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ABSTRACT

The long-term stability of ultraviolet (UV)-C light-emitting diodes (LEDs) is of major importance for many applications. To improve the
understanding in this field, we analyzed the degradation of AlGaN-based UVC LEDs and modeled the variation of electrical characteristics
by 2D simulations based on the results of deep-level optical spectroscopy (DLOS). The increase in the forward leakage current observed
during ageing was ascribed an increase in trap-assisted tunneling. The analysis of the degradation kinetics suggests the role of a defect diffu-
sion process, possibly involving impurities coming from the p-type layers.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0144721

Ultraviolet (UV) light-emitting diodes (LEDs) are ideal candi-
dates to replace conventional mercury gas-discharge lamps in several
applications such as disinfection, curing, gas sensing, and skin safe dis-
infection,' © thanks to their smaller size, lower energy consumption,
fast switching, and emission wavelength.” However, for most applica-
tions, UV LEDs (especially in the UV-C range) may still have a short
lifetime.”” In recent years, numerous investigations have been carried
out on the reliability of AlGaN-based UV LEDs,'"'* but the physical
mechanisms responsible for degradation of these devices have not
been completely understood; among the issues that still remain under
investigation are the increase in the drive voltage during ageing,"* the
generation of mid-gap states in the active region,"” and the migration
of impurities.'

In this paper, 265nm UV LEDs submitted to constant-current
stress at 100 A cm 2 are analyzed. We propose a model that accurately
reproduces the electrical degradation of these devices. The measured
increase in the forward leakage current during ageing is attributed to

an increase in trap-assisted tunneling (TAT), related to the generation/
propagation of defect states within, and close to the active region.
Technology computer aided design (TCAD) simulations were carried
out to support this hypothesis based on defect properties obtained
through deep-level optical spectroscopy (DLOS) analysis. The results
allowed us to accurately reproduce the experimental data and suggest
the presence of a diffusion process responsible for the increase in
defect states near the active region. The modeling approach described
in this paper represents a useful methodology for a first-order quanti-
tative assessment of the local defect density exhibiting mid-gap states
and their evolution as a consequence of ageing within the device.

The analyzed LEDs were grown on an AIN-sapphire substrate by
metalorganic vapor phase epitaxy (MOVPE). The epitaxial structure is
grown on high temperature annealed (HT'A) epitaxially laterally over-
grown (ELO) AIN on sapphire with a threading dislocation density of
9x10* cm™%"” The LED heterostructure growth on HTA-ELO AIN/
sapphire starts with a 400 nm AIN layer, followed by a 25 nm AlGaN

Appl. Phys. Lett. 122, 161105 (2023); doi: 10.1063/5.0144721
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Si-doped layer. Then a 1 um Si-doped Al 76Gag 4N buffer layer and a
100 nm Al ¢5Gag 35N Si-doped transition layer are grown, followed by
a 200nm Si-doped AlysGagssN contact layer with Np =4
x10"® cm™3. A single 1.4nm Alj43Gags;N quantum well (QW) is
then placed between a 38 nm thick Si-doped Al ,Gag 35N lower bar-
rier and a 10 nm Al ¢,Gag 33N undoped upper barrier. An undoped
10nm AlygGay,N interlayer, separating the p-region from the last
barrier, was included to reduce the LED turn on voltage.” Above this
layer, a 25 nm p-doped Al 75Gag ,5N layer works as an electron block-
ing layer (EBL) with a nominal Mg concentration of 1 x 10 cm™—3
and is followed by a p-doped 230 nm GaN layer with a Mg concentra-
tion of 6 x 10" cm™3. The LEDs were fabricated by standard
micro-fabrication techniques using Pd/Au p-contacts and V/Al based
n-contacts.'® The nominal emission wavelength is 265nm, and the
area is 1 x 107 cm?. The devices investigated here resemble previ-
ously studied devices”'” but exhibit a single quantum well, thus allow-
ing for a simpler interpretation of DLOS data and TCAD.

The devices were operated at a constant current stress at 100 A/cm®
(100mA) for more than 300 h (19000 min) at a heat sink temperature
of 25 °C. During the constant current stress, the electrical characteristics
were monitored through current-voltage (I-V) measurements at loga-
rithmic time intervals. Figure 1 reports the variation of the electrical char-
acteristics during stress. Significant forward and reverse leakage currents
are observed and increased during ageing time. During stress, we
observed a slight shift of the turn-on voltage and an increase in the series
resistance (voltage > 5.5 V), which we attribute to a degradation of the
contact at the p-side'” or to the formation of potential barriers reducing
carrier injection efficiency.”’

Recent papers indicated that in the low forward bias region, con-
duction is mainly dominated by trap-assisted tunneling (TAT).”" >
This mechanism strongly depends on the density of defects in the
depleted region. Thus, the observed increase in the forward leakage
current suggests an increase in defect concentration induced by the
stress experiment,”* which are characterized by DLOS and their effect
on the low bias leakage current simulated subsequently. Additionally,
we observe an increased leakage current in the reverse bias direction,
indicating a reduction of the shunt resistance of the device.”’

10_1 T T T T T T T T
=) § ]
103r Jgress = 100 A cm™2
10°F T=300K 1
—~ 104k 1
<C
= 10°F 1
% 10k 7 Stress time (min): 1
t 10—7 e —A N
3 —3 —38
O 108 —2 D]
i ——90 ——190
10°} ———390 900
10-10 1900 —— 3900 {
10" 8900 —— 19000
2 -1 0 1 2

3 4 5 6 7 8
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FIG. 1. |-V characteristic of the device during constant current stress at 100 Alcm?
in the semilogarithmic scale.
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In order to characterize the anticipated deep levels generated dur-
ing the stress test and likely located in proximity to the active region of

the device, we performed DLOS analysis. As explained in Ref. 26, the
measurement consists in monitoring the transient device capacitance

under monochromatic illumination and is sensitive to the photoin-
duced charging or discharging of defect states in the depletion region.
From the analysis of the steady-state photocapacitance transients,
information on trap density and ionization energy can be obtained.

The analysis was performed at 0V, ie., the space charge region
reached the Aly,GagsgN:Si first barrier from the end of the
Al 75Gag,sN EBL, including an at least 25 nm wide region. The results
allow one to extract the concentration of defects responding to a given
photon energy [Fig. 2(a)]. We observe an increasing generation of
optically excited charges for photon energies > 2.2 eV peaking at 2 X
10"°em™ for 3.4eV. We note here that the measurements done at
energies higher than 3.4eV are partly affected by significant absorp-
tion/generation in the p-GaN layer, and this causes a reduction in the
AC leading to a reduction in N as shown in Fig. 2(a).

(a) .
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FIG. 2. (a) Measurement of the density of traps responding to a specific photon
energy. (b) DLOS signal obtained as a function of the photon energy. Circles are
the experimental data; red, green, and blue lines are the fits with the Passler model
for the three components identified; in black the sum of the three components.
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The optical ionization energy of defects was then evaluated
through photoionization cross section analysis.”” First, we
extracted the DLOS signal, as the inverse of the product between
the time constant of the photo-capacitance transient and the pho-
ton flux ¢ [Fig. 2(b)].

The experimental data are then fitted using the model proposed
by Pissler et al.,”**’

const.

€
hv\/anpce coth (M)

3

(+00) EZ
« J Bk
0 (Ex + E© — drc)

(hv — E© — E)*

€
2dpc€ coth (m)

The model considers the lattice relaxation of the deep levels having
given optical ionization energy (E®) and Franck-Condon shift (drc).
Here, kg is the Boltzmann constant, T is the temperature, € = hv is
the effective phonon energy, and Ex = hv — Er is the kinetic energy
of the excited electrons. The thermal ionization energy Er (also
referred to as the electron binding energy) can be calculated from the
optical ionization energy as Er = E® — dgc. As reported in Table I
and in Fig. 2, three different deep levels have been identified at Et;
= Ec —0.94 eV, ET72 = Ec — 3.06 eV, and ET’3 = EC — 3.52 eV.
The identified deep level energies are comparable with the ones found
by Arehart and Armstrong,”**’

In order to model the electrical characteristic of the device, we
employed the TCAD Sentaurus suite from Synopsys, Inc.””' The
layers were doped by placing the donor or acceptor traps (Si and Mg).
The silicon was located at Ec — 24 meV for n-doped AlGaN layers,
whereas magnesium was placed at Ey + 150 meV and Ey + 380 meV,
respectively for the p-GaN layer and the Al 75Gag 5N EBL.> " We
also set the typical parameters of radiative and Auger-Meitner mecha-
nisms at 2 x 1071 cm®/s and 1 x 1072° cm®/s, respectively, according
with the literature.”

In Fig. 3(a), we report the simulated band diagram at a forward
bias of 2V, along with the electron and hole concentrations; the
respective layers are noted on the top x-axis. We can observe that at
2V the QW is already full of electrons, and electrons accumulate at
the interface between the interlayer and the last barrier (d =285 nm),
whereas the sharp interface between the p-GaN and the EBL favors
the accumulation of holes (d =250 nm) due to the strong bad discon-
tinuity between the GaN and Aly;5Gag,sN layers. These detected

o(hv, T) ~

X exp | —

TABLE I. Values of E° and dr¢ obtained from the fits of the three identified deep lev-
els. The thermal ionization energy was calculated as Er = E© — drc.

E° (eV) drc (eV) Er (eV)
Er, 2.22 1.28 0.94
Ers 3.16 0.1 3.06
Ers 3.99 0.47 3.52

scitation.org/journal/apl
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FIG. 3. (a) Simulated band diagram and carrier concentration of the device at 2'V.
(b) Analysis of the contribution to TAT of the traps located in different regions of the
undoped interlayer in comparison with the measured |-V curve after 20 min of
operation.

accumulation regions are extremely important for our TAT model-
ing, since they represent preferential starting points for the tunnel-
ing process. To be more specific, TAT was implemented by the
procedure described by Roccato et al.”**® and by Mandurrino
et al.”” We identified the most likely TAT path from the interlayer/
last barrier interface (electron starting point) toward the undoped
interlayer for electrons. For holes, three different starting points
have been collocated in the EBL with a maximum of 10 nm of
tunneling toward the interlayer. Only the traps present in the
interlayer can contribute to TAT due to its position in the space
charge region, its short distance to hole and electron containing
layers, and the band bending, which allows a favorable alignment
(in energy) between the carriers and the traps.”*””*" The imple-
mentation of TAT in this region is obtained through the addition
of an additional SRH-like recombination process, whose capture
rates define the tunneling probability’”**"** and whose main
parameters have been chosen according to the literature.””** **
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For our simulations, a single trap level was placed near the
midgap at the energy identified by DLOS analysis at Ec—3.5 eV with a
Gaussian distribution in energy of ¢ = 200 meV in order to consider a
realistic energy dispersion of the defect.””** Only this level, in fact,
contributes the most at low voltages to the TAT process due to its
proximity to Epy.”**” Simulations performed with the shallower levels
did not yield a significant TAT current.

To study how the spatial distribution of traps in the interlayer
contributes to TAT, we divided this layer in three regions: region A is
adjacent to the EBL (2nm wide), region B is in the middle (3nm
wide), and region C (5nm) is closer to the last barrier [Fig. 3(a)].
Initially, we keep an identical trap concentration in the three regions
(N7 =5 x 10Ycm ™ at the energy level of Er = 3.5¢V) and simu-
lated the I-V characteristic by separately considering the effect of the
traps located in each region. In Fig. 3(b), the analysis for the I-V curve
measured after an operation time of 20 min is shown. (The same anal-
ysis was also performed for all other operation times.) To match the
measured [-V curves, we also introduced a shunt resistance
(Rsyy = 4 x 10°Q) to consider parasitic current paths at low biases, a
serif_s resistance (Rs = 14 Q) of the contacts, current spreading layers,
etc.”’

The comparison of the simulated I-V curves and the measured
I-V curves shows that:

* Traps present in region C (closest to the n-side) contribute to a
strong decrease in the turn-on voltage (green line). This effect is
not observed on the real device (dashed).

 Traps located in region B contribute to the increase in the leakage
current in the voltage range between 1 and 4 V, but such an
increase is excessive (blue line). At reduced trap concentration,
we observed an improved fit for voltages >2.5 V but a way too
low current for V< 2.5 V.

e Traps located in region A (closer to the p-side) favor an increase
in the leakage current at lower voltage compatible with the exper-
imental values (red line). A relatively high defect concentration
near the EBL is also expected from the literature due to its the
proximity with a layer featuring a high p-doping.'®

Once we understood how the three regions contribute to TAT,
the trap density in each section was used as fitting parameter to match
the experimental I-V curves obtained from the constant current stress.
For the data in Fig. 3(b), a trap concentration of 5 x 10'7 cm ™ in
region A, 1 x 10 cm % in region B, and 2 x 10®° cm 2 in region C
yield the best fit.

Figure 4 shows a comparison between the measured and simu-
lated electrical characteristics during the stress. To provide a correct
match, we changed only trap concentrations and the series resistances
according to values reported in Table II. It is worth noticing that: (i)
the good correspondence obtained at low voltages between simulated
and experimental curves is in the TAT-assisted conduction region.
Results, thus, confirm the contribution of the deep levels to forward
leakage current. (ii) The estimated trap concentrations exhibit a mono-
tonically increasing trend within the interlayer, which is compatible
with the generation/diffusion of defects occurring during the constant
current stress.”® (iii) The parallel shunt resistance determined from the
reverse leakage current in the range between 0 and —1V (see also Fig.
1) increases with stress time and for >20 min has a significant contri-
bution to the forward leakage current until 2V.” Finally, (iv) the

ARTICLE scitation.org/journal/apl
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FIG. 4. Simulated |-V curves during ageing mainly modeled by an increase in the
trap concentration in the interlayer.

extrapolated trap concentrations decrease from region A, adjacent to
the EBL, toward region C, closer to the last barrier. In addition, we
observe a strong increase in the defect density in the first region, com-
pared to the other two regions. This behavior can be explained by
either a localized generation of defects or, more probably, a diffusion
process originating from the p-region and directed toward the active
region.'

To test the hypothesis of a diffusion process, we compared the
modeled increase in the trap concentration with an ideal diffusion pro-
cess originating from the EBL and directed toward the interlayer
region. We employ the diffusion model proposed by Orita et al."” and
assume a sufficiently large and constant concentration of the diffusing
impurity Ny at the interface between EBL and interlayer. Under these
assumptions, the time-dependent concentration of the diffusing impu-
rity at a position z follows the equation:

Nag(2) = Noerfe (2%/17) , 1)

where D is the coefficient of diffusion, t is the stress time, and z is the
distance from the EBL/interlayer interface. Therefore, the relation
between the average trap concentration in a region of interest and the
stress time can be expressed as

TABLE II. Estimated trap concentration, series and shunt resistances used as fitting
parameters for the TCAD-assisted modeling of the |-V curves measured during
stress. The trap concentrations are referred to the midgap deep level at Ec — 3.5eV
subdivided in their spatial region.

Time (min) N4 (cm?) Npg(em ) Npclem ™) Rg (Q) Rp (Q)

2x10%  3x10” 1x10” 14 4 x10%°
3 1.3x 107  5x10% 1x10% 14 3 x10%
20 5x 107 1x10° 2x10% 14 1 x10%°
19000 1.5x10"%  2x10%  7x10% 18 5x10°
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_No " (2
Nr = ” Jo erfc(z\/l_)‘t) dz, 2)

where w is the width of the region of interest. In our case, we consid-
ered as a reference region the one with the greatest defect concentra-
tion, i.e., region A, which is 2 nm wide.

Figure 5 reports the simulated defect concentration data obtained
through this approach by using Np and D as fitting parameters.
Remarkably, the diffusion model can effectively reproduce the experi-
mental data, suggesting that a migration of impurities is effectively tak-
ing place. The most significative parameter extrapolated from the fit is
the diffusion coefficient D, whose extrapolated value was found to be
2.1 x107*% cm® s, We note that this is a realistic value, already
reported in the literature for the diffusion of hydrogen in gallium
nitride."””" Also Glaab et al.'® found, by SIMS measurements, that the
concentration of hydrogen atoms (above 1 x 10'” cm ™) similar to the
fitted N is present in the p-type material due to incorporation during
growth, even after thermal annealing. Hydrogen typically occurs as
interstitials bound to Mg acceptors”' or with negatively charged point
defects, such as group-IIT vacancies," forming defect complexes. The
authors also found that H migrates toward the n-side during the
stress.'® Here, it is important to note that the diffusion has to be initi-
ated by exciting the hydrogen atoms from the complex. Knauer et al.
identified high energy holes from Auger-processes triggering the deg-
radation.” These could give the energy necessary for the assumed dif-
fusion process. However, further work is necessary to clearly identify
the point defects and their interaction with hydrogen'” and if the same
defects are responsible for the increase in nonradiative recombination
and lower injection efficiency. The method presented here is a key
technique to determine the point defect density and its evolution dur-
ing ageing in the junctions and should be further exploited to deter-
mine the degradation processes.

We analyzed the electrical degradation of SQW AlGaN-based
UV-C LEDs by a constant current stress carried out at 100 A/cm?.
The experimental investigation, aided by DLOS measurements,
allowed us to identify three distinct deep levels at Ec — 0.94eV,

_'_|7/ T T T T T T
—0O- simulated N ; during the stress o —=-=0
1018 | — — ideal diffusion process -7 |
7
7
ps
—~~
« p
S , /
S il /4 |
[
Pz
No=1.55x 10"+ 1.7 x 10'7 cm®
D=21x10"®+8x 10" cm?""
w=2x107cm
1016 .'.._|7/ 1 il ol 1 il 1 |
0 10" 10* 10® 10* 10° 10° 10’
Time (s)

FIG. 5. Comparison between the trap concentration estimated by simulations in
region A adjacent to the EBL during the stress and the impurity profile described by
an ideal diffusion process originating from the EBL.

scitation.org/journal/apl

Ec — 3.06eV, and Ec — 3.52¢V. The increase in the leakage current
induced by constant current stress could be ascribed to an increase in
the trap-assisted tunneling components. The I-V measurements
collected during stress were accurately reproduced by assuming a
monotonic increase in the density of the deep level traps within the
interlayer volume close to the EBL. The degradation kinetics was
found to be consistent with a defect migration process, and a model
was proposed and adopted. From a global standpoint, we can conclude
that: (i) trap assisted tunneling is the main mechanism that contributes
to the forward sub-threshold leakage current in UV-C LEDs, and (ii)
this process is strongly determined by the concentration of the deeper
levels located closer to the EBL. Additionally, we demonstrated that
(iii) it is possible to build a model that emulates the forward leakage
current variation of the electrical behavior of the device during ageing
by employing the trap concentration in a specific device layer as the
fitting parameter.
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