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ABSTRACT- To examine the critical role of electrically active defects and surface states in InGaN/GaN multiple 

quantum well (MQW) ultraviolet photodetectors (UV-PDs), the study of degradation mechanisms in such devices is 

very important. In this work, we have fabricated InGaN/GaN MQW UV-PDs with a thick passivation layer of Al2O3 

and studied their degradation behaviors by applying high current stress. The origin of degradation processes has 

been investigated intensively by employing different combined optical and electrical measurements. As a 

consequence of stress, we noticed that (i) the electroluminescence intensity decreases distinctly ( 48%), suggesting 

that more of the charge carriers are captured by the newly induced defects in the active region; (ii) the open circuit 

voltage is mostly accountable for the degradation of photovoltaic properties in treated PDs; (iii) the parasitic current 

leakage paths increase significantly which in turn reduce the photocurrent generation process largely; (iv) within the 

temperature range of 100-440  K, the values of the ideality factor and barrier height are found to be always higher 

and lower in treated PDs, respectively, indicating the presence of generation-recombination centers caused by 

defects; (v) two major trap levels are identified in treated PDs via Laplace deep level transient spectroscopy 

analysis; and (vi) the responsivity in treated PDs decreases. The obtained results indicate that degradation is mainly 

associated with the newly generated defects, mostly Mg-related shallow acceptors, including MgGa and Mg-H2 

complexes, which can form the acceptor levels as a result of the breaking of Mg-H chemical complexes due to high 

heating levels during the stress treatment. 
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1. Introduction 

Nowadays, the advancement of wide bandgap semiconductors (GaN, AlGaInN, MgZnO, Ga2O3, ZnGa2O4, etc.) 

based ultraviolet photodetectors (UV-PDs) is one of the utmost in demand and extensively developed areas of 

optoelectronic devices because UV-PDs find widespread civilian, space, and military applications, including remote 

control systems, multispectral flame sensing, ozone monitoring, space communication systems, and missile warning 

systems [1-4]. However, several detrimental effects originating from native defects and surface states in such 

devices hinder the novel development of super-sensitive UV-PDs [5-8]. For the development of high-performance 

UV light detection devices with ultrafast response speed, InGaN/GaN multiple quantum well (MQW) structures 

have commonly been employed in Refs. [9-12]. The InGaN/GaN MQW structure can effectively decrease the 

thermodynamic and strain-induced structural instabilities as well as the formation of V-type defects, leading to 

surpassing the technical bottleneck in the usable high spectral responsivity [11,13].  

Furthermore, the technological difficulties for the production of low defects and large area GaN substrates, 

propel the use of other less matching substrates, namely, Si and sapphire for the fabrication of PD. Therefore, the 

obvious lattice mismatch and the dissimilarity in thermal expansion coefficients between GaN and these substrates 

lead to the generation of large defects in InGaN/GaN heterostructures [14]. Several defects and structural 

imperfections in InGaN/GaN MQW PD play many critical roles for various unfavorable effects which strongly 

affect the photoexcited charge carrier separation process in PD.   

The practical applications of such devices in numerous fields demand highly reliable and stable PDs. Therefore, 

for the development of highly stable UV-PDs, the role of surface states and high defect density, including threading 

dislocations (TDs) and native point defects need to be studied rigorously. In our earlier works [15,16], we reported 

the impact of constant current stress on the different electrical and optical properties of similar PDs and observed 

that the degradation processes are usually associated to the newly generated electrically active defects in the stressed 

devices. Based on X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) results, Horng et al. [4] 

claimed that in ZnGa2O4-based deep ultra-violet (DUV) photodetectors, the main degradation is affected by the 

ozone compensation as well as the surface water adsorption. However, the defect-related degradation mechanisms in 

InGaN-based PDs are not well investigated until now. Several open questions remain unanswered: Where are the 
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central defect levels situated? How do they penetrate in the different epilayers? What is their chemical nature? What 

are their activities in the devices? Thereby, to fabricate high-efficiency and high-reliable InGaN-based UV-PDs, an 

in-depth inspection of the location of defects and their activities in such devices is importantly required.  

To acquire detailed information regarding the above issues, we have investigated in the present work the 

degradation behaviors of the optical and electrical properties of InGaN/GaN MQW UV-PDs at high constant current 

stress. Before we portray the details of the study, we specify below certain essential and novel aspects of the present 

investigation. First, we have grown InGaN/GaN MQW UV-PD structure on sapphire substrate and fabricated 

devices with a 20-nm-thick Al2O3 passivation layer on the top which can reduce the surface states significantly. 

Second, we have obtained the optical and electrical characteristics of untreated and treated UV-PDs to understand 

the root mechanisms of the degradation. Third, we have acquired deep level transient spectroscopy (DLTS) and 

Laplace-DLTS spectra for the untreated and treated UV-PDs to identify the location as well as the nature of the 

electrically active defects. Finally, we have checked the effect of current stress on the sensitization performance of 

the detector. 

 

2. Device fabrication and characterization 

In the present work, an InGaN/GaN MQW UV-PD structure was grown on the c-plane of a sapphire substrate 

by using a horizontal metal organic chemical vapor deposition (MOCVD) system. The cross-sectional view of the 

employed PD structure is schematically displayed in Fig. 1. Initially, the low-temperature GaN (LT-GaN) buffer 

layer of 30 nm was grown on the substrate and then, a thick Si-doped n-type GaN layer (growth temperature (GT): 

1160 C, thickness: 2.5 μm, doping concentration ≈ 3 × 1018 cm−3) was grown on LT-GaN layer. On the top of n-

GaN layer, a large number (42-period) of InGaN/GaN (3/3 nm) MQW active region (GT: 825 C) was prepared. 

After the MQW region, the top Mg-doped p-type GaN layers were grown by a two-step growth process. During the 

growth of the first 100 nm p-GaN layer, the value of GT was kept at 825 C, whereas the remaining 150 nm p-GaN 

layer was grown at 875 C. The Mg concentration for the p-GaN layers was about 5 × 1019 cm−3. Furthermore, it is 

noted that the two-step growth process can improve the device performance significantly as observed in our recent 

work [17]. 

From the XRD data (see Supporting Information (Appendix A)), we calculated the value of In composition 

in the active region which was about 9%. In addition, the estimated value of the density of TDs was about 9.1 × 108 
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cm-2. Before the device fabrication, we checked the surface morphology of the top GaN layer via atomic force 

microscopy (AFM) analysis (see Supporting Information (Appendix A)). The obtained value of the root mean 

square (RMS) roughness was 11.66 nm.  

 

   

Fig. 1. Schematic illustration (cross-sectional) of InGaN-based UV-PD structure. 

 

To fabricate UV-PDs, we followed the standard device fabrication techniques of a photolithographic method, 

BCl3 plasma reactive ion etching (RIE), electron beam metal evaporation, and subsequent annealing processes. The 

photolithographic method was used to imprint the device structure on the epilayer, whereas the RIE was employed 

to etch the contact regions (n-type) of the device. After that the etched sample was annealed at 750 °C for 30 

minutes in N2 atmosphere to activate the Mg acceptors in the p-GaN layers. Following the Mg acceptors activation 

process, the n-contact was formed by depositing Ti/Al/Ni/Au (15/60/12/60 nm) metals using electron beam 

evaporation (EBE) process, whereas the finger-shaped p-contact was also deposited by the same process (EBE) with 

Ni/Au (5/60 nm) metals (see the top view in Fig. 1). Next, a rapid (30 s) annealing process at 750 °C in N2 

atmosphere was performed to accomplish good n-type Ohmic contact layers. In addition, to attain p-type Ohmic 
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contacts, the sample was annealed at 600 °C for 3 minutes in O2 atmosphere. Before the finalization of PD 

fabrication, a 20-nm thick Al2O3 passivation layer was deposited on the sample (without contact electrodes) to 

reduce the effect of surface states. The passivation film was deposited by an atomic layer deposition unit 

(Cambridge Nano-tech) [18]. During the atomic layer deposition, trimethylaluminum was used as an Al precursor, 

whereas purified H2O and O3 were considered as the O2 precursors [11,18]. However, the details of the various 

optical and electrical measurements (electroluminescence (EL), current-voltage (I–V) at different conditions 

(without and with light, low-temperature), dark capacitance–voltage (C–V), DLTS, and photocurrent spectroscopy 

(PCS)) are described in our earlier articles [11,15,17,19]. Furthermore, it is to be noted that in the present work, the 

constant high-current (200 mA) stress treatments of the un-encapsulated UV-PDs were performed at room 

temperature and open laboratory environment. On the other hand, the DLTS and LDLTS were carried out in the 

temperature range of 10 K-450 K using a Boonton 7200 capacitance meter, a pulse generator, a Lake Shore 331 

temperature controller and a data acquisition system. All the PDs samples (two fresh and three treated) were 

mounted and wire-bonded onto TO5 headers and fitted in a Janis closed-loop helium cryostat for the temperature 

dependence measurements. 

 

3. Experimental results and discussion 

3.1.   Degradation of luminescence property   

We have recorded the degradation of luminescence property in our devices as these PDs contain a 42-

period of InGaN/GaN MQW active region. Due to constant current stress at 200 mA over 340 hours, the EL 

intensity for the driving current of 100 mA decreased markedly ( 48%) as depicted in Fig. 2. Ma et al. [19] 

suggested that in InGaN/GaN MQW structures, the hegemony of TDs ruins the luminescence property of the active 

region because these TDs act as non-radiative recombination centers (NRCs). However, the obtained results in Fig. 

2 suggest that the degradation of EL intensity in the treated PDs is closely related to the newly created defects in the 

active region of the device where numerous charge carriers can recombine non-radiatively. These defects, therefore, 

reduce the EL intensity substantially [15]. Furthermore, it is to be mentioned that throughout the stress treatment, 

the full width at half maximum (FWHM) does not change significantly, whereas the MQW emission peak in the 

treated PD is shifted slightly from 412.2 nm (fresh PD) to 412.4 nm (see Fig. 2). This small red-shift could be due to 
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the In content fluctuation as suggested in Ref. [15]. In addition, the In fluctuation can affect the NRCs in the device 

as well. Therefore, this In fluctuation in the treated PDs can further reduce the EL intensity. 
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Fig. 2. EL spectra at 100 mA acquired before (black line) and after 340 hours of stress treatment (red line). FWHM: 14.8 nm 

(fresh PD), 14.9 nm (treated PD). 

 

3.2.   Degradation of photovoltaic properties 

It is important to note that studies on the degradation of photovoltaic properties, namely, short circuit 

current density (JSC) and open circuit voltage (VOC) in InGaN/GaN MQW PDs under different stress conditions are 

not widely available in the literature [16,20,21]. However, to get a deep perception into the degradation of 

photovoltaic properties of InGaN-based PDs, we have measured I–V characteristics under the artificial solar light 

with a standard air-mass 1.5 global spectrum i. e., standard 1 sun-intensity (power density: 100 mW/cm2) before and 

after 340 hours of stress treatment and the obtained results are illustrated in Fig. 3. It can be noticed in Fig. 3 that JSC 

reduces slightly from 0.55 to 0.54 mA/cm2 due to stress treatment. On the other hand, VOC decreases from 2.11 V 

(fresh PD) to 1.1 V (treated PD), suggesting the defect-related forward conduction processes are increased due to 

stress (more details are mentioned in the next section) [21]. In InGaN/GaN MQW stressed solar cells, Caria et al. 

[21] observed that the reduction in VOC is much higher than that of JSC. In another work, Huang et al. [20] noticed 

the same trend of variation in VOC and JSC in similar stressed devices. These reports support our present observation 

in Fig. 3. Furthermore, this noteworthy decrease in VOC seems to be the foremost degradation mechanism in our 
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devices. In our earlier work [16], we noticed that due to the strong resistive effects in treated PDs, the photovoltaic 

properties decrease significantly. To get additional information, we have calculated the values of shunt resistance 

(RSH) and series resistance (RS) for fresh and treated PDs from the obtained I–V results (under light). Interestingly, 

the value of RSH decreases from 6850 (fresh PD) to 1070 k, whereas RS increases from 62 (fresh PD) to 117 k. 

The high resistive effects in the treated PDs could be related to the activation of initially inactive defects [16]. 

Nevertheless, the strong reduction in RSH as well as the improvement in the magnitude of RS during the stress 

treatment might ruin the photovoltaic properties of the detector significantly as observed in Fig. 3. 
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Fig. 3. J–V characteristics of fresh and treated PDs measured under standard 1 sun intensity at room temperature. 

 

3.3.   Dark I–V characteristics  

We have acquired the dark I–V curves for fresh and treated PDs at room temperature and the achieved 

results are presented in Fig. 4. For the specific bias-dependent current transport analysis, three different regions, 

namely, I, II, and III are designated in Fig. 4. When our devices are subjected to the constant current stress, the 

reverse leakage current (region III) increases significantly, suggesting the parasitic leakage routes that are usually 

prompted by severe point defects within or around the MQW are activated strongly during the treatment [15]. It can 

be noticed in Fig. 4 that within 0 to 2 V (region II), the subturn-on forward leakage increases markedly in the treated 

PDs, indicating the defect-assisted mechanisms play a paramount role in the carrier transport. In this bias region, the 
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trap-assisted tunneling process can aid in the motion of numerous electrons and hence, increase the carrier leakage 

in the device [15]. Region I indicates that both the ideality factor (n) as well as RS are increased in the treated PDs. It 

is interesting to note that in a high-forward bias (region I), the current flow through the treated PDs at a fixed 

forward voltage decreases slightly. This decrease of current could be due to the effect of high series resistance in the 

treated PDs. In addition, we have achieved a very good rectification ratio in fresh PD which is about 2.91 × 105 at  

3.5 V. The rectification ratio at  3.5 V is defined as ratio between the diode currents measured at + 3.5 V and – 3.5 

V, respectively. The value of rectification ratio reduces remarkably to 1.32 × 103 at  3.5 V due to long-time 

treatment. These quantitative results further support the observation of leakage current in treated PDs (Fig. 4).     
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Fig. 4. I–V characteristics acquired before and after 340 hours of current stress treatments. 

 

Furthermore, we have estimated the values of n and barrier height (b) at different temperatures for both the 

PDs (fresh and treated) to gain further insight into the device physics. We have used the well-known Werner’s 

method to determine the diodes parameters (n, and b). The current-voltage characteristics of p-n junctions can be 

described by thermionic emission, as given below [22]: 

 

𝐼 = 𝐼𝑠 [𝑒𝑥𝑝 (
𝑞(𝑉−𝐼𝑅𝑠)

𝑛𝑘𝑇
) − 1]                                                           (1) 
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𝐼𝑠 = 𝐴𝐴∗ 𝑇2 𝑒𝑥𝑝 (
−𝑞𝑏

𝑘𝑇
)                                                                (2) 

 

where q is the elementary charge, k is Boltzmann’s constant, T is the temperature, b is the barrier height, A is the 

effective diode area,  𝐴∗  is the effective Richardson’s constant. The forward I–V characteristics for all samples are 

used to obtain the values of n, and b. The estimated values of n and b at different temperatures are plotted in Fig. 

5a and b, respectively.  

It should be noted that the value of n at room temperature  increases from 2.20 ± 0.01 (fresh PD) to 3.87 ± 

0.01 (treated PD), suggesting the generation of defects in or around the active region during the stressing process 

[23]. However, for both devices, it is evident that the ideality factor increases significantly due to lowering of 

temperature from 440 to 100 K (see. Fig. 5a). In this temperature range, the value of n increases from 1.4 to 12.6 for 

the untreated PD, whereas for treated PD, it rises from 2.71 to 20.86. Similar trends have also been reported 

previously [24-26 ]. This behaviour can be explained by a temperature-activated process due to the current transport 

across the junction interfaces [27,28]. In the temperature range of 300-440 K, both devices demonstrated values of n 

greater than unity and close to 2. A variety of factors may be responsible for this behaviour. These include 

generation-recombination mechanisms, interface states, series resistances, and barrier height inhomogeneities 

[24,29]. However, the fresh device has a lower value of n than the treated device, suggesting that the fresh device is 

closer to ideal diodes than the treated device. At low temperatures, the higher values of n indicate an additional 

mechanism to the pure thermionic emission that contributes to the current, namely the thermionic field emission 

[30]. Another possible reason for the deviation of n values from unity at low temperatures may be due to the 

presence of generation-recombination centers caused by defects in the GaN, such as deep levels in the forbidden gap 

[31].  

Fig. 5b illustrates the temperature dependence of the barrier height for both devices. The barrier height 

increases linearly with increasing temperature (see the linear fits in Fig. 5b). However, the fresh device has a slightly 

larger barrier height than the treated device which can be attributed to current stress. The barrier height at 100 K and 

440 K for the fresh and treated devices are 0.27 eV and 1.28 eV, and 0.23 eV and 1.24 eV, respectively. The lower 

value of b in the treated PD suggests that numerous carriers might reach the defect states easily and enhance the 
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non-radiative recombination mechanism rather than their separation, resulting in a poor photocurrent generation 

process [15,16].  
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Fig. 5. Temperature dependence of (a) ideality factor, and (b) barrier height, obtained from I–V characteristics for fresh and 

treated PDs.  

 

3.4.   Analysis of the C–V characteristics  

The change in the carrier concentration (Nd) during the stress can affect the degradation process strongly 

[15,19]. Therefore, quantitative analysis in the change of Nd during the stress is required to realize its clear scenario. 

In this work, to determine the value of Nd, we measured the C–V characteristics of both devices at room temperature 

using a frequency of 1 MHz and the results are shown in Fig. 6a. The slope of the best fit of the 1/C2 versus reverse 

bias plot is used to calculate the free carrier concentrations as illustrated in Fig. 6b. For the fresh PDs, the free 

carrier concentration of 4.1 × 1015 cm-3 is consistently uniform, as evidenced by the linear trend exhibited by the plot 

of 1/C2 versus applied bias. However, for the treated PDs, two lines are fitted to the C–V data, confirming the 

presence of two different free carrier concentrations of 1.6 ×1015 cm-3 and 5.2 ×1014 cm-3. This decrease in Nd is 

probably related to the increase of the number of defects after stress. This will be confirmed in the DLTS section. 

However, for the treated PDs, a reduction of the capacitance can be observed, which points to reduced Space-

Charges Regions (SCRs) in at least one of the SCRs and a widening of the involved SCRs. This reduction after 

stress can be attributed to an increase in defect-induced acceptor states, which is most likely to be the cause of a 
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reduction of charge states in pn-SCRs [15]. These defects can be generated during the stress leading to a carrier 

redistribution in the active region and the induced point defects generated during the degradation process are located 

within MQW region [19]. 
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Fig. 6. (a) C–V plots at room temperature for fresh and treated PDs. (b) The plot of 1/C2 as a function of voltage. 

 

To determine the presence and properties of defects in the investigated PD structures that can affect their 

degradation, we performed DLTS measurements for both untreated and treated PDs. DLTS technique has  been 

previously employed to evaluate the effects of current stress on electrically active defects [32]. In the present work, 

the adopted experimental DLTS parameters are: a reverse bias, VR = -0.5 V and -5 V, a filling pulse height, VP = 

0V, a filling pulse time, tP = 1 msec, and a rate window of 500 s-1. As illustrated in Fig. 7, the DLTS signals have 

been plotted against temperature for only the treated PDs over the scanned temperature range of 10-450 K.  It is 

worth noting, no signals have been detected by DLTS in the fresh devices. This could be due to the fact that no 

defects are present in the fresh samples or they have very low concentrations beyond the detection limit of DLTS. 

However, the treated PDs exhibit only one negative peak at both reverse biases as shown in Fig. 7. It is evident in 

Fig. 7 that the amplitude of the DLTS signal increases with increasing reverse bias (away from the interface). This 

indicates that the concentration of the trap increases away from the interface.  
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Fig. 7. DLTS spectra for the treated device at VR = -0.5 V, and -5 V. 

 

Since the DLTS peaks are broad, we have carried out Laplace DLTS (LDLTS)  measurements to resolve 

these peaks [33]. Our LDLTS measurements show only one hole trap (H1) and two hole traps (H1, H2) at reverse 

biases, VR = -0.5 V and -5 V, respectively. The activation energies of these traps are determined from the Arrhenius 

plots as shown in Fig. 8. A summary of these traps parameters, including the activation energy, the trap 

concentrations, and the capture cross-section, is presented in Table 1. 
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Fig. 8. Arrhenius plots for the treated device obtained from Laplace DLTS at (a) VR= -0.5 V, and (b) VR= -5 V. 
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Table 1. 

Traps parameters for the treated device at VR= (-0.5 and -5) V, VP= 0V, and tP = 1 msec. 

 

Reverse bias        Trap         Activation energy        Trap concentration         Capture cross-section  

       (V)                                         (eV)                            (cm -3)                                  (cm2) 

       -0.5                  H1           0.020 ±0.001                   5.5 × 1011                           8.2 × 10-23 

       -5.0                  H1                 0.020 ±0.001                  1.5 × 1012                                          1.4 × 10-20
 

                                               H2                 0.13 ±0.01                      1.8 × 1018                                          9.0 × 10-18 

 

As shown in Table 1, the trap H1 with an activation energy of 0.02 eV is observed in the treated device at both 

reverse biases (VR = -0.5 V and -5 V), indicating that this trap exists near and away from the junction interface. A 

similar shallow trap (D1) with an activation energy of 0.07 eV has been reported in 100 mA stressed InGaN/GaN 

structure grown on SiC substrates [34]. This trap, which is found to be due to device degradation after current stress, 

may originate from the evolution of Mg complexes and the generation of NRCs during growth. This shallow trap 

has also been observed in AlGaN/InGaN/GaN heterostructures before current stress with similar activation energy 

(0.07 eV), however, no explanation was given regarding its possible origin [35].  In addition, the authors in Ref. [35] 

have not detected any deep traps in AlGaN/InGaN/GaN heterostructures. The capture cross-section of the H1 trap at 

VR = -0.5 V is 8.2 × 10-23 cm2, whereas it is higher (1.4 × 10-20 cm2) at VR = -5 V.  Its concentration at VR = -0.5 V 

(near interface) and VR = -5 V (away from interface) as determined from LDLTS is 1.5 × 1011 cm-3 and 5.5 × 1012 

cm-3, respectively. These results, which agree with the observed amplitude of the DLTS signal, confirm that the trap 

is more concentrated away from the interface of the junction.  

The additional H2 trap with an activation energy of 0.13 ±0.01 eV and concentration of 1.8 × 1018 cm-3 is 

observed in treated PDs only at a reverse base VR = -5 V (away from the interface). A similar deep defect with 

activation energy of 0.12 eV, labeled as trap A, has been detected in unstressed and stressed devices at different 

direct currents of 50 mA and 100 mA [36]. It is consistent with the predictions of the presence of Mg-related 

shallow acceptors, including MgGa and Mg-H2 complexes, which can form p-type layers as a result of the breaking 

of the Mg-H chemical complexes due to high heating levels during the aging treatment [35]. This trap with 

activation energy in the range of 0.12-0.14 eV is observed in GaN/InGaN MQW structures as well which is 
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attributed to a freeze out of Mg acceptors [37,38]. Moreover, the generation of these traps can be attributed to 

current stress. The induced stress generates point defects or dislocations, which can cause the sub-threshold region 

to increase and the ideality factor also to increase after stress, indicating the generation of point defects or 

dislocations [23]. Furthermore, these defect induced acceptor state are most likely to be the cause of the reduction of 

the capacitance [15] and carrier redistribution [19]. 

Finally, to evaluate the sensitization performance of the detector, responsivity (Rλ), external quantum 

efficiency (η), and detectivity (D*) are often considered [11]. Therefore, to get further insight into the effect of 

current stress on the spectral sensitivity of the detectors, we have estimated the values of Rλ, η, and D* from the PCS 

results for fresh and treated PDs. It is noted that our device shows the highest value of Rλ at 382 nm (power of the 

light used: 10 μW). Hence, we have calculated the values of Rλ, η, and D* at 382 nm. The estimated values of Rλ, η, 

and D* in the fresh PDs are 0.266 A/W, 85.9%, and 4.32  1011 Jones, respectively. Interestingly, as a consequence 

of high current stress, the values of Rλ, η, and D* decrease to 0.257 A/W, 82.6%, and 0.68  1011 Jones in the treated 

PDs. These results suggest that the generated defects in the device during the stress treatment ruin the 

photodetection capability of the detector significantly.  

 

4. Conclusions 

In summary, we have fabricated InGaN/GaN MQW UV-PDs with an Al2O3 passivation layer and systematically 

studied the root mechanisms that could account for the degradation of the device performances due to constant 

current stress by employing several combined optical and electrical measurements. The obtained EL spectra suggest 

that the EL intensity decreases by about 48% in the treated PD due to 200 mA of current stress over 340 hours. This 

indicates that more of the charge carriers are captured by the newly created defects in the active region. In the 

treated PD, the reduction in VOC is much larger than JSC, indicating that VOC seems to be the leading degradation 

mechanism in our devices. The strong reduction in VOC can be ascribed to the enhancement of the defect-related 

forward conduction processes in the treated PDs. The dark I–V measurements suggest that in the treated PDs, the 

dramatic increase of the reverse and forward leakage currents suggests that the parasitic leakage routes, which are 

usually prompted by severe point defects within or around the MQW, are activated largely during the stress 

treatment. Furthermore, the temperature dependence of I–V characteristics in the treated PDs suggests that within 
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100-440 K, the values of ideality factor (barrier height) are always higher (lower) than that of the fresh devices, 

indicating the existence of generation-recombination centers caused by the created defects. It is noteworthy that as 

the source of the leakage currents in treated PDs, two major trap levels with different activation energies are 

observed in the LDLTS spectra. However, based on our obtained results, we assume that the degradation 

mechanisms in the treated PDs are strongly associated with the activation of initially inactive defects, mainly Mg-

related shallow acceptors, including MgGa and Mg-H2 complexes. The worsening of device performances is closely 

attributed to the activation of acceptor levels in treated PDs as confirmed by LDLTS analysis. Finally, due to the 

stress treatment, the sensitization performance of the detector decreases significantly in treated PDs, suggesting the 

generated defects in the device can ruin their photodetection performance largely.   
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