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optical degradation in AlGaN-based

UV-C leds investigated by TCAD
simulations
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We investigate the degradation physics of AlIGaN-based UV-C LEDs emitting at 265 nm, by combined
experimental measurements and numerical simulations. We demonstrate that: (i) during long-

term operation, devices show degradation in the optical emission, which is more prominent at low
measuring current levels; (ii) a strong correlation was found between the emission decrease and the
increase in the forward leakage current, which suggests that the same process is responsible for the
electrical and optical degradation; (iii) the observed long-term optical degradation was reproduced by
numerical simulations, as being due to the increase in the defect density in the QW during the ageing,
demonstrating the impacting role of SRH recombination on device reliability. (iv) The degradation
kinetics follow the square-root of stress time. By solving Fick’s differential equation near the quantum
well, we ascribed degradation to the out-diffusion of hydrogen from the quantum well region, leading
to the activation of non-radiative recombination centers, through the de-hydrogenation of point-
defects.

AlGaN-based deep ultra violet (UV) light emitting diodes (LEDs) are crucial for applications in disinfection and
water purification! 3, sterilization?™, in the field of communication’~® and for bioagent detection'’. Compared
to conventional mercury gas-discharge lamps, LEDs emitting in the UV-C spectral range at 265 nm to 275 nm
have exceptional properties, such as tunable optical power, lower footprint and a much higher environmental
friendliness' 2. However, their market penetration still finds some roadblocks, mainly due to the limited
lifetime of such solid-state emitters'?-14. Several physical degradation mechanisms responsible for the short- and
long-term reduction in optical emission have been identified and discussed by the scientific community, most
of which are related to the generation or activation of point defects'>~!%. Such defects can act as non-radiative
recombination centers'?, thus leading to a decrease in the internal quantum efficiency? or to the increase in the
forward leakage current?'. However, the physical origin of these defects and the specific mechanism involved in
the worsening of UV-C LED performance still need to be clarified.

This paper advances our previous studies?»?? in which only the electrical characteristics were investigated,
focusing on the reasons for the optical degradation of UV-C LED devices, by combining experimental analysis
and numerical simulations. Differently from previous reports?*~°, this analysis finds a strong correlation between
the optical and electrical degradation processes in UV-C single quantum well LEDs, suggesting the presence
of a unique degradation mechanism. In order to identify the latter, we succeeded in defining a model able to
reproduce the optical degradation of the device simultaneously at different measuring current levels. Thanks
to a careful calibration of the model, this approach allows to extrapolate an estimation of the defect’s density
trend within the active region during a constant current ageing test. The outcome of the analysis suggests the
presence of an impurity diffusion process, possibly related to hydrogen, as the driving process for the observed
degradation of the device.
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Experimental details

The analyzed LEDs have a nominal emission wavelength of 265 nm and an area of 0.1 mm?. A schematic
drawing of the structure is reported in Fig. 1. The devices are grown by metalorganic vapor phase epitaxy
(MOVPE) on high temperature annealed (HTA) epitaxially laterally-overgrown (ELO) AIN on sapphire, with
a threading dislocation density of 9 - 10% cm™2%°. Above this layer, the epitaxial stack continues with a 400
nm thick AIN layer, followed by a 25 nm thick AlGaN Si-doped layer. Then, 1 pm Si-doped Al ,Ga,,,N
buffer layer and 100 nm Al .Ga, ,.N Si-doped transition layer are grown followed by a 200 nm thick Si-doped
Al Ga, ;N contact layer featurlng a doping density Np =4 - 10*® 3. On top of the contact layer, a 38
nm thick Si-doped Al ,Ga ,,N “first barrier” is grown followed by a smgle 6 nm thick Al ,,Ga, .,N quantum
well (QW) and a second 10 nm thick wid. Al;,Ga N “last barrier” An undoped 10 nm tthk Al;,Ga ,N
interlayer separates the p-region from the last barrier. The p-side consists of 25 nm p-doped Al 75Ga0 25
electron blocking layer (EBL), with a nominal Mg concentration of 1 - 10'? ¢m ™2, and of a p-doped 230 nm
thick GaN layer featuring a Mg concentration of 6 - 10" ¢m ™3, Finally, the LEDs were processed by standard
micro-fabrication techniques using Pd/Au p-contacts and V/Al based n-contacts”’. Additional details on similar
structures and on the fabrication process can be found in?!-%,

Experimental results

In order to investigate the degradatlon mechanisms affecting the device during operation, we carried out constant
current stress tests at 100 A - cm ™2 (100 mA) for 20 000 min (more than 330 h), at a heatsink temperature of
25 °C. The investigated sample has been chosen after a preliminary characterization during which several tens of
devices have been analyzed in order to select a single device representative of the average characteristic of these
LEDs. During the aging experiment, both the optical and electrical characteristics of the LED were monitored
through current-voltage (I-V) and optical power—current (L-I) measurements, carried out at exponentially-
spaced stress time intervals. The voltage and current were imposed and read by a source meter, whereas the
optical power was monitored by means of a Si-based amplified photodiode.

Figure 2 reports the variation in the optical power, measured at different current levels, derived from the L-I
measurement performed at different time intervals during the constant current stress at 100 A . ¢cm 2. As can
be noticed, the degradation kinetics strongly depend on the measuring (test) current level. At higher measuring
current levels, the trend is characterized by the presence of a positive ageing (recovery) phase, during which the
optical emission increases up to + 15% with respect to the initial value. This recovery phase apparently ends after
500 -1000 min of stress. Subsequently, a significant optical degradation is observed at all measuring current
levels, especially at low test currents, causing an optical power reduction of 80% with respect to the initial value.
Hence, the experimental data suggest the coexistence of two opposing mechanisms, whose interplay determines
the observed trend of the optical power.

As far as the recovery process is concerned, a well-known mechanism that typically induces similar
variations in InGaN/GaN LEDs during their early stage of operation®>?, is represented by the breaking of Mg-H
complexes located at the p-side. Such events can increase the conductivity of the p-doped quasi-neutral regions,
and improve the efficiency of hole injection into the QW3"*2. Another possible explanation could be related
to the stress-induced generation of shallow charged defects at the heterointerfaces contained within the active
region, or within neighboring layers®. This process can screen the effect of the piezoelectric polarization®*,
thus altering the local band bending, eventually impacting the injection efficiency®®’. This is true, in particular,

Contact layer
GaN:Mg 6 x 10° cm 3 250 nm

3:18
Alp75Gag,5N:Mg 1 X 10*° cm™3 25 nm

T Alch, ,.N ST
SQW Al 4sGag 5N 6 nm

First barrier
Al sGa,35N:Si 5 x 10'® cm 2 40 nm

Contact layer
Aly ;sGag 3sN:Si 4 x 10® cm ™3 200 nm

Buffer layer Al,;,Ga, 24N:Si 00 nm

Buffer layer Al,;,Ga, ,4N:Si 100 nm

Buffer layer AIGaN:Si 25 nm
AIN regrowth 400 nm
HTA ELO AIN/sapphire

Fig. 1. Scheme of the structure of the UV-C LED devices analyzed within this paper.
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Fig. 2. Normalized optical power trend recorded during the constant-current ageing test as a function of
different measuring current levels. After 1000 min, the positive ageing (recovery) phase saturates and optical
power decay becomes visible at all current levels.

for LEDs featuring wide QWs***°, which are very sensitive to changes in the overlap between electron and holes
wavefunctions, and at high injections levels. In this paper, no detailed model will be presented for this positive
ageing process, since the focus is the electro-optical degradation of the LEDs.

With regard to the optical degradation (negative ageing), it is well known that current stress can induce
the generation of point defects within the active region of a LED'>"!8, These defects can act as non-radiative
recombination centers, significantly reducing the optical efficiency of the device'®*!, especially at low current
levels where the recombination is dominated by non-radiative SRH process. The SRH rate can be approximated
as An, where A is proportional to the defect concentration in the QW (i.e., o< N7 ow)*?. Thus, the trend of
the optical power at low currents represents an indicator of the defect density variation occurring in the active
region during aging. However, the physical mechanism responsible for the rapid increase in the defect density in
UV-C LEDs is still under debate in the literature.

In our previous study?!, we showed that the electrical characteristic of these devices exhibit also a significant
increase in the forward leakage current, due an increase in defect density in the interlayer, probably caused
by a diffusion process, that contribute to raise the trap-assisted tunneling (TAT). Thus, if the optical emission
decrease originated from the same mechanism responsible for the increase in the forward leakage current, we
would expect to observe a correlation between the leakage current variation, measured in the bias region where
TAT dominates??, and the reduction in the optical emission at low current, where the SRH recombination is
dominant. This is clearly evidenced by Fig. 3, which reports the normalized leakage current at 3 V as function of
the normalized optical power emission at 2 mA: the strong correlation between the trends of the two quantities
indicates that the same defect propagation, or generation, mechanism is responsible for both the previously
described electrical and optical degradation processes. It is worth stressing that this process involves traps located
in different layers, as the defects located in the QW affects the optical emission and the ones in the interlayer
generate the TAT, even though they probably are the same kind of traps. Since the mechanism responsible for the
defect increase in the interlayer has already been investigated?!, in the following analysis we focus on the optical
degradation, investigating the role of the increase in the defect density within the active region in the optical
power decrease, and on the analysis of the related processes.

Results of numerical simulations
To further support this hypothesis, we implemented and simulated the device structure by means of the TCAD
Sentaurus suite from Synopsys Inc. The doping of the different layers was included by placing the donor or
acceptor traps (Si and Mg) at their characteristic thermal activation energies. Specifically, silicon was placed
at Ec —24meV for n-doped AlGaN layers, whereas magnesium was placed at Ev + 150 meV and
Ev + 380 meV for the p-GaN layer and the EBL, respectively*>~*>. All the main recombination processes were
activated: the radiative recombination coefficient was set to 5 x 10~ e¢m®s 146, whereas an Auger-Meitner
coefficient of 5 x 1073'emC®s™! was selected, according to the values reported in**8. SRH recombination,
instead, has been implemented by including deep-levels near midgap?!, at variable densities. Finally, also the
piezoelectric polarization was enabled with an activation percentage of 0.7. The simulations are carried out by
solving self-consistently coupled Schrodinger-Poisson equations with a 2D scheme.

Figure 4 (a) and (b) report the simulated band diagram of the device at 2 mA and 50 mA, as well as the
respective carrier densities and local rates of radiative recombination. The defect density in the QW ( Nt ,qw)
has been set at two different values: 5 x 10'cm ™2 and 2.45 x 10'°cm ™3, i.e. the typical defect density of
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Fig. 4. Simulated band diagram of the investigated structure at two different current levels: 2 mA (a) and
50 mA (b). With equal defect density in the QW, the impact of defects on the radiative efficiency prevails at low
current, where we can spot a reduction of 80% (at 2 mA), against a 20% reduction at 50 mA.
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Fig. 5. Comparison of the simulated (dashed line) and measured (continuous line) normalized optical power
at different measuring current levels.

Stress time (min) 1000 2000 5000 10,000 20,000

Nr.qw (cm_3) 5 x 10 | 8.33 x 10 | 1.42 x 10'° | 1.95 x 106 | 2.45 x 10'6

Table 1. Values of the defect density in the QW used for the simulations.

an unaged or slightly aged sample estimated by means of deep level optical spectroscopy (DLOS)?! and a higher
one, respectively. The simulations show that this specific structure exhibits a high density of electrons in the
QW around 1 — 2 x 10"%cm ™2 even at 2 mA, whereas the hole density is an order of magnitude lower. The
simulated increase in defect density leads to a reduction in the carrier density, and therefore in the rate of
radiative recombination. This is due to an increase in the SRH recombination which reduces the effective carrier
lifetime. This effect is much stronger at lower injection levels, since holes are present in a lower density, and non-
radiative SRH recombination is favored over radiative recombination. It is worth noticing that the rate of SRH
recombination has no strong dependence on the energy level of the defects in wide-bandgap semiconductors, as
long as the trap level is sufficiently far from the conduction or valence band edges*’, consistent with our previous
assumption on the energetic placement of the states. It is also important to pinpoint that, for a fixed capture
cross-section value (0 = o , = 0 p), the recombination rate is proportional to the product of the cross-section
and the defect density, i.e. o< Nro ., as we can observe from the implemented equation for the rate of SRH
recombination®:

n  p 2
Nrvg v, o no p (np - niyeff)

(1)
V0 n (n+n1) + 5,0 (p+p1)

Rspu =

where v, is the carrier thermal velocity, Nt the defect density, o ,, and ¢ ,, are the scattering cross-zeﬁc%iggsc o)f
the trap for electrons and holes and ;e y = pi,esy is the intrinsic carrier density. Finally n; = Nge\ *B7
Ey —E

and p1 = Nve( }?BTT) where N¢ and Ny are the carrier effective densities of states, Er the trap energy
level, T the temperature, Ec and E'v respectively the conduction and valence energy level. For this analysis, the
defect density has been chosen according to experimental measurements in similar samples®*° and the cross-
section has been considered as a fitting parameter choosing it at 6 x 1076 ¢m?, a value also consistent with
the typical cross-section for defects in the forbidden gap in GaN®!.

With the purpose of confirming the hypothesis of a stress-induced increase in point defects concentration
within the QW, we followed the procedure described in the following. First, we imposed an initial defect density
within the active region equal to 5 x 10'em ™2, in agreement with experimental data®!. Subsequently, the
defect density Nt was fitted to reproduce the decay of optical power with operation time. As our simulation
model describes only the degradation but not the recovery mechanism, we normalize the output power to the
values after 1000 min, in order to exclude the initial recovery effect, which ends after 1000 min (see Fig. 2). It
must be noted that the increase in defect density within the QW starts at the beginning of the stress, as is clearly
observable from the decrease in the optical emission at low measuring currents, but its effects at high currents
are masked by the recovery process. Both the experimental and simulated data are reported in Fig. 5. The values
of Nr extracted from the simulations are reported in Table 1.

A good agreement was found between experimental and modeling data, extending for more than one order
of magnitude of bias currents. Furthermore, it is worth underlining that the simulation reproduces the trend at
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Fig. 6. Trend of the estimated hydrogen concentration in the QW, derived from the simulations, and fitted
curve according to Fick diffusion equation.

different currents just increasing the single parameter of trap density. These results confirm that (i) the measured
data can be well reproduced by an increase in defect density in the QW during operation and (ii) this observed
degradation is mainly caused by an increase in the SRH recombination rate. Finally, (iii) the results allow to
quantify the variation in the concentration of the defects Nz contributing to the process.

Physical interpretation and final considerations

The causes of this increase in defect density in the QW is still under investigation. Recently, Ma et al.** found,
in similar AlIGaN-based MQW structures, that high current stress can induce the propagation of point defects
within the active region, especially in the QW closest to the p-side, suggesting the existence of a diffusion process
originating in this device region. They also found that TD-related defects do not represent the dominant non-
radiative recombination centers for AlGaN-based LEDs, but rather contribute to the generation of point defects,
associated with nonradiative recombination centers, possibly caused by a diffusion process taking place along
the dislocation line. Similar considerations were made by Ruschel et al. in®!: in that case, optical degradation
was assumed to be caused by hydrogen diffusion. Owing to the specific growth conditions, the p-side and
the adjacent layers are typically rich of residual hydrogen, bound to the Mg acceptors [36] or with negatively
charged point defects, such as group-III vacancies37, forming defect complexes. During ageing, high energy
carriers, generated by Auger-Meitner recombination processes®?, can provide sufficient energy to break these
H-related defect complexes, resulting in the activation of point defects within the interlayer and the active region
which were previously passivated by hydrogen. This mechanism has been experimentally proposed by Glaab
et al.>*>* and Chichibu et al.'® by means of SIMS measurements. They found that the initial H concentration
inside the EBL and the p-GaN layer significantly decreases, especially during the first hours of the stress, and
H atoms migrate from these regions toward the n-side. In addition to that, by leveraging positron annihilation
spectroscopy analysis (PAS), Chichibu et al. in'® also found that hydrogen migration and optical degradation
were correlated with the increase in concentration of vacancy-related point-defects.

However, such hypothesis has not been supported by numerical calculations so far. To bridge this gap,
we developed a 1D model, to verify that the degradation kinetics observed from 1000 min can be effectively
reproduced by an impurity diffusion process, originating in the region with the highest recombination rate,
i.e. the QW. We consider that, prior to stress, a high density of hydrogenated defects (vacancies) is present
within the device structure and in the QW*’. Hydrogenated vacancies do not severely impact the non-radiative
recombination rate, until one or more hydrogen atoms are removed!®>>. During the ageing of the device, Auger-
Meitner recombination processes, favored by the high carrier density of this region, provide sufficient energy
to break the bonds between the hydrogen and defects®. The H ™ atoms become free to diffuse outside the QW,
leaving the defects able to act as non-radiative recombination centers, thus increasing the SRH recombination
rate, as observed in the simulations. Assuming that the initial Ho density in the QW is constant, we solved
numerically the Fick’s diffusion equation, through the finite difference method, to determine the variation over
time of the hydrogen profile.

d’H(z,t) _ dH(z,t)

dax? dt @)

D

In this formula, D is the diffusion coefficient and H (x, t) is the hydrogen profile.

The results (Fig. 6) showed that with increasing stress time, the hydrogen concentration in the quantum
well decreases, as H atoms diffuse towards the neighboring layers, leaving behind de-hydrogenated vacancies,
acting as non-radiative recombination centers. Remarkably, the decrease in hydrogen concentration within
the QW was found to (a) follow the square-root of stress time, similar to the optical degradation kinetics of
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several nitride-based devices investigated in the literature!>>%; (b) to nicely match the variation in trap-density
estimated by simulating by Sentaurus the optical degradation of the devices. In fact, the density of the active
defects inside the QW is N7 (t) = No — H (t) where Np is the initial density of the hydrogenated vacancies.
For the calculation, the initial hydrogen concentration No and the diffusion coefficient D have been taken as
fitting parameters. From this assumption the simulated hydrogen density is estimated as H (t) = No — Nr ().
We note here that Ny is in agreement with the simulations and experimental estimations?!, whereas the value of
D almost matches the values reported in the literature for hydrogen diffusion in gallium nitride®®>’.

As discussed above, this process does not take place only in the active region but it is plausible that this
diffusion process involves a wider region, and the activated defects have different effects in the device performance
depending on the layer they are in.

Conclusions

In summary, we analyzed the degradation of AlGaN based UV-C LEDs by combining experimental measurements
and numerical simulations. From the optical characterization performed during a constant current stress at
100 A - cm 2, we observed the presence of two different mechanisms that affect the optical emission of the
devices. The first is an optical recovery process (positive ageing), mainly visible at high measuring currents,
whereas the second one is a degradation process (negative ageing), which prevails for long stress time and at low
bias current levels.

Focusing on the negative ageing process, we found that it has a strong correlation with the increase in forward
leakage current, suggesting that both processes are related to the increase in the defect density, involving the
interlayer (thus enhancing forward current leakage), and the quantum well region (where it favors non-radiative
recombination).

In order to investigate the role of the defects within the active region, we reproduced the structure by means
of a TCAD model that succeeded in emulating the optical behavior of the device. In particular, a good matching
between the simulated and experimental optical trends at different currents could be achieved by considering
only an increase in trap density within the QW, indicating that defect generation/activation in the active region is
of crucial importance in the degradation process affecting device performance. With the purpose of identifying
their physical origin we numerically solved Fick’s diffusion law. The excellent matching observed between the
simulated data and the FicK’s law indicates that the degradation is compatible with an out-diffusion of hydrogen
- previously bound to defect complexes - from the QWs. These results support the hypothesis that degradation is
related to the de-hydrogenation of vacancies, promoted by the non-radiative recombination events taking place
in the quantum well.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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