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A systematic study of wide bandgap (WBG) based light emitting diodes (LEDs) and
photodiodes (PDs) were conducted for the assessment of modular integration of
optoelectronic devices into power modules. The temperature dependence of the
photoluminescence (PL) efficiency of Indium gallium nitride/Gallium nitride (InGaN/GaN)
multiple quantum wells (MQWs) material was studied from 10 to 800 K. The
photoluminescence efficiency is calculated using the power law relation connecting the
integrated photoluminescence signal and the excitation pump power. A peak PL efficiency
of 43.97 % was recorded at 800 K. Electroluminescence (EL) study was conducted on
Gallium nitride (GaN) based LEDs in the temperature range of 300 — 800 K. An intensity
drop of three orders of magnitude is recorded at 800 K as compared to room temperature.
The full width half maximum (FWHM) of the spectra was also calculated from the EL
measurements. The S-shaped shift of FWHM at high temperature indicates a strong
localization effect. High-temperature spectral response analysis of 4H-Silicon carbide (4H-
SiC) pn-junction photodiode is performed at zero voltage bias condition. Enhancement of
spectral response is observed at higher wavelengths due to increased phonon population at
higher temperatures.

1. Introduction

temperature exceeds 2000C. Compared to silicon (Si) devices,
wide bandgap materials like SiC and GaN can withstand higher

This paper is an extension of work originally presented in
Conference on Lasers and Electro-Optics (CLEO): Applications
and Technology 2018 titled ‘Investigation of High-Temperature
Photoluminescence Efficiency from InGaN/GaN MQWs’ [1].
Power electronic system plays a significant role in renewable
energy, energy storage, and electric or hybrid electric vehicles. As
an integral part of the power electronic system, power modules
provide a highly efficient form of power conversion. In the last two
decades, the field of power conversion is going through a
transformation where the application often demands extreme
operating environments. Advancement in the field of hybrid
electric vehicles, aerospace and deep oil-gas exploration
necessitate the development of power modules based on WBG
devices to operate in extreme environments where the ambient
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current densities, exhibit lower switching losses and possess higher
breakdown voltages [2-3].

Power modules based on WBG materials enhance reliability
and considerably reduce cooling requirements that lead to a
significant reduction in total system cost and weight. Although
these innovative properties lead power modules to higher power
density [4], some concerns still need to be addressed to take full
advantage of wide bandgap based modules. For example, the use
of bulky transformers used as a galvanic isolation system to float
the high voltage gate driver limit further size reduction of the high-
temperature power modules [5]. Bulky transformers can be
replaced by integrating high-temperature optocouplers to scale
down power modules further and achieve disrupting performance
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in terms of thermal management, power efficiency, power density,
operating environments, and reliability. However, regular
semiconductor optoelectronic materials and devices have major
difficulty functioning in high-temperature environments. The
motivation for this study is to develop optoelectronic devices,
specifically optocouplers that can be integrated into high-density
power modules. A detailed study on optoelectronic devices at high
temperature enables us to explore the possibility of scaling high-
density power modules by integrating high-temperature
optoelectronic devices into the power module.

Modular integration of optoelectronic devices into high-
temperature power modules is restricted due to the significant
optical efficiency drop at elevated temperatures. The quantum
efficiency and long-term reliability of optoelectronic devices
decrease at elevated temperatures. Thermal studies show that high
junction temperature will significantly lower the lifetime of the
LED [6-7]. Performance, as well as the useful life period of the
LEDs, will significantly go down under high temperatures. It was
also found that high leakage current [8-13], dark spot generation
[10,11], and degradation of the metal contacts [9,12,13] at high
temperatures can often lead to the degradation of light intensity.
These factors limit the application of LEDs in high-temperature
environments.

Photodiodes (PDs) based on SiC has lower leakage current and
better stability at high-temperature operation. Brown et al.
demonstrated a 6H-SiC pn-junction based PD operation at
temperatures up to 3500C [13]. Several groups have reported 6H-
SiC pn-junction photodiodes in the past [15-17]. Schottky-barrier
PDs are also tested for high-temperature environments in recent
years. Different groups have studied and characterized 4H-SiC
Schottky-barrier and pn-junction PDs at high temperatures [18,19].
Although high quantum efficiency was reported up to 3500C, no
groups have ever reported a detailed study on the temperature
dependence of the spectral response of SiC pn-junction
photodiodes for a wide range of temperatures. In this paper, we
report on the performance degradation of InGaN based LED
material and LED devices at high temperatures. Also, a study on
the temperature dependence of the response in SiC-based pn-
junction PDs up to 5270C (800 K) is presented.

2. Experiment

High-temperature photoluminescence studies were conducted
on the InGaN/GaN MQW structure as described in the sketch of
Fig. 1. The InGaN/GaN MQW structures were grown on sapphire
substrates. The quantum well structure comprised of 10 periods of
3 nm undoped InGaN wells and 12.5 nm Si-doped GaN barriers
grown on a 0.4 pm thick n-GaN layer. Vertically structured GaN-
based bare die blue LEDs, fabricated at Cree, were subjected to
high-temperature electroluminescence studies. The LED structures
were grown on SiC substrate with both contact layers were formed
by highly reflective electrodes. Optical responsivity measurements
were conducted on 4H-SiC pn-junction PDs purchased from ifw
Optronics GmbH. The material and device selection for this study
are based on the demonstrated high quality, performance, and
reliability.

Temperature-dependent measurements on materials and
devices were performed using a Janis ST-100 cryostat. The
cryostat can reach temperatures up to 800 K. Temperature-
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Figure 1. A sketch represents the InGaN/GaN MQWs structure.

dependent PL measurements were carried out using a customary
off-axis configuration. The excitation source was a continuous
wave laser operating at 395 nm laser beam diameter of 64um. The
power instance of the sample was changed from 1.0 — 110.0 mW.
A Horiba 550 spectrometer combined with a photomultiplier tube
is used to collect PL and EL spectra. A Lakeshore 335 temperature
controller is used to vary the temperature. Vacuum environment is
maintained inside the cryostat throughout the measurements using
a Janis TS-75-W turbopump. The injection current during the EL
measurements was limited to 1.0 mA to avoid the device burn out
due to the high current density. A Keithley 2450 source
measurement unit is used for precise injection of current to the
device. Temperature-dependent optical responsivity
measurements on 4H-SiC PDs were carried out using Spex 270M
rapid scanning imaging monochromator coupled with a deuterium
lamp. The wavelength was changed from 250 to 400 nm.
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Figure 2. Temperature-dependent photoluminescence spectra of
InGaN/GaN MQW were taken in the temperature range of 10 — 800 K.

3. Results and Discussion

The photoluminescence efficiency of the InGaN/GaN MQW
structure was measured using the power law relation connecting
the integrated PL intensity and the excitation pumping power of
the spectrum [20]. Figure 2 shows PL spectra for the InGaN/GaN
MQWs for a temperature range from 10 to 800 K. A gradual
reduction in the intensity is observed on the high energy side of the
PL spectra at elevated temperatures. It is observed from the plot
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that the PL band of InGaN/GaN MQWs become wider at elevated
temperatures. A strong Indium (In) segregation can be attributed
to the temperature independent behavior of the low energy side
[21]. The strong In segregation leads to the formation of In-rich
quantum dot-like regions [22]. The spectral peak positions were
redshifted from 2.41 eV at 10 K to 2.32 eV at 800 K. Varshni
empirical equation explain the redshift due to the bandgap
shrinkage [23].
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Figure 3. Integrated photoluminescence intensity of InGaN/GaN MQW is
plotted as a function of temperature.

Figure 3 shows the integrated PL intensity for the InGaN-
related PL emission for different temperatures. A reduction of one
magnitude in the integrated PL intensity at 800 K compared to 77
K suggests a high PL efficiency even at elevated temperatures.
Domination of non-radiative recombination at higher temperature
causes a reduction in PL intensity. Carrier escape at higher
temperature due to high thermal energy and the high rate of non-
radiative recombination in QWs lead to the intensity drop at high
temperature.
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Figure 4. Excitation laser power is plotted against integrated PL intensity
from InGaN/GaN MQW at different temperatures. The solid curves are fits
of power law model to the data.

The extraction of PL efficiency by the power-law equation is
explained in Ref. [19]. Excitation power dependent PL
measurements were taken with pump power ranging from 1.0 mW
to 110.0 mW. The results are plotted in terms of excitation pump
power as a function of integrated PL intensity in Fig. 4. The dots
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are the experiment results while the solid curves are the fits of Eq.
(1) from Ref. [19] to the data.
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Figure 5. Photoluminescence efficiency is plotted as a function of integrated
PL intensity at different temperatures. The solid lines are the simulated data
for injection levels above and below the experiment limitations.

Figure (5) shows the temperature-dependent PL efficiency
versus integrated PL intensity. The laser injection level where the
peak PL efficiency is observed increases as the temperature
increases. At 800 K, the peak PL efficiency is observed at an
injection level above 110.0 mW. This behavior indicates that the
non-radiative recombination rates are dominant even at a low
injection rate under room temperature. At elevated temperatures,
non-radiative recombinations along with thermally activated
carrier escape from the QWs cause the PL efficiency to drop. These
results indicate that the Auger and Shockley-Read-Hall (SRH)
recombination rates are dependent on temperature and injection
level.
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Figure 6. PL peak efficiency of InGaN/GaN MQW is plotted as a function of
temperature.

The peak PL efficiency was plotted against temperature as
shown in Fig. 6. The peak PL efficiency is almost unity at 10 K.
At elevated temperatures, the peak PL efficiency decreases. As
mentioned earlier, the drop in the Pl efficiency is caused by the
domination of nonradiative recombinations in the active region of
the quantum wells. At high temperatures, both SRH and Auger
recombinations suppress the radiative recombination resulting in a
PL efficiency drop. Another reason for the drop in PL efficiency is
due to the carrier escape from the quantum wells as a result of high
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thermal energy. A PL efficiency of 44% is observed for the sample
at 800 K. The temperature independent behavior of PL efficiency
up to 400 K indicates high thermal stability.
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Figure 7. Electroluminescence spectra of InGaN/GaN single quantum well LED
measured at different temperatures ranging from 300 — 800 K.
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Figure 8. The full width half maximum of the electroluminescence spectra is
calculated and plotted against temperature for InGaN/GaN single quantum well
LED from 300 — 800 K.

Temperature-dependent electroluminescence spectra of the
InGaN/GaN single quantum well (SQW) LED at an injection
current of 1 mA is shown in Fig. 7. The spectral intensity of the
LED is decreased as the temperature is increased from 300 to 800
K. The EL peak energy is measured to be 2.71 eV at 300 K. The
Indium composition is approximated to be as 16 % from the EL
peak energy [24]. The EL peak energy changes from 2.72 to 2.60
eV as the temperature increased from 300 to 800 K. The EL
spectra are fitted using a Gaussian model to calculate the full-width
half maximum (FWHM). It is found that the FWHM of the spectra
increased from 109.11 meV at 300 K to 230.11 meV at 800 K.
Temperature dependence of the FWHM of the EL spectra for
InGaN/GaN LED is shown in Fig. 8. The FWHM shows an S-
shaped shift when the temperature increases. The S-shaped shift
again indicates a strong localization effect [25].

The FWHM of the spectra increased from 109.11 meV at 300
K to 230.11 meV at 800 K. The FWHM increases from 300 - 350
K due to carrier relaxation in the localized states. The further
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increase in the temperature results in a drop in the FWHM until the
temperature reaches 400 K. The drop in the FWHM when the
temperature further increases to 400 K suggests that nonradiative
recombination centers capture a part of the carriers before reaching
the lower energy tail states. The FWHM increases when the
temperature increases above 400 K. This monotonic increase in
FWHM is caused by the coupling of the excitons to acoustic
phonons and longitudinal optical (LO) phonons [26].
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Figure 9. The integrated intensity of the electroluminescence spectra at each
temperature is calculated and plotted as a function of temperature for
InGaN/GaN single quantum well LED.

Figure 9 shows the change in the integrated intensity of the
InGaN/GaN SQW LED over the temperature range of 300 — 800
K. The integrated intensity decreases when the temperature
increases. The integrated intensity remains the same in the
temperature range of 475 — 500 K. An intensity drop of three
orders of magnitude is recorded at 800 K as compared to room
temperature. The three orders of magnitude drop in the intensity
suggest the presence of shallow QWs in the InGaN/GaN structure.
The reduced intensity at a high temperature is due to the
domination of the nonradiative recombination. At elevated
temperature, the injected carriers gain high thermal energy.
Carrier escape due to high thermal energy leads to the intensity
drop at high temperature.
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Figure 10. Energy bandgap of InGaN/GaN single quantum well LED is
measured and plotted against temperature.
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Figure 10 shows the change in the EL peak energy of the
InGaN/GaN SQW LED concerning temperature. The EL peak
energy decreases when the temperature increases. The rate of
change in EL peak energy remains almost constant during the
temperature range of 300 — 750 K. The EL peak energy changes
from 2.71 to 2.60 eV over the temperature range of 300 - 800 K.
The temperature dependence of the EL peak energy is described
by the Varshni relation [23].
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Figure 11. The spectral response characteristics of 4H-SiC pn-junction
photodiode at different temperatures under 0 V bias.

Figure 11 shows the spectral response characteristics of the 4H-
SiC detector measured as a function of temperature from 77 K to
800 K at zero biased condition. The photodetectors spectral
response is wavelength dependent on the incident light. This is
caused by a different energy absorption rate at each wavelength.
The spectral response curves shift towards longer wavelength, and
the responsivity at a wavelength above 350 nm is improved at
higher temperatures. The redshift is caused by thermally induced
bandgap narrowing effect. The observed spectral enhancement at
higher wavelengths can be attributed to the increased phonon
population at higher temperatures. Phonons assisted photon
absorption is necessary at longer wavelengths as the corresponding
photon energy is smaller than the direct energy spacing of 4H-SiC
[19]. Interestingly, the responsivity at a lower wavelength
(<320nm) exhibits less temperature dependent. The responsivity
spectra of the photodiode at lower wavelength merges indicating
that at this region temperature has less influence on the
responsivity. More studies are necessary to understand the
degradation of detectors under high temperature thoroughly.

4. Conclusion

Performance degradation of GaN-based LED material, and
devices are studied for a wide range of temperature. Spectral
responsivity of a 4H-SiC pn-junction photodiode is evaluated for
the temperature range of 77 -800 K. The InGaN/GaN MQW
structure shows temperature independent PL efficiency up to 400
K, signifying high thermal stability and displays a peak PL
efficiency of 44 % at 800 K. The EL intensity of the LED device
was decreased by three orders of magnitude at high temperatures
as compared to room temperature. The reduced EL intensity is
caused by the carrier escape from the quantum well due to high
thermal energy. A strong localization effect is speculated due to
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the S-shaped FWHM curve. Initial studies on the 4H-SiC pn-
junction photodiode show a temperature independent spectral
response at lower wavelengths. These results serve as a strong
foundation for future studies in the field of high-temperature
optoelectronics in the applications of future ultra-high density
power modules.
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