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ABSTRACT
The electrical properties, electroluminescence (EL) power output and deep trap spectra were
studied before and after 5'MeVelectfon irradiation of near-UV single-quantum-well (SQW)
light emitting device (LED) structures differing by the presence or absence of InAIN superlattice
underlayers (INAIN'SL UL).The presence of the underlayer is found to remarkably increase the
EL output power and the radiation tolerance of LEDs, which correlates with a much lower and
more slowly changing density of deep traps in the QW region with radiation dose, and the higher
lifetime of charge carriers, manifested by higher short-circuit current and open-circuit voltage in
current-voltage characteristics under illumination. The observed phenomena are explained by the
capture of native defects segregated at the growing surface by In atoms in the underlayer which

traps.them in the underlayer and prevents their penetration into the QW region.
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I.INTRODUCTION
Blue and near-UV (NUV) light emitting diodes (LEDs) based on GaN/InGaN quantum wells

constitute the basis of light emitting devices widely used in general lighting, displays,dndicators,
data storage systems, metrology, biology and medicine[1, 2]. Although the efficiency of these
devices is quite high, further improvements of their efficiency are still necessary for.their.wider
implementation in practical optoelectronic systems. To expand the applications into new areas, a
better knowledge is needed of the devices performance in harsh operation conditions. For
example, in space applications, the detailed knowledge of radiationstolerance of devices and

~
factors influencing this tolerance is of importance.
The efficiency of blue and NUV GaN/InGaN quantum well or multi=quantum well (QW or
MQW) LEDs is a function of multiple factors, including dislocation density, localization of
charge carriers in In-rich potential fluctuations in_the. QWSs, the density of point defects that are
deep non-radiative recombination centers in the QWSs or regombination and trapping centers in
QW barriers, changes in strain varying the magnitude of the quantum-confined Stark effect
(QCSE) [1, 2]. Detailed studies have shown that dislocations, while being prominent local
recombination centers, play a.significant role in the efficiency of LEDs only for structures with
dislocation density exceeding=5x108.cm2 [3=6]. Moreover, their detrimental effects can be
seriously alleviated by the/formationof so called V-defects often terminating dislocations near
the surface (see e.g. a.discussionin Ref. [4]). Localization of charge carriers in potential
fluctuations is a serious concern, but seems to be much more pronounced for LEDs emitting in
the green spectral range where the In concentration is high and close to the onset of spinodal
decompositionof InGaN.ternaries (see e.g. Ref. [1, 5]). Green LEDs are also much more
susceptible to the detrimental effects of QCSE because of the higher lattice mismatch and strain,
so'that serious efforts have been necessary to develop and optimize various strain-relieving

schemes/and to improve the design of the QW regions that minimizes electron-holes separation

and.efficiency loss in the QW due to QCSE [5]. For advanced state-of-the-art blue or NUV
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LEDs, there is a growing consensus that the peak efficiency of these devices is determined by the
density of centers of non-radiative recombination in the QWs and QW barriers [6]. The former
centers directly affect the radiative recombination efficiency in the QW, while the latter cause a
decrease in injection efficiency via recombination and trapping in the QW barriers [7]. The work
on classification and identification of such centers and on determining the factors influencing the
density of such states is far from being finished. Among the factors seriously impaeting the
spectra and density of deep traps in the QWSs and QW barriers are theitemperature of growth of
the barriers [8, 9], the use of growth schemes improving the overall crysialline quality of the QW
region, such as lateral overgrowth of nanopillar templates [10], the'use of In-containing
underlayers [11], irradiation of the structures and subjecting them to electric stress.
Various techniques, such as positron annihilation spectroscopy (PAS), studies of
photoluminescence (PL) spectra, kinetics and quantum efficiency, direct measurements of deep
@
traps spectra using deep levels transient spectroscopy (DLTS), deep level optical spectroscopy
(DLOS), steady-state photocapacitance spectra (SSPS), and capacitance-voltage C-V profiling
with monochromatic optical excitation (LCV) have been used to pinpoint the types of traps most
relevant to non-radiative recambination processes in GaN-based structures.
In combined PAS and PL studies ofas-grown and irradiated GaN and AIN-based structures [12,
13] strong evidence was obtainedinfavor of Vea-Vn divacancies in GaN or Vai-Vn divacancies
in AIN being prominent in‘non-radiative recombination (Vca or Vai standing for group 111
vacancies, Vn - fornitrogenwvacancies).
For moderate and.low dislocation densities GaN films and crystals, and for LEDs of various
designs irradiated with electrons or subjected to electrical stress, recent DLTS studies have
earmarked several suspect centers whose concentration consistently correlates with changes in
electroluminescence efficiency or with lifetimes of non-equilibrium charge carriers [7, 14-19]. In
radiation experiments, the centers associated with nitrogen interstitial acceptors Ni and Ga

interstitial donors Gai with levels approximately tied to the level of vacuum in different I11-
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Nitrides have been shown to actively participate in non-radiative recombination, together with as
yet unidentified ubiquitous centers with levels near Ec-0.6 eV in GaN [15-19, 20, 21]. Among
the major centers with levels in the lower half of the bandgap of GaN, defects with levels near
Ev+(0.9-1.2) eV are major hole traps whose levels are tied to the level of vacuumdn TH-Nitrides
[15-19, 22]. In n-GaN, these hole traps do not seem to be effective in non-radiative
recombination because of the very slow electron capture [15-19], which is corroborated by ab
initio theoretical calculations of electron and hole capture rates by these centers: However, for
narrow-bandgap In-rich InGaN QWs, it is predicted that such deep acce&tors can become
effective recombination centers [23].
Increasing the growth temperature of GaN barriers in GaN/InGaN MQW structures has been
shown to increase the quantum efficiency of PL [9] which can betied up to the observed
decrease of the density of the Ni-related Ec-1 eV recombination centers in GaN barriers and Vea-
@
related Ev+0.7 eV centers in InGaN QWSs as determined by DLTS in Ref. [8].
The changes induced in the spectra of deep centers in QW LEDs by application of In-containing
underlayers are of special interest becausersuch.underlayers are commonly integral parts of
strain-relieving routines in good quality QWstructures. It has been noted for some time that such
underlayers are often advantageous to.the LEDs efficiency [11]. Deep traps studies of
GaN/InGaN MQW LEDswithtnGaN underlayer (InGaN UL) were performed in Ref. [24] using
DLOS, SSPC, LCV techniques. A close correlation has been reported between a higher
efficiency of LEDs'with InGaN UL and a decreased concentration of deep traps with optical
ionization threshold near 1.6 eV in DLOS/LCV spectra.
The latter observation was recently explained by a model taking into account segregation of
native point defects near the growing GaN surface. It is suggested that the presence of In atoms
stabilizes these surface defects, which are converted into non-radiative recombination centers
and handicap radiative recombination efficiency. If this process takes place in the QW it very

adversely affects the photoluminescence (PL) efficiency and strongly decreases the PL lifetime.
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Introduction of In-containing underlayers (UL), say InGaN or InAIN, allows to capture
these surface defects and prevents them from propagating into the QW region, increasing the
luminescence efficiency [25-28]. The model explains the behavior of single QW (SQW) LED
structures with InGaN, InAIN or GaN/InAlIN superlatice (SL) underlayers (ULs) as a function of
UL composition, thickness or growth temperature [25-27]. It should be nated that ne.conclusive
results regarding deep electron or hole traps spectra in QW structures with InGaNor InAIN ULs
were reported for ordinary DLTS measurements in Ref. [24]. Such detatled DLTS studies of the
LEDs with InAIN SL ULs showed [28] no detectable concentrations of ilectron or hole traps
either in the QW or in the UL region, in contrast to structuressawithout the UL in which electron
traps with levels near Ec-0.6 eV and Ec-0.8 eV were seendn the GaN underlayer, and hole traps
with levels near Ev+0.75 eV were detected in the QW, together with traps with optical ionization
threshold of 1.5 eV in LCV spectra. Irradiation withia low.fluence of 7x10%° cm™ of 5 MeV

@
electrons had little effect on the density of traps'in DLTS, but increased the density of the traps
with the optical ionization threshold energy.of 1.5 eV in LCV spectra of the sample without the
UL while seriously decreasing the EL efficiency of such samples. Based on that, the observed
changes in EL efficiency in these samples were attributed to increased density of the centers with
optical ionization threshold of 1.5 eVaFor the samples with the INAIN SL UL, the density of the
Ec-0.6 eV and Ec-0.8 eV glectronitraps and of the Ev+0.75 eV hole traps in DLTS were
introduced, but the,concentration was very much lower than in the LEDs without the UL and
there were no changes.in EL efficiency after irradiation with this low electron fluence. The
interest of these preliminary results is two-fold. First practical: the introduction of the InAIN SL
UL increases the radiation tolerance of the SQW NUV LEDs. But in that respect it is necessary
to find the fluence of electrons for which the EL efficiency of the LEDs with InAIN SL UL starts
to decreasex'Second scientific: in the studied NUV SQW LEDs the EL efficiency degradation at
low.electron fluences seems to be related to the increase in the concentration of midgap centers

withsoptical ionization threshold near 1.5 eV rather than to the introduction of Ni deep acceptors
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or Gai deep donors as reported in our earlier work on radiation effects in GaN/InGaN MQW blue
and NUV LEDs [7, 14]. In order to clarify both issues in what follows we studied the effects of
electron irradiation with higher fluences on EL efficiency and deep traps spectra of SQW LEDs
with and without InAIN SL UL.

ILEXPERIMENTAL

The LED structures investigated were similar to the InGaN/GaN single QW'LED structures
with and without InAIN/GaN superlattice (SL) underlayer (UL) described previeusly [27]. They
were prepared by metalorganic vapor phase epitaxy (MOVPE) on GaN-&n-sapphire templates in
an Aixtron 200/4 RF-S horizontal reactor. The design of the LED layer structure with InAIN SL
UL was as follows. First, a 2-pum-thick Si-doped GaN buffer was grown, followed by a Si doped
Ino.17Alo.83N:Si(2.1 nm)/GaN:Si(1.75 nm) SL with 22/periods.and Si doping of 3 x 1018 cm.
Then two more periods of the INAIN:Si/GaN:Si S doped t:) 1.5 x 10%° cm were grown on top
and capped with a 5-nm-thick GaN layer.with the same doping level and followed by a 20-nm-
thick GaN spacer doped with Si to ~3 x 10%° ecm:3. Above this strain-relieving layer sequence,
the Ino.1GaosN QW with 2.7-nm thicknessisandwiched between two 7.5 nm-thick n-GaN
barriers ([Si] = 1 x 108 cm®),was grown and capped with a 20 nm thick undoped GaN spacer.
The structure was completed‘with the growth of a 20-nm-thick p-Alo.2Gao.sN:Mg electron
blocking layer (EBL), a 200-nh-thick p-GaN:Mg layer ([Mg] =1 x 10*° cm®), and a 25-nm-
thick p-GaN:Mg film dopeditod x 102° cm™ . This sample is labelled below InAIN SL UL
LED.

The sample without InAIN SL UL differed by the growth of the 5-nm-thick GaN spacer
with the Sidoping of 3 x 108 cm™ right after the 2-um-thick Si-doped GaN buffer layer, i.e., the
absence of the INAIN:Si/GaN:Si SL sequence. This sample, is labelled NO UL LED.

The.samples were processed into LEDs using conventional photolithography and dry

etching: Ohmic contacts were fabricated by deposition of Pd/Au as p-type ohmic contacts to p-
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GaN and of Ti/Al/Ti/Au as ohmic contacts to n-GaN. All measurements were completed on 300
x 300 um? chips contacted by wire bonding.

Characterization included current-voltage (I-V), capacitance-voltage (C-V), admittance
spectroscopy (AS) and DLTS [29] measurements in the temperature range 77-400 K [30-32].
The relative EL intensities as a function of driving current were measured using 100:ms.ong
forward current pulses with a 500 ms period as provided by a Keysight Instruments.current-
voltage source meter B2902A (USA). The EL signal was measured as a currentof a Si
photodiode biased at +2 V [7]. Absolute measurements of the EL output power and IQE were not
done in these experiments, but were performed for LEDs before trradiation in the earlier work
[27]. These preliminary measurements showed the EL spéctrum to be peaked near 3 eV for both
samples and the internal quantum efficiency (IQE) to‘be ~70% for the InAIN SL UL LED and
9% for the NO UL LED before irradiation [27]. 3

The measurements were repeated after irradiation at room temperature with 5 MeV
electrons with fluences of 7 x 10%° and 3x10% em2, performed on the linear electron accelerator
Linac UELV-10-10-C-70 [33, 34] at the Center of Collective Use “Physical Measurements
Investigations” (CCU PMI) of the Institute of Physical Chemistry and Electrochemistry of the
Russian Academy of Sciences.

I11.RESULTS AND DISCUSSION

We begin by«omparing.the I-V characteristics of the two types of structures in the dark and
under illumination with high-power (250 mW output power) LED with peak photon wavelength
of 400 nm (this illumination creates electrons and holes resonantly in the QW). The results are
shown before.and after irradiation with fluencies of 7x10%® cm2 and 3x10'® cm of 5 MeV
electrons in Fig. 1(a, b). The defining features of these I-V characteristics before irradiation are
the much lower leakage current in reverse direction and at low forward voltages, a higher short-
circuit current Isc, and much higher open circuit voltage Voc for the LED with InAIN SLs UL.

Forithe sample without the UL, the higher leakage is a consequence of a stronger tunneling that
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could be linked to the higher density of deep hole traps. The lower Isc and Voc in this sample are
the results of the shorter lifetime in the QW region as determined by time resolved
photoluminescence (TRPL) decay measurements published earlier [27] and of the enhanced
leakage current. Both the decreased lifetime and the increased leakage are expected to contribute
to the decrease of Voc [35]). In addition, the series resistance of the LED without the.underlayer
was found to be 2.4 times higher than for the sample with the underlayer which, asisshown'in our
earlier paper [28], is one of the consequences of the stronger compensation of Mg acceptors in p-
GaN emitter by Vn-related donors that propagate from the n-typespart of\the structure during
growth.

Electron irradiation steadily increased the series resistance of both types of LEDs, at least in
part due to increasing compensation of Mg acceptorsin p-GaN [28]. It also decreased the Isc and
Voc in both types of structures, but at a much fasterrate for the sample without the InAIN SLs
UL, which indicates a much stronger decrease with irradiati.on of the lifetime in the QW region.
The results of these measurements are summarized in Fig. 2(a, b, ).

The depth profiles of the charge concentration in the two types of structures as affected by
electron irradiation are showniin Fig. 3(a, b)»Fig. 4 (a, b) presents these concentrations as a
function of applied voltage. Both figures were obtained in a standard fashion [29] from
experimental C-V charactéristies'measured at room temperature at high frequency of 100 kHz.
For the LED structure without the InAIN SL UL, we can access the region of the QW lying
inside the space gharge region at OV and accessible to C-V probing by application of positive
bias (the peak in concentration in Fig. 3(a) and 4 (a)). The region of GaN barrier can be probed
by application/of reverse biases between -3V and 0V (Fig. 3(b)). Electron irradiation leads to the
charge concentration slightly decreasing with increasing electron fluence.

The charge concentration profiles as a function of depth and of voltage are shown for the
sample with InAIN SL UL in Fig. 3(b), 4(b). In this sample, the QW region was not accessible to

C=V/probing even for high forward voltages. Only the InAIN SL region could be observed in
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depth profiles or charge concentration versus voltage profiles in Fig. 3(b), 4(b). In contrast to the
sample without the underlayer, the charge concentration in this region slightly increased after
irradiation, the reason for which has yet to be understood.

The conditions of biasing and pulsing for DLTS probing of the traps in the‘QW region
and in the GaN barrier region of the LED structure without InAIN SL Ul<are clear from Fig.
4(a). To probe electron traps in the GaN barrier, the sample has to be keptat -3V'and pulsed to
0V. For the QW region, the sample has to be biased at -0.5 V and pulsedto 3V in the forward
direction. With forward pulsing, both electrons and holes are injected. Tﬂe ability to detect both
electron and hole traps separately depends on their relative concentrations. As shown below, hole
traps in the QW absolutely dominate under such injection:conditions.

For the LED structure with InAIN SL UL, probing of the SL portion of the structure in
DLTS was done by biasing the sample at -5V and‘puising.to OV. For probing the QW region, we

@
kept the sample at -0.5V and pulsed it to 3V. As follows from the I-V data in Fig. 1 and the
electroluminescence signal measurements, these:biasing conditions ensured efficient injection of
charge carriers into the QW.

The results of DLTS measurements forelectron traps in the LED without INAIN SL UL are
shown before and after electron irradiation in Fig. 5(a). Fig. 5(b) shows the spectra for the QW
region. The convention in‘the figures'is that the peak of electron traps is positive while, for hole
traps, it is negative. Before irradiation, a very weak electron trap feature belonging to traps with
levels near Ec-0.6/€V (electron capture cross section of 6,=8.2x10%6 ¢cm?) (E1 trap) and Ec-0.8
eV (on=2.3x10">em?) (E2 trap) were observed for the GaN barrier. Their concentrations were
not changed after irradiation with the low electron fluence of 7x10%° cm2, but markedly
increased afterirradiation with a high fluence of 3x10% cm, which also introduced a very
prominent peak of electron traps with level near Ec-0.55 eV (on=1.5x10"* cm?) (E3 trap).
Electron traps at Ec-0.8 eV (our E2 traps) are quite common radiation defects in n-GaN films
often associated with the interstitial Ga donors Gai [7] on account of their level being close to the

9



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-124682.R1 Page 10 of 35

theoretically predicted charge transfer level of such defects [36]. The Ec-0.6 eV centers (our E1
traps) are quite similar to the ubiquitous defect in n-GaN shown to be a prominent recombination
center [15-17]. They are also held responsible for current collapse of GaN-based highlectron
mobility transistors (HEMTS) after electric stress [37]. However, the concentration of these traps
has not been previously reported to increase after electron irradiation [14<16]. The nature/of
these centers is still under debate, but they have been attributed to dislocation related states [38,
39]. The origin of the Ec-0.55 eV (E3) traps observed after heavy electron irradiation is not clear.
Centers with levels in the vicinity of the E3 traps have been reported for\some n-GaN samples,
but no consistent assumptions regarding their possible naturehave been made [20].

In DLTS spectra of the QW region of the sample without InAIN SL the absolutely
dominant defects before irradiation were hole traps with levels near Ev+0.75 eV (hole capture
cross section cp=2.3x10"1* cm?) (Fig. 5(b)). Electron irradizition with a low fluence of 7x10% cm-
Z only very slightly increased the peak magnitude of these hole traps, while irradiation with a
higher fluence of 3x10% cm markedly enhanced.the concentration of these defects. Similar hole
traps were previously observed by us.in NUV. LEDs of different design [14, 19]. Their
concentration was shown to Correlate with the increase of leakage current at low forward
voltages after electron irradiation and prolonged operation at high injection current [14, 19]. The
effect was attributed to enhanced tunneling via these levels [19]. These traps do not directly
impact the non-radiative recombination efficiency in NUV LEDs [14, 19]. They have been
attributed to complexes of Vea acceptors with shallow donors in Ref. [21].

For the sample with AnAIN SL UL, we could detect neither electron nor hole traps when
probing the InAIN SL orthe QW regions of the structure prior to irradiation. After irradiation
with 7x10%° cm electron fluence, electron traps’ peaks close to the location of the E1, E2, E3
centers could be detected in the INAIN SL region. Their concentration became much higher after
irradiation with the fluence of 3x10% cm2 (Fig. 6(a)). In DLTS spectra collected from the QW

region of these structures, a hole trap near Ev+0.75 eV emerged after irradiation with 7x10%° cm

10
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fluence of 5 MeV electrons. Its amplitude greatly increased after irradiation with high fluence of
3x10'® cm™ (Fig. 6(b)). Note, however, that the magnitudes of electron traps E1, E2, E3 peaks
and the hole trap Ev+0.75 eV peak in the sample with InAIN SL UL after irradiation were always
much lower than for the sample without the INAIN SL UL before the irradiation.

For LCV spectra measurements, we could only perform them in a reliable fashion for the
QW regions of the sample without the INAIN SLs UL. The phoconcentration ANpr (i.e. the
concentration in the QW obtained from C-V profiling under illumination with-menochromatic
light minus the dark concentration) measured as a function of the photon\ energy of the excitation
light is shown before irradiation and after irradiation with thestwo used fluences in Fig. 7. Before
irradiation, the spectra showed an onset for photon energies.close to 1.5 eV, a narrow plateau
between 1.8 and 2 eV, another onset near 2 eV with a peak near 2.3 eV. Respective
concentrations of the centers were 4.3x10% cm for'the traEs with the optical ionization
threshold of 1.5 eV (henceforth to be called the 1.5 eV centers) and ~10'® cm™ for the centers
with optical ionization threshold of 2 eV (henceforth called the 2 eV centers; the concentrations
in the spectra are taken as the concentration:on the 2 eV plateau for the 1.5 eV centers and as the
difference with the concentration on the plateau and the photoconcentration at 2.3 eV energy for
the 2 eV centers). Irradiationiwith 7x20° cm 5 MeV electrons increased the density of the 1.5
eV centers to 8.5x10% cm®, with'the'concentration of the 2 eV centers remaining the same. After
irradiation with the. fluence of 3x10'® cm of electrons, the increase in the density of the 1.5 eV
centers was verysmoderateyonly to 1.3x10*" cm3, with a stronger increase of the concentration
of the 2 eV centers (Fig. 7). The LCV spectra in the figure are qualitatively similar to the LCV
spectra of LEDs with InGaN underlayer in Ref. [24 ]. Irradiation with lower dose of 7x10%° cm™
mainly changes the density of the 1.5 eV centers, whose introduction rate slows down
considerably for the higher dose of 3x10% cm. The concentration of the 2 eV centers is not
seriously affected by irradiation with lower dose, but tends to increase substantially for the

higher dose. The behavior of these LCV centers is very similar to the behavior of the Ev+0.75 eV

11
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hole traps in DLTS spectra collected from the QW regions and strongly suggests that one is
dealing here with the same defects, most likely due to Vea acceptors complexed with shallow
donors [14, 19, 21].

The evolution of the relative EL output as a function of the electron fluence is‘compared for
the two types of studied LEDs in Fig. 8(a, b). For the sample with INAIN‘SL UL (Fig. 8(a)),
irradiation with a low dose hardly changed the EL output at high driving current.'Fer higher
fluence of 3x10® cm the EL signal seriously decreased. For low driving currents, the main
effect seems to be due to an increase of the series resistance that shifts to\ higher values the level
of driving current necessary to produce measurable EL signal.(see'Fig. 2(a)).

For the sample without the INAIN SL UL, irradiationawith the low electron fluence already
causes a lot of damage both at low and high driving currents;suggesting a stronger impact of
non-radiative recombination via point defects (it generally. determines the peak value of EL

@

efficiency and changes in EL at low driving current are expected to be strongly affected by the
increased concentration of these centers [6]). DTS measurements do not register an increase in
the density of deep traps in the GaN barrier.or hole traps in the QW of this sample. The only
obvious effect is the strong increase of the concentration of the 1.5 eV centers in the LCV
spectra in Fig. 7. Thus, it makes sense:to assume, that these centers are responsible for the non-
radiative recombination 4 the'sample without INAIN SL UL before irradiation and after electron
irradiation with 7x10%° cm fluence. The optical threshold of ionization for these traps is close to
the optical ionizationithreshold of major LCV and DLOS traps in LEDs held responsible for the
higher efficiency of LEDs with InGaN underlayer [24]. The position of the level involved in this
ionization process is quite favorable for the center being active in multiphonon capture of both
electrons and holes, i.e. of the defect being an efficient recombination center [23].

If one'remembers the results of PAS probing of I11-Nitrides in Ref. [12, 13], it seems
reasonable to attribute the 1.5 eV defects to the Vea-Vn divacancies formed under irradiation. If

thisuis true, then the process of such divacancies formation seems to slow down at high doses of

12
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electron irradiation. Yet, the EL output continues to decrease, as well as the lifetime of charge
carriers when judged by the changes observed in Isc and Voc in Fig. 1(b), 2 (b, ¢). The 2 eV LCV
centers/Ev+0.75 eV Vaa-related hole traps, whose concentration strongly increases athigh dose,
do not fit the role of effective recombination centers [23]. One has to consider, however;that
electron traps in the QW are difficult to detect in DLTS with strong holednjection {14, 19]. At
the same time, both the E1 and E2 electron traps in the GaN barrier are known to be effective
recombination centers [15-17] and their concentration strongly increases at high.doses. This
could easily handicap the injection efficiency and indirectly drive downlhe EL efficiency.
Moreover, similar lifetime-killer traps not visible in DLTS because they are masked by the hole
traps signal are very likely to be also formed in the QW and directly handicap the internal
quantum efficiency. Such processes have been observed forNUV LEDs of a different design
[14,19].
@

For the LEDs with InAIN SL UL, LCV spectra measurements were not practical because
the QW region was not accessible to C-V profiling. The starting EL output of these LEDs was 7
times higher than for LEDs without the underlayer and so were the Isc and the Voc indicating a
much higher lifetime in the QW, as directly. demonstrated by TRPL decay measurements [27].
The nature of the centers responsible for non-radiative recombination in these LEDs is not clear,
but it seems reasonable to‘assumeithat these are the same 1.5 eV centers seen in LCV spectra of
LEDs without the underlayer (note the negligible concentrations of all traps in DLTS of the
sample with InAlN‘beforeirradiation). The electron traps introduced by irradiation into the
INAIN SL UL and.hole traps introduced into the QW are similar to the ones produced in the
sample without the'underlayer, but the introduction rate is very much lower, so that even at high
doses they are.not expected to contribute to non-radiative recombination at the same scale as in
the LEDs without the underlayer. This suggests that even at high doses, the non-radiative
recombination in LEDs with InAIN SL UL is still provided by the 1.5 eV centers tentatively

associated with divacancies. However, the introduction rate of all centers is about an order of
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magnitude lower resulting in a much higher radiation tolerance of the NUV LEDs with InAIN
SL UL.

A key question is whether this is a defining feature of the In-containing underlayer or
whether other strain-relieving schemes could be equally effective. The data in Fig. 9 seems to
indicate that the strain-relieving scheme using the InAIN SL could be advantageousaln the figure
we compare the normalized changes of EL signal at low driving current of 20 mA (for which the
contribution of non-radiative recombination centers is maximal) for the two LED structures
described in this paper and for the NUV LED structure studied earlier [1\4]. The difference with
this latter structure is that the active region comprises 6 QWsdnstead of a single QW and that the
strain-relieving layer is formed by AlGaN/GaN superlattice instead of the INAIN/GaN
superlattice as in the present work. It can be seen that'the radiation tolerance of the sample with
INAIN SL UL is the highest suggesting that the InAIN. UL could provide better performance.

@
However, this conclusion is not unambiguous, because of the higher number of QWs in the
samples with AlGaN/GaN strain- relieving layer. Increased thickness is conducive to
accumulation of higher radiation damage'produced by incident electrons of the same energy. For
clearer comparison structureswith a similarnumber of QWs would be preferable.
IV. SUMMARY AND CONCLUSIONS

Studies of single GaN/InGaN'QW NUV LED structures with and without InAIN SL UL
measured before andafter electron irradiation show that the introduction of the underlayer
decreases the leakage current at reverse voltage and low forward voltage, increases the short-
circuit current Isc and open-circuit voltage Voc in -V characteristics. This indicates a lower
tunneling via deep defectistates and a higher lifetime of charge carriers in the QW. The radiation
induced decreases of Isc and Voc proceed much faster for LEDs without the INAIN SL UL.

For samples without the underlayer, deep trap spectra in the GaN barrier are dominated by
electronraps with levels Ec-0.6 eV (E1) and Ec-0.8 eV(E2) while in the QW region the

dominant feature in DLTS spectra is due to hole traps with levels near Ev+0.75 eV. Centers with
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optical ionization threshold near 1.5 eV and 2 eV (1.5 eV centers and 2 eV centers) are observed
in LCV spectra measurements. Electron irradiation with a low dose only very slightly increases
the concentration of the E1 and E2 electron traps in GaN barrier and the Ev+0.75 eV hole traps in
the QW, but strongly enhances the density of the 1.5 eV centers. For higher dose a strong
increase of the E1 and E2 electron traps and the emergence of a prominent trap nearEc-0:55 eV
(E3 trap) was detected in n-GaN barrier, with the density of the hole traps'Ev+0.75¢V in the QW
also strongly increasing. The increase in concentration of the 2 eV centers in LCV spectra
closely follows the increase in density of the Ev+0.75 eV traps, while the\ rate of increase with
fluence of the density of the 1.5 eV centers in LCV slows down for higher dose.

For the LED structure with InAIN SL UL, no electron.traps or hole traps could be detected
in the InAIN SL UL or in the QW. Irradiation induced electron traps similar to the E1, E2, E3
centers, their concentration greatly increased afterfirradiation, hole traps at Ev+0.75 eV were

@
introduced in the QW region and their concentration also strongly increased with irradiation, but
the introduction rate of all electron and hole traps. was much lower than for samples without the
InAIN SL UL.

Before irradiation, thed€L output power of NUV LEDs with InAIN SL UL was about 5
times higher than for the sample without the underlayer, in agreement with earlier reports on
lifetime measurements and with the observed differences in Isc and Voc values. Electron
irradiation with low dose of 7x10™ cm greatly decreased the EL output power of the LEDs
without the INAIN'SL. UL, while the only change detected in deep trap spectra was the strong
increase of the 1.5 eV centers concentration in LCV spectra of the QW region. This points to the
1.5 eV centers‘as the main cause of non-radiative recombination. We somewhat tentatively
associate these defects with the deep non-radiative recombination centers in GaN attributed to
Vea-Vn divacancies on the strength of PAS measurements [12, 13]. Heavy electron radiation
with. the fluence of 3x10% cm led to a further degradation of the EL output of the LEDs without

therlnAIN SL UL, while the introduction rate of the 1.5 eV centers was reduced and the
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introduction rate of deep traps in DLTS markedly increased for this higher dose. This suggests
that the role of major recombination centers has been taken on by other defects, likely the traps
in the QW similar to the E1, E2 electron traps in n-GaN barrier known from previousstudies to
be effective lifetime killers [15-17].

The EL output decrease with electron irradiation for LEDs with the InNAIN SL"UL was very
much slower than for LEDs without the underlayer, even despite the very much higher starting
value for the former. Since the defects introduced by irradiation and detected In.DLTS spectra
were of the same kind in both types of LED structures, it would seem re&sonable that the 1.5 eV
centers would also be introduced in the QW of the structure with-underlayer. Because the
introduction rate of centers in DLTS is about an order of magnitude lower in these structures, it
stands to reason to assume that the 1.5 eV centers still remain.the major non-radiative
recombination centers in irradiated LEDs with InAIN.SLUL. The lower starting density of these

@

defects confirms the predictions of the model put forward earlier [25-27]. This model assumes
that native surface defects are segregated at the growing surface of GaN and trapped by In atoms
to form non-radiative recombination sitesin.the. InGaN QW, thus decreasing the EL efficiency.
The introduction of In-containing underlayers helps to prevent these surface defects from
propagating into the QW region and thus leads to increased EL efficiency. The mechanism
causing the radiation-induced introduction rate of lifetime killers to be lower in LEDs with In-
containing underlayers still needs to be understood. But whatever the exact reason of the
observed improvements itis clear that the use of INAIN SL UL has very positive effect on the
starting EL efficiency of LEDs and on their radiation tolerance that is at least an order of
magnitude higher than for. LEDs not employing INAIN SL UL for strain relief.
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FIGURE CAPTIONS

Fig. 1(Color online) (a) Room temperature I-V characteristics measured for the LED sample
with no InAIN SL UL in the dark (black curve, irradiation had only very slight effect.on 1Vs),
and light 1-V characteristics measured with: 400-nm-wavelength LED illumination befare
irradiation (output power 250 mW, red line), the same after irradiation with 7x10%em fluence
of 5 MeV electrons (magenta line), and 3x10® cm fluence (olive line); (b) same data for the
LED with InAIN SL UL (the color codings the same as in (a))

Fig. 2 (Color online) (a) Variations of series resistance in dark roem ter@erature -V
characteristics as a function of 5 MeV electrons fluence for the LED without the InAIN SL UL
(red curve) and with InAIN SL UL (blue curve); (b) the dependence of the short-circuit current
in I-V characteristics measured with 400-nm-wavelength LED excitation as a function of 5 MeV
electrons fluence; (c ) the dependence of the open=Circuit vc:ltage in 1-V characteristics measured
with 400-nm-wavelength LED excitation.as a function of 5 MeV electrons fluence; (the color
codings are the same in all three panels)

Fig. 3(Color online) (a) Charge concentration density dependence on depth for the sample with
no InAln SL UL; (b) same for.the sample with InAIN SL UL

Fig. 4(Color online) Charge concentration profiles calculated for the sample with no InAIN SL
UL (a) and with InAIN SIZUL (b)yred lines are before the irradiation, magenta lines after
irradiation with 7x10%° cm fluence, olive lines for the fluence of 3x10*¢ cm™2

Fig. 5(Color online)(a) DLTS spectra measured on the LED without the INnAIN SL UL with bias
of -3V, pulsing t0.0V (pulse length 3 s) (probing the GaN barrier region) with time windows 150
ms/ 1500 ms, at frequency of 100 kHz, red line- before irradiation and after irradiation with
7x10% cm? 5:MeV, olive line-after irradiation with fluence of 3x10® cm; (b) probing the QW
region of the'sample without the InAIN UL (pulsing from -0.5V to 3V), red line-before

irradiation, magenta line-after irradiation with 7x10% cm-2 fluence, olive line-after irradiation
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with the fluence of 3x10'® cm, time windows, pulse length, and probing frequency the same as
in (a)

Fig. 6(Color online) (a) DLTS spectra for the sample with InAIN SL UL after irradiation with 5
MeV electrons with fluencies 7x10 cm (magenta line) and 3x10% cm™2 (olive line) with
probing the INAIN SL UL region by pulsing from -5V to 0V; (b) DLTS probing the QW.region
by pulsing from -0.5V to 3V; the spectra are shown for measurements after 5 MeV.electron
irradiation with fluences of 7x10% cm (magenta line) and 3x10® cm? (olive line); before
irradiation no measurable DLTS signal could be detected in either regioi

Fig. 7 (Color online) LCV spectra of the QW region of the sample'without InAIN SL UL
measured before irradiation (red line) and after irradiatiomwith 5 MeV electrons with fluencies
of 7x10% cm? (magenta line), and 3x10 cm2 (olive(line)

Fig. 8(Color online) EL signal as a function of driving current before irradiation (red line), after
irradiation with 7x10% cm2 5 MeV electrons (magenta Iine’), and 3x10® cm™ fluence (olive line)
for (a) sample with InAIN SL UL; (b) sample without the underlayer

Fig.9 (Color online) EL power output at 20:mA.driving current normalized by the starting EL
output built as a function of electron fluence for the two samples studied in this paper, the one
with the InAIN SL UL (blue line) andwithout the underlayer (red line). The data are compared

to performance under electron irradiation of a previously studied MQW NUV LED with

AlGaN/GaN strain-relieving underlayer
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Fig. 1(Color online)(a) Room.temperature 1-V characteristics measured for the LED sample
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with no INAIN SL UL in the dark (black curve, irradiation had only very slight effect on 1Vs),

irradiation (output power 250 mW, red line), the same after irradiation with 7x10'° cm fluence

of 5 MeV electrons (magenta line), and 3x10® cm fluence (olive line); (b) same data for the

LED with InAIN SL UL (the color codings the same as in (a))
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Fig. 2 (Color online) (a) Variations of series resistance in dark room temperature -V
characteristics as a function of 5 MeV electrons fluence for the LED without the InAIN SL UL
(red curve) and with InAIN SL UL (blue curve); (b) the dependence of the short-circuit current
in I-V characteristics measured with 400-nm-wavelength LED excitation as a function of. 5 MeV
electrons fluence; (c ) the dependence of the open-circuit voltage in I-V characteristics measured
with 400-nm-wavelength LED excitation as a function of 5 MeV electrons fluence;. (the color

codings are the same in all three panels)
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Fig. 3(Color online) (a) Charge concentration density dependence on depth for the sample with

47 no InAln SL UL; (b) same for the sample with InAIN SL UL
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Fig. 4(Color online) Charge concentration profiles calculated for the sample with no InAIN SL

UL (a) andawvith INAIN'SL UL (b), red lines are before the irradiation, magenta lines after

irradiation with 7x20%° cm fluence, olive lines for the fluence of 3x10% cm
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Fig. 5(Color online)(a) DLTS spectra measured on the LED without the INnAIN SL UL with bias

of -3V, pulsing 10 0V (pulse length 3 s) (probing the GaN barrier region) with time windows 150

ms/ 1500 ms;-at frequency of 100 kHz, red line- before irradiation and after irradiation with

7x10'° cm2 5/MeV, olive'line-after irradiation with fluence of 3x10® cm2; (b) probing the QW

region of the sample without the INnAIN UL (pulsing from -0.5V to 3V), red line-before

irradiation, magenta line-after irradiation with 7x10® cm fluence, olive line-after irradiation

withrthe fluence of 3x10% cm2, time windows, pulse length, and probing frequency the same as

in(a)
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Fig. 6(Color online)(a) DLTSsspectra for the sample with INAIN SL UL after irradiation with 5

MeV electrons with fluencies 7x10% cm (magenta line) and 3x10% cm™2 (olive line) with

probing thednAIN SL UL region by pulsing from -5V to 0V; (b) DLTS probing the QW region

by pulsing fram -0.5V to 3V; the spectra are shown for measurements after 5 MeV electron
irradiation with fluences of 7x10% ¢cm2 (magenta line) and 3x10® cm (olive line); before

irradiation no measurable DLTS signal could be detected in either region
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Fig. 8(Color online) ELsignal asq@a function of driving current before irradiation (red line), after
irradiation with 7x10% cm25'MeV electrons (magenta line), and 3x10 cm2 fluence (olive line)

for (a) sample with INAIN SL UL; (b) sample without the underlayer
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Fig.9 (Color online) EL power output at 20 mA driving current normalized by the starting EL
output built as a function of electron fluence for the two samplesstudied in this paper, the one
with the InAIN SL UL (blue line) and without the underlayer (red line). The data are compared
to performance under electron irradiation of a previously st?Jdied MQW NUV LED with

AlGaN/GaN strain-relieving underlayer
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