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Abstract
We report the degradation study on AlGaN-based 265 nm ultraviolet light emitting diodes (UV-LEDs)
under a series of constant current stress. The failure mechanisms were investigated systematically by
measuring the optical and electrical characteristics of the LEDs before and after aging. The variation of
carrier concentration in the active region was analyzed by capacitance-voltage. Combining the extracted
apparent charge distribution pro�les with the simulation results of the devices before and after the stress,
we found that the change of carrier concentration in the multiple quantum wells was related to the donor
diffusion on the n-side. On the p-side, both the acceptor concentration of electron blocking layer (EBL)
and the defects in p-GaN contact layer were also found to be under constant change. The reduction of the
EBL doping concentration has contributed to an increase of the diode depletion width during the stress.
The changes in the LEDs before and after stressing indicate a compensating effect occurred in the p-type
EBL close to the quantum wells, which leads to the degradation of the optical power of the 265 nm UV-
LEDs.

1. Introduction
Deep ultraviolet (DUV) light-emitting diodes (LEDs) based on AlGaN in the range of 200–280 nm (UV-C)
are of high interest for several applications, including water puri�cation and recycling, disinfection of
medical equipment and food, UV curing, and plant growth lighting, due to their advantages of small size,
low energy consumption, fast switching and preheating time[1–5]. Compared with conventional mercury
gas-discharge lamps, the exceptional characteristics of UV-LED devices, there are still technological
di�culties, including the understanding of the degradation mechanisms, which limit the lifetime reliability
and rapid market penetration of UV-C LEDs. Since the physical mechanisms responsible for degradation
of UV-LEDs have not been completely identi�ed, numerous researches have been conducted on the
reliability analysis of UV-LEDs in recent years[6–8]. It is known that the threading dislocations densities
(TDD) and poor ohmic contacts with high Al-content AlGaN layers lead to a mass of Joule heating and
non-radiative recombination heating in the device during operation which accelerates degradation[9, 10].
On the other hand, the epitaxial growth conditions of AlGaN on the AlN buffer layer result in a relatively
high density of point defects, such as III-V gallium vacancies, aluminum vacancies and nitrogen
vacancies (VGa, VAl, VN ) or hydrogen and carbon impurities[11–14], which will become Shockley-Read-

Hall (SRH) recombination centers in the active region of the device and lead to lower internal quantum
e�ciency (IQE)[15, 16]. Moreover, the point defects compensation by vacancies can limit the doping level,
such as, VGa acts as acceptors and compensate n-type layer; VN acts as single donors and compensate
p-type layer, both of which decrease conductivity of the layers. Recently many researchers suggested that
during constant current stress both catastrophic and gradual degradation of output optical power (OP)
can occur in UV-LEDs. Moe et al. considered that a compensating effect in the p-type electron barrier near
the quantum wells occurred after aging[17]. Ruschel et al. presented a localization degradation method
which made it possible to separate p-contact/p-side related degradation effects from those of the active
region[18]. The defect behaviors in the degradation of the AlGaN based UV-C LEDs under constant current
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stress were systematically studied by Wang et al., who found that the degradation was mainly derived
from the generation of VGa in the Si-doped region, as both the reduction of the output OP and the
increase in the reverse current were linearly related to the increase in VGa[19].

In this paper, the degradation of AlGaN-based multiple-quantum wells (MQWs) at 265 nm UV-C LEDs
stressed by different constant currents (40 mA, 60 mA, 80 mA, 100 mA) was studied extensively, which
could reveal detailed information on the nature of the operation current density involved in the
degradation process. Combining capacitance voltage (C-V) measurements with simulations before and
after different currents stress provide the information on the change of carrier concentration of the active
region and electron blocking layer (EBL) with respect to depth.

2. Experimental Details
The investigation was performed on UV-C LEDs with a peak emission wavelength of 265 nm from the
same wafer, which was grown by the metal-organic chemical vapor deposition (MOCVD) on the (0001)
sapphire substrate. The growth started with an AlN layer, a 2 µm thick Si-doped n-type AlGaN barrier layer
and it was deposited on a high quality AlN buffer layer. The main active region was three periods of 3 nm
thick Al0.45Ga0.55N quantum wells (QWs), separated by 7 nm thick Al0.67Ga0.33 N barriers (QBs). Then, a
60 nm thick Mg-doped Al0.85Ga0.15N EBL, following by a 20 nm thick Mg-doped Al0.35Ga0.65N barrier layer,
and a 0.15 µm thick GaN cap layer. After growth, part of it was etched to the n-type AlGaN layer to
facilitate the fabrication of the electrode. The n-type and p-type electrodes were deposited with
Ti/Al/Ti/Au and Ni/Au. The standard mounted virgin LEDs had a peak emission wavelength of 265 nm.

In our study, the LEDs have standard encapsulation and are stressed at different current densities. The n-
contact and p-contact of UV-LEDs were directly connected with the probe during aging and characteristic
parameter testing to keep the output supply current stable and avoid interference from external factors.
Before and after aging, the steady state photoluminescence (PL) spectra, optical power current (L-I),
electroluminescence (EL) spectra, current voltage (I-V), and C-V were measured, respectively. The PL
spectra were acquired by Raman spectrometer (LabRAM HR Evolution) with 325 nm laser unit. The C-V
measurements were performed using a Keysight E4980A LCR Meter at a series of frequencies up to 1
MHz. During the operation, the input current, output OP and voltage, and temperature of the LEDs were
measured continuously using a source meter (Keithley 2400), photodiode and thermocouple
thermometer. In order to further analyze the physical mechanisms of the degradation, the Simulator of
Light Emitters based on Nitride Semiconductors (SiLENSe) was used to simulate the carriers distribution
in the MQWs and the change of energy band structure[20]. All optical and electrical characteristic
parameter measurements were performed at room temperature.

3. Results And Discussion
The LEDs were stressed with the currents from 40 mA, 60 mA, 80 mA and 100 mA, which are in the
current density range between 32.7 and 81.6 A/cm2. Our current densities were consistent with otherLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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many studies and degradation curves were divided into catastrophic degradation and gradual
degradation stages. The normalized OP during the stress are shown in Fig. 1. It can be observed from the
aging curves that the OP decreased sharply with the increase of the injection current density in the �rst 30
minutes of the stress. For different current density levels, the optical decay rates were higher with higher
currents.

The EL spectra of the LED before and after aging at various injection current were shown in Fig. 1 inset.
The relative light intensity of the main emission peak at a low current (5 mA) decreased to 94%, 89%, 84%,
81%, respectively. The consistent peak, indicated that the Al composition of the active region might not
change and some newly defects may be generated within or around the active region leading to more
non-radiative recombination centers[21]. The I-V curves were shown in Fig. 2(a), we detected an increase
of leakage current in reverse and low forward bias region of the stressed devices. According to the
previous study, the increase of the reverse-bias leakage current during operation could be caused by the
increased defect density within or close to the active region, resulting in a higher number of point defect
assisted carrier transport and non-radiative recombination paths around the active layers. The forward-
bias increased leakage current can be attributed to the defect-assisted tunneling process[19, 22].
Degradation may occur from the defect formation process, induced by highly accelerated carriers �owing
through the active region. Fig. 2(b) shows the L-I curves for the LEDs before and after the stress. In the
large measured current, the OP decreased with the increase of current stress, and the slope of the double-
log coordinate L-I curves increased gradually, while in the small measurement current (< 1 mA), the slope
of the curves decreased with the increase of the aging current. Combining the changes of forward voltage
and ideal factors (at 20 mA) after different aging currents (Fig. S1), it can be concluded that the non-
radiative recombination centers generated in the active region with the long-term continuous current
injection. The faster the forward voltage decreased with the increase of the injection current, the more
obvious the potential barrier decreased.

Compared to EL, PL measurement is noninvasive to the device and does not inject new carriers to affect
the injection e�ciency[23]. By analyzing the PL spectrum measured with a 325 nm laser, we can
determine whether the p-type GaN produced new impurities or defects. It can be observed from Fig. 3 that
the two peaks were signi�cantly enhanced after stress. In previous studies, it has been suggested that the
yellow luminescence enhancement at 2.4 eV was attributed to the generation of defects with relatively
low formation energy at moderate temperature. A possible explanation for the enhancement is the easy
diffusion of  and an oxygen atom sitting in a neighboring nitrogen site, which can partly compensate the
unintentional n-type doping of the active region[19, 24-26].

The C-V performance was an important characteristic of LED p-n junction device. From C-V, we will be
able to extract the width of the space charge region (SCR) and the amount of charge dependence on the
junction voltage, so the barrier capacitance was affected by the applied voltage. For non-compensated,
uniformly doped semiconductor, assuming that  was the donor concentration of the material and fully
ionized, the free carrier concentration was equal to the donor concentration. It is known from the
theoretical studies that the C-V measurement concentration is approximately equal to the concentrationLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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of free carriers and satis�es the conservation of charge in heterojunction materials. The apparent charge
distribution (ACD) and the depletion depth in the MQWs region can be calculated by the following
formula[27]: See formulas 1 and 2 in the supplementary �les.

The above formulas were used for analyzing the carrier concentration and the relative location in the
active region assuming unilateral junction, with the p-side much more heavily doped than the n-side.
Hence the information of carrier distribution in the active region extracted from the C-V measurements
was considered to be the n-side doping[17, 28, 29]. It was worth noticing that this assumption is an
approximation in the determination of the apparent depths and carrier concentration, since the charge
concentration at the p-side was limited, and the SCR usually extends on both the p and n sides. As shown
in Fig. S2, we performed the C-V measurement at 1 MHz before and after the device aging test. The
capacitance decreased with the increase of aging current in the forward bias range (0-5) V, which was
consistent with Eq. (2) describing the voltage dependence of the capacitance as a function of the
depletion width ( ) of the p-n junction. The reduction of the maximum capacitance with increasing stress
currents, indicated that the depletion widths was larger than that of the virgin devices[7]. However, in the
negative bias range (-13-(-2)) V, after the device was injected with current and put through the same
voltage ramp, the capacitance was much larger than that of the original device, indicating that stresses
activated impurities and defects, and the capacitance decreased gradually with the increase of the aging
current.

The ACD pro�les of unstressed and electrically stressed devices were extracted from capacitance-voltage
measurements with the frequency of 1 MHz, as a function of depletion depth. As shown in Fig. 4(a),
where the LEDs were aged with different currents, the carrier concentration in QW II and QW III were
signi�cantly increased. It was also easy to observe that the carrier concentration of the main luminous
QW I (the quantum well closest to EBL) increased with the increase of current stress and the depletion
width of p-region. It indicated that the e�ciency loss was probably related to the increase of non-radiative
paths, due to the generation/propagation of defects in the active region closed to EBL, more carriers were
captured[30]. However, the full width at half maximum of the QWs of II and III remained almost constant,
the carrier concentration in the well decreased slightly with the increase of current stress, and with the
increase of stress current, the boundary of depletion layer on the p-side moved from 50.79 nm to 51.43
nm, 53.81 nm, 55.71 nm and 58.52 nm in sequence. The ACD pro�les measured after stress indicated
that long-time current injection induced localized modi�cations of the carrier redistribution in the active
region, which could be ascribed to the generation of defective states on the basis of previous studies[28,
31]. After calculation, it was found that the increase of carrier concentration in QW I was approximately
equal to the sum of the decrease in QW II and QW III. Therefore, it can be inferred that carriers in QWs next
to the n-side moved to p-side region after aging. The UV-LEDs stressed for a long-time result in carrier
redistribution in the active region.

In order to further analyze the carrier distribution and the movement of depletion width of the degradation
process of AlGaN based LEDs, we used the SiLENSe 1D simulator to calculate the ACD pro�les and
energy band structure. The comparison between the experimental and simulation results was shown inLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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Fig. 4(b). As can be seen from the consistency between the experiment and the simulation, our simulation
structure can well explain the carrier distribution and the change of the depletion width before and after
stress. It was found that the change of carrier concentration distribution was mainly related to the donor
concentration in the quantum wells. We also observed that the change of depletion width was related to
the acceptor concentration of the EBL. The extracted donor concentration from the simulation of different
aging stress currents were compared in Fig. 5(a) and normalized to the values of virgin device. For the n-
side MQWs region, different QWs correspond to different changes. The donor concentration of the �rst
QW near the p-side was always increasing, while for the other two QWs, the donor concentration �rstly
increased rapidly and then decreased slowly. Donor-like defects could be formed in or around the active
region by current activated diffusion, as we also observed in the degradation process of 280 nm LEDs (Su
et al.). For example, substituting gallium ( ) was a commonly observed impurity in III-nitride layers, Miceli
et al. proposed that ,  and  complex could result in a self-compensation effect with hybrid density
functional theory[32, 33]. These defects compensated the p-type doping of EBL and served as non-
radiative recombination centers, result in the OP reduction. The decrease of acceptor concentration of the
EBL, the depletion width of the p-side was widened.

For further study the increase in the width of the p depletion layer by a reduced acceptor concentration of
the EBL in more detail, self-consistent simulations based on a one-dimensional drift-diffusion model and
solved the Schrödinger, Poisson, and continuity equations with proper boundary conditions. The
calculated band diagram and electric �eld distribution have been performed. In our simulation, we
considered polarization charges at the interface of QW/EBL junction and varied the acceptor
concentration of EBL to simulate the broadening of the p depletion region. The total change of the
calculated energy band structure and the simulation schematic diagram of AlGaN based LEDs were
shown in Fig. 5(b) and inset of Fig. 5(b). It was indicated that the energy of the EBL decreased gradually
with the change of the doping of the EBL. The electric �eld distribution around the p-n junction of the
simulation structure for different conditions and the acceptor concentrations of the EBL was shown in
Fig. 5(c) and inset of Fig. 5(c). From the energy band diagram and the distribution of electric �eld, it can
be found that the variation of the depletion width occurs in the p-side, while the depletion width almost
remains constant at the n-side. The edge of the p depletion layer was the position where the slope of the
electric �eld reached zero. It can be seen from the simulation results that the edge of p SCR moved 1.08,
3.03, 4.89, 7.24 nm to the p-region, which was almost consistent with the ACD pro�les in the experiment.
Our results indicated the expansion of the depletion region due to the EBL acceptor concentration change,
in addition to a donor diffusion process across the MQW region as suggested by Glaab et al.[7]. We
believe that the lack of a very high Al interlayer may contribute to the difference of the simulation results.
Also, our results at more negative biases, which are needed to deplete the different quantum wells,
strongly suggested that the main expansion of the depletion region are from the acceptor diffusion in the
p-type EBL.

4. Conclusions
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In summary, degradation mechanisms of AlGaN-based 265 nm UV-C LEDs under a series of constant
currents stress were systematically studied with I-V, C-V, power measurements and 1D simulations. By
comparing the experimental and simulation carrier concentration of the virgin and aged devices, we
found that the changes of the EBL acceptor concentration at different stress currents lead to various
depletion widths on the p-side of the diode, instead of a simple n-side donor diffusion process as reported
in the previous literature. The increase of the defect density was veri�ed by p-GaN material
characterization. Both of these two mechanisms may cause lower hole injection rate at higher stress
currents, which explains the more dramatic degradation of the 265 nm UV-LED compared to diodes
emitting at 280 nm or longer wavelengths. On the other hand, our simulation results also indicate the
donor diffusion process inside the QWs, both of which can play a major role in the further optical power
degradation. Thus, future efforts to enhance the EBL stability and hole injection rate is important for the
commercial UV-LED epitaxy structure design.
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Figures

Figure 1

(a) The normalized OP of the UVC-LEDs stressed at a series of current of 40, 60, 80, 100 mA, respectively.
Inset: The EL spectra were measured at 5 mA of the LEDs before and after aging at various injection
current.
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Figure 2

2(a) The I-V characteristics of the LEDs stressed at different current. 2(b) The L-I characteristics were
measured at a series of discrete currents.
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Figure 3

The PL spectra of UV-C LED before and after electrical stress at room temperature.
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Figure 4

4(a) The apparent charge distribution (ACD) pro�les of unstressed and electrically stressed devices
calculated from capacitance-voltage measurements with the frequency of 1 MHz, as a function of
depletion depth. 4(b) The 1D simulation and test data of ACD pro�les of original and stressed at 60 mA
LEDs.
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Figure 5

5(a) The normalized donor concentration of degradation simulation with different stressed current. 5(b)
The band diagram of virgin and different stress currents aged structure simulations. Inset: The simulation
structure of AlGaN based UV-LEDs. 5(c) The calculated electric �eld distribution around the p-n junction
of the simulation structure for different conditions. Inset: The acceptor concentration of EBL at different
stress currents.Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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