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Design and optimization of high
temperature optocouplers
as galvanic isolation

Abbas Sabbar!, Syam Madhusoodhanan?, Huong Tran?, Binzhong Dong?, Jiangbo Wang?,
Alan Mantooth?, Shui-Qing Yu! & Zhong Chen!**

The commercial InGaN-based (blue and green) and AlGalnP-based (red) multiple quantum well (MQW)
lighting emitting diodes (LEDs) were studied in a wide range of temperatures up to 800 K for their light
emission and detection (i.e., LEDs operated under reverse bias as photodiodes (PDs)) characteristics.
The results indicate the feasibility of integrating a pair of selected LEDs to fabricate high temperature
(HT) optocouplers, which can be utilized as galvanic isolation to replace the bulky isolation transforms
in the high-density power modules. A detailed study on LEDs and PDs were performed. The external
quantum efficiency (EQE) of the LED and PDs were calculated. Higher relative external quantum
efficiency (EQE) and lower efficiency droops with temperatures are obtained from the blue and green
LEDs for display compared with the blue one for lighting and red LED for display. The blue for lighting
and red for display devices show superior responsivity, specific detectivity (D*), and EQE compared
with blue and green for display when operated as PDs. The results suggest that red LED devices for
display can be used to optimize HT optocouplers due to the highest wavelength overlapping compared
with others.

Power electronic systems are widely used in numerous applications, such as geothermal, gas turbines, combus-
tion engines, and space explorations, to sustain the high-temperature (HT) ambient environments'™. Some
other applications (e.g., aerospace, heavy equipment, marine systems, and automotive), which are not necessar-
ily HT ambient situations, also drive the demands for high-density power electronics with the requirements of
low volume, lightweight, and high efficiency>™°. High-density power modules (HDPMs), the core component
of power electronic systems, are expected to be operated at high temperatures to meet these stringent require-
ments. Wide bandgap (WBG) materials such as silicon carbide (SiC) and gallium nitride (GaN) are employed
in HDPMs to overcome the temperature, frequency, and power density limitations of conventional Si-based
power modules!®*%. The SiC power module has been demonstrated with operating temperatures up to 525 K16,
Even though the high-temperature operation of the SiC power module is achievable, the temperature capabil-
ity of the gate driver, isolation, sensing, and other passive components surrounding the power modules limits the
development of HDPM. In the design of HDPM, the galvanic isolation on the gate driver board is required to pass
through the gate control signal, reject the transient noise, and break the ground loops'”!8. The current HT SiC
power modules utilize large gate transforms to deliver galvanic isolation between high voltage power devices and
low voltage gate drivers. The scaling of HDPMs is limited by the volume and heaviness of these gate transformers.
Therefore, an optocoupler (i.e., lighting emitting diode (LED) and photodetector (PD)) with high-temperature
operation is highly desirable as an alternative to the gate transformers. The HT optocouplers could lead to ultra-
high-density 3-D power modules capable of achieving excellent thermal management, power density, power
efficiency, reliability, and operating environment. Therefore, optocouplers (LEDs and PDs) that can consistently
function up to 525 K are extremely attractive for next-generation high-density power electronics applications.
The development of HT optocouplers comprises an orderly approach, starting from evaluating high-temper-
ature characteristics of LED materials and devices and utilizing the LEDs as detectors to construct optocoupler
packaging. We first reported a systematic study of the spontaneous emission quantum efficiency (QE) of green
LED materials up to 800 K*. Then, various commercial LED materials for lighting and display applications
have been characterized and evaluated using the temperature-dependent power-dependent photoluminescence
(PL) method®. Furthermore, developments in the LED quantum well (QW) structures were made for HT
applications?!. The study shows the impact of the QW structure layers on the spontaneous emission QE of
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Figure 1. (a) Temperature-dependence EL spectra of blue for display under current injection of 0.3 mA. (b)
Peak positions of EL spectra as a function of temperature for all devices.

commercial LED materials. The peak spontaneous emission QE of InGaN- based LED materials are (79-84)%
and (48-60)% at 500 K and 800 K, respectively. After that, HT optical studies of blue LED for lighting (BL), blue
LED for display (BD), and green LED for display (GD) are conducted for possible integration as an optocoupler
emitter in HDPMs*>%. The internal quantum efficiency (IQE) is calculated using temperature and intensity-
dependent electroluminescence (EL) measurements. All three LEDs exhibit more than 70% IQE at 500 K. At
800 K, IQE is above 40% for BD and GD LEDs. However, BL LED exhibits only 24% of IQE at 800 K. Also, an
initial study on using GD LED as a PD is performed. The device shows a spectral response of 0.027 and 0.017
A/W at 500 K and 800 K, respectively. The signal to noise ratio, specific detectivity, D* is calculated as well.
When the temperature increases from 77 to 800 K, the D* is decreased from 1x 10'° to 4 x 108 cmHz"? W~L. In
this paper, we report on the selection of LEDs for HT optocouplers (i.e., one is for illumination, and the other
is for light detection) since the LED can function either as a light source in forward biasing mode or as a PD in
photovoltaic mode (unbiased) or reverse biased conditions. The work aims to fabricate HT optocouplers using
different commercial blue, green, and red LEDs for lighting and display applications.

Results

LEDs characterizations. Figure 1a shows a typical temperature-dependent EL spectra of the BD LED
in temperature ranging from 77 to 800 K with an injection current of 0.3 mA to avoid the self-heating of the
LEDs with a turn-on voltage of under 2.0 V?>%. The tail of the EL spectra on the high-energy region (i.e., lower
wavelength) became broader as the temperature was increased due to the increasing number of the electron-
hole pairs in the conduction and valance bands at elevated temperatures. Although the EL spectra decrease
significantly at high temperatures, a clear EL signal is observed up to 800 K. Other LEDs (BL, GD, and RD) show
similar behaviours in terms of dropping in the EL intensity and boarding the EL spectra as the temperature is
increased. It is observed the peak wavelength is temperature-dependent as well, and it is varied depending on the
device type, as shown in Fig. 1b. The temperature-dependence peak wavelength of LEDs influences the paring of
LEDs and PDs. The InGaN-based LEDs show less temperature-dependent peak wavelength than the AlGalnP-
based LEDs. Samples BL, BD, and GD and exhibit blueshifts at low temperatures. A redshift is observed above
300 K. On the other hand, only a redshift is observed in sample RD. As the temperature is increased from 77
to 800 K, the peak wavelength changes by 19, 15, 13, and 85 nm for samples BL, BD, GD, and RD, respectively.

Figure 2a shows temperature-dependent EQE for sample BD. The EQE is normalized by the peak EQE at
77 K. The EQE is increased by increasing the current density, and it is decreased by increasing the temperature. A
similar trend is observed for the other LED devices. The relative EQE of sample B is reduced by 80 % by increas-
ing the temperature from 77 to 800 K.

The current-dependent efficiency droop, the so-called “J-droop,” and the temperature-dependent efficiency
droop, often referred to as the “T-droop.” Both the J-droop and T-droop are essential factors determining the
performance of LEDs, so there is a need to investigate and compare the InGaN-based blue for light and display
and green for display LEDs and the AlGaInP based red LED. The J-droop and the T-droop can be calculated as
follow**:

_ Peak EQE-EQE at max. current density
- Peak EQE

J-droop (1)

T-d Peak EQE at 77 K — peak EQE at T 5
-droop =
P Peak EQE at 77 K )

The InGaN based BL, BD, and GD LEDs and the AlGalnP based RD LED are compared. Figure 2b shows
the efficiency droop in the LEDs, calculated from the EQE?*. The J-droops of the BL, BD, GD, and RD are 0.03,
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Figure 2. (a) Temperature-dependence relative EQE versus current density of blue for display. (b) Temperature
dependence J-droop and T-drop of blue for lighting and display, green for display, and red for display.
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Figure 3. (a) Temperature-dependent leakage current density of blue for lighting and display, green for display,
and red for display at —9 V bias voltage (except red for display at —7 V). Inset: Typical temperature-dependent
I-V characteristics of blue for lighting. (b) Temperature-dependent thermal noise of devices.

0.08, 0.09, and 0.02 at 77 K. They all decrease to 0 at 800 K, indicating that current density is not enough to play
a significant role in the efficiency drop of the LEDs. The maximum current density used was 0.27 A cm™ for BL
LED, 0.67 A cm™ for BD and GD LEDs, and 3.3 A cm™ for RD LED. Typically, the J-droop is more pronounced
at high current density, which was intentionally avoided in our measurements to prevent any damage to the
LEDs at HTs?2. On the other hand, the T-droop shows an opposite behaviour to the J-droop. All samples are
not shown an efficiency droop at 77 K. However, the T-droop becomes more pronounced as the temperature
increases. The T-drop of the BL, BD, GD, and RD is 0.99, 0.81, 0.90, and 0.99 at 800 K, which implies the T-droop
plays a significant role in the efficiency drop of the LEDs at HTs. Moreover, the influence of the T-droop is more
remarkable on the BL and RD LEDs.

PDs characterization. The dark -V characteristics of BL, BD, GD, and RD are studies, and they show
similar behaviour with increasing the temperature. The typical temperature dependence dark I-V characteristics
of BL as an inset in Fig. 3a. The leakage currents originate from surface recombination and bulk leakage. Leak-
age mechanisms consist of thermally excited carriers, generation-recombination in the depletion region, and
tunnelling. Dark current generally increases with both applied bias voltage and with temperature. Moreover, the
dark current flows through the same path as the photocurrent, so it will also have a shot noise term correlated
with it. Since photodetectors contain parallel resistances, which are junction leakage resistances, there will be
thermal noise present in the dissipative resistances of the photodetectors. As the temperature increases, the
thermally excited carriers increase, leading to the rise of thermal noise. At high temperatures, the dark currents
become a significant factor in evaluating the performance of devices, so it is necessary to understand the behav-
iour of the dark currents as temperature increases.
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Figure 4. (a, b) Temperature-dependent responsivity and detectivity, respectively, of blue for lighting and
display, green for display, and red for display at zero bias. Insets: Responsivity and detectivity as a function of
different biases.

Figure 3a shows the temperature dependence leakage current density of the samples BL, BD, GD, and at -9 V
bias voltages (except for the RD, which is at —7 V bias). BL shows the lowest leakage current density, while RD
demonstrates the highest leakage current density as the temperature increases from 77 to 800 K. The leakage
current is a function of both temperature and applied bias, implying a combination of tunnelling and thermally
generated currents. The leakage current density of devices is increased by around four orders of magnitude by
increasing the temperature from 77 to 800 K. It is also observed that a rapid increase (two orders of magnitude)
in the leakage current density of the InGaN-based samples when the temperature is increased from 100 to 200 K.
This rapid increase in the leakage current is due to the thermal ionization of carriers from deep traps and trap
assisted tunnelling process.

The temperature-dependent thermal noises of the devices are plotted in Fig. 3b. GD exhibits the lowest
thermal noise, while BL shows the highest thermal noise. Both Samples BD and GD reveal an increase in ther-
mal noise by three orders of magnitude, while BL and RD show a rise in the thermal noise as the temperature
increases from 77 to 800 K.

Figure 4a the temperature-dependent responsivity of all samples is plotted at 77 K (lowest temperature), 300 K
(room temperature), 500 K (targeted operating temperature for the optocoupler), 800 K (highest temperature).
Higher spectral response is noted from BL and RD. As the temperature increases, a redshift in the spectral
response is more pronounced in BL and RD. The room temperature (RT) peak responsivity is 405, 418, 443, and
620 nm for BL, BD, GD, and RD, respectively. The peak position for sample BL changes from 383 to 428 nm by
increasing the temperature from 77 to 800 K. The responsivity (@ 405) increases from 0.029 to 0.097 A W' by
elevating the temperature from 77 to 600 K and decreases to 0.056 A W™ at 800 K. The peak location for sample
BD shifts from 402 to 418 nm by increasing the temperature 77-400 K and then moves to 394 nm at 600 K.
The maximum responsivity from this device is 0.037 A W™! at RT. The peak responsivity of sample GD changes
from 430 to 450 nm by raising the temperature from 77 to 700 K and then shifts to 443 nm at 800 K. The peak
responsivity (@ 443 nm) increases from 0.016 to 0.026 A W™ as the temperature is elevated from 77 to 400 K
and then decreases to 0.017 A W' by raising the temperature to 800 K. The peak position of RD moves from
598 to 667 nm when the temperature increases from 77 to 700 K and then changes to 642 nm at 800 K. The peak
responsivity (@ 620 nm) increases from 0.003 to 0.235 A W™! by raising the temperature from 77 to 400 K and
droops to 0.189 A W! at 800 K.

The insets of Fig. 4a show the temperature-dependent peak responsivity at a different bias (0, 2, -4, and -6 V)
for BL and RD. The peak responsivity of BL, BD, and GD show a slight increase with bias conditions, while RD
indicates almost insensitivity to the bias conditions. The EQEs for all samples are shown in dotted lines in Fig. 5a.
The highest and lowest EQE are observed from RD and GD, respectively.

Figure 4b shows the figure of merit, D*, of all LEDs, plotted at 77 K, 300 K, 500 K, 800 K using the 1 Hz
equivalent noise bandwidth at the zero-bias condition. Overall, BD and GD show a lower signal to noise ratio
compared with samples BL and RD. Furthermore, the peak D* of samples BD and GD are very close across all
temperatures. The peak D* for BL decreases from 1.37 x 10'° to 3.94 x 10° cm Hz"? W™ by elevating the tempera-
ture from 77 to 800 K. However, RD shows an increase of the peak D* from 2.04 x 10'° to 5.21 x 10'° cm Hz!? W~!
by raising the temperature from 77 to 400 K. Then, increasing the temperature above 400 K leads to a decrease
in peak D*. The peak D* is 7.66 x 10° cm Hz!"> W~ at 800 K for RD. The insets of Fig. 4b show the D* of samples
BL and RD with different biases. Both samples show high peak D* at zero bias conditions. Moreover, the same
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Figure 5. Four LEDs normalized emission spectra (solid) and spectral responses (dots) at (a) 77 K, (b) 300 K,
(c) 500 K, (d) and 700 K. (e) Normalized emission and spectral response for selected LEDs for targeted high-
temperature optocouplers.
Peak D* (cm Hz!2 W)
Sample Temperature (K) A (nm)? Peak R (AW) Bias (V) @ 0 bias
BL 300 411 0.093 -6 1.37x 10"
BD 300 411 0.035 -6 6.84x10°
GD 300 437 0.038 -6 5.69x10°
RD 300 620 0.23 -2 1.99x 10
BL 500 418 0.11 -2 1.26x 10
BD 500 423 0.031 —4 1.87x10°
GD 500 443 0.034 -6 1.89%10°
RD 500 646 0.25 0 4.07x10%
BL 800 428 0.16 -2 3.94x10°
BD 800 430 0.020 0 9.34x 10 (@ 700 K)
GD 800 455 0.019 -4 4.26x108
RD 800 647 0.20 —4 7.66x10°

Table 1. Shows the peak PR and D* at 300, 500, and 800 K for the devices. A is the peak wavelength.
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Peak spectral response
Peak emission wavelength (nm) | wavelength (nm)

LED 77K [300K |[500K |700K |77K |300K |500K |700K
BL 446 448 457 464 402 405 418 420
BD 470 469 474 480 402 418 418 420
GD 530 529 539 544 420 437 443 450
RD 606 630 658 684 605 620 646 667

Table 2. Shows the peak emissions and spectral response at 77, 300, 500, and 800 K for the devices.

a)
Material layer Thickness
P-GaN: Mg |sample BL 3 nm
samples BD and GD 5 nm
HT P-GaN: Mg|[ sample BL 12 nm (b)
:g?g:: gg ?gg :m Material layer Thickness
AlGaN EBL layer sample BL 20 nm p-AllP: Mg 1.8 pm
AlGaN/GaN EBL layer [sample BD (10 nm/10 nm)*7 -
{sample GD (60 nm/ 60 nm)*14 P-AlIP: M9 04 um
LT P-GaN: Mg [sample BL 25 nm u-AllP 0.4 pm
4sample BD 65 nm
| sample GD 78 e AlGalnP QW (5 nm)* 15
InGaN MQW [sample BL (3.5 nm/12.5 nm)*10 AlGalnP Q@B (7 nm)* 15
sample BD (3 nm/12.5 nm)*9 H e
sample GD (3 nm/14 nm)*10 n-AlInP:Si 0.35 pm
InGaN/GaN pre-MQW : sample BL (1.5 nm/7 nm)*6 n-AlGainP:Si 2 pm
N-GaN:Si pre layer | sample BL 0.5 pm n-GaAs:Si 80 nm
samples BD and GD 0.4 ym GalnP 0.2 um
N-GaN:Si 2 pym
GaAs substrate 350 um
U-GaN 2.5 uym
buffer layer| AIN for samples BL and BD | 20 nm
GaN for sample GD
Patterned sapphire substrate (PSS) 650 pm

Figure 6. (a) A schematic diagram of the InGaN/GaN MQW LED epitaxial structure: BL, BD, and GD. (b) A
schematic diagram of RD MQW LED epitaxial structure.

behaviour is observed for all LEDs. Table 1 lists the maximum values of responsivity and detectivity for various
LEDs at 300, 500, and 800 K.

The normalized emissions and spectral responses of the LEDs at 77, 300, 500, and 700 K are plotted together
in Fig. 5 to determine the best match of the LEDs and PDs for the optocouplers. It can be observed that the
spectral response of the LED shifts towards shorter wavelengths (higher energy photons) as compared with its
emission spectra as the LED cannot detect photons of lower energy than its bandgap. Table 2 shows the peak
emission and spectral response wavelengths of the LEDs at 77, 300, 500, and 77 K. Overall, the perfect overlap
is by employing samples RD-RD (LED-PD).

The second option is by integrating samples BL-GD. Moreover, there is a possibility for coupling is by using
BD-GD. Fig. 5a, b show the potential for coupling at 77 and 300 K when GD-RD are integrated. Fig. 5c shows
the best candidates for the LEDs and PDs to fabricate HT optocouplers (i.e., operating at 500 K). Typically, the
selection is based on the following parameters: (1) the wavelength; (2) maximize the signal to noise ratio (D*);
(3) the forward current of the LEDs low as possible; (4) long-term reliability of the LEDs (degradation of LEDs
due to operating time is acceptable).

Discussions

Based on the results from the bandwidth and responsivity of LEDs, it is observed that not all LEDs can serve as
PDs. Commonly, the most extended emitted wavelength corresponds to approximately the highest responsivity
of the LEDs. This behaviour agrees well with our results with one exception, which is BL. A previous study on
AlGaN MQW PDs shows that the responsivity of PDs increases by increasing the number of wells and thickness
of wells along with decreasing the width of the barriers?. First, as the number of wells increases, the effective
absorption and efficiency increase, consequently increasing the responsivity. Second, when the thickness of wells
increases, the transition energy between the electron and hole decreases resulting in increasing the responsivity.
Third, the number of electron-hole pairs that contribute to photocurrent increases by reducing the thickness of
the barriers. As the width of the barriers reduces, tunnelling through the barriers increases, leading to increase
responsivity. The structures of the LEDs are shown in Fig. 6a. The main difference between samples BL, BD,
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Figure 7. Images of LEDs. (a) Blue for lighting. (b) Blue for display. (c) Green for display. (d) Red for display.

and GD is the pre-quantum layer. The pre-quantum well layer adds more thickness to the active region. Sample
A and C have the same number of wells, but they are different in the widths of the well and barriers as well as
the pre-quantum well layer. The total thicknesses of the barriers are 44 and 30 nm for samples BL and GD, so
the difference is 14 nm. On the other hand, the overall widths of the wells are 167 and 140 nm for samples BL
and GD, so the difference is 27 nm. Therefore, it is expected that the thickness wells have more impact than the
thickness of barriers. As a result, sample BL higher responsivity than sample GD due to the higher thickness in
their wells. Now, the differences between samples BD and GD are QWs number and width of wells. Samples BD
and GD have 9 and 10 QWs, respectively. Also, the thickness well is 12.5 and 14 nm for samples BD and GD,
respectively. Consequently, sample GD has higher responsivity than sample BD. In short, BL has the highest
responsivity among the InGaN/GaN MQW LEDs.

The D* depends on the responsivity and the area of the device. Since BL and RD have the highest responsivity
and largest devices, they have higher D* than BD and GD. Furthermore, samples BD and GD show similar D*
as they have the same device size.

Although the general responsivity of PDs increases as the reverse voltage increase, some PDs show insensitiv-
ity to the reverse voltage depending on the diode type. On the other hand, D* decreases for all PDs by applying
the reverse bias. A high detectivity at zero biased condition suggests a high rate of change of noise than that of
responsivity when the applied bias increases. This behaviour indicates that the detectivity of the MQW structure
is limited to the bias-induced internal noise.

Conclusion

The work demonstrates the possibility of fabricating HT optocouplers with targeting operating temperature of
500 K. Four LEDs are studied based on their emissions and spectral responses. BL, BD, GD, and RD are used in
this article. The LEDs show EL spectra up to 800 K with relatively high EQE. BD and GD show higher EQE and
lower efficiency droop with temperatures as compared with BL and RD. Also, this work proves that LEDs can
function as PDs. In contrast with the LEDs, BL and RD LEDs perform superior PDs than others. The measured
responsivity varies from 0.031 to 0.25 A W at 500 K, depending on the type of LED. The figure of merit, D*,
changes from 1.87 x 10° to 4.07 x 10'° cm Hz!"> W~! at 500 K depending on the device. The EQE in temperature
ranges from 77 to 800 K changes from 5 to 47 %, depending on the PD type. Finally, the wavelength (matching)
overlap between the LEDs and PDs for different temperatures is demonstrated. First, the first possible couplings
(LED-PD) are (RD-RD) and (GD-RD) in temperature ranging 77-300 K. Above 300 K, the potential couplings
are (RD-RD), (BL-GD), (BD-GD). Therefore, (RD-RD) confirms that it can be employed by crossing all tem-
peratures due to the high overlap between its emission and spectral response. In short, the present results indicate
that LEDs can function as LEDs and PDs and use them to fabricate HT optocouplers, which can be substituted
with the bulky transforms in the high-density power modules.

Methods

The InGaN-based and AlGaInP-based multiple quantum wells (MQWSs) LED structures are shown in Fig. 6a,
b, respectively. Figure 6a shows the InGaN/GaN MQW LED structures for BL, BD, and GD LEDs. The room
temperature peak wavelengths for BL, BD, and GD samples are 454, 472, and 523 nm, respectively. Figure 6b
illustrates the Al 4sGay 4sIn, sP/Aly 4Ga, Iny sP MQW LED structure for red for display (RD) with a room tem-
perature peak wavelength of 630 nm. The detailed device structure has been discussed earlier?*->*?¢. The chip
sizes are 800 x 1345 um? for BL LED, 191 x 270 pm? for BD and GD LEDs, and 300 x 300 um? for RD LED. Fig-
ure 7a—d show LED images for blue for lighting and display, green for display, and red for display, respectively.
These LEDs were supplied by HC SemiTek. The optical and electrical studies were conducted with a varied range
of temperatures 77-800 K using a cryostat. The detail of the LEDs and photodiodes measurements and studied

are explained previously?*-2*2,

Scientific Reports |

(2022) 12:2228 | https://doi.org/10.1038/s41598-021-04145-3 nature portfolio



www.nature.com/scientificreports/

Received: 17 August 2021; Accepted: 2 December 2021
Published online: 09 February 2022

References
1. Sang, L. et al. High-temperature ultraviolet detection based on InGaN Schottky photodiodes. Appl. Phys. Lett. 99, 031115 (2011).
2. De Vittorio, M. et al. High temperature characterization of GaN-based photodetectors. Sens. Actuator. A- Phys. 113, 329 (2004).
3. Hornberger, J. et al. Silicon-carbide (Sic) semiconductor power electronics for extreme high-temperature environments. Aerosp.
Conf. Proc. 103, 2538 (2004).
4. Ohadi, M. et al. Thermal Management of Harsh-Environment Electronics, Twentieth Annual IEEE Semiconductor Thermal
Measurement and Management Symposium Proceedings, 231 (2004).
5. Rosero, J. et al. Moving towards a more electric aircraft. Aerosp. Electron. Syst. Mag. 22, 3 (2007).
6. Fan, H. et al. High-frequency transformer isolated bidirectional DC-DC converter modules with high efficiency over wide load
range for 20 kVA solid-state transformer. IEEE Trans. Power Electron 26, 3599 (2001).
7. Calfo, R. et al. Generators for use in electric marine ship propulsion systems. IEEE Power Eng. Soc. Summer Meeting 1, 254 (2002).
8. Gerber, M. et al. High density packaging of the passive components in an automotive DC/DC converter. IEEE Trans. Power Electron
20, 268 (2005).
9. Reatti, A. Low-cost high power-density electronic ballast for automotive HID lamp. IEEE Trans. Power Electron 15, 361 (2000).
10. Ilreike, P. et al. An overview of high-temperature electronic device technologies and potential applications. Compon. Packag.
Technol 17, 594 (1994).
11. Emadi, A. et al. Power electronics and motor drives in electric, hybrid electric, and plug-in hybrid electric vehicles. IEEE Trans.
Power Electron 55, 2237 (2008).
12. Whitaker, B. et al. A high-density, high-efficiency, isolated on-board vehicle battery charger utilizing silicon carbide power devices.
IEEE Trans. Power Electron 29, 2606 (2014).
13. Millan, J. et al. A survey of wide bandgap power semiconductor devices. IEEE Trans. Power Electron 29, 2155 (2014).
14. Neudeck, P. et al. High-temperature electronics—A role for wide bandgap semiconductors. Proc. IEEE 90, 1065 (2002).
15. Ray, B. et al. High temperature operation of a DC-DC power converter utilizing SiC power devices. Appl. Power Elect. Co. 1,315
(2005).
16. Buttay, C. et al. State of the art of high temperature power electronics. Presented at the Microtherm, Lodz, Poland (2009).
17. Lubura, S. et al. Single-phase phase locked loop with DC offset and noise rejection for photovoltaic inverters. IEE Power Electron.
7,2288 (2014).
18. Haghbin, S. et al. Grid-connected integrated battery chargers in vehicle applications: Review and new solution. IEEE Trans. Ind.
Electron 60, 459 (2013).
19. Sabbar, A. et al. Systematic investigation of spontaneous emission quantum efficiency drop up to 800 K for future power electronics
applications. IEEE J. Eme. Sel. Topics Power Electron. 8, 845 (2020).
20. Sabbar, A. et al. High temperature and power dependent photoluminescence analysis on commercial lighting and display LED
materials for future power electronic modules. Sci. Rep. 9, 1 (2019).
21. Sabbar, A. et al. High-temperature spontaneous emission quantum efficiency analysis of different InGaN MQWs. IEEE J. Eme. Sel.
Topics Power Electron. 9, 1555 (2021).
22. Madhusoodhanan, S. et al. High-temperature analysis of GaN based blue LEDs for future power electronic applications. IEEE J.
Eme. Sel. Topics Power Electron 8, 4186 (2020).
23. Madhusoodhanan, S. et al. High-temperature optical characterization of GaN-based light-emitting diodes for future power elec-
tronic modules. Phys. Status Solidi A. 217, 1900792 (2020).
24. Oh, C. et al. Current- and temperature-dependent efficiency droops in InGaN-based blue and AlGaInP-based red light-emitting
diodes. Jpn. J. Appl. Phys. 58, SCCCO08 (2019).
25. Rostami, A. et al. High-responsivity AIGaN-GaN multi-quantum well UV photodetector. Int. J. Numer. Model Electron Netw.
Devices Fields 27, 309 (2014).
26. Madhusoodhanan, S. et al. High-temperature analysis of GaN-based MQW photodetector for optical galvanic isolations in high-
density integrated power modules. IEEE J. Eme. Sel. Topics Power Electron 9, 3877 (2021).
Acknowledgements

The authors acknowledge financial support from the Department of Energy (Grant no. DE-SC0016485). This
research was supported by Army Research Laboratory (ARL) under contract No. W911NF1920231.

Author contributions

Z.C.,8.Y.,, and A.M. conceived and guided the whole project. B.D. and J.W conducted the InGaN/GaN epitaxial
growth. A.S. and S.M. performed and analyzed the EL experiments. A.S., S.M. and H.T. performed the spectral
response experiments and detectivity calculations. All authors discussed the results and commented on the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Z.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2022) 12:2228 | https://doi.org/10.1038/s41598-021-04145-3 nature portfolio


www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |  (2022)12:2228 | https://doi.org/10.1038/s41598-021-04145-3 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Design and optimization of high temperature optocouplers as galvanic isolation
	Results
	LEDs characterizations. 
	PDs characterization. 

	Discussions
	Conclusion
	Methods
	References
	Acknowledgements


