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Abstract: High-temperature optical analysis of three different InGaN/GaN MQW LED
structures (peak wavelength Ap = 448nm, 467 nm & 515nm) is conducted for possible
integration as an optocoupler emitter in high-density power electronic modules. The
commercially available LEDs, primarily used in the display (Ap =467 nm & 515nm) and
lighting (Ap = 448nm) applications, are studied and compared to evaluate if they can satisty
the light output requirements in the optocouplers at high temperatures. The temperature- and
intensity-dependent electroluminescence (T-IDEL) measurement technique is used to study
the internal quantum efficiency (IQE) of the LEDs. All three LEDs exhibits above 70 % IQE
at 500 K, and stable operation at 800 K without flickering or failure. At 800K, a promising
IQE of above 40 % is observed for blue for display (Ap = 467 nm) and green for display (Ap =
515nm) samples. Blue for light (A\p = 448nm) sample shows 24 % IQE at 800 K.

1. Introduction

The rigorous research in silicon carbide (SiC) technology drives the fast-paced development
of power electronics in recent years. Silicon carbide technology enables high-temperature
operation of power modules with higher power density and faster-switching speeds compared
with the conventional silicon power modules.!' Reliable high-temperature operation of SiC-

based power devices helps develop power modules suitable for size- and weight-sensitive
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applications such as electric vehicles, motor drives, and space exploration by eliminating the
extensive cooling system associated with the power module. The overall size of the power
electronics module is now decided by passive components such as bulky transformers.
Typically, multiple transformers with large form-factor are used as the galvanic isolation
system in power modules to float the high voltage gate driver. The modulation and
demodulation circuits associated with the isolation transformers add to the complexity of gate
driver design. Therefore, using isolation transformers of high form-factor limits scaling-down
of power electronic modules.?! A further scale down of power modules is possible by
replacing bulky transformers with optocouplers of low form-factors. However, the low
performance of optoelectronic devices due to the degradation of quantum well efficiency,
metallization, and packaging at high temperatures and operating conditions prevents the use
of optocouplers in high-density power modules.[*] A systematic study of the high-temperature
operation of optoelectronic devices, i.e., emitters and photodiodes, is necessary to overcome
the limiting factors in developing the high-temperature optocouplers. Thus far, a minimal
reported study is available in the literature on the high-temperature application of
optoelectronic devices.[*

The high-efficiency and high-brightness GaN-based light-emitting diodes (LEDs) are
promising candidates for high-temperature operation due to their unique properties, such as
wide bandgap, low heat dissipation, and higher operating lifetime compared to gallium arsenide
(GaAs) or gallium phosphide (GaP) based LEDs.[) Therefore, a systematic investigation of the
performance of GaN-based LEDs at high temperatures helps examine the possibility of
optical integration on SiC-based high-density power modules. A previous study conducted on
InGaN/GaN multiple quantum well (MQW) green optoelectronic material with a peak wavelength
of 516 at room temperature reports that the internal quantum efficiency (IQE) of above 44 % is
achievable at 527°C.I*1 The reported IQE of 44 % is acceptable for high-temperature

optocoupler emitter application as long as the photodetector is not degraded in the optocoupler.
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The IQE of LEDs at a given temperature is a function of injected current density. A
non-optimal selection of injection current density can cause a higher drop in IQE at elevated
temperatures. Though the previous study on the LED epitaxy material confirms the reliable
high-temperature operation, a systematic study of the LED devices is needed in designing
optimal biasing conditions. Besides the biasing conditions, the high-temperature operation of
the LED devices is also affected by the device geometry, contact metallization, and
packaging.[®] The selection of contact metallization and packaging for high-temperature
applications is studied in detail in the past.l”) The effect of quantum well (QW) structure on
designing emitters for high-temperature applications needs to be understood.

In this paper, a comparative study is conducted on the IQE of commercial InGaN/GaN
MQW LEDs with different QW structures. Bare die LEDs are selected in order to avoid high-
temperature optical degradation due to packaging materials. Traditional ABC model is used to
extract the IQE as a function of injected current density. The focus of the study is to evaluate
the possibility of operating InGaN/GaN MQW LEDs at high temperatures and to determine
the optimal current density to achieve peak IQE at different temperatures.

2. Experimental Section

High-temperature measurements on the LED devices were carried out in a Janis ST-
100 cryostat, and the electroluminescence (EL) spectra were collected using a Horiba 550
spectrometer integrated with a photomultiplier tube (PMT). During all measurements, the
self-heating of the LED devices with a turn-on voltage of under 2.0 V was avoided by limiting
the current density to 0.25 A/cm? and 1.0 A/cm? for light and display samples, respectively.
The device structure and IQE extraction methods are explained in detail in the following
sections.

Device Structure:
The InGaN/GaN MQW LEDs, grown on patterned sapphire substrates, were supplied by HC

SemiTek. Figure 1 shows the detailed schematic structure of the three LEDs with a peak
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emission wavelength of 454 nm, 472 nm & 523 nm at room temperature, which are named
blue for light (BL), blue for display (BD) and green for display (GD), respectively. Blue LED
samples, i.e., BL and BD, consists of a 20 nm aluminum nitride (AIN) buffer layer, whereas
the GD sample has a 20 nm GaN as a buffer layer. The active regions studied consists of ten
3.5 nm InGaN QWs with 12.5 nm GaN barrier layers for the BL and GD samples, whereas
the BD sample consists of nine 3.0 nm InGaN QWs with 12.5 nm GaN barrier layers. A pre-
MQW layer consisting of six 1.5 nm undoped InGaN QWs with 7 nm Si-doped GaN barriers
is also included in the BL LED structure. The display LEDs, BD and GD, consists of seven
and twelve periods of AlGaN/GaN superlattice electron blocking layers (EBL) before the
magnesium-dopped p-GaN layer and the p++-GaN contact layer. The BL LED structure
includes a 20 nm bulk AlGaN EBL before the magnesium-dopped p-GaN layer and the p++-
GaN contact layer.

1IQFE Modelling:

To extract the IQE of LEDs, temperature- and injected current-dependent electroluminescence
(T-IDEL) measurements were conducted. The measured EL intensities for different
temperatures and injected current densities were fitted using the power-law relationship.
Power law states that the electron-hole pair photoexcitation density is proportional to the
current injection density, Jg.. Also, the spontaneous emission rate per unit area per unit length
from the active region is proportional to the EL signal integrated over energy, Lg;. The

relationships are described by:

Ca
Ninj

JeL= [An+ (1 = y,)Bn? + Cn3]; Ly, = cphexeBn? D

where c, and c;, are constants of proportionality determined by sample and measurement
geometry. The current injection efficiency and the light extraction efficiency of the LED are
denoted by niy; and ney, respectively. For this study, the photon recycling factor, v;, is

assumed to be zero.!®] The recombination coefficients for the Shockley-Reed-Hall (SRH),
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radiative, and Auger mechanisms are denoted by A, B, and C, respectively. Recombination
rates are presented as the powers of electron-hole concentration n.

The injection current density Jg can be expressed as a function of Lg; from Equation 1 as
follows:

JeL = ApiLg,*? + BpiLg, + CprLp/? (2)
where Ag;, Bgr, and Cgpare the best-fit parameters calculated by fitting Equation 2 to the
experimental data, as shown in Figure 2.

The internal quantum efficiency of the LED is defined as:

Bn? 3)
An 4+ Bn? + Cn3

Nige =

Using Equation 1 and 2, internal quantum efficiency can be expressed as:
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3. Results and Discussion

Temperature-dependent EL spectra of BL, BD, and GD samples at an injected current
density of 0.25A/cm? are shown in Figure 3. The inset of the figures shows the evolution of
peak wavelength over the temperature. A drop in EL intensity and spectral broadening is
observed in all the samples at high temperatures. Blue for light sample shows pronounced
phonon replicas at low temperatures, which merged to band-to-band transitions at higher
temperatures.’! The phonon-replicas in the display samples are not prominent due to the
comparatively low nominal indium content. A higher nominal indium content enhances the
momentum transfer from the defects, which indeed created by the prominent indium
aggregation and phase separation, in meeting the requirement of momentum conservation in
the phonon-replica transition. All the three samples exhibit an S-shaped EL peak energy

evolution over the temperature range, which is typically attributed to carrier localization.[!0]



To quantitatively study the thermal droop, EL spectra are integrated over the energy and
plotted for different temperatures. Figure 4 shows the normalized integrated EL intensity of
BL, BD, and GD samples at an injected current density of 0.25A/cm? for different
temperatures. A targeted operating temperature range is defined from 300 — 500 K in
accordance with the development of high-temperature optocoupler. A three order of
magnitude reduction in EL intensity is observed from the BL sample whereas the display
samples show one order magnitude reduction in EL intensity. Three order magnitude
reduction in EL intensity points to a significant drop in IQE at higher temperatures. However,
the thermal droop, i.e., drop in LED efficiency at higher temperatures, is dependent on the
injected current density. A different injected current can alter the behavior of the LED light
intensity drop at elevated temperatures. Therefore, the reduction in LED light intensity at
elevated temperatures can be minimized by the optimal selection of injected current density.
The IQE of LEDs as a function of injected current density is extracted for different
temperatures using the ABC model. Figure 5 shows the evolution of IQE at elevated
temperatures for light and display samples. The dots are the experimental points and the solid
lines are fits of Equation 4. Equation 2 is used to accommodate injected current densities as a
function of IQE. The IQE of LED structures shows a dome-like structure with peak IQE at
different temperatures occurring at different injected current densities. It is also observed that
the width of the dome-like structure decreases at elevated temperatures resulting in a lower
peak IQE value. The IQE of all three LEDs tends to merge at high injected current densities.
The IQE increases with the increase in injected current density until it reaches the peak value
and starts to degrade. The drop in IQE at higher injected current densities, i.e., current droop,
is commonly attributed to the enhanced Auger recombination at increased current density.['!]
Although the drop in current injection efficiency also contributes to the current droop, the

enhanced Auger recombination dominates at higher injected current desnisities.



The evolution of Peak IQE as a function of temperature for light and display LEDs is
shown in Figure 6. All three LEDs show three different slopes in the peak IQE curve over
the temperature range from 77 - 800 K. At low-temperature range (77 -300 K), the peak IQE
tends to decrease when the temperature increases. In the targeted operating temperature range,
LEDs show a stable IQE with less than 10 % reduction in the peak IQE. The extracted peak
IQE for BL, BD, and GD at 500 K are 70, 71 and 72 % respectively. Increasing the
temperature above 500 K causes a significant drop in peak IQE. At 800 K, the BL, BD and
GD samples show peak IQE of 24, 40 and 48 % respectively. It is observed that the GD LED
shows the highest peak IQE from 100 — 800 K, followed by BD and BL LEDs. A systematic
analysis based on the LED structure is needed to conclude the peak IQE behavior of the
LEDs. However, it is difficult in this study as there is more than one parameter change across
LED structures as shown in Figure 1. A pre-MQW layer in the LED structure improves the
efficiency of InGaN based LEDs.['?] However, the peak IQE of BL LED with a pre-MQW
layer and a higher number of QWs in the active region shows lower peak IQE than the LED
structures without the pre-MQW layer. The higher peak IQE of the BD and GD LEDs can be
attributed to the presence of GaN buffer layer and superlattice EBL. Studies show that using
an LT GaN buffer layer instead of the AIN buffer layer improves the crystal quality and leads
to higher IQE.[3] Also, replacing the conventional bulk EBL with a superlattice structure can
enhance the efficiency and reduce the droop in LEDs.['4] Although the GD LED shows a
higher peak IQE at elevated temperatures, it is observed that the injected current density to
achieve peak IQE, jpiqE, 1s higher than other LEDs. The change in j,ior over the temperature
range is shown in Figure 7. In the targeted operating temperature range, the j,ior of GD LED
is one order of magnitude higher than that of BD. A higher j,iqr of GD sample can be
attributed to the superlattice structure of the EBL. However, high injected current levels can
shorten the lifetime of LED devices. To develop the high-temperature LEDs for continuous

operation at 250°C, the trade-off between the IQE and injected current density needs to be
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understood. A stable peak IQE and a lower j,qE is therefore suitable for the continuous
operation of LEDs at elevated temperatures.
4. Conclusion

The temperature and injected current dependent IQE of commercial InGaN/GaN MQW
LEDs with different QW structures are studied over the temperature range from 77 - 800 K.
The peak IQE of LED samples at different temperatures and the respective injected current
density is extracted using ABC model. The structural difference across the LED samples has a
pronounced effect on the IQE drop at higher temperatures. The GD sample exhibits the
highest peak IQE in the temperature range 100 -800 K followed by BD and BL. The presence
of pre-MQW layer has little effect on improving the peak IQE of LED devices as compared to
the presence of LT GaN buffer layer and the superlattice EBL structure. A superlattice EBL in
the LED structure tends to increase the j,iqr of the sample as compared to conventional bulk
EBL. A stable peak IQE and a lower jpiqr across the targeted temperature range are suitable
options for the selection of LEDs to integrate into high-temperature optocouplers.
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Figure 1. Schematic of the epitaxial structure of (a) blue for light (b) blue for display and (c)
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Figure 3. EL spectra of (a) blue for light (b) blue for display and (c) green for display LEDs
measured at a injected current density of 0.25A/cm? for different temperatures. The arrow
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