.3 in the diffusion regime. In addition, a concentration of 

intrinsic defects that becomes comparable to the epilayer 

doping has a strongly effect on the shunting phenomena at 

lower voltages and at the same time increases the diode series 

resistance over 10 times at high current levels. A detrimental 

effect on the series resistance is also observed accounting for 

an explicit trap concentration confined in the anode region due 

to the post-annealing residual crystal damage created by the 

Al+ ion implantation process. These traps increase the diode 

internal resistance introducing high-resistive paths.  
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