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Abstract 

Defects can significantly modify the electro-optical characteristics of InGaN light-emitting diodes 

(LEDs); however, modeling the impact of defects on the electrical characteristics of LEDs is not 

straightforward. 

In this paper, we present an extensive investigation and modeling of the impact of defects on the 

electrical characteristics of InGaN-based LEDs, as a function of the thickness of the quantum well 

(QW). 

First, we demonstrate that the density of defects in the active region of III-N LEDs scales with 

increasing thickness of the InGaN QW. Since device layers with high indium content tend to 

incorporate more defects, we ascribed this experimental evidence to the increased volume of 

defects-rich InGaN associated to thicker InGaN layers. Second, we demonstrate that the current-

voltage characteristics of the devices are significantly influenced by the presence of defects, 

especially in the sub turn-on region. Specifically, we show that the electrical characteristics can 

be effectively modeled in a wide current range (from pA to mA), by considering the existence of 

trap-assisted tunneling processes. A good correspondence is obtained between the experimental 

and simulated electrical characteristics (I-V), by using – in the simulation – the actual defect 

concentrations/activation energies extracted from steady-state photocapacitance, instead of 

generic fitting parameters. 

 

 



 

Introduction 

The deep defects present in light-emitting diodes (LEDs), particularly in the active region, can 

significantly impact on the optical and electrical characteristics of the devices. With regard to the 

optical properties, deep traps may behave as Shockley-Read-Hall (SRH) recombination centers, and 

decrease the efficiency of the devices, especially at low current levels, where SRH recombination 

plays the strongest role. Recent papers [1]–[3] demonstrated that the efficiency of InGaN LEDs is 

strongly influenced by the presence of midgap states, located in the quantum well (QW) region, that 

can favor SRH recombination. 

With regard to the electrical properties, the relation is less straightforward. Recently, it has been 

proposed that deep traps located in the depleted region can favor trap-assisted tunneling (TAT) of 

carriers, thus significantly increasing the sub turn-on leakage current [4]–[6]. Understanding and 

modeling the current-voltage characteristics of LEDs in a wide current range (from pA to 10-100 mA) 

is a fundamental step to identify specific non-idealities related to the presence of defects, that lead 

to an increase in the leakage current, especially below the turn-on voltage of the diode (typically 

around 3.2-3.5 V) [6]. In addition, by observing the sub turn-on voltage electrical characteristics 

during an ageing experiment, it is possible to identify specific degradation processes (such as defect 

generation and/or diffusion), and improve consequently the epitaxy [7]–[9]. 

However, modeling the current-voltage characteristics of LEDs in a wide range of currents is not 

trivial, since many mechanisms can contribute to leakage current conduction. Previous papers  [10]–

[12] preliminarily explored this topic, mainly based on the comparison between experimental 

current-voltage (I-V) characteristics and simulations. However, the simulations were based on 

hypothetical defect parameters, rather than on actual data obtained from defect characterization, 

and the models could not be validated against actual defect concentrations/activation energies. 

This paper makes a step forward in this field, demonstrating that the defect characterization data 

obtained through Steady-State Photocapacitance (SSPC) can be effectively used to reproduce with 

great accuracy the current-voltage characteristics of InGaN LEDs with different density of defects in 

the active region, in a wide current range (over several orders of magnitude, from pA to 100 mA). 

The approach to the study is based on two steps. In the first step, we fabricated and characterized 

three different LED wafers, having different densities of defects incorporated in the (single) InGaN 

QWs. The properties of these defects (ionization energy, density, …) were estimated by SSPC 

measurements: we demonstrated that the density of defects in the active region of the devices 

(composed of barriers and quantum wells) increases with increasing thickness of the single QW. This 

result indicates that defects are preferentially incorporated in indium-containing layers, confirming 

previous studies on the topic  [13]–[16]. 

In the second step, we defined a model for the current-voltage characteristics of InGaN QW-based 

diodes, considering trap-assisted tunneling as the main leakage mechanisms, using as a starting 

point the considerations proposed in early studies on the topic [10]–[12]. After model calibration, 



and verification of the sensitivity to the main parameters, the parameters of traps extracted in the 

first step were fed into the model, to reproduce the electrical characteristics of the devices. A good 

matching with the current-voltage characteristics of the diodes was found over more than 10 order 

of magnitude in current. The results demonstrate that a calibration of the electrical model against 

experimentally-validated defect-properties is the key step for accurately reproducing the current-

voltage characteristics of LEDs. 

 



Samples and methodology 

The devices analyzed within this paper are InGaN/GaN LEDs, that were grown on a sapphire 

substrate (Figure 1), having an area of 300 × 300 𝜇𝑚2. The epitaxial structure consists of a 800 nm 

n-doped GaN buffer with 𝑁𝐷  =  3 × 1018 𝑐𝑚−3, followed by a super lattice under layer (SL UL) 

constituted by 24 layers of 𝐴𝑙0.17𝐼𝑛0.83𝑁/𝐺𝑎𝑁 (2.1 nm/1.7 nm). The first 22 layers have a doping 

concentration equal to 𝑁𝐷   =  3 ×  1018 𝑐𝑚−3,  while the last two ones are over-doped at 1 ×

 1020 𝑐𝑚−3. The function of the UL is to incorporate the defects coming from the GaN buffer layer 

[1], in order to guarantee a lower concentration of traps in the active region and therefore a better 

efficiency of the device [12]-[15]. The active region of the device consists of an undoped single QW, 

placed between two 7.5 nm barriers (𝑁𝐷 =  3 ×  1018 𝑐𝑚−3) and two spacers. After the undoped 

spacer, a p-doped 𝐴𝑙0.06𝐺𝑎0.94𝑁 layer was used as electron blocking layer (EBL) with 𝑁𝐴  =  5 ×

 1018 𝑐𝑚−3, followed by a p-doped 180 nm GaN layer with the same doping concentration. The 

anode contact is made by an alloy of gold and platinum, which is placed on a p-doped 20 nm GaN 

layer with 𝑁𝐴  =  2 ×  1019 𝑐𝑚−3.   

 

 
Figure 1: Diagram of the structure of the LED devices analyzed within this paper. Three identical wafers, 

differing only for the thickness of the quantum well, were fabricated. The properties of the quantum well 
are: indium content=20 %; thicknesses equal to 1.3 𝑛𝑚, 1.8 𝑛𝑚 and 2.4 𝑛𝑚 respectively for the wafers 

named A, B and C. 

 

Three different wafers were used, having exactly the same structure, but different thickness of the 

QW. Due to the different structures, the analyzed samples were found to have different defect 

densities in the active layer, thus being ideal to validate our model (see results in the next sections). 

Specific properties of the SQW for the three wafers are: indium content=20 %; thicknesses equal to 

1.3 𝑛𝑚, 1.8 𝑛𝑚 and 2.4 𝑛𝑚, respectively, for the wafers named A, B and C. 



A first electrical characterization was carried out by voltage current measurements (I-V). Then, in 

order to study the activation energy and density of deep defects, we adopted SSPC and light-dark 

capacitance-voltage (LCV) measurements. Finally, numerical simulation were carried out with the 

TCAD Sentaurus suite from Synopsys Inc. [17][18], to reproduce the electrical characteristics, with 

particular focus on how the defects affect the electrical behavior of the devices. 

 

Analysis of experimental data 

To identify the presence of defects within the active region of the analyzed devices, two different 

techniques were used: SSPC, to identify the ionization energy of the defects, and LCV 

measurements, to quantify the density of the defects.  

Ionization energy of the defects 

SSPC determines the energy level of a defect state from the photo-capacitance response due to 

deep level photoemission. To perform this analysis, the samples were exposed to sub-band gap, 

monochromatic illumination. The measurements were conducted at room temperature at 1 𝑀𝐻𝑧 

and the AC-signal amplitude was equal to 50 𝑚𝑉. A custom system consisting of a mercury lamp, a 

monochromator, a focusing lens and an optical fiber provided monochromatic excitation in the 

photon energy range between 1.1 𝑒𝑉 and 3.5 𝑒𝑉. The photon flux (𝜙) varied between 1−25 ×

 1017 𝑐𝑚−2𝑠−1. The bias voltage applied to the device was 𝑉 = 0 𝑉 and it was chosen to ensure 

that the space charge region (SCR) was wide enough to include the active region. In fact from the 

capacitance-voltage (CV) in dark condition we can determine a depletion depth (𝑥𝑑) of about 46 

𝑛𝑚 at 0 𝑉, indicating that the SCR extends from the end of the EBL to the start of the SL UL as 

reported in Figure 2. 

 
Figure 2: Apparent charge profile, as obtained from the CV measurements [13].  The various regions of the 
device are highlighted for clarity. The peak at charge at about 46 nm is associated to the interface between 
the Under Layer and the overdoped spacer. Thus, the region analyzed by SSPC measurements include the 
layers located above this interface (Spacers, QBs and QW). 
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 Thus, all analysis in the following aims at estimating the properties of traps located in the active 

region [19]–[21]. In the following discussion, ‘active region’ is defined as the ensemble of the QW 

and the two surrounding barriers and spacers (see details below). 

From the ratio between the time derivative of the photo-capacitance transient at 𝑡 = 0 𝑠 and the 

photon flux 𝜙 it is possible to obtain the deep level photoionization cross-section (𝑃𝐶𝑆) of the traps 

(see Figure 3). The PCS curves were fitted by using the model proposed by Passler et al. [22]: 

𝜎(ℎ𝑣, 𝑇) ≃
𝑐𝑜𝑛𝑠𝑡.

ℎ𝑣√2𝜋𝑑𝐹𝐶𝜖 coth (
𝐸𝑝ℎ

2𝑘𝐵𝑇
)

× ∫ 𝑑𝐸𝑘

𝐸𝑃

3
2

(𝐸𝑃 + 𝐸𝑂 − 𝑑𝐹𝐶)2

(+∞)

0

× 𝑒𝑥𝑝 [−
(ℎ𝑣 − 𝐸𝑂 − 𝐸𝑃)2

2𝐷𝜖coth (
𝐸𝑝ℎ

2𝑘𝐵𝑇
)

] 

Equation 1 

that takes into account the lattice relaxation of the deep level defect having given optical ionization 

energy (𝐸𝑂) and Franck-Condon shift (𝑑𝐹𝐶). It is worth mentioning that the thermal ionization 

energy 𝐸𝑇 (also referred to as electron binding energy) can be calculated from the optical ionization 

energy as 𝐸𝑇 = 𝐸𝑂 − 𝑑𝐹𝐶; also, 𝐸𝑃 = ℎ𝜈 − 𝐸𝑇  is the energy of the excited electron and 𝐸𝑝ℎ = ℎ𝜈 

the effective phonon energy. 

From this analysis, we obtained an estimation of the optical ionization energy of the deep defects 

of the three LEDs. In Figure 3 representative PCS data are reported, indicated by symbols; the solid 

lines represent the fits according to the Passler model: two defect-related edges are observed, one 

near midgap (𝐸𝑂,2=2.11 eV, corresponding to 𝐸𝐶 − 𝐸𝑇,2 =1.72 eV, where 𝐸𝐶  is the conduction band 

energy), the other corresponding to a less deep defect (𝐸𝑂,1=1.57 eV, corresponding to 

𝐸𝐶−𝐸𝑇,1=1.28 eV). The change in slope above 3 eV does not correspond to a deep level, but to the 

generation of carriers within the quantum well. 

 

 The results obtained on the three wafers analyzed are summarized in Table I, that reports the 

energies extrapolated for each of the absorption edges. As can be noticed, the three wafers showed 

the presence of the same two deep levels, one with energy in the range 1.28-1.29 eV below the 

conduction band energy, the other with energy in the range 1.67-1.72 eV below the conduction 

band energy. 



 
 
Figure 3: Example of extraction of energy levels of traps using PCS on a representative device. The symbols 
represent the photoionization cross section, measured as a function of photon energy. The blue and red 
lines the fits to the Passler model for respectively the first and the second energy level. Two levels can be 
clearly identified. 

 
 

 

 

Sample A (1.3 nm) B (1.8 nm) C (2.4 nm) 

𝐸𝑂,1 level 1 (eV) 1.66 1.57 1.66 

𝐸𝑂,2 level 2 (eV) 2.1 2.11 2.07 

 𝐸𝐶-𝐸𝑇,1, level 1 (eV) 1.29 1.28 1.29 
𝐸𝐶-𝐸𝑇,2, level 2 (eV) 1.71 1.72 1.67 

Table 1 Energy levels of defects for the three analyzed wafers, as obtained from deep-level optical 
spectroscopy measurements. 

Analysis of the density of the defects 

As discussed in the previous section, the same set of two defects was found in all analyzed samples. 

What differs for the three wafers is the concentration of the defects. To quantitatively evaluate the 

trap density of the two levels identified, Light-Dark CV measurements were carried out. The 

measurement procedure consists of two CV measurements, one in dark conditions and one under 

monochromatic light. The excitation wavelength is chosen in order to selectively excite each of the 

defects identified by SSPC. 

The variation in space-charge density due to deep level photoemission under monochromatic, sub-

bandgap illumination is then measured. LCV was performed at 1 𝑀𝐻𝑧; it is worth noticing that 

during our measurements the phase of the impedance of the devices was always between -85° and 

-90°, indicating that device is effectively behaving as a capacitor, with extremely high parallel 
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resistance (negligible parallel leakage). The absence of leakage-related issues results in a reliable 

capacitance reading in the whole analyzed range. 

The estimation of the concentration of traps was carried out with the same procedure used by 

Armstrong [19]–[21] where the additional voltage Δ𝑉 required to reach 𝑥𝑑 when defects are 

emptied by illumination compared to when the defects are fully occupied is: 

 

  

𝛥𝑉 =
𝑞

𝜖
∫ 𝑥𝑁𝑇𝑑𝑥

𝑥{𝑑}

0

        

Equation 2 

 

Here q is the elementary charge, 𝜖 the semiconductor permittivity and the trap concentration 𝑁𝑇 is 

approximated constant in the (narrow) active region.  

The measurement was repeated for two different photon energies. To determine the concentration 

of traps of the first energy level, the photon energy was set at 1.8 𝑒𝑉, so as to optically stimulate 

only the 𝐸𝑂,1~1.66 𝑒𝑉 level. For stimulating also the second trap energy level (𝐸𝑂,2~2.11 𝑒𝑉), the 

photon energy was set at 2.3 𝑒𝑉. By subtracting the 1.8 eV concentration from that obtained at 2.3 

eV, we obtain an estimate of the concentration of the second energy level. 



 
 
Figure 4: Estimation of the average trap concentration until 1.8 eV and 2.3 eV from the conduction band 
in the active region (i.e. SQW and the surrounding barriers and spacers) obtained by the Light-Dark CV 
measurements. 

 

In Figure 4 and in Table 2 a summary of the results is reported. The bar plot reports the average trap 

density in the active region (AR), i.e. the region including the SQW and the surrounding barriers. It 

is worth noticing that due to the spatial resolution of the measurements, it is impossible to 

selectively measure just the QW.  

First, a monotonic dependence of trap concentration on the QW width can be observed. In fact, 

with increasing the QW width, the average concentration of defects in the active region increases. 

Previous papers [13]–[16] indicated that, during growth, defects are typically incorporated in In-

containing layers, and this is consistent with our experimental results. In addition to that, the 

presence of thicker InGaN QW may impact on the epitaxial strain within the adjacent GaN layers, 

thus contributing to further increase the defectiveness of these semiconductor regions [3][23] 

[24][25]. Therefore, we can reasonably assume that the detected increase in average 𝑁𝑇 is 

representative of an increased defect concentration within the QW (related to indium incorporation 

[13]–[16] and mostly impacting the recombination efficiency), and the semiconductor layers close 

to the active region of the device (spacers + barriers + QW, mostly impacting the electrical 

characteristics). Since the defect densities reported in Figure 4 are related to the active region, and 

the total thickness of the investigated active region is identical for all wafers, we conclude that an 

increased thickness of the QW results in a higher density of defects.  

Second, from the SSPC and Light-Dark CV measurements, the energy levels and concentration of the 

deep levels were obtained: the results are summarized in Table 2. These results were used to build 
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the model for simulating the electrical characteristics of the devices, as described in the next 

sections. 

 

sample A (1.3 nm) B (1.8 nm) C (2.4 nm) 
conc. level 1 (𝑐𝑚−3) 7.66E14 1.57E15 4.85E15 
conc. level 2 (𝑐𝑚−3) 1.27E15 1.23E15 3.21E15 

Table 2: Trap concentration at the identified energy levels. The concentration at the first level is estimated 
by setting the photon energy at 1.8 eV, while the concentration of the second level is given by the difference 

between the estimate obtained at 2.3 eV and the one at 1.8 eV. 

 

 

Modeling 

Numerical simulations were carried out with the TCAD Sentaurus suite from Synopsys Inc. The 

structure has been reproduced by the SDE tool, and the layers have been doped by placing the traps 

(Si and Mg) at the characteristic energy levels as indicated in Table 3 [26]–[29]. In the simulations, 

Shockley–Read–Hall (SRH), radiative and Auger generation–recombination mechanisms, and 

thermionic emission processes were considered. The main material parameters for these 

mechanisms in binary and ternary compounds have been used, as reported in Table 3. 

 

 GaN AlGaN InGaN AlInN 

x content - 6% 20% 17% 
SRH lifetime (s) 5E-8 5E-8 5E-8 5E-8 
B (𝑐𝑚3/𝑠) 2E-10 1.9E-10 2E-10 1.72E-10 
C (𝑐𝑚6/𝑠) 1E-30 1E-30 1E-30 1E-30 
donor activation 
energy (𝑚𝑒𝑉 ) 

20 - - 150 

acceptor activation 
energy (𝑚𝑒𝑉 ) 

150 200 - - 

Table 3: Most relevant material parameters 

 

 

 

 

 

 

 



 

Parasitic resistances 

The first step in the calibration of the TCAD model was the extraction of the series and parallel 

(shunt) resistance of the devices. In order to simulate the current leakage due to parasitic paths, 

that act in the electrical characteristic at low voltages (near 0 V) a parallel resistance (𝑅𝑝) has been 

added to the device. The chosen value is 6 × 1010 Ω for all the three LEDs, as extrapolated from 

the current-voltage characteristics. With regard to the series resistance (𝑅𝑠), that may originate 

from non-ideal contacts, buffer layers, partial activation of doping, etc. [30], the value was been 

calibrated to reach a matching of the slope of the linear I-V plot at high voltages, and is around 10 Ω. 

In Figure 5 the effects of parasitic resistances in the IV can be observed, along with the measured I-

V plot and the final I-V simulated characteristics. 

 

 

 

 

Anode contact 

The p contact is made of platinum with a work function of 6.35 eV (Φ𝑀)  [31], and which forms a 

Schottky contact. The quality of the ohmic contact has a strong impact on charge injection of the 

 

 
 

Figure 5: Comparison among the experimental IV (red line), the simulated IV with parasitic resistances 
implemented (black line), and the current through the parallel parasitic resistor (violet) and the 
resistive behavior due to the series one (green). The parallel parasitic resistance act in the electrical 
characteristic at low voltages while the series one at voltages over the turn on voltage.  
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device, and on the final parasitic resistance. The charge injection was modeled by considering 

thermionic emission and tunneling. At present, tunneling is believed to be the primary mechanism 

for low resistivity contacts, since the barrier for thermionic emission is relatively high at the metal/p-

GaN interface. Tunneling contacts are typically based on highly-doped material (see the device cross 

section in Figure 1). This thin layer allows to regulate through doping, and therefore through the 

thickness of the potential barrier Φ𝐵𝐸 , the efficiency with which tunneling takes place. The resistivity 

due to tunneling is in fact given by [32]: 

 

𝜌 =   
𝑘

𝜋 𝑞 𝐴∗ 𝑇
𝑠𝑖𝑛(𝜋𝑐1𝑘𝑇) 𝑒𝑥𝑝 (

𝑞Φ𝐵𝐸

𝐸00
) 

Equation 3 

 

where 𝐸00 is a tunneling parameter, and 𝑐1 depend on the position of the Fermi level, 𝐸00 𝑎𝑛𝑑 Φ𝐵𝐸. 

For lower barriers Φ𝐵𝐻, there is a lower resistivity and thus a higher charge injection efficiency. By 

adjusting the doping of the thin layer and the contact work function Φ𝑀, it is therefore possible to 

control the charge injection which has the primary effect of changing the threshold voltage of the 

device. 

Tunneling model 

The main mechanism responsible for sub turn-on leakage is TAT. This phenomenon influences the 

IV characteristics below the turn-on voltage. It is determined by electrons and holes tunneling from 

respectively the n-type side and the p-type side, towards defect states located mainly within the 

forbidden bandgap of the undoped spacer (Figure 6).  

 



 
 
Figure 6: Trap assisted tunneling mechanisms implemented in the model. Electrons and holes tunnel into 
trap states located near the midgap of the forbidden band of the undoped GaN spacer from the n‐region; 
there they recombine non radiatively causing the forward TAT current. (The representation of tunneling is 
simplified. In fact, the arrival energy at the end of the tunneling 𝐸𝑜𝑝𝑡 is in general different from the trap 

energy. In particular,  𝐸𝑜𝑝𝑡 is the energy that maximizes the product between tunneling probability and 

capture probability.) 

 

Tunneling charges occupy the trap states and then recombine non-radiatively. So, the traps act as 

efficient non radiative recombination centers. The model implemented for describing tunneling to 

traps considers the combination of two capture/emission mechanisms, a phonon-assisted inelastic 

process, and an elastic transition [33][12][17][34]. The electron capture rate for the phonon-assisted 

transition from the conduction band is: 

 

𝑐𝑛
𝑝ℎ𝑜𝑛

=
2𝑉𝑟𝑆𝜔√𝑚𝑡(𝑚0𝑘𝐵𝑇)3

ℏ√χ
(

(𝑆 − 𝑙)2

𝑆
)  𝑒𝑥𝑝 [−𝑆(2𝑓 + 1)

+
Δ𝐸

2𝑘𝐵𝑇 + 𝜒
] (

𝛾

𝑙 + 𝜒
)

𝑙

𝐹1
2

[
𝐸𝐹,𝑛 − 𝐸𝐶(0)

𝑘𝐵𝑇
]

|Ψ(𝑧0)|2

|Ψ(0)|2
 

Equation 4 

while the electron capture rate for the elastic transition from the conduction band is:  
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where 𝐸𝑇 is the energy level of the traps referred to the intrinsic Fermi level (𝐸𝑇 = 𝐸𝑡 − 𝐸𝑖), 𝑉𝑇 is 

the interaction volume of the trap, 𝑆 is the Huang-Rhys factor, ℏ𝜔 the energy of the phonons 

involved in the transition (𝐸𝑝ℎ𝑜𝑛), 𝑚𝑡 is the tunneling electron effective mass, 𝑙 is the number of 

the phonons emitted in the transition, 𝑓 is the Bose–Einstein occupation of the phonon state and 

finally, 𝑧 =  2𝑆√𝑓(𝑓 + 1) and 𝜒 = √𝑙2 + 𝑧2. The dissipated energy in this process is Δ𝐸 =  𝐸𝐶  +

 
3

2
𝑘𝐵𝑇 – 𝐸𝑇 .   

This model for TAT works as an additional SRH recombination rate: 

𝑅𝑇𝐴𝑇 =
𝑁𝑇𝑐𝑛𝑐𝑝(𝑛𝑝 − 𝑛𝑖

2)

𝑐𝑛 (𝑛 +
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𝑔𝑛
𝑒

𝐸𝑇
𝑘𝐵𝑇) + 𝑐𝑝 (𝑝 +

𝑛𝑖
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𝑒

−
𝐸𝑇
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Equation 6 

where 𝑁𝑇 is the trap density, 𝑔𝑛,𝑝 are the electron and hole degeneracy factors and 𝑐𝑛,𝑝 are the 

capture rates described above.  

In the simulations we have set 𝑆 =  10, 𝑉𝑇 = 2 × 10−7 𝜇𝑚3, 𝐸𝑝ℎ𝑜𝑛  =  91.2 𝑚𝑒𝑉, the electron and 

hole cross-section of the trap 𝜎𝑒  =  1 × 10−11 𝑐𝑚2 and 𝜎ℎ  =  1 × 10−11 𝑐𝑚2. These values were 

chosen in agreement with previous literature reports [12][35][36] [37]. 

In Figure 6 the band diagram at the equilibrium of the simulated structure is reported. The hole 

tunneling has been implemented from the interface between the Electron Blocking Layer and the 

undoped spacer (blue line). The electron tunneling, instead, can start from the n-type side, from the 

interface between the n-doped barrier and spacer (red line). The length of the region along which 

tunneling can take place is equal to the distance between the two interfaces (38 𝑛𝑚).  

In the diagram the superlattice underlayer can be noticed. It includes AlInN layers with energy gap 

equal to 5.17 𝑒𝑉 alternating with GaN [34]. These layers do not obstruct the path of electrons, owing 

to the very low thickness. For each of these "barriers" tunneling was implemented using the 

Wentzel–Kramers–Brillouin (WKB) Tunneling Probability model, as described in [17]. 

 

 

 

 



Parameter calibration  

After setting up the model for trap-assisted tunneling, we evaluated the sensitivity of the model to 

the main parameters, including energy level and concentration of the traps responsible for TAT. The 

results are summarized in Figure 7 and in Figure 8. As can be noticed in figures, TAT is a dominant 

mechanism at low currents; it strongly impacts on conduction below the turn-on voltage, and 

depends on the presence of defects in the active region.  

A parametric analysis was carried out for the sample B. Similar results were obtained for the other 

samples. The energy level 𝐸𝑇 has been kept constant at 1.2 𝑒𝑉 and the concentration of traps 

𝑁𝑇 was varied. For simplicity, it is assumed that the traps are all placed at a single energy level, with 

a narrow Gaussian energy distribution, having 𝜎  =  5 𝑚𝑒𝑉. In Figure 7 an increase in tunneling can 

be observed with increasing concentration of the traps. This is in line with expectations, since an 

increase in the amount of traps increases the probability of tunneling (Equation 2). No significant 

differences were observed in whether the traps were acceptors or donors. 

 
 

Figure 7: Sub-turn on current variations due to the TAT as the concentration of traps 𝑁𝑇  increases and the 
other parameters remain constant. If the concentration 𝑁𝑇  raises the tunnel probability increases. 

   

A second simulation was performed by keeping 𝑁𝑇 constant at 1 ×  1015 𝑐𝑚−3, but now varying the 

energy level of the traps 𝐸𝑇 (Figure 8). By varying 𝐸𝑇 , a variation of the onset voltage of the tunneling 

process can be observed. In this case we have a reduction of the tunneling onset voltage when 

𝐸𝑇 approaches the valence band 𝐸𝑉. This result is explained by considering the variation in the 

forward voltage that should be applied so that the level of the traps is energetically aligned with the 

conduction band of the starting interface of the electrons. Therefore, a lower voltage may be 

needed to obtain relatively high tunneling probabilities. 
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Figure 8: Sub-threshold current variations due to the TAT as the energy level of traps 𝐸𝑇  increases and the 
other parameters remain constant. The variation of 𝐸𝑇 modify the tunneling path length between the trap 
states and the free carriers changing the tunneling probability. 

 

As a final step, to model the results obtained experimentally, the traps have been placed in the two 

levels identified in the SSPC measurements with the concentrations obtained from the Light-Dark 

CVs. The values of the parameters used for the simulations are reported in the Table 4. The 

activation energies and concentrations of defects are exactly those obtained from the deep-level 

optical spectroscopy and Light-Dark CVs. 

sample A (1.3 nm) B (1.8 nm) C (2.4 nm) 
𝑅𝑠 (Ω) 9 10 12 

𝑅𝑝 (Ω) 6E10 6E10 6E10 

𝑚𝑡,𝑒 0.007 0.007 0.007 

𝑚𝑡,ℎ 0.5 0.5 0.5 

𝐸𝐶 − 𝐸𝑇,1  (𝑒𝑉 ) 1.29 1.28 1.29 

𝑁𝑇,1 (𝑐𝑚−3) 7.66E14 1.57E15 4.85E15 

𝐸𝐶 − 𝐸𝑇,2  (𝑒𝑉)  1.71 1.72 1.67 

𝑁𝑇,2 (𝑐𝑚−3)  1.276E15 1.23E15 3.21E15 

𝜎1 (𝑚𝑒𝑉 )  5 5 5 

𝜎2 (𝑚𝑒𝑉 ) 5 5 5 

𝐸𝑤𝑘  (𝑒𝑉 )  6.35 6.35 6.35 

PE   0.65 0.65 0.65 

Table 4: Most significant simulation parameters. Note that the activation energies and concentrations of 
defects are exactly those obtained from the deep-level optical spectroscopy and Light-Dark CVs. ( 𝑅𝑆 = Series 
resistance; 𝑅𝑝 = parallel resistance; 𝑚𝑡,𝑒𝑎𝑛𝑑 𝑚𝑡,ℎ = relative tunneling mass for electrons and holes;  

𝐸𝑇 𝑎𝑛𝑑 𝑁𝑇 =  the defect energy level and its concentration; 𝜎 = the Gaussian energy distribution; 𝐸𝑤𝑘 = 
the work function of platinum and PE = the activation percentage of piezoelectric polarization.) 
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Simulation results 

Figure 9 shows the results of the IV simulations with the parameters listed above.  The results 

indicate that the concentrations and activation energies obtained from SSPC and LCV measurements 

can directly be fed into the simulator, and permit to accurately reproduce the current-voltage 

characteristics of the devices.  It is worth noticing that the second level, with activation energy about 

1.7 eV from the conduction band and with the same experimental concentrations, influences 

tunneling at lower voltages compared to the first level (1.28 eV), for which the tunneling probability 

is smaller. This is in agreement with previous papers, that suggested that states near midgap, like 

the detected 1.7 eV level, have a higher TAT probability in LEDs [1][3] [4][5][6][10]. The matching 

obtained over ten order of magnitude of current confirms that the sub-turn on current is mainly 

given by TAT, and that it depends on the deep defects located in the active region.  

   
 

  
 
 

Figure 9: Comparison between the experimental electrical characteristics (red symbols) and the simulated 
ones (black lines) for the three samples.  
 

It is important to highlight that the SSPC measurements performed in this paper do not allow to 

discriminate in which layer the traps are spatially located, since the width of the depleted region 

includes both InGaN and GaN layer. For this reason, in the simulation we placed the two defects in 

both InGaN and GaN layers near the junction. 

Additional comments can be made by looking at the literature: by reading Armstrong et al. [19], one 

can see that the defect exhibiting an optical activation energy of 2.11 eV (ET = 1.67 - 1.72 eV) has 

been associated to the GaN layers, whereas the defect with Ea = 1.62 eV (ET = 1.28 - 1.29 eV) has 

been related to the QW. This experimental behavior is compatible with the possible decrease in 

activation energy for defects located in layers with narrower energy gap [39]. Similar results have 

been reported also in [20][40]. Our results showed that also with this defect distribution, the 

simulations can still provide a good matching. This is due to the fact that trap-assisted tunneling 

takes place in the undoped spacer and depends mainly on the deeper level, whose placement 
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remains unchanged. A comparison between the two defect configurations is reported in Figure 10, 

where the contribution of the less deep level is evident to be at higher voltage (1.8 − 3 𝑉).   

 

 

 

 
 
Figure 10: Comparison between the electric characteristic with the presence of two energy levels at 1.29 
eV and 1.67 eV in the undoped spacer (previous simulation) and with the presence of only a level at 1.67 
eV as reported by Armstrong et al. [19].    

 
A final observation concerns the relatively small value of the tunneling mass adopted for the 

electrons that originates from the complexity of the real physical process. In the case of simple direct 

tunneling the effective tunneling mass can be obtained with a reasonable accuracy, but already in 

the case of a single trap-assisted-tunneling the values can differ [41][10][42], due to the difference 

between the real lattice configuration and the one assumed by the simulator model. The situation 

becomes even more complicated when we move to a possible trap-to-trap tunneling process, where 

the potential profile and the lattice configuration coordinate is hard to evaluate. For this reason, no 

simulator provides an effective model for trap-to-trap tunneling, and its consequent non-ideality is 

modeled as a low effective tunneling mass  [43]–[45], accounting for the trap-to-trap interactions 

not included in the model. 

 

These results have at least two important implications: a) the study of current-voltage 

characteristics in log-scale can provide relevant information on the presence of defects within the 

active region of light-emitting diodes; specifically, from the analysis of the I-V curves it is possible to 

identify the presence and contribution of defects near midgap, that are also responsible for SRH 

recombination [2]–[4]. The combination of a simple log-scaled I-V plot and a suitable model can be 

used to get important information on semiconductor quality. b) previous reports indicated that 

during LED ageing the sub-turn on current components may increase, due to the 

generation/propagation defects through the active region of the devices [7]–[9]. The model studied 
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within this paper allows to reproduce changes in the density of traps, and the related impact on the 

current-voltage characteristics, thus allowing an effective study of the effects of ageing on the 

characteristics of the devices. 

Conclusions  

In this paper we have analyzed and modeled the impact of defects on the electrical characteristic of 

single QW InGaN/GaN LEDs. In the first experimental phase, thanks to SSPC, two main levels have 

been identified for traps located near/within the active region (1.28-1.29 𝑒𝑉 and 1.67-1.72 𝑒𝑉 from 

𝐸𝐶). LCV measurements were then carried out, to compute the concentrations of defects in the 

active region of the devices. We showed that the amount of defects increases with the thickness of 

the QW, confirming the fact that the defects are preferably incorporated in In-containing layers. 

Subsequently we proposed a model capable of emulating the electrical behavior of the devices. We 

demonstrated that the deep states identified experimentally are responsible for TAT processes, that 

significantly increase the sub turn-on leakage current. A good correspondence was obtained 

between the simulated and experimental I-V curves (for over 10 orders of magnitude), by using the 

defect energy and concentration values obtained experimentally as simulation parameters. 

The powerful approach defined within this paper can be effectively used to assess the presence of 

defects within QW LEDs, based on the combination of optical spectroscopy measurements and 

current-voltage simulations. The same approach can be used also to evaluate the generation of 

defects during long-term ageing tests. 
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