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In recent years, research toward deep-ultraviolet (DUV) emission range (200-300 nm) using III-V
nitride materials (InN, GaN and AIN) has gained momentum driven by the necessity for compact,
robust and high-efficiency DUV emitters which are targeted for various applications such as water
sterilization, air purification, biological detection, data storage and medical treatment. For such
devices, AlyGas4N is the most suitable material where the emission wavelength can be tuned down to
200 nm with increasing Al content (x). Moreover, the use of AlGaN/AIN quantum well (QW)
structures is necessary to enhance devices emission efficiency. For DUV emission (4 < 290 nm), an
Alrich Al,GaN/AIN QW is required where notable improvements in the growth technology based
on metalorganic vapor phase epitaxy (MOVPE) have enhanced the internal quantum efficiency (IQE),
thereby improving the external quantum efficiency (EQE). However, the IQE is still low brought by
defects in the epilayer which act as non-radiative recombination centers.

Obtaining low dislocation density AIN epilayer is a big challenge aggravated by heteroepitaxial
growth which induces lattice mismatch thus, degrading the structural quality and emission
probability. To improve the quality of AIN epilayer and AlGaN/AIN QWs, a new growth method was
developed called modified migration enhanced epitaxy (modified MEE), which is characterized by an
overlap supply of TMA and NHj3 precursors in-between the perfectly alternating supply of both
precursors. This method effectively controls the migration of Al-adatoms thus obtaining an
atomically-smooth (RMS: 0.12 nm, 5 um x 5 um) and defect-free AIN as evidenced by very narrow
FWHM linewidth of (0002) plane (32.8 arcsec). The growth of AIN and AlGaN/AIN QWs by this
method is shown in Fig. 1. For QW, the emission wavelength was varied by changing the aluminum
composition () from 0.69-0.94 and well-width from 0.7-16 nm. Fig. 2 shows an atomically-smooth
surface obtained in QW (RMS: 0.17 nm), replicating that of AIN epilayer. Furthermore,
photoluminescence (PL) measurements confirmed their high quality where the estimated IQE (at 200
kW/cm? was above 5% and as high as ~ 57%, suggesting that modified MEE is effective in
improving the quality of the epilayer. Moreover, as a consequence of high-quality QW, the
polarization anisotropy has been clarified in ¢-plane AlGaN/AIN QW. As shown in Fig. 3, an intense
surface emission (E' L ¢) can be expected for QW with x as high as 0.82. This demonstrates that
[0001]-oriented AlGaN/AIN QWs can be used as surface emitters (4 > 225 nm). Because of the great
impact, these results were published in highly reputed physics journals such as Applied Physics
Letters, Physical Review B, conducted seminars at Technical University-Berlin and Fraunhofer
Braun Institute, and an invited talk at ICNS 8.

Thermal Wavelength (nm)
Etching  HT-AN AlGaN/AIN MQWSs 20 2 = 20
1220 ModifedMEE Modifed MEE 2 |85K x=0.69
20| | = Tee————greremessgescscecsasssessnen. = | L,~1.5nm
$ a7, 5
5 §
g L L L =
g : L L 2
g N} TH‘KB_a' E %
& AN  AlGaN T & ;
Growth Time i By | 5P'°I l Ene?-i_;sy ) 80
Fig. 1. Modified MEE for AIN and AlGaN/ Fig. 2. AFM of Alps2Gap.1sN Fig. 3. PL polarization
AIN QWs. /AIN QWs. anisotropy in AIN (inset)

and AlGaN/AIN QWs.
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[Fundamental Study on SiC Meta-Insulator-Semiconductor Devices for High-
Voltage Power Integrated Circuits]
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[Studies on Fundamental Technologies for Fabrication and Evaluation of
Combined Photonic Crystal Nanocavity-Quantum Dot Devices]
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T 21 £3 A 23 ARG

State of the art information technology (IT) is physically limited in speed and bandwidth by
electronics. Although, optical fibers and photonics are increasingly used in IT - integrated optical
routing, storage, and computing demand for nanostructured materials and device development. Two-
dimensional (2D) photonic crystals (PCs) have a periodicity in their refractive index which is on the
order of the optical wavelength and thus gives rise to a 2D photonic bandgap (PBG) - similar to the
electronic one in semiconductors - that can guide and confine light. The 2D PBG can also control
spontaneous emission (SE) from embedded active materials like quantum dots (QDs). QDs are
“artificial atoms” of tens of nanometer size, which can confine carriers ie. excitons point-like in bulk
material and act as ultrahigh efficient light emitters. When placed in a PC NC i.e. a resonator of a
cubic optical wavelength in size, SE from QD can be modified by cavity quantum electrodynamic
(CQED) effects that scale with the resonators’ quality factor @ over mode volume Vm. The QD-NC
interaction mechanisms of SE phenomena in solid state, as preferred for optical integrated circuits,
are not entirely clarified. Thus, this work focuses on the step-by-step investigation of the emitter-
cavity interaction, which has to be controlled in future IT devices utilizing CQED effects. First, InAs
QDs of high optical quality, ie. of narrow inhomogeneous broadening and bright photoluminescence
(PL), were embedded in a GaAs PC slab by molecular beam epitaxy. Second, after optimization of the
PC fabrication process, the 2D PBG effect, which yields out of plane emission enhancement by SE
energy redistribution, could be demonstrated. In the third step, the introduction of a NC was shown
to create artificial emission channels that demonstrated improved device efficiency. Next, in order to
investigate the interaction of QD emitters and a PC NC,
only QDs inside Vm had to be excited, but QDs of high

optical quality have high densities. By development of a
polarization resolved resonant excitation technique, the
ratio of NC mode over unwanted background PL from the

(a) 1274.40 gaﬁ@ i Tunable Laser
Camera

0° Polarlzer Q) _—

Beamsplitter Y

Photo
Diode

45° Polanzed

surrounding PC could be improved up to 20dB. By
scanning higher order NC modes in resonant excitation,
individual QD were selectively excited as seen from exciton
peaks and could be tuned into resonance with the NC s
fundamental mode, resulting in 656x SE enhancement of the
Purcell effect. Comparing this data with spectral and spatial
overlap of the modal electric field distributions, potential

A
| 3
Mirror

O 90° Polarizer

PC Slab with
i L3 Nanocavity

QD position within the nanocavity could be narrowed LI

down. At the final stage, the reflection measurement o g ¥ I
technique (RMT), that avoids intraband carrier relaxation :g o o © @% """"""" e oG- gy-om. B
processes, was developed and extensively tested. Resonant S

NC wavelengths in PL were found to agree well with RMT.
Also @ factor statistics reproduced theory well. Coupled

1 1 111 <] P [P PPN PN PP PP P
mode theory.could explain the trend of reflected %ntensmes 10 1300 YT By TR 1600
in the experimental spectra due to a slab coupling effect. Wavelength?»[nm]
RMT is considered potentially useful to gain fundamental L3, [0-2a -—----
. . . . . . As = 0.1a@ ------ FDTD Data , Error
insight to the interaction mechanisms of single, 0

deterministically aligned QDs and yield future IT
applications.

Fig.1 (a) Experlmental setup (b) Q
factors: theory & RMT.
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[Generation of High Quality Electron Beam Using a Thermionic RF Gun for Mid-
Infrared Free Electron Lasers]
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[Highly Efficient Data Transmission Schemes for Integrated-Media Systems]
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[Inversive and Synthetical Bayesian Methods for Image Estimation]
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