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Major Goals: The primary goal of this project is to develop high-speed nonpolar and semipolar blue and green
light-emitting diodes (LEDs) with applications to underwater optical communication. The blue devices will emit near
430-450 nm and the green devices will emit near 500-520 nm. The devices will be grown on nonpolar (10-10)
substrates and the semipolar devices will be grown on (20-2-1) substrates. The main goal for high speed
performance is to realize bandwidths beyond 1 GHz. The tasks are divided into the following four thrusts.

A. LED design

A.1 Design of LED active regions using simulation and experiment
A.2 Design of geometry and layer thickness for a vertical LED

A.3 Photomask layout for individual LEDs and arrays

B. Epitaxial materials growth

B.1 Optimization of nonpolar (10-10) LED structures

B.2 Optimization of semipolar (20-2-1) LED structures

B.3 Growth of test structures for optimization of series resistance, capacitance, doping, etc.

C. LED fabrication
C.1 Individual vertical LED fabrication
C.2 LED array fabrication

D. LED and materials characterization.

D.1 DC characterization of the LEDs

D.2 RF small-signal characterization of the LEDs
D.3 TRPL lifetime measurements

The completion criteria for each task, the target completion quarter, and the estimated completion percentage for
each task are given below. Most tasks have been 100% completed upon the completion of the three-year program.

A.1 Variety of structures simulated, band diagrams produced, and test structures verified (target = Q6, 100%)

We have completed several design optimizations including single and multiple quantum well designs, new designs
and optimizations (such as barrier thickness and number of QW optimizations), and designs on two different
orientations.
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A.2 Epitaxial layer structures designed, device geometry selected (target = Q2, 100%)
Several LED epitaxial designs were produced and investigated.

A.3 Photomasks drawn, ordered, and received from vendor (target = Q8, 100%)
Two mask design evolutions were developed to resolve issues related to heat-dissipation, RC parasitic
components, etc.

B.1 Nonpolar (10-10) LEDs with 50% EQE, forward voltage below 4V at 20 mA, and wavelength ~450 nm (target =
Q8, 75%) We have established growth capabilities for nonpolar LEDs and are working to improve the EQE and
voltage. Voltage below 4 V at 20 mA was achieved but EQE of more than 50% was not achieved, although output
powers in the range of several mW were ahchieved. However, the high-speed performance of the devices was not
affected by having an EQE lower than 50%, so this task did not limit the scope of the work performed.

B.2 Semipolar (20-2-1) LEDs with 25% EQE, forward voltage below 4V at 20 mA, and wavelength ~520 nm (target
= Q12, 50%) We have established growth capabilities for semipolar LEDs and are working to improve the EQE and
voltage. Our semipolar growth is not as mature as our nonpolar growth at this point but we are going to work on it.
However, we have demonstrated excellent devices on semipolar (20-2-1) in collaboration with UCSB. UNM has
designed, fabricated, and performed PL and RF characterization on UCSB material with excellent results. These
materials have EQEs of more than 25%, but are emitting near 450 nm.

B.3 TLMs fabricated and measured, p-GaN resistivity ~2 ohm-cm, capacitance minimized, effects of doping on
resistance explored (target = Q4, 100%) Many test structures have been produced and measured. We optimized
p-GaN and n-GaN growth conditions. We worked on minimizing the resistance and capacitance and reducing ICP
damage of the epi-layers by optimizing etching conditions in year 3.

C.1 Vertical LEDs fabricated on nonpolar and semipolar substrates (target = Q8, 100%) We proposed to modify the
vertical LED design in the proposal to a co-planar horizontal LED design. This modification is necessitated by the
device geometry required to perform the RF testing using the RF probe station we have available. We have
fabricated various LED designs and optimized fabrication steps in years 2 and 3.

C.2 Vertical LED arrays fabricated on nonpolar and semipolar substrates (target = Q8, 75%)

In this year, we did the first demonstration of LED arrays and tested electrically for both series and parallel designs.
Arrays of LEDs were produced on both nonpolar and semipolar substrates. However, the individual LED pixels
were not yet electrically connected at the conclusion of year 3.

D.1 LOP, IV, EQE, wavelength, hot/cold factor, etc. measured (target = Q12, 100%)
These measurements have been performed for various LED designs in years 1 and 2 and 3.

D.2 RF modulation bandwidth measured for a variety of device designs and operating conditions (target = Q12,
100%) Not only have we performed various RF small-signal testing of semipolar and nonpolar devices and
published several journal papers, but also we developed a small-signal circuit model to account for various
recombination and injection processes within the LED active regions using the RF setup. Using such models we
can design and implement devices with faster modulation response and higher efficiency. We also built a pulsed
RF set up to decouple effects of heating on LED performance. The pulsed RF set up was used to decouple the
effects of heating and injection from the LEDs. We identified the origins of efficiency and thermal droop in some of
our LED using the pulsed RF set up.

D.3 Carrier lifetime extracted on bare material for nonpolar and semipolar and correlated to bandwidth
measurements (target = Q12, 100%) We have performed TRPL on semipolar and nonpolar LEDs and compared
the lifetimes (actual lifetime or ?_n) with those obtained from bandwidth measurements (differential lifetime or ?_7?
n). We also discussed the differences between the measured lifetimes using optical and electrical techniques and
their physical significance. Extensive electrically injected lifetime measurements were performed and correlated
with the TRPL results.

Accomplishments: The detailed technical accomplishments for the project are given in the 52-page pdf document
included under the Upload Report Attachment option. In this section, these accomplishments are briefly
summarized due to space constraints.

Key accomplishment highlights include:



RPPR Final Report
as of 18-Mar-2019

1. We presented a world record modulation bandwidth of 1.3 to 1.5 GHz at low current densities (200-500 A/cm2).
Previously, the highest reported modulation bandwidths related to c-plane LEDs were up to a GHz at 5-10 kA/cm2.

2. For the first time, we performed a comparison of bandwidth vs. current density for nonpolar, semipolar and
polar orientations. The study revealed that due to lack of QCSE in nonpolar, we can obtain GHz bandwidth at very
low current densities (~ 100 A/cm2) where efficiency droop, thermal droop, and power consumption is minimized
which results in a higher BEFOM for nonpolar LEDs.

3. Arate-equation-based modeling to account for carrier dynamics in InGaN/GaN LEDs under electrical injection
was developed throughout the project. We were able to obtain various recombination and escape rates by
simultaneous fitting of RF data (impedance and S21).

4. We developed the first pulsed-RF measurement setup to study carrier dynamics under isothermal condition.

5. We evaluated the recombination coefficients of semipolar InGaN/GaN LEDs using a differential lifetime
analysis based on our RF measurement tool. The study revealed that low auger coefficient (C) is responsible for
the observed lower droop in the semipolar LED compared to c-plane LED.

6. A systematic evaluation of recombination rates using our developed rate-equation based modeling under
isothermal condition revealed the cause of efficiency and thermal droop in InGaN/GaN LEDs which had been
subject of debate in the past decades. We were also able to determine the injection efficiency and corresponding
radiative efficiency of InGaN/GaN LEDs using our rate-equation based modeling. Our findings excluded the
injection efficiency as the primary cause of efficiency droop.

7. We explored the trade-off between modulation bandwidth and efficiency of InGaN/GaN LEDs for the first time.
We suggested a figure of merit that accounts for both bandwidth and efficiency (BEFOM as described in section 4)
for dual illumination and communication applications. Our study develops a platform to understand various
mechanisms responsible for bandwidth/efficiency limitations at different current density ranges which allows for co-
optimization of bandwidth and efficiency in InGaN/LEDs for VLC.

8. One student (Dr. Arman Rashidi) received his Ph.D. working entirely on this funded DOD project.

9. We published eight journal articles, with one more under review, and a comprehensive review of the field under
preparation for Laser and Photonics Reviews. We also gave more than 11 conference presentations, with six of
these as invited talks. Dr. Rashidi also gave a TED talk on the project.

Training Opportunities: There were several training activities that were performed during the project. Two of the
graduate students working on this project (Mr. Andrew Aragon and Mr. Arman Rashidi) were involved in mentoring
an undergraduate student (Ms. Olivia Johnson) in activities related to the project, including device testing, growth,
and fabrication. Ms. Johnson has worked on the project for the full second year and has graduated from UNM and
is now working in the commercial sector at the Palo Verde Nuclear Generating Station. While at UNM, she
attended weekly group meetings discussing the project and received one-on-one mentoring from the Pl and the
graduate students working on the project. The Pl is also involved in directly training the graduate students on
design, growth, fabrication, and characterization techniques. Moreover, the graduate students both participate in
weekly group meetings to discuss the project and perform their own individual study throughout the week. One of
the graduate students (Mr. Arman Rashidi) has presented his work related to this project at four conferences. The
postdoctoral researcher assisting with this project gave three conference presentations. The Pl gave six invited
talks on the work from this project. The Pl also presented at the llluminating Engineering Society monthly meeting
in Albuquerque, where results were disseminated to a public audience of about 50 people.

Finally, Dr. Arman Rashidi received his Ph.D performing work on this project. Dr. Rashidi graduated with distinction
from the University of New Mexico in the Optical Science and Engineering program. Dr. Rashidi also gave a
Technology, Entertainment, and Design talk on visible light communication where he referenced the work from this
project. Dr. Rashidi also received the "Best Student Presentation" award at the 2018 Lester Eastman Conference.
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Results Dissemination: We have several papers published in high impact journals based on the work from this
project. Each paper acknowledges support form W911NF1510428. We have also published the results at more
than 11 conferences. The list of journal, conference, and other publications is given below:

Journals:

1. A. Rashidi, M. Monavarian, A. Aragon, S. Okur, M. Nami, A. Rishinaramangalam, S. Mishkat-Ul-Masabih, D.
Feezell, “High-Speed Nonpolar InGaN/GaN LEDs for Visible-Light Communication”, IEEE Photonics Technology
Letters, Vol. 29, No. 4 (2017).

2. S. Okur, M. Nami, A. Rishinaramangalam, S. H. Oh, S. P. DenBaars, S. Liu, |. Brener, and D. Feezell, “Internal
quantum efficiency and carrier dynamics in semipolar (20-2-1) InGaN/GaN light-emitting diodes”, Optics Express
25,2178 (2017).

3. M. Monavarian, A. Rashidi, A. Aragon, S. H. Oh, M. Nami, S. P. DenBaars, D. Feezell, “Explanation of low
efficiency droop in semipolar (20-2-1 ) InGaN/GaN LEDs through evaluation of carrier recombination coefficients”,
Optics Express 25, 19343 (2017).

4. A. Rashidi, M. Nami, M. Monavarian, A. Aragon, K. DaVico, F. Ayoub, S. Mishkat-Ul-Masabih, A.
Rishinaramangalam, D. Feezell, “Differential carrier lifetime and transport effects in electrically injected IlInitride
light-emitting diodes”, Journal of Applied Physics 122, 035706 (2017).

5. M. Monavarian, A. Aragon, A. Rashidi, A. Rishinaramangalam, and D. Feezell, “Impact of Crystal Orientation on
Modulation Bandwidth of InGaN/GaN Light-Emitting Diodes,” Applied Physics Letters, vol. 112, pp. 041104(1-4),
Jan. 2018. doi: 10.1063/1.5019730

6. A. Rashidi, M. Monavarian, A. Aragon, A. Rishinaramangalam, and D. Feezell, “Nonpolar m-Plane InGaN/GaN
Micro-Scale Light-Emitting Diode with 1.5 GHz Modulation Bandwidth,” Electron Device Letters, vol. 39, pp. 520 —
523, Mar. 2018. doi: 10.1109/LED.2018.2803082

7. M. Monavarian, A. Rashidi, A. Aragon, M. Nami, S. H. Oh, S. P. DenBaars, and D. Feezell, “Trade-Off Between
Bandwidth and Efficiency in Semipolar (202 ?1 ?) InGaN/GaN Single- and Multiple-Quantum-Well Light-Emitting
Diodes,” Applied Physics Letters, vol. 112, pp. 191102, May 2018. doi: 10.1063/1.5032115

8. A. Rashidi, M. Monavarian, A. Aragon, M. Nami, A. Rishinaramangalam, and D. Feezell, “Exclusion of Injection
Efficiency as the Primary Cause of Efficiency Droop in Semipolar (202 ?1 ?) InGaN/GaN Light-Emitting Diodes,”
Applied Physics Letters, vol. 113, pp. 031101, July 2018. doi: 10.1063/1.5036761

Invited Conference Presentations:
1. D. Feezell, “High-Speed GaN-Based Optoelectronics,” 77th Device Research Conference (DRC), Ann Arbor, Ml,
June 2019.

2. D. Feezell, “Novel measurements and models for understanding the efficacy versus luminance trade-off,” DOE
Solid-State Lighting R&D Workshop, Dallas, TX, Jan. 2019. (Invited Panel Speaker)

3. D. Feezell, M. Monavarian, A. Rashidi, M. Nami, and A. Aragon, “High-Speed GaN-Based Micro-Scale Light-
Emitting Diodes for Visible-Light Communication,” 234th Meeting of the Electrochemical Society (ECS) — Americas
International Meeting on Electrochemistry and Solid-State Science, Cancun, Mexico, Oct. 2018.

4. D. Feezell, M. Monavarian, A. Rashidi, M. Nami, and A. Aragon, “High-Speed GaN-Based Micro-Scale Light-
Emitting Diodes for Visible-Light Communication,” SPIE Optics + Photonics Conference, Proc. SPIE, 1075407, San
Diego, CA, Sep. 2018. Doi: 10.1117/12.2323266

5. D. Feezell, A. Rashidi, M. Monavarian, M. Nami, and A. Aragon, “High-Speed Nonpolar and Semipolar Light-
Emitting Diodes for Visible Light Communication,” Lester Eastman Conference, Columbus, OH, Aug. 2018.

6. D. Feezell, A. Rashidi, M. Monavarian, and A. Aragon, “High-Speed Nonpolar and Semipolar Light-Emitting
Diodes for Visible Light Communication,” International Symposium on Advanced Plasma Science and its
Applications for Nitrides and Nanomaterials (ISPlasma), Nagoya, Japan, March 2018.
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Contributed Conference Presentations:

1. A. Rashidi, M. Monavarian, A. Aragon, A. Rishinaramangalam, D. Feezell, “GHz-bandwidth nonpolar InGaN/GaN
micro-LED operating at low current density for visible-light communication,” IEEE International Semiconductor
Laser Conference, Santa Fe, NM, Sep. 2018.

2. A. Rashidi, M. Monavarian, A. Aragon, D. Feezell, “Exclusion of injection efficiency as the primary cause of
efficiency droop in InGaN/GaN light-emitting diodes,” Lester Eastman Conference, Columbus, OH, Aug. 2018.
(winner of Best Student Presentation)

3. A. Rashidi, M. Monavarian, A. Aragon, A. Rishinaramangalam, and D. Feezell, “Carrier Dynamics in High-Speed
I1I-Nitride Light-Emitting Diodes for Visible-Light Communication,” Electronic Materials Conference, Santa Barbara,
CA, June 2018.

4. M. Monavarian, A. Rashidi, A. Aragon, A. Rishinaramangalam, S. H. Oh, S. DenBaars, and D. Feezell,

“Orientation-dependent modulation response of high-speed InGaN/GaN blue light-emitting diodes for visible-light
communication,” Compound Semiconductor Week, Boston, MA, June 2018.

5. A. Rashidi, M. Monavarian, A. Aragon, S. Okur, M. Nami, A. Rishinaramangalam, S. Mishkat-Ul-Masabih, D.
Feezell, “High-Speed Nonpolar InGaN/GaN LEDs for Visible-Light Communication,” 2017 Conference on Lasers
and Electro-Optics (CLEO), San Jose, CA, May 2017.

Other presentations related to the project:
1. D. Feezell, “High-Speed Micro-Scale Light-Emitting Diodes for Visible-Light Communication,” University of Utah,
Salt Lake City, UT, Feb. 2019.

2. D. Feezell, “Novel measurements and models for understanding the efficacy versus luminance trade-off,” DOE
Solid-State Lighting R&D Workshop, Dallas, TX, Jan. 2019. (Invited Panel Speaker)

3. D. Feezell, “High-Speed Micro-Scale Light-Emitting Diodes for Visible-Light Communication,” llluminating
Engineering Society, Albuquerque Chapter, Jan. 2018.

4. Dr. Arman Rashidi gave a TED talk
Honors and Awards: 1. Dr. Arman Rashidi won the Best Student Presentation award at the 2018 Lester
Eastman conference for his talk “Exclusion of injection efficiency as the primary cause of efficiency droop in

InGaN/GaN light-emitting diodes.”

2. Dr. Arman Rashidi graduated with distinction for his Ph.D. dissertation titled, "Carrier Dynamics in High-Speed
II-Nitride Light-Emitting Diodes for Visible-Light Communication"

3. Our paper “Explanation of low efficiency droop in semipolar (20-2-1 ) InGaN/GaN LEDs through evaluation of
carrier recombination coefficients”, Optics Express 25, 19343 (2017) received Editors Pick in Optics Express.

4 Our paper “Impact of crystal orientation on the modulation bandwidth of InGaN/GaN light-emitting diodes” was a
Top 20 Most Cited Papers in Applied Physics Letters in 2018.

5. Our paper “Impact of crystal orientation on the modulation bandwidth of InGaN/GaN light-emitting diodes” was
featured in Semiconductor Today magazine.

Protocol Activity Status:
Technology Transfer: Nothing to Report
PARTICIPANTS:

Participant Type: PD/PI
Participant: Daniel Feezell
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High-Speed Blue and Green Light-Emitting Diodes

Using Polarization-Free GaN

Final Report

Proposal Number: 67348-EL-REP
Agreement Number: W911NF1510428

Reporting Period: 8/31/17 — 7/31/18
Pl. Daniel Feezell

Center for High Technology Materials (CHTM), The University of New Mexico,
Albuquerque, NM 87106, USA

1. Introduction

High-speed InGaN/GaN light-emitting diodes (LEDs) have recently been of great interest for
applications in visible-light communication (VLC), short-range underwater wireless optical
communication (UWOC), and plastic optical fiber (POF) communication.* Although diode lasers
can achieve higher modulation bandwidths than LEDs, LEDs remain of interest for
communications due to their low cost, low power consumption, and compatibility with current
solid state lighting systems®*. Development of high-speed InGaN/GaN LEDs on c-plane GaN on
sapphire has progressed from tens of MHz to more than 800 MHz over a period of more than ten
years*’. These advancements have been enabled by improvements in active region design,
device architecture, and thermal management. One challenge limiting further improvement of the
modulation bandwidth in c-plane LEDs is the presence of polarization-related electric fields,
which separate the electron and hole wave functions in the active region® and increase the carrier

lifetime®.



Semipolar and nonpolar choices of substrate orientations could be of greater interests due

to faster recombination lifetimes'®**

which could result in faster operation speed and thus larger
modulation bandwidths. In addition, lattice-matched free-standing GaN substrates should
provide superior heat dissipation and result in devices with lower threading dislocation densities
compared to conventional sapphire substrates, allowing for operation at higher current densities
where the modulation bandwidth can be maximized®. Thus, investigation of InGaN/GaN LEDs
on free-standing nonpolar and semipolar GaN substrates is attractive for potentially improving
high-speed operation ****,

In this project we intend to develop and evaluate the performance of high-speed LEDs on
high-quality nonpolar (1010) and semipolar (2021) free-standing GaN substrates. In the
previous report period, a systematic development of fast devices from mask layout design to
fabrication and characterization of the devices were presented. Also, we developed an
understanding of the underlying physics and recombination dynamics of high-speed LEDs (both
optically and electrically-injected processes) which allows us to further design and implement
more optimized structures for fast and efficient operations. In this report period, we demonstrate
a significant improvement in the modulation bandwidth (up to a record 1.5 GHz) at low current
densities using nonpolar LEDs. The low operation current density for GHz-class LEDs using
nonpolar LEDs are crucial since it also minimizes the effect of efficiency droop and power
consumption. In addition, we present a trade-off between modulation bandwidth and efficiency
of LEDs required for dual illumination and communication applications. Furthermore, we
demonstrate that using the carrier dynamics modelling we developed throughout the project, we
were able to determine various parameters of LEDs, including injection efficiency, radiative
efficiency, and their temperature dependence in actual operating conditions. Our understanding
of nonpolar and semipolar high-speed LEDs can be used to further optimize designs for fast and

efficient operation.

The content of the report is organized as follows. Section 2 presents an orientation
dependence modulation response of InGaN/GaN LEDs. In section 3, our record modulation
bandwidth of LEDs at low current densities using nonpolar LEDs will be presented. A discussion
of the trade-off between bandwidth and efficiency for InGaN/GaN LEDs grown on a semipolar

orientation will be discussed in section 4. Determination and evaluation of injection efficiency,
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radiative efficiency, and the temperature-dependent recombination rates will be discussed in
sections 5. The summary of achievements in the project will be presented in section 6, followed

by future works in section 7.

2. Orientation-dependent frequency response of
InGaN/GaN LEDs

High current densities (5-10 kA/cm?) are typically needed to reduce the carrier lifetime and
achieve a high modulation bandwidth with c-plane InGaN/GaN LEDs. However, high operating
current densities are detrimental because of the resulting efficiency droop.”>*" Thus, methods to
reduce the current density for a given modulation bandwidth are of substantial interest since

higher quantum efficiency could be achieved for a given bandwidth.

LEDs on nonpolar and semipolar orientations are potential candidates for achieving higher
bandwidth at lower current density due to their larger electron-hole wavefunction overlaps and
shorter carrier lifetimes.'®***®2! |n addition, particular semipolar orientations (e.g., semipolar
(2021)) show very little efficiency droop, which was previously explained by a higher ratio of
radiative to Auger recombination coefficients.”” Nevertheless, there are no studies comparing the
modulation responses for polar, nonpolar, and semipolar LEDs. Such studies would provide
valuable information about which orientations are best suited to maximize speed at reasonably
low current densities. In this work, the bandwidth vs. current density (J) characteristics for polar
(0001), semipolar (2021), and nonpolar (1010) LEDs are experimentally compared for devices
with a circular diameter of 60 um. Clear trends are observed in the slopes (df;45/dJ) and y-
intercepts of the modulation bandwidth vs. current density curves for the three orientations. The
nonpolar and semipolar LEDs exhibit higher bandwidths at lower current densities, but lower
(dfs45/dJ) slopes at high current densities (where screening starts to occur), compared to the
polar (0001) LEDs. The crystal schematics of the polar, semipolar, and nonpolar planes

investigated in this study are shown in Fig. 2.1(a).

To show the trends in bandwidth vs. J as a function of orientation, we measured the
modulation bandwidth as a function of current density for polar, semipolar, and nonpolar micro-
LEDs. The InGaN/GaN LED samples each consist of three quantum wells with nominal

thicknesses of 4 nm, 4 nm, and 6 nm for the polar, semipolar, and nonpolar structures,



respectively. The quantum well thicknesses were selected based on achieving the highest optical
output power for each orientation with emission in the blue region (~450 nm). The semipolar
and nonpolar structures were grown on freestanding GaN substrates from Mitsubishi Chemical
Corporation (MCC) and the c-plane structure was grown on sapphire. Micro-LEDs having
circular mesas with diameters of 60 um were fabricated. Indium-tin oxide (ITO) was used as a p-
contact, while Ti/Al/Ni/Au and Cr/Au were used as n-contacts and contact pads, respectively.
The LEDs were designed with ground-signal-ground RF electrodes. Micro-LEDs were used to
minimize the effects of the parasitic RC time constant on the evaluated modulation
bandwidths.”*?*# More detailed descriptions of the growth and fabrication processes can be

found elsewhere.**?°

The modulation responses of the LEDs were then evaluated using a micro-RF ground-signal-
ground probe (ACP40-GSG-150, Cascade Microtech, Inc.) and network analyzer (NA) (Agilent
PNA-X N5247A). The devices were biased with a DC voltage combined with a small-signal
voltage (100 mV) and the emitted light was coupled to an optical fiber, which was connected to a
high-speed photodetector (DET025AFC, ThorLabs, Inc.). The electrical signal was then
amplified using a low-noise amplifier (LNA) (PE15A1009, Pasternack Enterprises) and received
by the network analyzer. The frequency responses of the RF cables, bias tee, and low-noise
amplifier were removed by calibration to reveal only the frequency response of the device. The
frequency response of the optical signal was then evaluated for the 3dB modulation bandwidth
(f3a5). More details of the RF setup and measurements are described in Refs. 202224,

Fig. 2.1(b) shows a comparison of the normalized S,; power for LEDs with polar, semipolar,
and nonpolar orientation at an injected current density of 1 kA/cm?. The nonpolar device exhibits
the fastest frequency response, followed by the semipolar device, followed by the polar device.
The extracted 3dB modulation bandwidths at 1 kA/cm?are 1050 MHz, 325 MHz, and 125 MHz
for the nonpolar, semipolar, and polar LEDs, respectively. To better illustrate the comparison
between the different orientations, Fig. 2.2 (a) shows the 3dB modulation bandwidth as a
function of current density for the three orientations. Clear trends in the behavior of bandwidth
vs. | are observed for the current density regime studied. The nonpolar LEDs have the highest

bandwidth, followed by semipolar, followed by polar (f3a5 (J)nonpotar > f3as ) semipotar >

fzas (D poiar)- The nonpolar LED shows a modulation bandwidth of ~1 GHz at low current
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density of 500 A/cm?. The major differences in bandwidth can be explained by the differences in
the wavefunction overlap between the three orientations. For example, the square of the average
wavefunction overlap in the nonpolar quantum wells is in the range of 3-8X higher than that of
the c-plane quantum wells, depending on the current density.”* Since both radiative and non-
radiative recombination rates are known to scale with the square of the wavefunction overlap,?>?°
the speed is linked with the overlap through the carrier lifetime. As the current density increases,
the coulomb screening effect®’ leads to a more significant change of band-bending in the polar
LED, and the bandwidth increases at a faster rate with current density (note the larger slope of
bandwidth vs. J above 500 A/cm? for the polar LED compared to the semipolar and nonpolar
LEDs). Fig. 2.2 (b) shows the optical output power of the LEDs vs. current density as measured
on-wafer into a photodetector. The output power of the semipolar device is more than two times
that of the nonpolar device, whereas the output power of the polar device is slightly higher than
the nonpolar device. We note that the bandwidth trends do not correlate one-to-one with the

output power trends, suggesting a stronger effect from orientation than output power on speed.
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FIG. 2.1. (Color Online) (a) Schematic illustration of the crystallographic planes under study and (b) normalized S,;
response of LEDs with polar (green squares), semipolar (blue circles), and nonpolar (black triangles) orientation
with the same device geometry operating at 1 kA/cm?. The inset of (b) shows an operating device probed using a
GSG RF probe.
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FIG. 2.2. (Color Online) (a) Bandwidth and (b) optical output power vs. current density for devices with polar
(green squares), semipolar (blue circles), and nonpolar (black triangles) orientation. The dashed lines are guides to
the eye.

After measuring the 3dB modulation bandwidths (f;45) as a function of current density for
the three orientations (Fig 2.2 (a)), the differential carrier lifetimes (DLT) were obtained (Fig.
2.3(a)) for the given range of current densities using 7, = 1/(2mf345), Where t,, is the DLT.
We then calculated the corresponding injected carrier density for a given current density for each

device, similar to the approach described in Refs. 22282

n = 13,dG 2.1)

where n is the carrier density, and G is the generation rate, which is calculated from the

current density (J), electron charge (e), and active region thickness (d) using G =J/(e X d).



The lower limit of the integral corresponds to a generation rate of zero, while the measurable
minimum for the carrier lifetime corresponds to a non-zero generation rate, as previously
discussed.®® Extrapolating the data in Fig 2.3(a) to obtain the y-intercept, we extract the
approximate Shockley-Read-Hall lifetimes (zsgzy) for the three orientations at zero generation
rate. The resulting SRH lifetime for nonpolar (0.4 ns) is shorter than that of semipolar (2.0 ns)
and polar (4.0 ns). With the lower-limit lifetimes obtained, the carrier density is calculated.
Figure 2.3(b) shows that the calculated carrier density is always lower in the case of nonpolar for
a given current density, followed by semipolar, followed by polar (n(J)poiar > n(J)semipotar >
(D nonpotar)- This trend is explained by the higher recombination rates in nonpolar and
semipolar, which relates back to the larger electron-hole wavefunction overlaps in nonpolar and
semipolar.** A similar reduction in the recombination lifetime has also been achieved using
external strain to increase the wavefunction overlap.®® At high current densities, the DLT for the
polar device decreases at a faster rate compared to the nonpolar and semipolar orientations due to
coulomb screening of the polarization field. Hence, at very large current densities, the DLT of
the polar device may potentially approach those of the nonpolar and semipolar devices. Indeed,
c-plane LEDs have shown bandwidths near 1 GHz (t,,~0.16 ns) above ~5 kA/cm? (see Fig.
2.4). Table I compares the bandwidth, DLT, and carrier density for the different orientations at a

current density of 1 kA/cm?.
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FIG. 2.3. (Color Online) (a) Differential carrier lifetime as a function of current density and (b) calculated log (n)
vs. log (J) for LEDs with polar (green squares), semipolar (blue circles), and nonpolar (black triangles) orientation.

TABLE |. Comparison of bandwidth (BW), DLT, and carrier concentration at 1 kA/cm? for various orientations.

Orientation BW (MHz) / DLT (ns) Carrier Conc. (cm”)
Nonpolar 1047/0.15 6.76x10"
Semipolar 325/0.49 3.80x10*

Polar 123/1.26 1.23x10"

Fig. 2.4 compares the bandwidth vs. J trends for the LEDs from this study with several of the
highest bandwidth c-plane LEDs, and semipolar (1122) LEDs with 50 pm diameter,*** that

were previously reported. The bandwidth of the c-plane LED from this study is in excellent



alignment with the trends from previous studies, suggesting an intrinsic bandwidth limitation for
c-plane LEDs (particularly at low current densities) regardless of the material structure and
device design (e.g., standard vs. flip-chip). Conversely, the bandwidth of the nonpolar LED is
significantly higher than those of the c-plane LEDs at low current densities where LEDs are
more likely to operate efficiently due to reduced efficiency droop. Similar trends hold for the
semipolar LEDs, although to a somewhat lesser degree. Thus, LEDs fabricated on nonpolar and
semipolar orientations are attractive for achieving higher bandwidths at lower operating currents,
which is advantageous for maximizing efficiency, reducing power dissipation, and mitigating

issues with thermal management.
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FIG. 2.4. (Color Online) Bandwidth vs. current density for the nonpolar LED (open black triangles), semipolar LED
(open blue circles), and polar c-plane LED (open green squares) compared to other reported polar c-plane LEDs on
sapphire or with a flip-chip design and compared to semipolar (1122) LEDs. c-plane data from Refs. 6,7,33-35 and
semipolar (1122) data from Refs. 31,32.

In summary, the modulation bandwidth characteristics of polar (0001), semipolar (2021),
and nonpolar (1010) InGaN/GaN LEDs were studied. The bandwidth of the nonpolar LEDs was
the highest, followed by semipolar, followed by polar. This trend is consistent with the shorter
carrier lifetimes expected in nonpolar and semipolar active regions due to the larger
wavefunction overlaps. A 3dB modulation bandwidth ~1 GHz was obtained at a low current
density of 500 A/cm? for the nonpolar LED, whereas the semipolar LED showed 260 MHz, and
the c-plane LED showed 75 MHz. At large current densities, the bandwidth of the polar LED
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may eventually approach that of the nonpolar and semipolar LEDs due to the coulomb screening
effect. A comparison of the c-plane results from this study with c-plane results from other studies
reveals an intrinsic limitation in the bandwidth of c-plane LEDs, particularly at low current
densities. This trend is again explained in terms of the wavefunction overlap. The results show
that nonpolar and semipolar LEDs exhibit larger modulation bandwidths at the relatively low
current densities needed for LED operation where efficiency remains higher and power

dissipation is lower. Such devices may be attractive as light sources in future VLC systems.

3. Nonpolar LED with record high 1.5 GHz bandwidth
operating at low current densities

Last year, we reported a -3dB modulation bandwidth of 524 MHz from a nonpolar m-plane
micro-LED with diameter of 60 um. Initially in this project we were not able to exclude the
effect of loss of the cables and electrical components in the RF setup from the measurements.
This is due to the nature of the measurements where there are two signal conversions, first
electrical-to-optical signal conversion by LED and second optical-to-electrical signal conversion
by photodetector. Because of this the network analyzer (NA) is not able to perform a two-port
calibration including the cables and electronic devices. This year we have adapted a technique
where we remove the optical devices from the RF link and connect both ends of the link. We use
a feature in the NA called Response to measure the loss in the link, save it, and subtract it from
the subsequent measurements. More details of this procedure are presented in the following
sections. Doing so, we were able to exclude the effect of the cables from the measurements and
measured a record -3dB modulation bandwidth of 1.5 GHz at a current density of 1 kA/cm? for
an 80-um-diameter device on the nonpolar m-plane micro-LED sample. This is the highest
bandwidth reported for any GaN-based LED to date. Moreover, the nonpolar micro-scale LED
achieves a modulation bandwidth of 1.35 GHz at a current density of only 250 A/cm?, which is
attractive for minimizing power dissipation and efficiency droop. Using the full rate-equation
model considering transport effects and carrier leakage which we developed last year, the
differential carrier lifetime (DLT) at 1 kA/cm? is found to be 200 ps. The excellent high-speed
performance is attributed to the large electron-hole wavefunction overlap and short carrier
lifetime enabled by nonpolar quantum wells.
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The LEDs were grown on a nonpolar (1010) free-standing GaN substrate by metal organic
chemical vapor deposition (MOCVD). The active region consists of three pairs of undoped
InGaN (6 nm)/GaN (15 nm) quantum wells/barriers. The micro-LED consists of a circular mesa
with a diameter of 80 um, a transparent ITO p-contact, and RF electrodes, as shown in Figure 3.1
(a). The details of the growth and fabrication are reported in the report of year two. Figure 3.1 (b)
shows the light-current density-voltage (L-J-V) characteristics of the device. A light output
power >1.2 mW was collected on-wafer from the backside of the device at current density of 1
kA/cm?. The peak wavelength vs. current density for this device ranges from 454 to 468 nm, as
shown in Figure 3.1 (c). The inset of Figure 3.1 (c) shows the electroluminescence (EL) spectra

of the LED at different current densities.
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Figure 3.1 (a) High-speed nonpolar InGaN/GaN micro-LED. Layers not drawn to scale. (b) L-J-V
characteristics of the high-speed LED. (c) Peak wavelength vs. current density. Inset: EL spectra at different current
densities.

In our previous work (reported last year), the frequency responses of the RF cables, bias tee,
and LNA were not calibrated out of the measurements. As a result, the speed of the previously
reported LEDs was significantly limited by the bandwidth of the measurement system, which is
~650 MHz. In the present measurements, we removed the frequency response of all RF elements
in the system, with the exception of the PD (1.7 GHz bandwidth) and the RF micro-probe (50
GHz bandwidth). To calibrate the RF link (cables, bias tee, LNA) using the NA, both ports of the
link in Figure 3.2 (a) must be connected. Therefore, the PD, optical fiber, and RF probe were
removed from the link during calibration to enable the connection of both ends. The NA
calibration procedure measures the S;; of the RF link (cables, bias tee, and LNA), which is
labeled as “RF link response” in Figure 3.1 (b), and automatically subtracts it from the LED

frequency response. The response of the RF micro-probe is assumed to be flat over the frequency
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range of interest. The response of the PD was measured using a high-speed laser (see Figure 3.1
(c)), but it is not subtracted in the calibration. Subtraction of the PD response would only further
increase the measured LED bandwidth. To further clarify the effect of the link response on
modulation bandwidth, the LED was biased at 1 kA/cm? and the frequency responses of the full
link including the LED, RF probe, and PD were measured before and after applying the
calibration and are shown as “LED without calibration” and “LED with calibration” in Figure
3.1 (b), respectively. Figure 3.1 (b) shows that the electrical -3dB bandwidth of the LED is
limited by the RF link before the calibration. By calibrating out the RF link, the electrical -3dB
bandwidth of the LED increases from ~650 MHz to ~1.5 GHz. The improved calibration

techniques here give a more accurate measure of the inherent LED response.
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Figure 3.1 (a) The RF setup for measuring the frequency response of the LED. Top right: the device under
RF GSG micro-probe. (b) Effect of calibration of the RF link on the frequency response of the LED. The response
of the RF link is measured and plotted separately to show its effect on the modulation bandwidth of the LED. The
responses of the full link, including the LED, measured before and after applying the calibration are also shown. (c)
Frequency response of the nonpolar InGaN/GaN micro-LED at various current densities. The frequency response of
the detector is also shown.

The normalized frequency response and electrical -3dB bandwidth of the LED vs. current
density are shown in Figure 3.1 (c) and 3.3 (a), respectively. The electrical -3dB bandwidth of
the LED varies from 601 MHz to 1.485 GHz at current densities ranging from 20 to 1000 A/cm?.
To best of our knowledge, this is the highest reported electrical -3dB bandwidth for an
InGaN/GaN LED. Moreover, the LED achieves an electrical -3dB bandwidth of 1.35 GHz at a
current density of only 250 A/cm?. The large modulation bandwidth at low current density is
enabled by the absence of internal electric fields. GaAs-based LEDs (which also lack internal
electric fields) previously reached 1.7 GHz at ~250 A/cm? *. The PD frequency response is also

included in Figure 3.1 (c) and was measured using a high-speed 450 nm InGaN/GaN laser biased
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well above threshold. The PD response shows that the rapid high-frequency roll-over and the dip
around 1 GHz in the LED’s frequency response are artifacts from the PD response. The PD roll-
over is partially responsible for the saturation of the LED electrical -3dB bandwidth in Figure 3.2
(). The small rise in the frequency response of the LED below 100 MHz (Figure 3.1 (c)) is
presumably a resonance behavior caused by small reflections of the RF signal. This behavior has

been previously observed in both polar and semipolar InGaN/GaN micro-LEDs 3",
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Figure 3.2 (a) Electrical -3dB bandwidth vs. current density for the LED. (b) Simultaneous fitting of
impedance and frequency response of the small-signal circuit of [21] to the measured impedance and frequency
response of the LED at a current density of 1 kA/cm?. (c) Extracted DLT and RC time constant vs. current density.

To extract the DLT, our rate equation approach which we reported last year was used to
derive the small-signal equivalent electrical circuit of the LED and simultaneously fit the
impedance and frequency response of the circuit to the measured impedance and frequency
responses of the LED “2. Figure 3.2 (b) shows an example of the fitting for LED data at a current
density of 1 kA/cm?. Carrier transport in the cladding layers, recombination in the quantum
wells, and escape from the quantum wells were considered in the model. Figure 3.2 (c) shows the
extracted DLT (7,..), and RC time constant (7g.) at various current densities. The DLT and RC
time constant range from 8 ns to 200 ps and 25 to 50 ps at current densities of 20 to 1000 A/cm?,
respectively. Although the RC time constant is negligible compared to the DLT at low current
densities, they approach the same order of magnitude at higher current densities, resulting in a
contribution from RC effects to the saturation of the electrical -3dB bandwidth in Figure 3.2 (a).
The DLTSs reported here for the nonpolar LED are smaller than those of c-plane LEDs operating

at similar current densities .
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In summary, we have demonstrated a nonpolar m-plane InGaN/GaN micro-scale LED with
an electrical -3dB modulation bandwidth of 1.5 GHz at a current density of 1 kA/cm?. The LED
also exhibits an electrical -3dB bandwidth of 1.35 GHz at a current density of only 250 A/cm?.
The DLT was extracted at various current densities using a rate equation approach considering
transport effects and carrier escape from the quantum wells. A DLT as short as 200 ps was
obtained at a current density of 1 kA/cm? The high-speed and short DLT are attributed to the
large electron-hole wavefunction overlap in polarization-free nonpolar InGaN/GaN quantum
wells. The GHz bandwidth at low current densities pave the way for realization of multi Gb/s

and low power VLC networks.

4. Trade-off between bandwidth and efficiency

As discussed, high-speed InGaN/GaN light-emitting diodes (LEDs) are of interest for visible-
light communication (VLC) in emerging light-fidelity (Li-Fi) networks."® However, large
modulation bandwidths are typically obtained at high current densities (10 to 15 kA/cm?) where
the internal quantum efficiency (IQE) is significantly degraded by efficiency droop. Intentional
impurities have also induced a faster frequency response in GaAs-based LEDs due to the higher
non-radiative recombination rate caused by the impurities.*® Although increasing the non-
radiative recombination may enhance the frequency response, the trade-off is lower IQE. Thus, it
is critical to consider the IQE alongside the modulation characteristics to ensure both fast and
efficient devices as required by lighting systems using VLC. Nevertheless, the majority of
existing studies do not include an evaluation of the active layer quality via IQE measurements or
absolute external quantum efficiency (EQE) measurements. We have previously shown that
nonpolar and semipolar orientations of GaN with reduced polarization effects significantly
increase the wavefunction overlap, decrease the carrier lifetime, and increase the modulation
bandwidth at low current densities.*” Obtaining high-speed at low current densities is essential to
combat efficiency droop effects and simultaneously realize high modulation bandwidth and high
IQE.**1*® Several recent studies have investigated the small-signal modulation characteristics of

hetero- or homo-epitaxially grown nonpolar and semipolar LEDs, 2035474950

Among semipolar and nonpolar orientations, LEDs grown on semipolar (2021) have shown
low efficiency droop, high brightness, large optical polarization, narrow emission linewidth, high
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indium incorporation efficiency, and robust temperature stability.?****° Previously we
demonstrated semipolar (2021) LEDs with high peak IQEs.* In addition, semipolar (2021)
quantum-well (QW) LEDs exhibit a relatively flat QW profile at low bias since the direction of
the polarization-related electric field is opposite to that of the built-in electric field in the pn-
junction, which minimizes the net electric field. Thus, the wave function overlap is close to one
at low bias and remains high for higher bias voltages.>® The recombination rate in semipolar
(2021) LEDs was shown to be faster than that in c-plane LEDs.*” The combination of high
efficiency and high speed make the semipolar (2021) platform attractive for studying the trade-
offs between efficiency and speed in InGaN/GaN LEDs. So far, the highest efficiency LEDs on
semipolar (2021) used 12 to 14 nm-thick Ing16GaggsN/GaN single-quantum-well (SQW)
structures.®®” However, no comparison of modulation characteristics between SQW and
multiple-quantum well (MQW) designs (on any orientation) has been reported and the trade-offs
between speed and efficiency have not been studied.

Here, we fabricate high-efficiency semipolar (2021) LEDs with SQW and MQW active
regions and compare their modulation characteristics. The LEDs were grown on free-standing
GaN substrates and have peak emission wavelengths near 440 nm. The SQW active region
consists of a 12-nm-thick Ing15GaggsN SQW and has a peak IQE of 0.93. The MQW active
region consists of three 4-nm-thick Ing17GaggsN QWSs separated by 4-nm-thick GaN barriers and
has a peak IQE of 0.73. Both structures contain the same total QW thickness (12 nm). We
demonstrate that although the peak IQE of the SQW LED is higher than the MQW LED by 27%,
the MQW LED shows approximately 40-80% higher modulation bandwidth than the SQW LED
and reaches 1.5 GHz at 13 kA/cm?. We also evaluate the carrier recombination and escape
lifetimes, which suggest that the MQW structure is faster at low current densities mainly due to
faster Shockley-Read-Hall (SRH) or radiative recombination and faster at high current densities
due to stronger coulomb-enhanced capture processes®>*%. Finally, we compare the bandwidth and
IQE characteristics of the two LED designs and introduce the bandwidth-IQE product as a
potential figure of merit for optimizing speed and efficiency in InGaN/GaN LEDs.

The LEDs were grown on free-standing semipolar (2021) substrates using atmospheric-
pressure metal-organic chemical vapor deposition (MOCVD). The substrates have dislocation

densities ~10° cm™ and were obtained from Mitsubishi Chemical Corporation (MCC).
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Trimethylgallium (TMG) and triethylgallium (TEG) were used as the Ga sources, while
trimethylindium (TMI) was used as the In source. Bis(cyclopentadienyl)-magnesium (Cp.Mg)
and SiH4 were used as the sources for Mg and Si dopants, respectively. First, a 2 um-thick n-
GaN layer was grown on the free-standing substrate with nominal Si concentration of 3x10*® cm’
%, Then, 12 nm of unintentionally doped GaN barrier was grown underneath the active regions.
The active regions were later capped with a 10 nm p-Aly2GaggN electron blocking layer (EBL)
followed by a 100 nm p-GaN layer ([Mg] = 2x10" cm™) and a 10 nm p++GaN layer ([Mg] =
1.6x10%° cm™). A more detailed description of the growth parameters can be found elsewhere.*
Micro-LEDs were then fabricated using an RF electrode design and semi-transparent indium-
tin-oxide (ITO) p-contacts to improve the light extraction efficiency. First, 200 nm of ITO was
blanket deposited on both structures using electron-beam evaporation. Circular mesa structures
with 60 um diameter were then formed by etching the ITO and epitaxial layers using inductively
coupled plasma (ICP) etching and the ITO was annealed in N, at 550 °C for 10 minutes in a
rapid thermal annealer (RTA). 200 nm of SiO, was then conformally deposited using electron-
beam evaporation to isolate the p- and n-regions of the devices. Finally, Ti/Al/Ni/Au
(20/100/50/600 nm) and Cr/Au (20/750 nm) were deposited as the n-contact and p-pad,
respectively. Figure 4.1 (a) shows a cross-sectional schematic of the fabricated devices. An
image of a micro-LED biased using a ground-signal-ground (GSG) RF probe at a current density
of 20 A/cm? is shown in Figure 4.1 (b). Figure 4.1 (c) shows the electroluminescence (EL)
spectra of both LEDs at a current density of 1 kA/cm?® The five nanometer difference in peak
wavelength is not expected to significantly affect the IQE or the bandwidth since this

corresponds to only 0.02 difference in indium composition.
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Figure 4.1. (a) Cross-sectional schematic of the fabricated semipolar (2021) LEDs with SQW and MQW designs on
free-standing substrates. (b) Plan-view optical microscopic image of a working device probed using a ground-signal-
ground (GSG) RF probe. (c) EL spectra of the SQW and MQW devices at 1 kA/cm?,

Figure 4.2 (a) shows the modulation bandwidths of the semipolar SQW and MQW LEDs
with aperture diameter of 60 pm for selected injection current densities of 0.1 kA/cm? 1.0
kA/cm?, and 5.0 kA/cm?. The modulation bandwidth increases with current injection as expected
from the reduction in differential carrier lifetime (DLT)."*° Figure 4.2 (b) shows the electrical -3
dB modulation bandwidth and reveals that the MQW LED is faster than the SQW LED by 40 to
80% over the full range of current densities (20 A/lcm? to 13 kA/cm?). The higher speed of the
MQW LED is consistent with the shorter recombination lifetime for the MQW LED previously

revealed using time-resolved photoluminescence (TRPL).*
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Figure 4.2. (Color Online) (a) Frequency response for selected current densities of 0.1, 1.0, and 5.0 kA/cm? and (b) -

3 dB modulation bandwidth as a function of current density from 20 A/cm? to 13 kA/cm? for (2021) SQW and
MQW LEDs.

The frequency response (Sz1) and input impedance (Zi;) of the devices were then
simultaneously fit using a rate equation-based recombination model described earlier”® to obtain
the DLT (t,.c), RC lifetime (tzc), and net carrier escape lifetime (z..) as a function of current
density. Figure 4.3 (a) shows the extracted DLT and RC lifetimes vs. current density, while
Figure 4.3 (b) shows the extracted net escape lifetime vs. current density. The DLT reduces with
current density reaching the RC lifetime at high current densities. The RC lifetimes for both
devices are similar at the same current densities due to the similar epitaxial layer structures and
same device layout for both LEDs. However, the DLT is shorter for the MQW LED at all current
densities as expected from the bandwidth results of Figure 4.2 (b) and from previous PL lifetime
measurements™®. At low current densities, the DLT for the MQW LED is shorter than that of the
SQW LED, which may be related to the shorter SRH recombination lifetime, higher carrier
injection non-uniformity,>® and/or larger wavefunction overlap in the thinner QWs in the MQW
LED. At high current densities (> 3 kA/cm?), the contribution of the RC lifetime to the
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bandwidth becomes comparable to the DLT. However, the total bandwidth still increases due to
the fast reduction of DLT at high current densities, which we attribute to a coulomb-enhanced
capture process that rapidly increases the recombination rate in the QWSs. We note that the
rapid decrease in carrier lifetime is not attributed to Auger recombination because the onset of
Auger recombination (efficiency droop) occurs at much lower current densities (~100-200
Alcm?) in these LEDs, as shown in Figure 4.4 (a). Furthermore, the Auger process does not
appear to be significantly faster than the SRH or radiative processes since the DLT vs. current
density curves have relatively constant slope below the onset of coulomb-enhanced capture. The
coulomb-enhanced capture process (z.,,) occurs at high current densities when the populations
of carriers in the cladding layer and unconfined carriers above the QW are large and an
unconfined carrier more easily scatters to the QW due to the coulombic repulsion between
carriers above the QW and carriers in the cladding layer. This carrier scattering process opposes
carrier leakage (7;04) from the QW, resulting in a higher population of carriers in the QW?**®
and a corresponding reduction of the DLT. Figure 4.3 (b) shows the net escape lifetime (z,g.) Vs.
current density. Closed data points represent the regime where the net escape rate is dominated
by carrier leakage, while open data points represent current densities where the net escape rate is
negative and dominated by coulomb-enhanced capture. Figure 4.3 (b) shows that the net escape
time is similar for the SQW and MQW LEDs at low current densities. At high current densities,
the coulomb-enhanced capture process is faster for the MQW LED, which leads to an increase in
the carrier density in the QWs, resulting in the fast reduction in DLT for the MQW LED in
Figure 4.3 (a). The onset of coulomb-enhanced capture at ~2 kA/cm? is consistent with the
increase in slope for the MQW LED in Figure 4.2 (b). The shorter DLT results in a sort of carrier
clamping in the QWs at high current densities.®® The rate of coulomb-enhanced capture is greater
in the MQW LED due to the thinner QWSs, which result in a larger density of unbound carriers
above the QWSs. The coulomb-enhanced capture lifetime is inversely proportional to the number
of carriers in the cladding.”® Therefore, the smaller 7, for the MQW LED in Fig. 4.3(b) implies
a larger number of carriers in the cladding of the MQW LED compared to the SQW LED. The
increase in 7. above 2 kA/cm? for the MQW LED in Fig. 4.3(a) is related to the larger number
of carriers in the cladding, which causes the capacitance to rise. The increase in Tz occurs at a

similar current density to the onset of coulomb-enhanced capture. A similar increase in g
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begins to manifest for the SQW LED, but it is less prominent since there are fewer carriers in the

cladding.
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Figure 4.3. (Color Online) (a) DLT, RC lifetimes, and (b) net escape lifetimes as a function of current density as
extracted from simultaneous fitting of S,; and Z,; using a rate equation-based modeling for (2021) SQW and MQW
LEDs on free-standing substrates.

Although bandwidths up to 1.5 GHz are achievable above 10 kA/cm?, the greater interest is
in bandwidths at lower current densities where one can minimize the effect of efficiency droop
and reduce the device power consumption for VLC applications. Here, we consider the trade-off
between bandwidth and IQE in the SQW and MQW LEDs. To estimate the IQE, we used
relative EQE to determine the shape of the IQE vs. current density curve under continuous wave
(CW) operation. The peak IQE value was estimated from previous optical measurements® based
on comparing the room-temperature (295 K) and low-temperature (10 K) integrated
photoluminescence (PL). The peak IQEs are 0.73 and 0.93 for the MQW and SQW LED:s,

respectively. Figure 4.4 (a) shows the bandwidth and IQE vs. current density curves for the LEDs
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under CW operation. Above ~ 100-200 A/cm?, the IQE reduces (due to efficiency droop and
heating) while the bandwidth increases with current density. The SQW LED shows higher 1QE
(except at very low current densities) and lower bandwidth than the MQW LED. Based on the
trade-off between bandwidth and efficiency, we consider a bandwidth-efficiency figure of merit
(BEFOM) to be the product of the bandwidth and IQE at a given current density (BEFOM(J) =
fzag(J) X IQE (])). Figure 4.4 (b) compares the BEFOM for the two designs. The MQW LED
shows an overall higher BEFOM than the SQW LED at low and high current densities (J <
2004/cm? and 2kA/cm? < J) and a similar BEFOM at intermediate current densities (2004/
cm? < ] < 2kA/cm?). The differences in the BEFOM for the SQW and MQW LEDs result
from the individual bandwidth and IQE characteristics. For example, at low current densities, the
significantly shorter SRH lifetime for the MQW LED (obtained by extrapolating the DLT to zero

current density?>?

in Fig. 4.3 (a)) is responsible for the higher bandwidth and an overall larger
BEFOM. Additional effects such as carrier injection non-uniformity and wavefunction overlap
may be secondary contributors to the differences in the modulation bandwidths of SQW and
MQW LEDs at low current densities. At high current densities (> 2 kA/cm?), the higher rate of
coulomb-enhanced capture in the MQW LED results in a larger bandwidth, again leading to a
higher BEFOM. Furthermore, the onset of efficiency droop (~100-200 A/cm?) does not
significantly alter the BEFOM vs. current density as indicated by similar values of BEFOM for
the SQW and MQW LEDs up to onset of coulomb-enhanced capture (~ 2 kA/cm?). Finally, we
plot IQE as a function of bandwidth for the two designs as shown in Figure 4 (c). As expected,
IQE drops as bandwidth increases due to efficiency droop and heating. As a result, larger

modulation bandwidths can be obtained at the expense of lower IQE in InGaN/GaN LEDs.
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Figure 4.4. (Color Online) (a) IQE and bandwidth vs. current density, (b) BEFOM vs. current density, and (c) IQE
vs. bandwidth for SQW (black symbols) and MQW (green symbols) LEDs.
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In summary, we compared the modulation characteristics of high-efficiency SQW and MQW
semipolar (2021) LEDs with the same total active region volume and peak IQEs of 0.93 and
0.73, respectively. Although the peak IQE of the SQW LED is higher than that of the MQW
LED by 27%, the MQW LED showed approximately 40-80% higher modulation bandwidth than
the SQW LED and reached 1.5 GHz at 13 kA/cm? The carrier recombination and escape
lifetimes were evaluated and suggest that the MQW structure is faster at low current densities
due to faster SRH or radiative recombination and faster at high current densities due to a rapid
drop in the DLT caused by stronger coulomb-enhanced capture processes. The results also show
that Auger recombination does not play a dominant role in the speed at high current densities.
Lastly, we investigated the trade-offs between bandwidth and efficiency and introduced the
bandwidth-IQE product as a potential figure of merit for optimizing speed and efficiency in
InGaN/GaN LEDs.

5. Rate-equation based recombination modeling

VLC systems are required to simultaneously provide illumination and data communication.
Therefore, co-optimization of efficiency and modulation bandwidth is vital in realization of Gb/s
low power consuming VLC networks. However, this critical topic has not been touched so far.
We developed a rate equation-based measurement method last year to extract differential carrier
lifetime and RC time constants of the LEDs. This allowed us to understand the limiting factors in
the bandwidth of the LEDs. However, with some improvement of this method this year we were
able to study efficiency droop in nitride LEDs. Efficiency droop reduces the efficiency of nitride
LEDs with increasing current density. Despite two decades of studies of efficiency droop, its
origin is still a controversy. Here, we use our unique method to study carrier dynamics of the
LEDs to investigate different elements of efficiency of the LEDs in search of an answer to this
long-debated topic. First, we measure the injection efficiency of the LEDs under electrical
injection and show that the injection-related mechanisms are not the cause of efficiency droop.
Then, we develop a pulsed-RF measurement technique to enable measurement of RF
characteristics and study of carrier dynamics under isothermal conditions. The pulsed-RF

technique allows us to characterize semiconductor devices on chip by excluding the thermal
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effects. Using this technique, we were able to study origin of efficiency and thermal droop. This

section starts with the measurement of injection efficiency and followed by the study droop.

5.1. Exclusion of injection efficiency as the primary cause of
efficiency droop in InGaN/GaN LEDs

InGaN/GaN LEDs are ubiquitous in solid-state lighting and attractive for future micro-pixel
displays and visible-light communication (VLC) ®. Although InGaN/GaN LEDs exhibit a high
peak internal quantum efficiency (IQE) at low current densities, efficiency droop reduces the

IQE at high current densities ®2. Previous explanations for efficiency droop are divided into two

primary categories: (1) reduction of the radiative efficiency due to Auger recombination® ®,

% or saturation of the radiative rate®” and (2) poor electrical

68,69

defect-assisted recombination
injection efficiency due to carrier leakage from the active region or ballistic carriers
overshooting the active region "®". Structures containing electron blocking layers (EBLs) "%,
staircase electron injectors (SEls) ", and wide QWs "® have been investigated for reducing
electron leakage and overshoot. However, LEDs containing these structures still exhibit
efficiency droop, suggesting that injection-related mechanisms are not the sole cause of
efficiency droop. Previous investigations of carrier leakage employed resonant optical pumping
of the QWs and measured the photocurrent °™. With optical pumping, photogenerated carriers
are directly injected into the QWSs, failing to capture the effects of carrier transport under
electrical injection and the subsequent interaction between carriers in the QWSs and cladding.
Recently, measurements of the escape lifetime under electrical injection have shown that carrier
transport in the cladding layers strongly affects the carrier leakage process **”. Thus,
investigation of injection efficiency under electrical injection is necessary to fully understand its
potential contribution to efficiency droop.

In this section, we extract the injection efficiency as a function of current density in SQW
semipolar (2021) InGaN/GaN LEDs using small-signal RF measurements and rate equation
analysis of the dominant carrier mechanisms*. The rate equations are used to derive a small-
signal equivalent circuit that yields expressions for the modulation response and input impedance

of the LED. Simultaneous fitting of the modulation response and input impedance of the circuit
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to the measured modulation response and input impedance of the LED gives the DLT, net
differential carrier escape time from the active region, and differential recombination lifetime in
the cladding layers. The extracted differential lifetimes are used to calculate the injection
efficiency of the LED at various current densities. The injection efficiency increases with current
density, reaching almost one at high current densities and indicating that injection-related
mechanisms (e.g., carrier leakage and/or ballistic overshoot) are not the primary cause of

efficiency droop in semipolar (2021) LEDs.

The SQW LED was grown on a semipolar (2021) free-standing GaN substrate using
metal organic chemical vapor deposition (MOCVD). The growth and fabrication details are
reported elsewhere "®". The LED structure consists of a 2-pm-thick n-GaN, 12-nm-thick
unintentionally doped (UID) GaN barrier, 12-nm-thick Ing15GaggsN SQW, 12-nm-thick UID
GaN barrier, 10-nm-thick p-Alp20GaggoN EBL, 100-nm-thick p-GaN, and 10-nm-thick p++-
GaN contact layer. A 200-nm-thick ITO layer was deposited as a transparent p-contact and
inductively coupled plasma (ICP) etching was used to fabricate circular mesas structures on the

sample. The device reported here has a 50-um-diameter mesa.

To formulate the carrier rate equations, we first consider the energy band diagram of the
LED. Figure 1 (a) shows a schematic of the energy band diagram of the LED and the dominant
carrier processes in the QW and cladding layers under flat-band conditions. N,, and N, are the
carrier numbers in the QW and cladding layers, respectively. V,, and V_ are the quasi-fermi level

separation in the QW and cladding layers, respectively. I is the injected current into the cladding
layers and CSC% is the current required to charge the space charge capacitance (C,.) of the

junction. T, = .4y + Taify IS the delay that the carriers (N.) experience in the cladding layer
after they diffuse towards (z4;) and are captured by the QW (z.4p). Carriers in the QW (N, )
either escape the QW (t.5.) or recombine in the QW (z,..). The escaped carriers can either
recombine in the cladding layers (t,¢cciqq) OF b€ re-captured by the QW. The net escape rate is
altered by an interband carrier-carrier scattering process known as Coulomb-enhanced capture,
where an unconfined carrier is captured into the QW due to scattering with an unconfined carrier

in the cladding triggered by a Coulomb force.’> Since Coulomb-enhanced capture opposes

11

1
, Where 7;.4, and Ty

Tesc Tleak Tcou

carrier leakage, the net escape time (z..) is defined as

24



are the carrier leakage and Coulomb-enhanced capture times, respectively. Carrier leakage
includes thermionic emission of carriers from the QW and carrier overflow. The carriers that are
ballistically transported to the other side of the QW either recombine as minority carriers (and
the effect is folded into 7, c1qq) OF are captured by the QW. Therefore, the effect of ballistically
transported carriers is accounted for by 7,..¢ ciqqa @Nd T4y Figure 5.1 (b) summarizes the carrier
dynamics in the QW. Any effects of crystal orientation and polarization-related electric fields are
folded into the various lifetimes. For example, t,... for a semipolar QW will be shorter than 7,...
for a c-plane QW at a given current density due to the larger electron-hole wavefunction overlap

78

in semipolar "°. Moreover, we consider single-particle rate equations, assuming electrons

dominate the carrier dynamics (i.e., hole leakage is small and hole transport between QWs is not
an issue in SQW LEDs). Previously, our group and others showed that this single-particle model

42,4579

accurately describes the electrical characteristics of LEDs . The single-particle rate

equations governing the mechanisms in the active and cladding layers are written as follows:

dN, N, N, N, (5.1)

dNe 1 CodVe Ne Ny N (5.2)
dt q q dt Tc Tesc Trec,clad

where q is the electron charge. The differential forms of Egs. (5.1) and (5.2) are shown in Egs.

(5.3) and (5.4), respectively,®* and can be used to derive the equivalent small-signal electrical

circuit for the LED, which is shown in Figure (c).

d dN,. dN dN _
< @y = e e 53)
dt Tac Tarec Taesc
d di C,. d dN,. dN, dN, A4
SNy = S - R (- e SRS &4
dt q q dt Tac Taesc TArec,clad

where the differential quantities are of the small-signal form (e.g., dI = ie/®?) and the lifetimes
are differential lifetimes (e.g., Ts-ec instead of 7,..). The detailed derivation of this circuit is
similar to that in Ref. 8. Here, Tarecciaa = RrecciaaCe 1S defined using the same analogy as

Tpae = R.C. and 1, = R, C, in Ref. 8. R. and C, are associated with the resistance and
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capacitance due to the differential carriers in the cladding layers. R,q.cqq IS the resistance
associated with the number of differential carriers that recombine in the cladding layers. The
same analogy is applied to R,, and C,,, which are associated with the differential confined

carriers in the QW.

The injection efficiency can be found considering the rate equations (5.1) and (5.2) in

d{% = d;;c = % = 0. The injection efficiency is the current associated with

steady state, where

qNy

Trec

recombination in the quantum wells (I, = —) divided by the total current injected into the

device. Therefore the injection efficiency (7;,;) is given by:#

qNy (5.5).
o e 1
w1 T Trec
1+ 1+
Trec,clad ( Tesc)

However, since here we use small-signal measurements that yield the differential
lifetimes rather than the total lifetimes, the differential rate equations (5.3) and (5.4) must be
used instead to find the injection efficiency. By direct analogy to Eq. (5.5), Egs. (5.3) and (5.4)
under steady state and the circuit parameters in Figure 3.1 (c) yield the differential injection

efficiency (1ain;)

dn,, (5.6)
. _dn, U7, 1 B 1
Ainj — dl - dl - Tac TArecy R T
14+ —=—(1 + = c Arec
Tarec,clad TAesc) 1+ Rrec,clad (1 + TAesc)
where dI,, = q N s the differential recombination current in the QW. The injection efficiency

TArec

is then found by integration using the differential injection efficiency

I
Ly fo Nainjdl (5.7).

Ninj = I I
To solve the numerical integral in Eq. (5.7), the differential injection efficiency at zero current is
required, while technically the carrier lifetimes can only be measured down to some minimum
bias current (i.e., sufficient light is required to measure the modulation bandwidth). Thus, we
linearly extrapolate from the values of differential carrier lifetimes at low current to zero current

to estimate the differential injection efficiency at zero bias ®. The differential injection efficiency
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represents the response to a small signal added to a DC bias and is the local slope of the

recombination current in the QW vs. the injected current (d1,,/dlI).
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Figure 5.1 (a) Dominant carrier processes in the QW and cladding layers, (b) Coulomb-enhanced capture process
opposing carrier leakage, and (c) small-signal equivalent electrical circuit of the LED.

The modulation response and input impedance of the LED were measured using a
network analyzer by combining a time-dependent small-signal voltage with peak amplitude ~100
mV to the DC bias of the LED. To determine the injection efficiency, the parameters of the

circuit in Fig. 1(c) were extracted by simultaneously fitting the modulation response (H(w) =

Vout (W)

Vin(w)

response and input impedance of the LED for a frequency range of 10 MHz to 2 GHz

) and input impedance (Z;,(w) =v§’(‘—$’)) of the circuit to the measured modulation

42

Excellent fittings with R-squared values above 0.95 were achieved. Figure 5.25.2 (a) shows the

DLT (tprec), absolute value of the net differential escape time (tp.sc), and differential
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recombination lifetime in the cladding (Tarecc1qq) at various current densities. The DLT (Tpzec)
reduces with increasing current density due to a faster recombination rate in the QW 2. The net
differential escape time slightly reduces with increasing current density at low injection levels,
but increases at higher injection levels and eventually becomes negative around 4 kA/cm?. The
initial reduction of the differential escape time (7x.5.) Was previously attributed to the leakage of
carriers from the active region into the cladding increasing the escape rate (Tacou > Tarear) .
With higher injection, the population of unconfined carriers in the cladding layer increases,
resulting in Coulomb-enhanced capture that causes the net escape rate to reduce and eventually
become negative (Tyeqr > Tacow) *. Later we calculate the total carrier numbers in the QW and
cladding layers and show that the onset of the negative escape time is where the number of
unconfined carriers in the cladding becomes comparable to the number of the confined carriers in
the QW. The differential recombination lifetime in the cladding layers (Tarec ciqq) iNCreases with
current density. As minority electrons build up in the UID cladding between the QW and EBL
(where a high hole population exists from the EBL doping and hole injection from the p-side),
some holes are lost through recombination with the minority electrons, making fewer holes
available for subsequent electrons to recombine with, increasing the electron lifetime in the

cladding.
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Figure 5.2 (a) DLT, absolute value of the net differential escape time, and differential recombination lifetime in the
cladding layers as a function of current density. Open diamonds when t,.,. is dominated by leakage (positive Tx,s.)
and closed hexagons when 7,... is dominated by Coulomb-enhanced capture (negative T,.s.). (b) Resistances
associated with differential unconfined carriers in the cladding layers (R.) and differential unconfined carriers that
recombine in the cladding layers (R ec ciaq)-

Figure 5.25.2 (b) shows the resistances associated with the number of differential
unconfined carriers in the cladding (R.) and the number of differential carriers that recombine in
the cladding (Ryecciaq) @ @ function of current density. R, is inversely proportional to the
injected current (number of carriers), indicating that the number of unconfined carriers in the
cladding increases with higher current density, as expected. However, R,.ccqq has a weak
dependency on current density, indicating that the recombination in the claddings is almost

independent of carrier injection.

The differential and total injection efficiencies as a function of current density were

calculated using the extracted parameters shown in Figure 5.25.2 (a) and Egs. (5.6) and (5.7),
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respectively, and are shown in Figure 5.3 (a). The differential injection efficiency at zero bias
required to calculate the integral in Eq. (5.7) was estimated to be 0.33 by extrapolating the data
in Figure 5.3. The total injection efficiency is generally lower than the differential injection
efficiency. The injection efficiency is 0.45 at a current density of 50 A/cm? and becomes 0.97 at
TAre
T

a current density of 10 kA/cm? According to Figure 5.25.2 (a), the term =A< decreases with

Aes

increasing current density because the net differential carrier escape lifetime from the QW
increases and eventually becomes negative due to Coulomb-enhanced capture. At the same time,
the differential recombination lifetime in the QW decreases, consuming the carriers before they
leak out into the cladding layer. The combination of Coulomb-enhanced capture and faster
carrier recombination in the QW ensures that the QW efficiently consumes carriers, leading to
lower carrier leakage at high current densities. Similarly, due to the constant rate of
recombination in the cladding with current density, at high current densities a smaller fraction of

the terminal current recombines in the cladding ( Re

~ 0), as indicated in Figure 5.25.2 (b),

Relad-rec

and the effect of cladding recombination on the injection efficiency is reduced. The increase of
injection efficiency with current density found here supports that injection-related mechanisms
are not the cause of efficiency droop in the present LEDs. This finding is consistent with
previous findings that show carrier leakage only affects the efficiency at low current densities.™
Other studies also concluded that carrier leakage does not explain efficiency droop based on the
failure of a temperature-dependent leakage model to reproduce droop %4 Moreover, some
studies experimentally observed higher droop at lower temperatures (which is inconsistent with a
leakage model) and proposed saturation of the radiative rate’ and asymmetric carrier transport %
as potential causes of efficiency droop. Furthermore, although not presented here, we have
observed similar injection efficiency trends for c-plane (0001) and m-plane (1010) LEDs,
suggesting that the behavior of higher injection efficiency with higher current densities is not
strongly orientation dependent.
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Figure 5.3 (a) Differential and total injection efficiencies and measured relative EQE as a function of current
density. (b) Radiative efficiency and calculated absolute EQE as a function of current density.

The relative external quantum efficiency (EQE) was measured into a photodetector under
CW conditions and is shown in Figure 5.3 (a). The peak EQE occurs at a current density of 250
Alcm?. Using the injection efficiency and relative EQE, the relative radiative efficiency (1,) is
determined from ngor = NLEeNiniNy, Where n,op = ninjn- and a constant light extraction
efficiency (n.zg) is assumed. This yields the shape of the radiative efficiency curve after
accounting for injection efficiency. To obtain the absolute value of the radiative efficiency, the
peak radiative efficiency is assigned a value of 93% based on previous low temperature/room
temperature photoluminescence (PL) measurements on this LED °. Figure 5.3 (b) shows that the
peak radiative efficiency occurs near a current density of 50 A/cm?, which is lower than the peak
of the relative EQE (250 A/cm?) due to injection effects. The reduction of the radiative efficiency
with increasing current density is consistent with an Auger model for efficiency droop **®. The

values of injection efficiency obtained here are also consistent with the absolute EQE values
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measured for other 12-nm-thick SQW semipolar (2021) LEDs grown using the same MOCVD
system. For example, Pan et al ®. reported a peak EQE of 52% and 1,z = 75% for a 12-nm-
thick SQW semipolar (2021) LED. Here, we estimate the absolute EQE from ngor =
NLeeNinjN» USiNg the radiative efficiency in Figure (b) and assuming 7,z = 75% if similar
packaging is used. The calculated absolute EQE is shown in Figure 5.3 (b). The peak EQE is
40% (i.e., Ngor = (0.75)(0.69)(0.78) = 0.40), which is similar to that reported by Pan et al *°.

To further clarify the effects of Coulomb-enhanced capture, recombination in the QW,
and recombination in the cladding layers on injection efficiency, we calculate the total number of
carriers in the QW (N,,) and total number of carriers in the claddings (N.). Solving Egs. (5.3)
and (5.4) for N,, and N, leads to:

1
Ny, = 5[ nAianArech

(5.8)

1 (5.9).
NC = aj(l - 77Ainj)TArec,claddI

Figure 5.4 (a) shows N,, and N, as a function of current density calculated using the parameters
in Figure 5.25.2 (a) and Figure 5.3 (a). At low current densities, the carrier population in the QW
is higher than that in the cladding layers due to the lower rate of recombination in the QW
according to Figure 5.25.2 (a). The higher population of carriers in the QW at low current
densities is responsible for the higher leakage observed at low current densities in Figure 5.25.2
(). As the current density increases, N,, and N, approach the same value. Conversely, N,
increases with increasing current density due to the higher recombination lifetime in the
claddings at higher injection (tayec c1aq iN Figure 5.25.2 (a)). According to Figure 5.25.2 (a) and
Figure 5.4 (a), the onset of Coulomb-enhanced capture occurs at the current density where N, is
of the same order of magnitude as N,,. Similar carrier populations in the QW and cladding layers

1.*° also showed

makes carrier escape from the QW harder due to Coulomb repulsion. David et a
that the Coulomb-enhanced capture rate has a linear dependence on the carrier density in the
claddings. According to Figure 5.25.2 (a) and Figure 5.4 (a), we observe a similar dependency for

Coulomb-enhanced capture in our study.
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Figure 5.4 (a) Total number of carriers in the QW (N,,) and in the claddings (N.) as a function of current density. (b)
Recombination current density in the QW (J,,,) and in the claddings (J,.).

We further investigate the effect of lifetimes and carrier population in different regions
on the injection efficiency by calculating the recombination current densities in the QW and
cladding layers. Using Egs. (5.3), (5.4), and (5.6) the total recombination current density in the
QW and cladding layers are:

Jw :fd]W =fq T :aninjd] (5.10)

ATArec

Je= [ =[ a2 = [ = nawpa G4
TArec,clad

where A is the area of the circular mesa and J,, and J. are the total recombination current

densities in the QW and cladding layers, respectively. Figure 5.4 (b) shows the recombination

current densities in the QW and cladding layers. J,, has a stronger dependence on the injected

current density than J., causing the recombination current density in the QW to be almost two
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orders of magnitude higher than the recombination current density in the cladding at high current
densities, resulting in an injection efficiency of nearly one. However, at low current densities the
recombination current is divided between the QW and cladding layers leading to a lower
injection efficiency. The weaker dependency of recombination current in the cladding layers on
the injected current density results from the increasing t,.ccqq b€iNg compensated by an
increasing number of carriers in the cladding, as shown in Figure 5.25.2 (a) and Figure 5.4 (a),

respectively.

In summary, we determined the injection efficiency of SQW semipolar (2021)
InGaN/GaN LEDs using our carrier rate equation approach and RF measurement technique. The
small-signal equivalent circuit of the LED was derived using the differential rate equations. The
DLT, net differential carrier escape time, and differential recombination lifetime in the cladding
layers were extracted and used to determine the differential and total injection efficiencies. The
injection efficiency is low at low current densities due to carrier leakage, but becomes
approximately one at high injections due to the domination of carrier leakage by a Coulomb-
enhanced capture process and higher recombination rate in the QW. The high recombination rate
in the QW causes the carrier number in the QW to increase by a slower rate with increasing
current density compared to the carrier number in the cladding layers. However, the
recombination current density in the QW grows faster than that in the cladding, leading to the
injection efficiency increasing with current density. The rise in the injection efficiency with
increasing current density and the high injection efficiency at high current densities rules out
injection-related mechanisms (e.g., carrier leakage and/or ballistic overshoot) as the primary

cause of efficiency droop in the present InGaN/GaN LEDs.

5.2. Origin of efficiency and thermal droop in InGaN/GaN LEDs

Studies of droop are mostly based on a mathematical method known as ABC model. This model

describes the behavior of internal quantum efficiency (IQE) of the LED and its most advanced

Bn?
An+Bn2+Cn3+f(n)

form is IQE = where n is carrier density in the QW, A is Shockley-Read-Hall

(SRH) recombination coefficient, B is bimolecular recombination coefficient, C is Auger non-

radiative recombination coefficient, and f(n) represents the carrier leakage from QWs . It is
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observed that B and C reduce with increasing n which it is explained by phase space filling
theory ®8. This method has several fundamental issues. First, there are too many unknown
parameters in the equation for fitting IQE vs. n curve. Second, under optical pumping, estimation
of n is difficult unless detailed absorption properties of epitaxial layers are known. Third, the
diode does not reach flat band conditions under optical pumping and carriers do not experience
the transport delay in the cladding that they experience under electrical injection 2. On the other
hand, some papers reported estimation of n under electrical injection by measuring the electrical
-3dB bandwidth of LED and calculating the associated differential carrier lifetime (DLT)

(t=—
27f _34B

there are inaccuracies in n since the total lifetime obtained from -3dB bandwidth is assumed to

). Then, DLT is used to calculated the carrier density in the QW ""*°. However,

be solely from the recombination in the QW and transport delays and carrier leakage are
neglected. Moreover, injection efficiency is assumed to be one meaning all the injected carriers
recombine in the QW. Finally, -3dB bandwidth is measured under CW condition where internal

heat can affect the carrier dynamics of the LED and consequently accurate determination of n.

Here, we use our rate equation approach and RF measurement technique to investigate
the causes of efficiency and thermal droop. We use our newly developed pulsed-RF technique to
measure the RF characteristics and study the carrier dynamics under isothermal condition. We

used a temperature-controlled stage to study the cause of droop at elevated temperatures.
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Figure 5.5 Concept of the pulsed-RF measurement developed to minimize the effect of self-heating on the
measurements. A narrowband filter of the NA is used to pick the main harmonic of the RF frequency among all the
generated harmonics.

To measure the modulation response and input impedance under isothermal condition,
the LED is biased by DC pulses from a pulse generator with pulse repetition interval (PRI) of 10
psec and pulse width (PW) of 1 psec. Then, a small AC signal from a network analyzer (NA) is
added to the DC pulses and sent to the LED. The reflected AC signal from the LED is used by
NA to determine the input impedance of the device. To generate the modulation response, the
output light of the LED is collected by an optical fiber and converted to electrical signal by a
photodetector. The photodetector signal is amplified by a low noise amplifier and sent back to
the NA. The received signals by NA are in the form of a pulsed-RF signal due to the LED being
off during the off-state of the pulse. Figure 5.5 shows the transmitted (RF signal) and received
(pulsed-RF signal) signals by the NA both in time and frequency domains. Unlike continuous-
wave (CW) mode that NA receives signals with the same frequency (f;) as the signal that it
sends to the LED, in pulse mode the energy of the signal is spread out into infinite harmonics of
the main frequency (f.). To receive the main signal back, a very broadband receiver (few
hundreds of MHz in this case) is required to collect all the harmonics where they interfere
constructively and generate the main signal. This is almost impossible since such a broadband
receiver still does not exist in the state-of-the-art NAs. However, we use a narrowband filter to
pick only the central harmonic of the signal among all the generated harmonics (see Figure 5.5)
since it has the same frequency as the input signal. Although most of the energy of the signal

would be lost to the rest of the harmonics, the main frequency can be detected similar to the CW
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mode enabling data evaluation by the NA. The only drawback of this technique compared with
CW mode is the power loss which it can be ratio out. Mathematically, it can be shown that the
fraction of energy of the main harmonic compared with the total energy of the signal is equal to
the pulse duty cycle. Selection of the narrowband filter depends on the pulse frequency since the

spacing between the two adjacent harmonics is equal to the pulse frequency (see Figure 5.5).

Modulation response and input impedance of the LED are measured using the pulsed-RF
technique at current densities of 10 A/cm? to 10 kA/cm? and at different stage temperatures.
Figure 5.6 (a) shows the electrical -3dB bandwidth of the LED as a function of current density
for different stage temperatures. Electrical -3dB bandwidth increases with increase of current
density mainly due to the increase of spontaneous emission *. Similar to RF measurements,
relative external quantum efficiency (EQE) of the LED was measured under the same pulse
conditions at the same current densities and stage temperatures (see Figure 5.6 (b)). Although the
EQE is strongly affected by temperature which is widely known as thermal droop, the RF

characteristics have a weak dependency on temperature.
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Figure 5.6 (a) Electrical -3dB bandwidth and, (b) relative EQE of the LED as a function of current density at
different stage temperatures. (c) the equivalent electrical circuit of the LED.
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The DLT, net differential carrier escape time, and differential recombination lifetime and
transport time in the cladding regions were extracted as a function of current density and stage
temperature after simultaneous fit of modulation response and input impedance of the circuit of
Figure 5.6 (c) to the measured modulation response and input impedance of the LED for the
frequency range of 10 MHz to 2 GHz. Examples of the goodness of fittings and verification of
the model are shown in our previous works “*®°. Figure 5.7 (a) shows the DLT (tcc) as @
function of current density at different stage temperatures. DLT reduces with increasing current
density but it is almost independent of temperature. David et al. *° have reported similar
dependencies for DLT obtained by an electrical technique. Injection efficiency and carrier
density in the QW are calculated using extracted lifetimes and are depicted in Figure 5.7 (b) and
Figure 5.7 (c), respectively. The injection efficiency at all temperatures increases with current
density and eventually approaches one. We conclude that the injection efficiency is not the cause
of efficiency and thermal droop. The carrier density in the QW increases with increase of current
density. Detailed discussion on the behavior of injection efficiency and carrier density can be
found in our previous work . The radiative efficiency (1,.) in Figure 5.7 (d) is extracted using
relative EQE (ngqg) of Figure 5.6 (b) and injection efficiency (n,,;) in Figure 5.7 (b) by
assuming a constant extraction efficiency (n.x¢) IN Nggr = NextNinjN-- T0 adjust the n,. curves to

absolute values, we set the peak of n, data at temperature of 25 °C to 93% which was measured
for this sample using room-temperature/low-temperature PL technique “®. The rest of the curves
were adjusted relative to the 5, at 25 °C. However, the main conclusions of this study are

independent of the absolute peak of 7, and the trends remain similar at lower values of n,. peak.
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Figure 5.7 (a) DLT, (b) injection efficiency, (c) carrier density in the QW, and (d) radiative efficiency as a function
of current density at different stage temperatures.

Knowing the 7,, 71;,;, and DLT from Figure , differential radiative (zA.) and non-

radiative (txy,) lifetimes in the QW are extracted using the following equations ;

an, (5.12)
dn

-1 __ -1
Tar = NrTarec +G

an, (5.13)
dn

TA_nlr =(1- nr)TA_rlec -G

_ NinjJ (5.14)
qd

where Tarec, G, J, d, and q are DLT, generation rate in the QW, injected current density, QW

G

thickness, and electron charge, respectively.
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Figure 8 (a) and (b) are differential radiative and non-radiative lifetimes at various
current densities for different stage temperatures. Non-radiative lifetime compared to radiative
lifetime reduces drastically with increasing current density. This means at high current densities
the extra injected carriers into the QW are more likely to end up in the non-radiative process. A
recent theoretical calculation of radiative and Auger lifetimes vs. carrier density shows similar
dependencies where the Auger lifetime has a stronger dependency on carrier density compared to
radiative lifetime ®*. At higher temperatures, the radiative lifetime increases at all current
densities while the non-radiative lifetime decreases only at low current densities and it is almost
independent of temperature at high current densities. We attribute the non-radiative lifetime at
low current densities to SRH recombination. The SRH lifetime (zggy) is related to temperature
through °%

E; — Epy
Tsry = To(1 + cosh %) (5.15)

where 7, is a constant related to trap densities, E; is the energy of the traps, and Eg; is the
intrinsic fermi level. Due to linear dependence of SRH recombination rate on carrier density,
total and differential SRH lifetimes are equal. Therefore, we extracted the SRH lifetime as the
non-radiative lifetime at the lowest current density (10 A/cm?) by assuming the Auger
recombination is negligible . Inset of Figure (b) shows the SRH lifetime and the theoretical
fitting of Eq. (5.15) as a function of temperature. This is similar to the SRH lifetime reported by
Nguyen et al. ** and Meyaard et al. ®" obtained from optical measurements.

Figure (c) and (d) are the total radiative (R,-) and non-radiative (R,,) recombination rates
in the QW calculated using Egs. (5.16) and (5.17), carrier density in the QW (Figure 5.7 (c)), and

differential radiative and non-radiative lifetimes (Figure 5.8 (a) and (b)).

dn 5.16
R [ (5.16)
Tar
dn 5.17
R — f (5.17)
Tanr

Both rates increase with increasing current density with non-radiative rate by a higher slope and

radiative rate tending to saturate. Therefore, a combination of higher non-radiative
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recombination rate and saturation of radiative rate leads to efficiency droop. Moreover, radiative
rate reduces with temperature at all current densities while the non-radiative rate increases with
temperature only at low current densities. The temperature dependency of radiative process is
aligned with theoretical work of Kioupakis et al. * and experimental reports *. The stronger
temperature dependency of non-radiative rate at low current density is attributed to the SRH
recombination while the weaker dependency on temperature at high current densities is due to

indirect Auger process. Kioupakis et al. %

theoretically showed that the Auger process in nitride
LEDs is a result of indirect scattering processes with weaker dependency on temperature
compared to direct Auger. Thus, thermal droop is caused by decrease of radiative rate and

increase of SRH recombination with increasing temperature.
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Figure 5.8 (a) Differential radiative and (b) non-radiative lifetimes, and (c) total radiative and (d) non-radiative
recombination rates vs. current density for different stage temperatures. Inset of (b) is SRH lifetime at various
temperatures.

In conclusion, we have studied origin of efficiency and thermal droop in electrically

injected SQW InGaN/GaN LEDs using a rate equation approach and a pulsed-RF measurement
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technique. The pulsed-RF measurement technique enabled the characterization of the LEDs
under isothermal conditions to avoid the effects of self-heating on the study of carrier dynamics.
Rate equations considering dominant carrier processes under electrical injection were used to
derive the equivalent electrical circuit of the LEDs. The circuit was used to fit the RF
characteristics of the LED which vyielded the DLT, net differential carrier escape time, and
differential recombination lifetime and transport time in the cladding regions. Injection
efficiency, carrier density in the QW, differential radiative and non-radiative lifetimes and total
radiative and non-radiative rates were extracted as a function of current density and stage
temperature. The injection efficiency is less than one at low current densities and it approaches
one at high current densities. We conclude that the injection efficiency is not the primary cause
of efficiency or thermal droop. Efficiency droop is caused by Auger recombination process
where its weak dependency on temperature suggests that it is indirect. Thermal droop is due to

increase of SRH and reduction of radiative recombination at higher temperatures.

6. Summary of Achievements

During the three year project, we have developed a framework to study and optimize the
modulation bandwidth and the efficiency of InGaN/GaN LEDs on selected nonpolar, semipolar

and polar orientations. The overall achievements of the project are summarized below.

1. We presented a world record modulation bandwidth of 1.3 to 1.5 GHz at low current
densities (200-500 A/cm?). Previously, the highest reported modulation bandwidths
related to c-plane LEDs were up to a GHz at 5-10 kA/cm?.

2. For the first time, we performed a comparison of bandwidth vs. current density for
nonpolar, semipolar and polar orientations. The study revealed that due to lack of QCSE
in nonpolar, we can obtain GHz bandwidth at very low current densities (~ 100 A/cm?)
where efficiency droop, thermal droop, and power consumption is minimized which
results in a higher BEFOM for nonpolar LEDs.

3. A rate-equation-based modeling to account for carrier dynamics in InGaN/GaN LEDs
under electrical injection was developed throughout the project. We were able to obtain
various recombination and escape rates by simultaneous fitting of RF data (impedance
and Sy).
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4. We developed the first pulsed-RF measurement setup to study carrier dynamics under
isothermal condition.

5. We evaluated the recombination coefficients of semipolar InGaN/GaN LEDs using a
differential lifetime analysis based on our RF measurement tool. The study revealed that
low auger coefficient (C) is responsible for the observed lower droop in the semipolar
LED compared to c-plane LED.

6. A systematic evaluation of recombination rates using our developed rate-equation based
modeling under isothermal condition revealed the cause of efficiency and thermal droop
in InGaN/GaN LEDs which had been subject of debate in the past decades. We were also
able to determine the injection efficiency and corresponding radiative efficiency of
InGaN/GaN LEDs using our rate-equation based modeling. Our findings excluded the
injection efficiency as the primary cause of efficiency droop.

7. We explored the trade-off between modulation bandwidth and efficiency of InGaN/GaN
LEDs for the first time. We suggested a figure of merit that accounts for both bandwidth
and efficiency (BEFOM as described in section 4) for dual illumination and
communication applications. Our study develops a platform to understand various
mechanisms responsible for bandwidth/efficiency limitations at different current density
ranges which allows for co-optimization of bandwidth and efficiency in InGaN/LEDs for
VLC.

8. One student (Dr. Arman Rashidi) received his Ph.D. working entirely on this funded
DOD project.

9. We published eight journal articles, with one more under review, and a comprehensive
review of the field under preparation for Laser and Photonics Reviews. We also gave
more than 11 conference presentations, with six of these as invited talks.

7. Future Work

With the work we have accomplished thus far we have discovered several new ideas and
methods for improving I11-N LEDs for VLC. Two of the many important aspects in achieving
high modulation bandwidth and efficiency is the design and optimization of the active region and
device geometry. Typical active region designs for blue (450nm) emission consist of InGaN
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single and multiple quantum well configurations. By designing the composition, QW thickness,
barrier thickness and QW number the modulation bandwidth and efficiency may be tailored for
specific applications. An additional consideration for improvement is the device design geometry
itself. By moving towards alternative device geometries, the bandwidth and efficiency may be
increased due to the advantages of such designs. Such designs include flip-chip LEDs (FCLED)
and array configurations. As shown, there is substantial room for improving 11I-N LEDS for
VLC applications. The new techniques developed here can also be applied to understanding the
present efficiency limitations of UV and green LEDs. In the following section our future work

will be described in detail on how we may pursue higher performance and reliability.

7.1 Active Region Design

The active region is an important aspect of the design for high speed LEDs. Typical active region
designs consist of InGaN single or multiple quantum wells *°. Based on the composition
percentage, well thickness, barrier thickness, and quantum well number the spontaneous
wavelength emission can be designed. As shown previously, carrier injection is a crucial aspect
for achieving high modulation bandwidths. Carriers are injected into the quantum wells at
depending on drift and diffusion from the barriers. As a carrier is modulated the rate of injection
along with the recombination rate determines how fast the signal can be modulated. The active
region can be modeled by defining rate equations for each quantum well in a active region. In
figure 7.1 (b), the band structure and rate equations for a three quantum wells is shown. By
solving the coupled rate equations, the modulation bandwidth may be modeled as shown in
Figure 7.1(a). Therefore, different active region designs may be studied to determine the most
desirable performance. In high speed LED there has been shown to be a tradeoff between high
speed modulation bandwidth and quantum efficiency ®°. As carriers are injected into the active
region, some recombine to form spontaneous emission photons, and others recombine non-
radiative or are thermally excited out of the quantum well. Thus, it would be worthwhile to
investigate the tradeoff between bandwidth and efficiency with a comparison between designs
with differing quantum wells. Figure 7.2 shows three active region designs we’d like to
investigate. It is expected that the single quantum will have a faster bandwidth comparted to
multiple QW devices. However, the multiple QW structures should yield higher efficiency. By
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comparing these designs we can validate the model formulated by the rate equations, and we will
gain some good insight into the bandwidth efficiency trade off. By demonstrating a valid model
we can develop some metrics for the proper design of high speed/ high efficiency LEDs for
VLC.
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Figure 7.2 High Speed LED Quantum Well Structure Design

7.2. Device Design Flip Chip
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A move towards alternate designs is being considered in order to achieve higher modulation
bandwidth and optical output power. One such design utilizes a flip-chip structure. Some
advantages of this structure include better heat management, increase light extraction, and better
current spreading in the p-GaN contact. A Schematic of our flip-chip design is shown in Figure
7.3. The use of high thermally conductive sub-mounts allows heat generated in the active region
of the devices to be dissipated quicker. Therefore, the effects of thermal droop on the efficiency
and bandwidth of the devices will be reduced when operating the devices in a CW mode. Also,
the flip chip may be designed by optimizing a half cavity for an increased light extraction. By
placing the maximum of the standing wave electric field on the active region the output power
has been shown to increase by more than two times *. Additionally, by bonding the p-GaN
directly to metal there will be no need for a conductive/transparent ITO layer. This will increase
the current spreading and ensure a more uniform distribution of current. A simulation using
COMSOL, Figure 7.4, verifies the current spreading through the p-contact and through the active
region for our flip-chip design. The advantages described by moving to this device structure may

show promising results for achieving very high performance 111-N LEDs for VLC applications.

Au (300 nm)

Al (100 nm) ‘ ‘
Ti (20 nm)
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Au (300 nm)
Si Sub-Mount

Figure 7.3 High Speed Flip Chip Design
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Figure 7.4 COMSOL High Speed LED Current Distribution Simulation

7.3. Arrays

The implementation of micro LED arrays is of particular interest because of the limited output
power of micro-LEDs vs larger standard LEDs. To achieve high modulation bandwidth, the RC
limited bandwidth of the LED must be less than the carrier lifetime limited bandwidth. Thus, the
device geometry must maintain a small size to ensure this requirement. However, small devices
are limited to the amount of total output power at equivalent voltages compared to larger devices.
One design to achieve high modulation bandwidth and high output power is an array design. By
designing arrays of several individual p-LEDs, the total output power can be increased as well as
maintain a high modulation bandwidth. The array may be configured in series or parallel designs.
Series designs will ensure uniform current through all devices but will require a large supply
voltage to turn on all the devices. The parallel configuration does not require such large voltages,
but uniform current distribution may be difficult to achieve across all devices due to small
differences in device fabrication. Another aspect that must be considered is the total RC
bandwidth of all the interconnects and testing pads on array devices. The RC bandwidth will be
limited not only by each individual u-LED, but also the total array interconnects and probing
pads. Methods such a transmission line impedance matching can be designed in order to ensure a
low RC limited bandwidth.
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7.4. BW/QW co-optimization

The two important performance figures of merit for high speed LEDs are frequency bandwidth
and efficiency. However, there is a tradeoff between high speed and high efficiency *®. The
development of multiple quantum well high speed LEDs can provide high efficiency/ high
output power, but the bandwidth of multiple quantum well structures also suffers from carrier
transport delays from well to well. Since the total bandwidth of multi-quantum well LEDs is
dependent on transport and recombination times, the total bandwidth will reduce with the
addition of subsequent QWs compared to a single QW device. Therefore, it is expected that the
highest modulation bandwidths can be achieved by using single quantum well structures. Yet,
the efficiency of a single quantum well is expected to be lower than that of multiple QW
structures due to an increased amount of carriers escaping the single well. One such approach
that may yield high speed and high output power is implementing half cavity designs such as the
flip-chip LED (FCLED) discussed previously. The epitaxial layer may consist of a single
quantum well with a p-GaN contact/reflector. By using a single quantum the total bandwidth will
not be reduced as in multiple quantum wells due to transport time delays. However, the
extraction efficiency may be increased by implementing a half cavity design with proper
placement of the active region with the reflection pattern from the metallic contact/mirror. Thus,
a properly designed FCLED may be able to incorporate both high speed and high output power.
Therefore, by studying different cavity designs and device geometries we may be able to design

a high speed and efficiency LED for VLC applications.
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