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Abstract  

Deep defects have a fundamental role in determining the electro-optical characteristics and in the 

efficiency of InGaN light-emitting diodes (LEDs). However, modeling their effect on the electrical 

characteristics of the LED is not straightforward. 

In this paper we analyze the impact of the defects on the electrical characteristics of LEDs: we 

analyze three single-quantum-well (SQW) InGaN/GaN LED wafers, which differ in the density of 

defects. Through steady-state photocapacitance (SSPC) and light-capacitance-voltage 

measurements, the energy levels of these deep defects and their concentrations have been 

estimated.  

By means of a simulation campaign, we show that these defects have a fundamental impact on the 

current voltage characteristic of LEDs, especially in the sub turn-on region. The model adopted 

takes into consideration trap assisted tunneling as the main mechanism responsible for current 

leakage in forward bias. 

For the first time, we use in simulations the defect parameters (concentration, energy) extracted 

from SSPC. In this way, we can reproduce with great accuracy the current-voltage characteristics 

of InGaN LEDs in a wide current range (from pA to mA). 

In addition, based on SSPC measurements, we demonstrate that the defect density in the active 

region scales with the QW thickness. This supports the hypothesis that defects are incorporated in 

In-containing layers, consistently with recent publications. 
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Introduction 

The presence of defects within and close to the active region of InGaN light-emitting diodes 

(LEDs) has a fundamental role in the efficiency and electric-optical characteristics of the device. 

First of all, these defects, often energetically located near midgap, can increase the non-radiative 

recombination, behaving as Shockley-Read-Hall (SRH) recombination centers [1][2], and leading 

to a reduction in the device efficiency especially at low driving currents. But this is not the only 

effect that these defects can have: deep traps located in the depleted region, in fact, can favor trap-

assisted tunneling (TAT) of carriers and significantly increase the sub turn-on leakage current [3]–

[5]. Modeling this physical mechanism is of primary importance for a better understanding on how 

these defects influence the LED electrical behavior and where they are located energetically and 

spatially, with the aim of improving the quality of the device epitaxy. 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) [6]–[8]. 

In this paper, we propose a model based on experimental defect characterization. In a first step, we 

fabricated and characterized three InGaN LEDs that differ only by the single quantum well (QW) 

width. Through Steady-State Photocapacitance (SSPC) and light-capacitance-voltage (L-CV) 

measurements we extracted the defect proprieties like energy levels and densities. Besides, we 

observed that the defect concentration increases with increasing thickness of the QW. This 

indicates that defects are preferentially incorporated in indium-containing layers, as confirmed in 

recent studies [9]–[12].  

In a second step, relying on previous studies on the topic [13]–[15], we defined a model that 

emulate the electrical behavior of the device for over ten orders of magnitude (from pA to mA), 

using trap assisted tunneling as the main mechanism that causes sub turn-on leakage current. The 

results demonstrate that the defect characterization data obtained through the experimental 

characterization (SSPC and LCV) can be effectively used to reproduce with great accuracy the 

current-voltage characteristics of InGaN LEDs. 

 

Samples 

The InGaN/GaN LEDs analyzed have been grown on a sapphire substrate by metalorganic vapor 

phase epitaxy (Figure 1). 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. The three samples have the 

same structure but differ only by the QW width. Its thickness is equal to 1.3 nm, 1.8 nm and 2.4 

nm, respectively, for the wafers named A, B and C. The precursor used for InGaN layer are 
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triethylgallium (TEGa) and trimethyl-indium (TMIn) with nitrogen as a carrier gas. The 7.5 nm 

GaN barriers have been grown in similar conditions. 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 platinum, which is placed on a p-doped 20 nm GaN layer with 𝑁A  =  2 × 1019 cm−3.  

The epitaxial structure consists of an 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 Under Layer (UL) is functional for 

the incorporation of 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 [15]-[11]. 

The LEDs area is 300 × 300 μm2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Diagram of the structure of the three LED devices analyzed. They differ only for the thickness of 

the quantum well, that is: 1.3 𝑛𝑚, 1.8 𝑛𝑚 and 2.4 𝑛𝑚 respectively for the wafers named A, B and C. 

 

SQW 𝐼𝑛0.2𝐺𝑎0.8𝑁 

20 nm GaN – Mg 2 ×  1019 𝑐𝑚−3 

Type equation here. 
180 nm GaN – Mg 5 × 1018 𝑐𝑚−3 

20 nm 𝐴𝑙0.06𝐺𝑎0.94𝑁 – Mg 5 ×

 1018 𝑐𝑚−3 

 
20 nm GaN 

7.5 nm GaN – Si 1 ×  1018 𝑐𝑚−3 

5 nm GaN – Si 1 × 1020 𝑐𝑚−3 

 

7.5 nm GaN – Si 1 ×  1018 𝑐𝑚−3 

×24 AlInN/GaN SL UL (2.1/1.7 nm) 

×2 – Si 1 ×  1020 𝑐𝑚−3 

×22 – Si 3 ×  1018 𝑐𝑚−3 

 

 

800 nm GaN – Si 3 ×  1018 𝑐𝑚−3 

 n-GaN template on sapphire 
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Defect experimental analysis 

After a first electrical characterization, carried out by voltage-current measurements (I-V), this 

experimental analysis concerns the activation energy and density of deep defects respectively 

through SSPC and LCV measurements.  

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

deep level photoemission. The sample is exposed to sub-band gap monochromatic illumination, 

generated by a mercury lamp and filtered by a monochromator. An optical fiber and a lens focus 

the beam forward the sample providing monochromatic excitation in the photon energy range 

between 1.1 eV and 3.5 eV. A scheme of the adopted setup and of the measurement operation is 

reported in Figure 2.  
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Figure 2: (a) Schematic representation of the procedure used for the steady-state photocapacitance 

measurements. When monochromatic light hits the sample, electrons are emitted from traps in the space 

charge region. This results in a reduction in the width of the space charge region, and in the consequent 

increase in device capacitance. (b) A scheme of the adopted setup. 
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A photon flux (ϕ) varied between 1−25 ×  1017 cm−2s−1 and a bias voltage of 0 V has been 

adopted in order to grant that the active region is included in the space charge region. In Figure 3 

the apparent charge profile as a function of the depletion region is obtained from CV measurements 

in dark condition. At 0 V the space charge region extends for 46 nm including the QW, the barriers 

and the spacers. For simplicity in this paper, we defined ‘active region’ this depletion region, which 

is the ensemble of the QW and the two surrounding barriers and spacers. The measurements were 

conducted at room temperature at 1 MHz and the AC-signal amplitude was equal to 50 mV.  

 

Figure 3: The apparent charge profile as function of depletion region obtained from the capacitance-

voltage (CV) measurements in dark condition. At 0 V the depletion region width is 46 𝑛𝑚. 

From the ratio between the time constant obtained from the photo-capacitance transient to the 

photon flux 𝜙,  
1

𝜏Φ
, it is possible to extract the deep level photoionization cross-section (PCS) of 

the traps (see Figure 4). The PCS curves have been fitted by using the model proposed by Passler 

et al. [16] that allowed us to estimate the optical ionization energy (𝐸𝑂) and Franck-Condon shift 

(𝑑𝐹𝐶) of the defect. From these it is possible to obtain the thermal ionization energy 𝐸𝑇 calculated 

as 𝐸𝑇 = 𝐸𝑂 − 𝑑𝐹𝐶 as illustrated in Figure 4 (a). 
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Figure 4: (a) Configuration diagram of the optical and thermal energy level and the Franck-Condon shift 

energy. (b) Extraction of the defect energy levels using the Passler model on the sample C. Two levels can 

be clearly identified. The continuous lines represent the fits to Passler model, while the symbols are the 

photoionization cross section values obtained from the SSPC measurement. 

In Figure 4 (b), the PCS of sample B obtained from SSPC measurement is reported, where the solid 

lines represent the fits according to the Passler model. Two defect levels have been identified, while 

the change of slope after 3 eV is due to the carrier generation within the QW. 

Comparing with the values obtained from the other samples, we observe that the three wafers have 

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 as we 

can see in Table 1. It is important to highlight that this measurement does 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, we consider the possible presence of both the two defects 

in all layers near the junction. Similar results have been found by Armstrong et al. [17][18][19]. 

 

Once identified the same two defects for the three wafers, to quantitatively evaluate the trap 

densities, Light-Dark CV measurements were carried out. These measurements consist of the 

repetition of two capacitance-voltage measurements, one performed in dark condition and one 

under constant monochromatic illumination. The aim is to estimate the additional voltage Δ𝑉 

required to reach the length of the depletion region  𝑥𝑑 when defects are emptied by illumination 

compared to when the defects are fully occupied. This allow to obtain an estimation of the trap 

concentration according to the relation [17], [18], [20]:  
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𝛥𝑉 =
𝑞

𝜖
∫ 𝑥𝑁𝑇𝑑𝑥

𝑥{𝑑}

0

  

Equation 1 

 and considering 𝑁𝑇 constant in the interested region. The measurements were carried out 1 MHz 

and two different photon energies were used: 1.8 eV and 2.3 eV, in order to extract an estimation 

of the first defect level and then the second one is obtained as the difference between the 

concentration estimated at 2.3 eV and the 1.8 eV one.  

1E15

1E16

D
e
fe

c
t 
c
o
n
c
e
n
tr

a
ti
o
n
 (

c
m

-3
)

 1.8 eV

 2.3 eV

sample A

  1.3 nm
sample B

  1.8 nm

sample C

  2.4 nm

Extracted NT at Eph:

 

Figure 5: the estimation of the average trap concentration identified at 1.8 eV and 2.3 eV under the 
conduction band in the active region. It can be notice a rising in the concentration increasing the QW 
width.  

 

 

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

 𝐸𝑇,1 (eV) 1.29 1.28 1.29 

𝑁𝑇,1 (𝑐𝑚−3) 7.66E14 1.57E15 4.85E15 

𝐸𝑇,2 (eV) 1.71 1.72 1.67 

𝑁𝑇,2 (𝑐𝑚−3) 1.27E15 1.23E15 3.21E15 
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Table 1: The thermal activation energy levels for the three analyzed wafers from SSPC measurements, 

obtained by the difference between the optical activation energy and the Franck-Condon shift and the 

relative average trap concentration obtained by Light-CV measurements. 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.  

In Table 1 and in Figure 5 a summary of the average trap density in the active region (AR), i.e. the 

region including the SQW and the surrounding barriers and spacers is reported. It is worth noticing 

that, due to the spatial resolution of the measurements, it is impossible to selectively measure just 

the QW. However, from the data obtained, a monotonic dependence of trap concentration on the 

QW width can be observed. This increase of defects with the QW thickness is due to the 

incorporation of defects in In rich layers during the growth, as supported by previous papers [9]–

[12], and thus, a wider QW creates a greater amount of defects. In addition to that, the presence of 

a thicker InGaN QW may impact on the epitaxial strain within the adjacent GaN layers, thus 

contributing to further increase the defectiveness of the QW but also of the close layers [21]–[24]. 

Since the defect densities estimated are related to a region (that includes QW+ barriers+ spacers) 

with the same thickness for all the three wafers, we can conclude that the rise in the defect 

concentration is related to the increasing of defects incorporated in the QW and close layers due to 

the increasing on the QW thickness. 

Modeling 

After this experimental characterization, with the help of Sentaurus TCAD suite from Synopsys 

Inc., numerical simulations have been performed. The layers of the structure have been doped 

placing traps (Si and Mg) at their characteristic energy levels, that is, 150 meV from valence band 

for Mg in GaN (200 meV in AlGaN EBL) and 20 meV from conduction band for Si in GaN  [25]–

[28]. The main recombination processes have been activated, like Shockley–Read–Hall (SRH), 

radiative and Auger, and also thermionic emission mechanism has been considered. A parallel 

resistance (𝑅𝑝 =   6 ×  1010 Ω ) has been added to the device, in order to simulate the current 

leakage due to parasitic paths, that act in the electrical characteristic at low voltages (near 0 V), 

while a series resistance (𝑅𝑠 = 10 Ω) simulates non-idealities due to contacts, buffer layers, partial 

activation of doping, etc... [29]. Both the values have been extrapolated by the experimental IV 

characteristics. Finally, the p contact is made of platinum so his work function has been set to 6.35 

eV (Φ𝑀) [30]. 

The main IV region of interest in this analysis is below the turn-on voltage, which is dominated by 

leakage current due to the action of trap assisted tunneling process (TAT). This phenomenon 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. The 

carriers, reached the traps, recombine non-radiatively, generating the sub turn on leakage current. 

The traps, thus, act as efficient non-radiative recombination centers. In Figure 6 the simulated band 
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diagram at equilibrium of the device and a schematic representation of TAT are reported. The 

experimentally identified defect levels have been placed in the active region (QW, barriers and 

spacers) and the carriers tunnel from n and p-side respectively for electrons and holes into the 

recombination centers.  

 

Figure 6: Equilibrium band diagram of the devices analyzed and scheme of the trap assisted tunneling 

mechanism. The electrons tunnel from n-side forward the traps while holes from the p-side. In the traps, 

that act as recombination centers, they recombine non-radiatively causing a sub turn-on leakage current.   

 

The model implemented for describing tunneling considers the combination of two 

capture/emission mechanisms: a phonon-assisted inelastic process (𝑐𝑛,𝑝
𝑝ℎ𝑜𝑛 ) and an elastic 

transition (𝑐𝑛,𝑝
𝑒𝑙 ) [31][15][32][33]. These mechanisms are dependent by the energy level of the traps 

referred to the intrinsic Fermi level (𝐸𝑇), the interaction volume of the trap (𝑉𝑇), the Huang-Rhys 

factor 𝑆, the energy of the phonons involved in the transition (𝐸𝑝ℎ𝑜𝑛 =  ℏ𝜔 ), the tunneling electron 

effective mass (𝑚𝑡) and the number of the phonons emitted in the transition (𝑙). This model for 

TAT works as an additional SRH recombination rate: 
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𝑅𝑇𝐴𝑇 =
𝑁𝑇𝑐𝑛𝑐𝑝(𝑛𝑝 − 𝑛𝑖

2)

𝑐𝑛 (𝑛 +
𝑛𝑖

𝑔𝑛
𝑒

𝐸𝑇
𝑘𝐵𝑇) + 𝑐𝑝 (𝑝 +

𝑛𝑖

𝑔𝑝
𝑒

𝐸𝑇
𝑘𝐵𝑇)

 

Equation 2 

 

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

capture rates. The values of Huang-Rhys factor 𝑆, Huang-Rhys factor 𝑆 and the energy phonon  

𝐸𝑝ℎ𝑜𝑛 have been chosen in agreement with the previous papers [15][34][35][36]. 

Besides, it is worth noting that the superlattice under layer presents AlInN layers. These layers 

have a wide energy gap equal to 5.17 eV that could obstacle the electron path (Figure 6). This 

doesn’t happen in the real device because these layers are very thin, as confirmed by simulations 

including barrier tunneling at the heterointerfaces within the UL. This  was implemented by using 

the Wentzel–Kramers–Brillouin (WKB)tunneling probability model, as described in [32].  

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

parameters, in order to calibrate it. The traps have been placed with a narrow Gaussian energy 

distribution, having σT   =  5 meV, and the variation of the leakage current has been observed both 

varying the trap concentration and energy level. With increasing trap density, it can be observed 

an increasing of the sub turn-on current, according to the Equation 2. While, increasing ET from 

the conduction band, a diminution of the onset voltage of the tunneling process can be observed 

together to a reduction in leakage current near the turn on voltage. This result is due to the variation 

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

with the starting interface of the electrons at the conduction band. Thus, a lower voltage may be 

needed to obtain relatively high tunneling probabilities. Finally, the relative tunneling mass 

(mt) and the percentage of piezoelectric activation (PE) of the device has been empirically adapted 

according with the previous papers  [37]–[39]. Once analyzed the sensitivity, the values of the 

energy levels of the defects and their concentrations have been chosen exactly equal to those 

obtained from the SSPC and L-CV measurements. In Table 2 the values of the main parameters 

adopted in the simulations are reported.  

 

 

Parameter unit Sample A Sample B Sample C 

𝑆  10 10 10 

𝑉𝑇 𝜇𝑚3 2 ×  10−7 2 ×  10−7 2 ×  10−7 
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𝜎𝑒,ℎ  𝑐𝑚2 1 × 10−11 1 × 10−11 1 × 10−11 

𝐸𝑝ℎ𝑜𝑛 𝑚𝑒𝑉 91.2 91.2 91.2 

Φ𝑀  eV   6.35 6.35 6.35 

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 

𝜎𝑇,1 meV 5 5 5 

𝜎𝑇,2 meV 5 5 5 

PE  0.65 0.65 0.65 

𝑅𝑆 Ω 9 10 12 

𝑅𝑃 Ω 6E10 6E10 6E10 

 

Table 2: the main parameters set in the simulations for the three samples.   

 

Results and conclusions  

In Figure 7 the simulated IV curves have been reported and compared to measurements. A good 

agreement with the measured curves has been reached for all the three samples. These results 

indicate the fundamental importance of defect characterization and of the use of the experimental 

data in the model in order to reproduce and reach a better understanding of the device behavior. It 

is worth noting that the deeper level, with activation energy about 𝐸𝑇 =  𝐸𝐶 − 1.70 eV, influences 

more the IV characteristic because the onset voltage of the tunneling process depend by the near 

midgap levels, while the other level contributes to slightly increase the leakage current near the 

turn-on voltage. 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][22][5][13]. 

These results prove that IV characteristics can provide precious information related to the presence 

of midgap defect placed into the active region, that are also responsible for SRH recombination. 

Besides, possible variation due to the generation or diffusion of defects during ageing tests could 

be reproduced and detected with the model. Thus, the combination of a simple log-scaled 
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experimental I-V plot and a suitable model can be used to get important information on 

semiconductor quality. 

 

 

Figure 7: Comparison between the simulated IV curve (red dashed line) and the experimental curve (black 

symbols) for the three samples. A good reproduction of the real curve has been reached for about ten orders 

of magnitude, implementing the data obtained by the experimental defects characterization. 

 

To conclude, in this paper we have analyzed three InGaN/GaN LED with super lattice under layer, 

that differ only by the QW width. After a preliminar electrical characterization, we have performed 

steady state photocapacitance and light-CV measurements in order to estimate the defect energy 

levels and concentrations. Two energy levels have been identified for the three sample (at 1.28-

1.29 𝑒𝑉 and 1.67-1.72 𝑒𝑉 from 𝐸𝐶) with a concentration that increases with the QW width, 

supporting the hypothesis that defects are preferably incorporated in In-rich layers. 

With the Sentaurus TCAD simulator a model of the device has been implemented, considering the 

trap assisted tunneling as the main responsible for sub turn-on leakage current. The same values 

identified in the experimental characterization have been used into the model and a good 

correspondence has been reached. This approach could be useful not only for detecting the presence 

of midgap defects from the model and the IV curves, but also for estimating the defect generation 

during long-term ageing tests. 
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