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characteristics of gallium-nitride light emitting diodes
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Abstract. We study the effect of electron irradiation on the electrical and optical
characteristics of commercial gallium-nitride light emitting diodes in the fluence
region from 10" to 10'7 electrons/cm®. After electron irradiation, the forward-
leakage current shows no significant changes, while the reverse-leakage current
increases twice under the fluence 9.90x10'® electrons/cm’. This suggests the
existence of radiation damage-induced traps. The irradiation reduces the capacitance
and the carrier concentration, which can be attributed to deactivation of dopant
atoms. Basing on electroluminescence measurements, we prove that the
luminescence intensity and the red shift of peak position increase significantly with
increasing dose. The peak-wavelength shift can be attributed primarily to the
radiation-induced defects that cause formation of red bands and, at the same time,
gradually suppress the band-edge luminescence.
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1. Introduction

Light emitting diodes (LEDs) based on gallium nitride are promising owing to such attractive
properties of GaN as good high-energy efficiency, low power consumption and high operating
temperature. Following from the previous studies, the GaN-based LEDs reveal the degradation
which is two orders of magnitude lower than that of GaAs LEDs. This is attributed to wider
bandgap and stronger bonding in GaN [1, 2]. As a result, the GaN LEDs are often used as light
sources in space exploration, military field and extreme industrial environments. Here a known
high tolerance of GaN to the effects of radiation is also a valuable factor. The effect of electron
irradiation on the characteristics of commercial GaN LEDs is interesting for better understanding
of the degradation experienced by GaN in the extreme environments. Note that the previous
studies have focused mainly on the effects of neutron and proton irradiation [3—7].

The studies of the effect of electron irradiation on the GaN-based diodes are also important
for the applications linked with space exploration in the Van Allen radiation belt. Most of
telecommunication satellites located at the edge of the Van Allen belt are vulnerable to the high-
energy electron radiation. When a high-energy electron collides with some atom in semiconductor
lattice, various defects appear that cause the performance of semiconductor electronic devices to
degrade. Therefore it would be important to study the radiation hardness of commercial GaN
LEDs with respect to the electron irradiation.
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In the present work we first explain the experimental details concerned with electron
irradiation processing and characterization of GaN LEDs performed before and after irradiation.
Then the effects of electron irradiation on the current—voltage (I-V), capacitance—voltage (C-V)
and optical characteristics of the LEDs are discussed.

2. Experimental

The devices tested in this work are commercial blue LEDs based on GaN with plastic caps (Vishay
TLHB 5400). Three electrical and optical characteristics were chosen for each dose condition. The
electrical parameters were characterized by the I-V and C—V measurements, while the optical
characterization was done using electroluminescence. The C—V characteristics were measured at
the root mean square voltage V,,, of 100 mV and the frequency of 1 MHz. Pre- and post-
irradiation characterization of all the samples was performed in a dark setup at room temperature.
The electrical experiments were performed using a Keithley 4200 Semiconductor Characterization
System. The optical measurements were conducted with a HORIBA 1320 electroluminescence
setup. The samples were irradiated at the Malaysia Nuclear Agency, using 2 MeV electrons.

To investigate the hardness of GaN against the electron irradiation, the devices were irradiated
with the fluences ranged from 6.60x10" to 3.30x10"7 electrons/cm’. The above irradiation region
was selected since it was known that the fluence of 10" electrons/cm? (the equivalent electron dose
of 4 MGy) already causes severe degradation [8—11]. For each dose, at least three devices were
irradiated to achieve better precision. The results shown in all the subsequent figures are
representative illustrations only, because the data obtained for each fluence value and different
samples is similar. Brief characteristics of our samples and fluences are given in Table 1.

Table 1. Electron-radiation fluences applied to nine identical samples of commercial GaN LED.
The LED type is GaN A (Vishay TLHB5400).

Sample # Electron-radiation fluence, 10"
electrons/cm’

Al

A2 6.6

A3

Ad

A5 99.0

A6

A7

A8 330.0

A9

3. Results and discussion
3.1. I-V characteristics

Semi-logarithmic plots of the forward- and reverse-bias -V characteristics of the devices obtained
before and after electron irradiation are presented in Fig. 1. As seen from Fig. la, the
recombination current, which is also known as forward-leakage current, shows no significant
changes at electron irradiation. Meanwhile, the reverse-leakage current changes by 30% as the
fluence increases from 6.60x10"° up to 9.90x10' electrons/cm® (see Fig. 1b). This is believed to
be a result of radiation-induced defects that lead to increasing bulk density of defects and
degradation [10, 12]. Furthermore, the existence of traps located in the bandgap region can be
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associated with increasing reverse-leakage current. When irradiation happens, the traps emerge as
a result of displacement of atoms. This leads to nonradiative generation—recombination of carriers
through the traps located in the bandgap, thus causing increase in the reverse-leakage current [13].
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Fig. 1. Forward-bias (a) and reverse-bias (b) |-V characteristics for GaN LEDs measured before and after
electron irradiation. The fluences are equal to 6.60x10", 9.90x10" and 3.30 x10" electrons/cm?.

However, when the devices are radiated with a larger fluence, 3.30x10" electrons/cm?, the
reverse leakage becomes slightly lower than that typical for the unexposed device (see Fig. 1b).
A.Y. Polyakov et al. [10] have also reported a similar pattern for the case of high doses. This
phenomenon is believed to arise due to strong compensation of n-GaN cap layer. A corresponding
schematic diagram is presented in Fig. 2.

p-GaN

Depletion region

n-GaN cap layer
n-GaN

Fig. 2. Schematic diagram of n-GaN cap layer.
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3.2. C=V characteristics

Fig. 3a shows the C—V characteristics measured for the samples subjected to different doses of
electron irradiation. The capacitance is found to decrease by approximately 9% with increasing
dose. To understand better the effect of capacitance degradation, we have derived the dependence
of doping concentration N on depletion width w from the Poisson equation in the assumption of
one-sided depletion extracted from the C-V results. The results are displayed in Fig. 3b.
According to the one-sided depletion hypothesis, the free carriers are assumed to be totally
depleted in the depletion region. The aim of our C—V measurements is to obtain the changes in the
capacitance and the doping profiles for p-GaN and n-GaN. In this respect, the one-sided depletion

assumption can be thought of as a reasonable enough technique to compare the doping
concentrations before and after irradiation.
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Fig. 3. C-V characteristics (a) and doping profiles (b) for the GaN LEDs obtained before and electron radiation.
The fluences are equal to 6.60x10'%, 9.90x10"® and 3.30x10"" electrons/cm?.

As seen from Fig. 2, the doping concentration decreases at the fluences up to 9.90x10'
electrons/cm®. This can be associated with the carrier-removal effect which is also known as
deactivation of dopant atoms [13, 14]. When this effect takes place, the overall doping density in a
sample becomes reduced. Hence, we obtain reduction in the doping density and so decrease in the
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capacitance. However, according to O. Gullu et al. [15], the reduction of the net ionized dopant
concentration occurs, most likely, due to generation—recombination processes taking place inside
the traps located in the bandgap. This suggests that the decrease in the doping density can be
associated with the two main effects: (1) deactivation of dopant atoms and (2) generation—
recombination processes induced by the traps.

3.3. Electroluminescence characteristics

We have found that the intensity and the peak wavelength of electroluminescence observed for all
of our devices suffer the most significant changes under electron irradiation. Fig. 4a shows the log-
linear plots of the electroluminescence intensity at a constant injection current before and after
electron irradiation. Fig. 4b illustrates the shift of the peak wavelength. Following from Fig. 4a,
one can see that the overall emission intensity degrades nearly four orders of magnitude at the
irradiation fluence 3.30x10'” electrons/cm?. This has to be due to radiation-induced defects that act
as nonradiative recombination centres [16].

10°

— Unexposed

cececensensens  660x10om?
108 A 9.90 x10'%cm™

3.30x10'7em™

LightIntensity (arb.u)

Light intensit
=)

o
S
!

300 400 500 600 700 800

Wavelength (nm) (a)
1.6
—— Unexposed
14 - ey 6.60 x10"°cm™
9.90 x10"°cm™
12 4 3.30x10"cm

Light intensity (arb.u)

300 400 500 600 700 800 900
Wavelength (nm) (b)

Fig. 4. (a) Logarithmic-linear plots of electroluminescence intensity and (b) normalized light intensities of GaN
LEDs measured before and after electron irradiation. Inset in panel (a) shows linear-linear plot of
electroluminescence intensity. The fluences are equal to 6.60 x10"%, 9.90x10" and 3.30 x10"" electrons/cm?.
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As seen from Fig. 4b, the shift of the peak position increases with increasing radiation dose.
The values of the red shift found at different doses are displayed in Table 2. For instance, the red
shift becomes as large as 13nm when the fluence increases up to 9.90x10'® electrons/cm’
(see Fig. 4b). After the electron-radiation fluence reaches the value 3.30x10' electrons/cm?, the
blue luminescence degrades drastically and a broad yellow luminescence begins to appear, with
the peak wavelength located at 603 nm. This finding can be attributed to creation of Ga vacancies
in GaN after electron irradiation [17]. Meanwhile, the shift of the luminescence wavelength
towards lower energies could be due to radiation-induced defects that cause formation of red bands
and, at the same time, gradually suppress the band-edge luminescence. Further studies are
needed in order to reveal the exact mechanisms responsible for the peak-wavelength shift imposed
by the irradiation.

Table 2. Red shifts revealed by the commercial GaN LED at different electron-radiation fluences.

Electron-radiation

Peak length Peak lensoth
fluence, 10° cal waverenst cake wavelength after g i shift, nm
lectrons/cm? before irradiation, nm irradiation, nm
e
6.6 438 12
426
99.0 39 5

Hence, the electron radiation has an almost negligible effect on the electrical characteristics
of the commercial GaN LEDs (see Fig. 1), although it influences hard their optical characteristics
(see Fig. 4). The latter characteristics experience a clear degradation with increasing dose rate.
Hence, it appears that the commercial GaN LEDs are robust in their electrical characteristics with
respect to the electron irradiation.

4. Conclusion

In the present work we have studied the effects of electron irradiation on the electrical and optical
characteristics of commercial GaN LEDs. In particular, three electron-irradiation fluences,
6.60x10"°, 9.90x10" and 3.30x10" electrons/cm?, have been investigated. The devices irradiated
with the fluence 9.90x10'® electrons/cm? exhibit a 30% increase in the reverse-leakage current due
to the appearance of traps. However, the LEDs irradiated with the fluence 10 MGy exhibit lower
leakage currents if compared to the unexposed LED. This is due to strong compensation of the n-
GaN cap layer taking place after irradiation. The capacitance of all our samples after electron
irradiation reveals a notable reduction, which is presumably resulted from deactivation of dopant
atoms. The electroluminescence emission peak shifts towards longer wavelengths with increasing
fluence. The maximal red shift, 13 nm, is observed at the electron-radiation fluence
9.90x10' electrons/cm®, whereas a broad yellow luminescence is detected when the fluence
reaches the value 3.30x10'" electrons/cm’.

By comparing the electrical and optical characteristics of the GaN LEDs, one can see that the
degradation caused by electron irradiation has a significant impact on the applications associated
with the optical characteristics. The electrical characteristics are more robust in this respect.
Finally, the degradation parameters reported in the present study can help scientists and engineers
to make well-grounded decisions when using the electronic devices based on GaN in the extreme
environments or open space.
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Anomauyin. Buseueno eniue onpomineHHAs ~eNeKMPOHAMU HA  eNeKMPUuHi ma OnMuYHI
XAPAKMEPUCIUKY KOMEPYITIHUX 2ai€60-HImpuoHux c8imaodiodis y dianazomni nomokie 6io 107 0o
10" enexmpon/car’. Ilicna onpominenns enexmponamu npamuti MeMHOGULI CMPYM He BUAIAC
CYmMmEBUX 3MIH, MOOI K 360POMHULL MEMHOBUL CIPYM 30LIbUYEMbCS 808IUL NIO BNAUEOM NOMOKY
9,90%10" enexmpon/cr’. ILle 2osopums npo HaseHicmb NACMOK, CAPUYUHEHUX OeeKmanmi.
Onpominenns 3MeHWyE €MHICMb MA  KOHYEHMpAayilo  HOCiie, W0 MOXCHA NOACHUMU
oe3akmusayicto amomie Jae2ylouux peuosuH. Ha ocHo6i eumipiosanb enekmpomominecyenyii
NOKA3aHO, WO ITHMEHCUBHICb JIOMIHECYeHYIi ma 4epeoHull 3CY8 MNONONCEHHs i NiKy 3HAYHO
30LIbULYIOMbCSL 31 3DOCMAHHAM 003U. 3CY8 NIKOBOI 00BIHCUHU XBUJLI MOJNCHA BIOHECTNU HACAMNEPeO
00 Oehexmis, GUKIUKAHUX BUNPOMIHIOBAHHAM, SKI CHPUYUHSAIOMb HOAEY YEePBOHUX cMmye I,
600HOUAC, NOCTYNOBO NPUSHIUYIONb KPALLOBY JTOMIHECYEHYIIO.
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