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ABSTRACT

Two types of near-UV light-emitting diodes (LEDs) with an InGaN/GaN single quantum well (QW) differing only in the presence or
absence of an underlayer (UL) consisting of an InAIN/GaN superlattice (SL) were examined. The InAIN-based ULs were previously shown
to dramatically improve internal quantum efficiency of near-UV LEDs, via a decrease in the density of deep traps responsible for nonradia-
tive recombination in the QW region. The main differences between samples with and without UL were (a) a higher compensation of Mg
acceptors in the p-GaN:Mg contact layer of the sample without UL, which correlates with the presence of traps with an activation energy of
0.06 eV in the QW region, (b) the presence of deep electron traps with levels 0.6 eV below the conduction band edge (E.) (ET1) and at E,
0.77 eV (ET2) in the n-GaN spacer underneath the QW, and the presence of hole traps (HT1) in the QW, 0.73 eV above the valence band
edge in the sample without UL (no traps could be detected in the sample with UL), and (c) a high density of deep traps with optical ioniza-
tion energy close to 1.5eV for the LEDs without UL. Irradiation with 5MeV electrons led to a strong decrease in the electroluminescence
(EL) intensity in the LEDs without UL, while for the samples with UL, such irradiation had little effect on the EL signal at high driving
current, although the level of driving currents necessary to have a measurable EL signal increased by about an order of magnitude. This is
despite the 5 times higher starting EL signal of the sample with UL. Irradiation also led to the appearance in the LEDs with UL of the ET1
and HT1 deep traps, but with concentration much lower than without the UL, and to a considerable increase in the Mg compensation ratio.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5122314

1. INTRODUCTION

InGaN/GaN quantum well (QW) light-emitting diodes (LEDs)
are efficient electroluminescence (EL) sources in the near-UV/blue
spectral region, demonstrating peak internal quantum efficiency

the InGaN/GaN QW region on top of InGaN or InAIN has a
beneficial effect on LED efficiency.”™ Recent studies™ suggest this
is not related to differences in strain, dislocation density, or density
of major contaminating impurities. It has been proposed®™ that the

(IQE) > 85%." These are currently used in general lighting systems,
for backlighting of displays, in metrology, and in different indicator
systems.” Hence, understanding how different growth conditions
influence the performance of such devices is important. Growth of

cause of the improvements in performance lies with the kinetics of
formation and burying of surface defects in the In-containing sub-
layers. Without In-containing sublayers, these surface defects are
believed to penetrate into the active QW region and form deep level
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complexes, giving rise to strong nonradiative recombination.”"
Analysis of the efficiency of this process as a function of growth
parameters—composition and thickness of the sublayer, growth
temperature—suggested participation of nitrogen vacancy (Vy)
related complexes with defects in the In sublattice to be the major
suspects.7’8 Based on recent results,'’ divacancies were suspected to
be involved, and from the results of deep level optical spectroscopy
(DLOS),’ it was tentatively suggested that defects with optical ioni-
zation threshold near 1.6 eV are responsible.

In this paper, a thorough analysis using capacitance-voltage (C-V)
profiling in the dark and under illumination, admittance spectroscopy
(AS), and deep level transient spectroscopy (DLTS) measurements
on pristine samples and samples subjected to electron irradiation
sheds additional light on the nature of the observed processes.

1. EXPERIMENTAL

The LED structures investigated were similar to the InGaN/
GaN single QW LED structures with and without InAIN/GaN
superlattice (SL) underlayer (UL) described elsewhere.” Those were
grown by metalorganic vapor phase epitaxy on GaN-on-sapphire
templates in an Aixtron 200/4 RF-S horizontal reactor. The LED
layer structure with InAIN SL UL is shown in Fig. 1. The growth
started with a 2-um-thick Si-doped GaN buffer followed by a
22-period  Ing;7Alpg3N:Si(2.1 nm)/GaN:Si(1.75nm) SL  with
[Si] =3 x 10" cm™. Two more periods of the InAIN:Si/GaN:Si SL
doped to 1.5x 10*° cm™ were grown on top and capped with a
5-nm-thick GaN layer with the same doping level and a
20-nm-thick GaN spacer doped with Si to ~3x 10'® cm™. This
layer sequence was followed by the growth of a 2.7-nm-thick
Ing ;GagoN QW sandwiched between two 7.5 nm-thick #-GaN bar-
riers ([Si] =1x10'® cm™) that were subsequently capped with a

GaN:Mg 1x102 cm®

Al2GaosN:Mg  1x10" cm™

1x10'® cm™  Barrier

Barrier
Spacer

1x10® cm
3x10"® cm™
1.5x10%2° cm?®
1.5x102° cm® SL
1.5x102° cm> SL

3x10® cm?®  Buffer

GaN:Si

Sapphire

FIG. 1. Schematic representation of the layer sequence of the near-UV single
QW LED with InAIN/GaN SL UL.
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20-nm-thick undoped GaN spacer. The structure was completed
with the growth of a 20-nm-thick p-Al;,GaggN:Mg electron
blocking layer (EBL), a 200-nm-thick p-GaN:Mg layer
([Mg] =1 %10 cm™), and a 25-nm-thick p-GaN:Mg film doped
to 1x 10%° cm™, the role of the latter being to decrease the contact
resistance with the p-contact layer. This sample is labeled InAIN
UL LED.

The sample without InAIN SL UL differed by the growth of
the 5-nm-thick GaN spacer with the Si doping of 3x 10" cm™
right after the 2-um-thick Si-doped GaN buffer layer, ie., the
absence of the InAIN:Si/GaN:Si SL sequence. This latter sample,
whose detailed description of the growth procedure can be found
elsewhere,” is labeled NO UL LED.

The samples were processed into LEDs using conventional
photolithography and dry etching. Ohmic contacts were fabricated
by evaporating p-type Pd/Au and n-type Ti/Al/Ti/Au contact
layers. All measurements were completed on 300 x 300 um” chips
contacted by wire bonding (Fig. 1S in the supplementary material
shows an image of the LEDs).

Characterization included current-voltage (I-V), C-V, AS,M
and DLTS'” in the range of 77-400 K.'’~'" The relative intensities
of the EL signal as a function of driving current were measured
with 100 ms long forward current pulses with a 500 ms period and
measuring the intensity from the current of a Si photodiode biased
at +2'V with a Keysight Instruments current-voltage source meter
B2902A was used.'® Absolute measurements of the EL output
power and IQE were not done in these experiments but were per-
formed for LEDs before irradiation in an earlier work that showed
the EL spectrum to be peaked near 3 eV for both samples and the
IQE to ~70% for the InAIN UL LED and 9% for the NO UL
LED.

The measurements were repeated after irradiation at room
temperature with 5 MeV electrons with a fluence of 7 x 10*° cm™2,
performed on the linear electron accelerator Linac
UELV-10-10-C-70'"'* 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.

I1l. RESULTS AND DISCUSSION

The RT I-V characteristics of the two structures in the dark
and under 400 nm LED illumination creating electron-hole pairs in
the single QWs are shown in Fig. 2(a). The reverse leakage current
is considerably higher for the NO UL LED sample, and this leakage
impacts the shape of the forward current for voltages <~1V. For
the InAIN UL LED, the reverse leakage current and the leakage in
the forward voltage direction at low voltages are about two orders
of magnitude lower. For forward voltages above ~1.5V, the current
grows exponentially with voltage with an ideality factor (1) of 2.3
and a saturation current density 6x 107> A/cm® For both
samples, the forward current shows almost a plateau for voltages
above ~2V and then grows exponentially with 7 =3.2 and satura-
tion current density J;=4.5x 107"* A/em® (InAIN UL LED) or
7=39 and J,=4.7x 107" A/em® (NO UL LED) (in this latter
case, the range of voltages corresponds to the onset of efficient
double injection into the heterojunction). The series resistance of
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10° LED excitation (from 5.1 x 107> A/cm?® to 1.4x 107> A/cm?) and
10’k before iradiation . (a) e[tp.deczr(eba)s]e in the open circuit voltage (from 146V to 1.33V)
. : ig. .

10: 5 For the sample without InAIN UL, irradiation causes virtually
e~ 10 F NO UL LED with 400 no changes in the series resistance; however, it increases 7 from
g 10°F nm LED 39 to 4.1 and J, from 4.7x107" A/em® to 1.3x 107" A/em?®.
=z 10’k The short circuit photocurrent decreases from 4.6x107° to
; . 6.3 x 107° A/cm?, and the open circuit voltage changes from 0.6 V
g 10 T before to 0.33 V after irradiation (the actual results can be viewed
g 10°F th 400 LED as Fig. 2S of the supplementary material). Thus, the changes
= 10° [ SSEp induced by irradiation in the sample without InAIN UL are more
§ 10k InAIN UL LED profound than in the sample with UL, particularly, in terms of the
5 . generation-recombination in the QW region.
© 10 T ; ; Figures 3(a) and 3(b) compare the density of charge centers as

10 F a function of depth and applied voltage for the two diodes (the

10 et P S S data are obtained from C-V profiling). The profiles of the sample
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FIG. 2. (a) Room temperature current-voltage characteristics for the InAIN UL '-‘E InAIN U.L
LED sample in the dark (red curve) and with 400 nm LED illumination (250 mW S LED, InAIN/GaN SL
optical power, magenta curve) as compared to the respective characteristics for c 6.0x10 " /
the NO UL LED sample (blue curve in the dark and olive curve under illumina- 2 -®
tion). (b) Dark /-V characteristic before (black line) and after (red line) irradiation = . Sevan-
for the INAIN UL LED. The magenta line shows the photocurrent measured with S 4.0x10 " | NO UL LED
the 400nm LED excitation before irradiation, while the blue line shows the e GaN space
same photocurrent after irradiation. 8 i8
2.0x10
the LED sample with InAIN UL is lower than that of the LED 0.0 . - .
sample without UL (2 Q vs 4.8 Q). Finally, the short circuit current 4 = -2 0 2 4
with 400 nm LED excitation is close for both structures; however, Voltage (V)
the open circuit voltage is higher for the sample with InAIN UL
(1.46 V vs 0.6 V) as a consequence of stronger leakage. FIG. 3. (a) Charge concentration profiles in the space charge region determined
Irradiation of the InAIN UL LED sample with 5MeV from C-V measurements for the two LEDs. (b) Charge concentration vs applied
electrons at a fluence of 7 x 10" cm™ leads to a slight increase voltage for the two studied LEDs before (solid lines) and after (dashed lines)
in the series resistance (from 2 Q to 3.3 Q), a shift of the first step iradiation with 5MeV electrons at a fluence of 7 x 10" cm~2 The blue lines
in the forward I-V characteristic from 1.6 V to 1.9V, a decrease by B(irrfé%ond LIS ESR T LI G R L L)

a factor of about four in photocurrent density with 400 nm
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without UL clearly show the QW region and the GaN spacer
region. The QW region could only be probed under forward bias.
In DLTS, the traps located in the GaN spacer can be probed by
biasing the sample at —3V and pulsing the voltage to 0V. The
traps in the QW can be probed by keeping the sample at low
reverse bias (e.g., —0.5 V) and pulsing to voltages above 2 V. At that
stage, one cannot avoid injecting holes and the DLTS signal will be
a mixture of electron trap and hole trap signals. Electron irradiation
produces little effect on the trap concentration profile of the sample
without InAIN UL, but slightly increases the apparent charge con-
centration in the InAIN/GaN SL and slightly shifts the entire C-V'
profile toward more negative voltages.

For the InAIN UL LED, the QW region needs the application
of even higher forward voltages for C-V probing and could not be
revealed even for forward biases of 2.5-3 V. The main feature in
concentration vs depth and concentration vs voltage profiles is due
to the GaN spacer/InAIN/GaN SL beneath the QW region. In
DLTS, one is left with the only option of probing the traps in the
QW region by keeping the quiescent bias at low values ~—0.5V
and pulsing to +3 V which, according to the I-V characteristics in
Fig. 2, definitely injects carriers into the QW region. For probing
the GaN spacer/InAIN/GaN SL, the bias/pulse sequence of —5V to
—1V will provide information on electron traps in this region.

With DLTS spectra measurements in GaN-based LEDs, one
has to bear in mind that holes in the p-GaN cap are provided by
Mg acceptors with an activation energy about 0.16 eV, and strongly
freeze out at temperatures below ~200 K. Hence, it leads to marked
capacitance freeze out, preventing any meaningful DLTS measure-
ments to be conducted at low temperatures.'®'’~*” For this reason,
AS measurements were undertaken for studying the LEDs before
and after electron irradiation. Figure 4(a) compares the temperature
dependences of capacitances for frequencies f ranging from 0.3 kHz
to 1 MHz for the two studied samples. Figure 4(b) compares the
respective AC conductances G divided by the angular frequency
o=2nf, G/o."" The measurements were performed at —0.2'V,
placing the space charge region boundary close to the edge of the
QW region for the sample with no InAIN UL and in the GaN
spacer beneath the QW in the sample with InAIN UL.

The temperature at which capacitance starts to strongly freeze
out is much higher for the sample without InAIN UL. This sample
shows an additional low temperature capacitance freeze out region
below ~150 K, which is likely due to capacitance freeze out occur-
ring in the QW region. This latter freeze out is not observed for the
InAIN UL LED sample. Standard AS analysis of the shift of the
capacitance steps and that of the conductance peaks as a function
of temperature with increasing frequency,”’ such as shown in
Figs. 4(a) and 4(b), gives the activation energy of the first capaci-
tance freeze out step to be 0.165 eV for the NO UL LED sample vs
0.116 eV for the InAIN UL LED sample (Fig. 5). This is likely
related to Mg freeze out.'"”"** To achieve the highest possible hole
injection efficiency, one needs a high Mg concentration, likely to
form a broad acceptor band.”> Under these conditions, the activa-
tion energy is determined by the width of the band, the overall Mg
concentration, and the compensation ratio of Mg, i.e., the depth of
the Fermi level within the acceptor band.”’

The Mg concentration is not impacted by the presence of an
InAIN UL, as confirmed by secondary ion mass spectrometry

ARTICLE scitation.org/journal/jap
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FIG. 4. (a) C-f dependences on temperature for frequencies ranging from
0.3 kHz (uppermost curves) to 1 MHz (lowermost curves) for the InAIN UL LED
(red curves) and the NO UL LED (blue curves). (b) G/o dependences on tem-
perature for frequencies ranging from 0.3 kHz (leftmost curves) to 1 MHz (right-
most curves) for the InAIN UL LED (red curves) and the NO UL LED (blue
curves).

(SIMS).? Therefore, both samples should have similar Mg concen-
tration as their growth was performed under the same conditions.
We conclude that in the NO UL LED sample, an additional com-
pensation of Mg acceptors takes place, increasing the activation
energy of Mg (and the series resistance in the I-V characteristics).
The presence of an additional capacitance step in AS spectra at low
temperatures taking place after the freeze out of Mg and occurring
in the vicinity of the QW region hints at the reason for such
increased compensation. The activation energy of the process, close
to 0.06 eV, is similar to the ionization energy reported for nitrogen
vacancies Vyy in GaN.”"" Although such defects are not thermody-
namically favored in n-type GaN films,” they could form under
nonequilibrium growth conditions and be preserved in the
p-AlGaN/p-GaN layers above the QW region. Defects related to Vy
could be inherited from surface defects buried during the QW
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FIG. 5. Dependences of G/w vs temperature for frequencies of 1 MHz (solid
curves) and 10 kHz (dashed lines) for the InAIN UL LED before irradiation (blue
curves) and after irradiation with 5 MeV electrons at a fluence of 7 x 10 cm2
(red curves). Note the emergence of the 0.06 eV center in the QW region and
the increase in the activation energy related to the ionization of Mg acceptors
from 0.116 eV to 0.165 eV after irradiation.

growth in the absence of any In-containing ULs and causing
enhanced nonradiative recombination in the single QW region of
such LEDs.”” The lower Mg ionization energy deduced from the
AS spectra of the InAIN UL LED and the absence of the 0.06 eV
step in the AS spectra of this LED support such possibility.
Moreover, irradiation causing the appearance of the 0.06 eV feature
in these LEDs with InAIN UL neatly coincides with the increased
activation energy of Mg acceptors (see Figs. 6 showing respective
peaks in G/w for several frequencies, the temperature dependences
of capacitances for the same frequencies can be viewed as Fig. 3S of
the supplementary material).

AS measurements suggest that meaningful DLTS spectra could
only be collected at temperatures above ~200K. Figures 6(a)
and 6(b) compare DLTS spectra taken for the LED sample without
InAIN UL in the GaN spacer (biasing/pulsing voltages of —3 V/0 V)
and in the QW region (biasing at —0.5 V and pulsing to 3 V). In the
first spectra, there are two electron traps, ET1 and ET2, with levels
located 0.6eV below the conduction band edge (E.) (electron
capture cross section o, =52x10"cm?) and at E. 0.77¢eV
(0,2=2.3%x 107 cm?), respectively. These are the traps located in
GaN and often observed in bulk GaN and in GaN LEDs.'*'**"*
The DLTS signal from the QW region is dominated by hole traps
(HT1) with levels about 0.73 eV above the valence band edge (E,),
with a hole capture cross section oy of 2.3 x 107'> cm?, previously
observed in some GaN-based LEDs.”"”® Electron irradiation led to
an increase in the density of deep traps in both the QW and the
GaN spacer regions.”

In the sample with InAIN UL, no DLTS signal could be reli-
ably detected either in the GaN spacer/InAIN/GaN SL (biasing at
—5V and pulsing to —1 V) or in the QW region (biasing at —0.5V
and pulsing to 3 V), indicating a much lower concentration of all
traps. After irradiation, electron traps with a signature similar to

ARTICLE scitation.org/journal/jap
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FIG. 6. (a) DLTS spectra measured with an applied voltage of —3V and
pulsing to 0V (GaN spacer) for the NO UL LED sample before (blue line) and
after (red line) irradiation with 5MeV electrons at a fluence of 7 x 10" cm™2 (b)
the spectra measured with the —0.5V to 3V bias/pulsing sequence probing the
QW region; the time windows t1/t2 settings are shown in the figure.

the ET1 traps appear in the GaN spacer/InAIN/GaN SL region
probed with biasing/pulsing sequence of =5V to —1V [Fig. 7(a)].
In the QW region, one observes deep hole traps similar to the HT1
E,+0.73 eV traps detected in the NO UL LED sample [Fig. 7(b)].
The magnitude of DLTS peaks after irradiation is still much lower
than in the sample without InAIN UL, in agreement with the small
changes in the concentrations of electron and hole traps observed
in the latter sample subjected to electron irradiation. Emerging
densities of traps in the LED sample with InAIN UL prior to any
irradiation would allow one to reliably detect the growth of the
density of the ET1 and HT1 traps after irradiation. Irradiation
creates electron and hole traps similar to those that form following
the incorporation of surface defects into the lattice during the
growth of the LED sample without InAIN UL.

Figure 8 summarizes the Arrhenius signatures of the defects
detected in AS and DLTS spectra, namely, the 0.06 eV centers in
the QWs present both before and after irradiation in the LEDs
without InAIN UL or introduced by irradiation in the InAIN UL
LED, as well as the 0.116 eV Mg related feature in the InAIN UL
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FIG. 7. (a) DLTS spectra measured on the InAIN UL LED sample after electron
irradiation using a bias of —5V and pulses of —1V that allows probing the
region of the GaN spacer/ InAIN/GaN SL. The data are shown for three t/t,
time windows: 150 ms/1500 ms (blue curve), 350 ms/3500 ms (red curve), and
1750 ms/17 500 ms (olive curve). The ET1 electron trap signature can be clearly
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FIG. 8. Trap signatures for centers observed in admittance spectroscopy and
DLTS; blue symbols refer to the sample without the InAIN underlayer, and red
symbols refer to the sample with the InAIN underlayer.

before and after electron irradiation. The actual profiles obtained
for several photon energies before irradiation are presented in
Fig. 4S of the supplementary material. Such data for the sample
before and after irradiation were used to build Fig. 9 that compares
the spectral dependences of the concentrations deduced from C-V
profiles obtained from excitation with different wavelengths for the
NO UL LED sample before and after irradiation. These light C-V
profiles show an optical threshold near a photon energy of 1.5eV,’
and the concentration is ~4 x 10'®cm™ before irradiation and
9% 10" cm™? after irradiation.

The comparison of the EL signal dependence on drive current
before and after irradiation is shown in Fig. 10. Before irradiation,

seen. (b) DLTS spectrum measured with pulsing from —0.5V to 3V (QW) using
the time window t/t, = 350 ms/3500 ms.

1.0x10"
/.
LED and the 0.165 eV Mg feature in the NO UL LED or InAIN UL 8.0x10" | no.
LED after irradiation. The ET1 electron traps and the HT1 hole
traps, whose signatures are absent in the InAIN UL LED sample, " 6.0x10" - After
but are present in the NO UL LED sample or do appear in the ET /C’
n-o

sample with InAIN UL after irradiation, are also shown. Traps

found in the NO UL LED are identified via red symbols, while for ;,i440x1 0"t

the InAIN UL LED blue symbols are used. The ET2 electron traps

are only observed in the NO UL LED samples both before and 20x10" F 0—o7
after electron irradiation and hence are only depicted by the red before .
symbols. o—d

12 14 16 18 20 22 24 26 28 30 3.2
Photon energy (eV)

The presence of InGaN underlayers is known to suppress the
formation of deep traps with an optical ionization threshold energy
close to 1.6 eV in single InGaN/GaN QWs.” The charge density in
our NO UL LED QW is high so that the sensitivity is very limited.
Furthermore, for the InAIN UL LED sample, we could probe the
QW region by C-V profiling neither in the dark nor under illumi-
nation. However, for the NO UL LED sample, it was possible to
measure the spectral changes in the C-V profiles under illumination

FIG. 9. Spectra of concentration changes, ANy, induced by illumination with
photons of different energies for the QW region of the NO UL LED sample
before (blue line) and after (red line) irradiation with 5MeV electrons at a
fluence of 7 x 10" cm =2,
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I__(A)

FIG. 10. EL intensity (in arbitrary units) as a function of the LED driving current
for the InAIN UL LED (red lines) and the NO UL LED (blue lines) before (solid
lines) and after (dashed lines) irradiation with 5MeV electrons at a fluence of
7x10% cm=2.

the EL signal of the LED with InAIN UL is 5 times higher than
without the UL. The electron irradiation introduces trap centers
throughout the entire structure, but the most detrimental are the
deep traps in the QW directly giving rise to nonradiative recombi-
nation and thus directly reducing efficiency, deep traps compensat-
ing p-type conductivity and increasing the series resistance, and
deep traps in the QW barriers decreasing the injection efficiency.
Deep traps in the InAIN UL are more benign in the sense that they
only marginally affect the injection efficiency. Irradiation hardly
changed the EL signal of the UL LED at high driving currents but
increased the value of the driving current necessary to reliably
detect the EL signal. By sharp contrast, for the LED without InAIN
UL, exposure to high energy electrons led to a decrease in the EL
signal throughout the range of injection currents, indicating that
the density of recombination centers in the QW has increased.
Given that the densities of deep traps in this LED are not strongly
affected by electron irradiation, while the density of traps with the
optical ionization threshold of 1.5 eV is substantially increased, one
can speculate these centers are least, in part, responsible for the
observed EL degradation.

The increase in the threshold driving current necessary to
detect EL signals in the InAIN UL LED sample occurring after irra-
diation is most likely due to the increased compensation of Mg
causing the increase in the series resistance and a decrease in the
hole injection efficiency into the QW. Increased trapping by the
ET1 and HT1 centers after irradiation could also contribute to this
effect. If the EL efficiency in these LEDs is strongly impacted by the
centers with an optical ionization threshold near 1.5eV, as sus-
pected for the LED sample without InAIN UL, one has to assume
that the incorporation rate of these deep centers is seriously sup-
pressed when growing an InAIN UL, otherwise the EL efficiency of
InAIN UL LEDs should also be seriously altered. This is an impor-
tant point that could have practical implications for improving the
radiation tolerance of GaN-based LEDs.

ARTICLE scitation.org/journal/jap

IV. SUMMARY AND CONCLUSIONS

A major difference between near-UV single QW LED samples
with and without InAIN/GaN SL UL is that the activation energy
of Mg acceptor freeze out is higher without InAIN UL (0.165 eV vs
0.116 eV). The high concentration of Mg will form an impurity
band for which the acceptor activation energy is determined by the
concentration of Mg atoms and the position of the Fermi level
within this impurity band. The higher the compensation ratio of
Mg and hence the more filled the band, the higher the Fermi level
and the measured activation energy. It is difficult to perform reli-
able Hall/Van der Pauw measurements directly on the grown LED
structures with multilayer highly conducting region underlying the
p-GaN:Mg region because of the parallel conduction. Since the Mg
concentration is not impacted by the presence of an UL according
to SIMS measurements’ and knowing that the p-type region is
grown under similar conditions for the two LEDs, one has to
assume a stronger compensation of Mg takes place in the sample
without UL. Surface defects incorporated into the single QW
region, and that are responsible for enhanced nonradiative recom-
bination, are very likely related to a nitrogen deficiency, i.e., defects
of the nitrogen vacancy Vy type.” In the sample without InAIN
UL, a prominent 0.06 eV trap, close to the level of Vy observed in
electron irradiated n-GaN,””” is present, which is not detected in
the QW region with InAIN UL. This qualitatively fits the model
proposed earlier.”* A higher Mg compensation contributes to the
higher series resistance without InAIN UL and could be responsible
for the lower injection efficiency of holes and lower EL intensity.
We also observe in the GaN spacer of the sample without InAIN
UL, electron traps ET1 and ET2 with levels similar to the deep
centers that adversely affect efficiency of blue and near-UV LEDs,
via decreasing electron injection efficiency.'™'”~*" These traps, as
well as HT1 hole traps present in the QW region, are absent in the
LED sample with InAIN UL measured before irradiation, but the
ET1 and HT1 traps appear in low concentration after electron irradi-
ation. This suggests native defects form deep trap complexes similar
to the ones formed by surface defects incorporated into the single
QW region when no InAIN UL is used. These defects could play a
role in decreasing the EL efficiency of the InAIN UL LEDs at low
injection current observed after irradiation, although the increased
compensation ratio of Mg after irradiation is of higher impact.

For the LED samples without InAIN UL, the role played by
the ET1, ET2, and HT1 traps on EL degradation after bombard-
ment with electrons is, however, not important for the low dose
used here. The concentrations of the centers are not changed after
irradiation whereas the EL intensity strongly decreases. The
changes in the density of deep traps with optical ionization thresh-
old near 1.5eV following irradiation better fit the observed EL
signal degradation. The incorporation rate in the QW region
should be much lower than for LEDs without InAIN UL.
Indeed, the data in Fig. 10 suggest that the density of the
1.5-eV-optical-threshold traps without InAIN UL almost doubles
after irradiation. If the same incorporation rate were observed with
InAIN UL and if the density of these traps indeed determined the
EL efficiency, one would expect the EL signal of the sample with
InAIN UL to be similar to the signal of LEDs without InAIN UL as
a result of irradiation, which is not the case.

J. Appl. Phys. 126, 125708 (2019); doi: 10.1063/1.5122314
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The use of an InAIN UL decreases the compensation ratio of
Mg, improves injection efficiency in the active region, and decreases
the series resistance. The density of electron and hole traps in the
InAIN UL LED is lower than without InAIN UL. Electron irradia-
tion likely introduces the same trap centers in the InAIN UL LEDs
as those formed after incorporation of the surface defects in LEDs
without UL. The radiation tolerance of LEDs with InAIN UL is
higher than for similarly grown LEDs without UL, even though the
EL efficiency of the former prior to irradiation is one order of mag-
nitude larger.

SUPPLEMENTARY MATERIAL

The supplementary material shows images of the wire-bonded
LED chips used for the characterization and additional current-
voltage and capacitance-voltage characteristics from the irradiated
devices. There are also some data on charge concentration profiles
in the space charge region obtained from C-V measurements for
the QW of the NO UL LED shown for several excitation photon
energies.
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