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Project Report 

1. Statement of the Problem Studied

Mid and deep ultraviolet (UV) light sources, including light emitting diodes (LEDs) and laser are
required for many demanding applications ranging from materials processing, surface treatment,
chemical and biological analysis to water purification and disinfection. To date, there have been
no commercial laser diodes with emission wavelengths shorter than 370 nm [1]. The poor
performance of UV optoelectronic devices is directly related to the presence of large densities of
dislocations (typically in the range of 108 cm-2, or higher), strong polarization field and the
related quantum-confined Stark effect, and extremely poor p-type conductivity of AlN and
AlGaN (hole concentration in AlN typically limited to ~ 1013 cm-3, or less) [2-7].

In this context, significant progress has been made in the epitaxy and characterization of AlGaN
nanoscale heterostructures [8-11]. Nearly dislocation-free AlGaN nanowires, or nanowalls can
be grown directly on low-cost, large-area Si and sapphire substrate [10-14]. We have discovered,
both experimentally and theoretically, that Mg-dopant incorporation is significantly enhanced in
nearly defect-free nanoscale III-nitride structures compared to their bulk counterparts [10, 15-
17], thereby leading to very efficient p-type conduction in wide bandgap Al-rich AlGaN that was
not previously possible [18]. In this project, we propose to investigate the design, epitaxy,
fabrication and testing of AlGaN nanowire and nanowall laser diodes. The device heterostructure
consists of AlGaN nanostructures grown on sapphire or Si substrate using the technique of
selective area growth by molecular beam epitaxy. Some of the major achievements of this
project include: i) Achievement of selective area epitaxy of AlGaN nanowires across nearly the
entire compositional range; ii) First demonstration of electrically pumped AlGaN nanowire
photonic crystal UV laser diode, which operates at 369.5 nm at room temperature with a low
threshold current density of 10.6 mA under continuous wave operation; iii) Demonstration of
electrically injected plasmonic UV quantum dot laser diodes, which are the shortest wavelengths
ever reported for any semiconductor plasmonic lasers. These studies provide a viable path for the
achievement of low threshold mid and deep UV laser diodes.

2. Summary of the Most Important Results

2.1. Epitaxial Growth and Characterization of Al-rich AlGaN Nanostructures for High
Efficiency UV Laser Diodes 

a) AlGaN Nanowire Arrays across Nearly the Entire Compositional Range

The previously reported AlGaN nanowires have been largely formed spontaneously, with 
random variations in size, spacing, and geometry. Such issues are addressed by using the 
technique of selective area epitaxy. Prior tour work, there had been no demonstration of AlGaN 
nanowires emitting in the UV-C band by selective area epitaxy. Shown in Figure 1(a) is a 
scanning electron microscope (SEM) image of GaN/AlxGa1-xN nanowire arrays, which exhibit 
controlled size and spacing and well-defined hexagonal morphology, with a very high degree of 
uniformity. Detailed scanning transmission electron microscopy studies further confirm that an 
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Al-rich AlGaN shell structure is spontaneously formed surrounding the nanowires, which can 
suppress nonradiative surface recombination. Photoluminescence (PL) spectra of these AlxGa1-
xN nanowire arrays were measured at room-temperature. Illustrated in Figure 1(b), strong PL 
emission from 210 nm to 327 nm was measured from AlxGa1-xN nanowires grown with different 
Al compositions. The correlation between the energy bandgap of AlxGa1-xN and Al composition 
x can be approximately derived from Eqn. (1) below. 

𝐸𝐸𝑔𝑔 = 6.015𝑥𝑥 + 3.39(1 − 𝑥𝑥) − 0.98𝑥𝑥(1 − 𝑥𝑥)                                                (1) 
For comparison, previous studies on selective area epitaxy of AlxGa1-xN nanowires were largely 
limited to Al composition below 40%. The realization of high quality Al-rich AlxGa1-xN 
nanowire arrays by selective area epitaxy provides a distinct opportunity to demonstrate high 
efficiency nanowire photonic crystal light emitters including LEDs and laser diodes operating in 
UV-C band, to be described next.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. (a) An SEM image of GaN/AlxGa1-xN nanowire arrays grown by selective area 
epitaxy. (b) Normalized room-temperature photoluminescence (PL) spectra of AlxGa1-xN 
nanowire arrays with Al compositions tuned from ~20% to 100%. 
 

b) Epitaxy and Characteristics of p-Type AlN Nanostructures and LEDs 
 
To achieve high performance laser diodes, it is imperative to have efficient hole transport and 
injection in AlGaN. Prior to our work, however, free hole concentrations of AlN can only be 
measured at ~1010 cm-3 level at room temperature for epilayer structures, which is more than 
seven orders of magnitude lower than what is commonly required (~1017–1019 cm-3) for practical 
optoelectronic devices. Magnesium (Mg), the common p-type dopant of III-nitrides, has a 
prohibitively large activation energy EA for AlN, which results in negligible doping efficiency at 
room temperature. Moreover, during the epitaxy of Mg-doped AlN, the Fermi level is shifted 
towards the valence band edge, significantly reducing the formation energy for nitrogen-vacancy 
as well as donor-like point defect and impurity incorporation. We found that such fundamental 
material issues of AlN can be addressed through nonequilibrium epitaxy of nanostructures. 
During the epitaxy of N-polar AlN nanostructures, N-rich conditions are commonly used. The 
formation energy of N-vacancy related defects can be increased by nearly 3 eV under N-rich 
epitaxy condition, compared to conventional N-poor condition, thereby suppressing N-vacancy 
related defect formation. Moreover, the formation energy for Al-substitutional Mg-dopant 
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incorporation is drastically reduced by ~2 eV under N-rich epitaxy, which can significantly 
enhance Mg-dopant incorporation.  
Previously reported planar c-plane AlN LEDs had a turn-on voltage ~30 V. With optimized 
growth conditions, we have investigated the electrical characteristics of AlN nanowire LEDs. 
Figure 2a shows typical room-temperature current-voltage (I-V) characteristics of as-fabricated 
AlN nanowire LEDs, which has a small reverse leakage current ~10 nA at -5 V and strong 
electroluminescence emission at ~210 nm. Under forward bias, the electrical characteristics 
exhibit three different trends. Region I is characterized by the presence of a carrier-injection 
barrier ∅𝑏𝑏1 of 2.2 eV related to the large conduction band offset between GaN and AlN. In 
Region II, the obtained minimum ideality factor is 4.6 at 2.4 V, but increases drastically with 
increasing voltage. In Region III, the device shows a turn-on voltage ~5 V, which is significantly 
smaller compared with previously reported planar AlN diodes and is largely determined by the 
energy bandgap of AlN. With further increasing voltage, injection current is limited by ohmic 
potential drop across the diodes. We measured the I-V characteristics of AlN LEDs with different 
Mg doping concentrations. The obtained minimum ideality factor shows a decreasing trend from 
14.9 to 3.6 with increasing Mg doping concentrations from approximately 1×1019 to 6×1019 cm-3. 
This observation rules out the possibility that the large ideality factors of AlN LEDs are the 
results of sum of the ideality factors of several rectifying junctions as proposed by Shah et al.  
 

Figure 2. a) I-V characteristics of AlN nanowire LEDs measured at room temperature, wherein 
three regions with different slopes can be identified. b) Temperature-dependent I-V 
characteristics of AlN nanowire LEDs measured in the temperature range of 20-200 oC. c) 
Illustration of the Mg acceptor energy levels under relatively low (left) and high (right) doping 
concentrations. The dispersion of Mg acceptor energy levels under very high concentrations can 
lead to significantly reduced activation energy (right). d) Variations of the minimum ideality 
factors vs. measurement temperature. 
 
We further performed temperature-dependent I-V measurements. Illustrated in Figure 2b, the 
measured currents between 2.5 and 3.5 V show a monotonic increasing trend with increasing 
temperature. The dashed black lines in Figure 3b indicate the slopes of forward I-V, which are 
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largely invariant from room temperature to 200 °C. The ideality factor, derived by 𝑛𝑛 = 𝑘𝑘𝑘𝑘
𝑞𝑞

[ 𝑑𝑑𝑑𝑑
𝑑𝑑(𝑙𝑙𝑙𝑙𝑙𝑙)

], 
therefore shows a strong temperature dependence. Previous reports attributed temperature-
independent slopes of (logI)-vs.-V plots to the involvement of charge carrier tunneling. The total 
forward current J of the p-i-n diode can be expressed as the sum of diffusion component JD in the 
neutral region (both p and n layers) and the tunneling current JT in the depletion region,  

  𝐽𝐽 = 𝐽𝐽𝐷𝐷0 �exp �𝑞𝑞𝑉𝑉𝐴𝐴
𝑘𝑘𝑘𝑘
� − 1� + 𝐽𝐽𝑇𝑇0 [ exp �𝑞𝑞𝑉𝑉𝐴𝐴

𝐸𝐸𝑇𝑇
� − 1]       (1) 

where 𝑉𝑉𝐴𝐴 is the voltage applied through the AlN p-i-n diode, and 𝐸𝐸𝑇𝑇 is the characteristic 
tunneling energy. Here other factors such as radiative and nonradiative carrier recombination that 
could lead to larger ideality factors are not considered. Using Eqn. (1), 𝐸𝐸𝑇𝑇 of 364 meV is 
obtained for the AlN LED with a Mg concentration of ~1×1019 cm-3. 𝐸𝐸𝑇𝑇 values on this order 
have been attributed to deep-level-assisted electron (hole) tunneling,[38] such as the deep Mg 
acceptor levels in AlN, which are in the range of 500-600 meV. In this study, it is observed that 
𝐸𝐸𝑇𝑇 decreases to 67 meV for the AlN LED with a Mg concentration of ~6×1019 cm-3. Very high 
Mg impurity concentrations in AlN can result in the formation of an impurity band, 
schematically shown in Figure 2c, instead of localized impurity levels, due to impurity-impurity 
interactions.[22, 40, 41] With increasing Mg concentration, the dispersion of Mg acceptor energy 
levels can lead to reduced ionization energy for a portion of Mg dopants, illustrated in the right 
panel of Figure 2c. This is consistent with the observation of a reduction of the characteristic 
tunneling energy from 364 meV to 67 meV with increasing Mg concentrations from ~1×1019 cm-

3 to 6×1019 cm-3. At elevated temperatures, hole concentrations in the impurity band is increased, 
and diffusion current becomes more dominant, which leads to a reduction of the ideality factor, 
shown in Figure 2d. The derived 𝐸𝐸𝑇𝑇 value of 67 meV suggests that the ionization energy of Mg 
dopants can be effectively reduced by nearly one order of magnitude for AlN nanostructures 
grown under N-rich epitaxy conditions, compared to that of conventional planar AlN, thereby 
leading to AlN LEDs with excellent electrical performance. This study may also offer a path to 
address the poor current conduction of other ultra-wide bandgap semiconductors. 
 

c) Development of AlGaN nanowall heterostructures for low threshold, high power laser 
diodes 

 
In parallel, we have studied the epitaxial growth and characterization of Al(Ga)N nanowall 
structures, which are well suited to realize low threshold, high power edge emitting laser diodes. 
We have demonstrated, for the first time, an AlN nanowall LED, which can operate efficiently at 
~210 nm. The devices exhibit excellent current-voltage characteristics, including a turn-on 
voltage of 7 V and current densities > 170 A/cm2 at 12 V. In this study, GaN nanowall structures 
were first created on n-type GaN template on sapphire substrate using e-beam lithography and 
dry etching techniques. The wall widths were varied in the range of 100 nm to 1 µm. Shown in 
Fig. 3, it is seen that AlN nanowalls exhibit smooth surface morphology on both the top and 
lateral surfaces, due to the efficient surface stress relaxation. Optical properties of AlN nanowall 
structures were studied using temperature and power-dependent photoluminescence 
measurements. Shown in the inset Fig. 4(a) is the PL spectrum of AlN nanowalls with wall 
widths ~410 nm. A distinct emission peak at ~210 nm from free exciton emission was measured 
at room-temperature. In addition, two phonon replicas, with energy separation ~100 and 200 
meV from the free exciton emission, respectively, were also clearly measured, which are 
indicated by the arrows shown in the inset of Fig. 4(a). The direct measurements of phonon 
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sideband emission at room-temperature suggests superior material quality of the presented AlN 
nanowalls.  

Figure 3. (a) Schematic of an AlN nanowall LED grown on GaN template on sapphire substrate. 
The device heterostructure is shown in the inset. (b) and (c) SEM images of AlN nanowall 
structures.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. (a) Plot of the internal quantum efficiency (IQE) (left axis) and relative external 
quantum efficiency (right axis) of an AlN nanowall structure vs. carrier generation rate measured 
at different temperatures. PL spectrum of the AlN nanowall structure measured at room-
temperature is shown in the inset. The arrows indicate phonon sideband emissions. (b) PL 
spectra of Mg-doped AlN nanowall structures measured under excitation powers varying from 
50 mW to 300 mW at room-temperature. 
 
 
The IQE was calculated by studying the PL spectra of the non-doped AlN nanowall samples at 
different temperatures and under different excitation powers using the following rate equations. 

2 3G AN BN CN= + +    (2) 
2I BNθ=  (3) 

/ ( )i I Gη θ=  (4) 
where G is the carrier generation rate, A is the Shockley–Read–Hall recombination coefficient, B 
is the radiative recombination coefficient, C is the Auger recombination coefficient, N is the 
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carrier concentration, I is the measured PL intensity, and iη  is the IQE. θ is a constant and is 
determined by the optical setup. in Fig. 4(a) is the calculated IQE vs. carrier generation rate and 
the measured relative external quantum efficiency ( EQE /I G∝ ). The simulation agrees well 
with the experimental results in the wide temperature range of 15 K to 300 K and for various 
carrier generation rates. It is seen that the IQE exhibited an increasing trend with increasing 
excitation and decreasing temperature. At room temperature, it can reach up to 60%, suggesting 
superior material quality. Strong photoluminescence emission at room-temperature was also 
measured for Mg-doped AlN nanowall structures. Shown in Fig. 4(b) are the PL spectra for 
nanowall arrays with 410 nm widths under varying excitation powers. Besides the free exciton 
emission peak at ~210 nm, there is another peak at 234 nm due to Mg-acceptor related transition. 
The shoulder at ~250 nm of the emission spectra is attributed to transitions of electrons bound to 
nitrogen vacancy with triple positive charges (VN

3+) and Mg acceptors. 
 
 
 
 
 
 
 

 

 

 

 

Figure 5. (a) Current-voltage characteristics of AlN nanowall LEDs with different wall widths 
measured at room-temperature. (b) Schematic illustration of the formation of an Mg impurity 
band and the reduced activation energy for a portion of the Mg acceptors, due to the significantly 
broadened Mg acceptor level distribution.  
 
We have subsequently investigated the fabrication and characteristics of AlN nanowall LEDs. 
Shown in Fig. 5(a) are the current-voltage characteristics of AlN nanowall LEDs with wall 
widths of 410 nm, 640 nm, and 860 nm, respectively. The length of each nanowall structure in 
these LED devices is 120 µm. The devices exhibit excellent current-voltage characteristics, with 
turn-on voltages ~7 V, which is significantly smaller than that of previously reported c-plane 
AlN epilayer LEDs. The large concentrations of Mg dopants leads to the formation of Mg 
impurity band in AlN nanowalls as well as significantly broadened acceptor level distributions, 
evidenced by the broad PL spectral linewidth associated with Mg acceptor transition shown in 
Fig. 4(b). Consequently, a portion of Mg acceptors have significantly reduced activation energy, 
schematically shown in Fig. 5(b), thereby enabling efficient hole conduction in AlN that was 
previously difficult to achieve in AlN epilayers. AlN nanowall LEDs exhibit strong 
electroluminescence (EL) emission.  
 
In summary, we have demonstrated AlN nanowall LEDs that can exhibit significantly improved 
optical and electrical performance, compared to conventional AlN epilayer devices. Detailed 
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temperature and power-dependent photoluminescence measurements and rate equation analysis 
suggested that the AlN nanowalls exhibited relatively high internal quantum efficiency (~60%) 
at room-temperature. Such AlN nanowall devices are well suited for large area, high power 
applications. It is envisioned that Al(Ga)N nanowall heterostructures will emerge as a viable 
architecture for achieving high efficiency deep UV LEDs, laser diodes, and photodetectors. 
 
2.2. Electrically Injected AlGaN Nanowire Photonic Crystal Ultraviolet Laser 

 
Recent theoretical studies have suggested that defect-
free nanowire photonic crystal structures can behave 
as mirrorless resonant cavities with high quality 
factor and fineness. Prior to our work, however, there 
have been no reports on such photonic crystal lasers 
operating in the UV wavelength range. In this 
context, we have studied the design, fabrication, and 
characterization of defect-free AlGaN nanowire 
photonic crystal lasers. Using the finite-element 
method, we have studied the simulation of defect-
free AlGaN nanowire photonic crystal structures as a 
topological high-Q resonator. The simulation is 
performed using the RF module of Comsol 
Multiphysics. A topological resonator is expected to 
operate near the band edge of a photonic crystal structure with an arbitrary shape. In this study, a 
photonic crystal with band edge around 370 nm is designed as an example. The lattice constant a 
of the nanowire photonic crystal is 400 nm, and the spacing between nanowires is ~36 nm. The 
effective refractive index is ~2.49 for GaN/AlxGa1-xN nanowires. The corresponding band 
structure for transverse magnetic polarization (E in parallel with growth direction) is shown in 
Fig. 6. The normalized frequency a/λ for the operation wavelength 370 nm is ~1.08, which is 
found to be near the Γ point of the band shown in red color. It is therefore expected such a 
photonic crystal structure with an arbitrary shape to behave like a topological high Q-factor 
cavity near this wavelength. 

 
Figure 7. (a) Schematic illustration of GaN/AlxGa1-xN multiple quantum disk 
nanowire structure. (b) Titled view SEM image of GaN/AlxGa1-xN nanowire 
arrays grown by selective area epitaxy. (c) Room-temperature photoluminescence 
spectrum of GaN/AlxGa1-xN nanowire arrays. 

Figure 6. Band structure of the designed 
photonic crystal structure targeted to 
operate at a/λ=1.08. 
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Extensive growth optimization was performed to achieve GaN/AlxGa1-xN nanowire photonic 
crystals. Vertically aligned GaN/AlxGa1-xN nanowire arrays, schematically illustrated in Fig. 
7(a), were selectively grown in the opening apertures by MBE. Figure 7(b) shows a scanning 
electron microscope (SEM) image of the GaN/AlxGa1-xN nanowire arrays taken at a tilted angle. 
It is seen that the nanowires exhibit a high level of size uniformity. Illustrated in Fig. 7(c), strong 
emission of GaN/AlxGa1-xN nanowire arrays at ~370 nm can be clearly measured. The PL peak 
emission at ~355 nm originates from the AlxGa1-xN guide layer. 
 

 

 
 
 

Figure 8. (a) Schematic of GaN/AlxGa1-xN nanowire photonic crystal laser grown 
by selective area epitaxy. (b) Current-voltage characteristics of GaN/AlxGa1-xN 
nanowire photonic crystal laser. Inset: I-V characteristics plotted in semi-log 
scale. 

 
Subsequently, the nanowire arrays were fabricated into photonic crystal lasers using standard 
photolithography, e-beam lithography, dry etching and contact-metallization techniques. The 
operation of the GaN/AlxGa1-xN nanowire photonic crystal lasers is schematically illustrated in 
Fig. 8(a). The current-voltage (I-V) characteristics of GaN/AlxGa1-xN photonic crystal lasers are 
shown in Fig. 8(b). The fabricated nanowire photonic crystal lasers exhibit good current-voltage 
characteristics. The device shows a relatively low turn on voltage of ~ 4V and exhibit a very low 
leakage current of ~27 µA at -8V as indicated in the inset.  
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Figure 9. (a) Room-temperature electroluminescence spectra of GaN/AlxGa1-xN 
photonic crystal lasers below (red) and above (blue) threshold current. The spectra 
are vertically shifted for display purpose. (b) Integrated EL intensity of lasing 
emission as a function of injection current. Inset: Variation of integrated EL 
intensity vs. current in log scale. (c) EL spectral linewidth vs. current. (d) 
Variation of lasing peak position vs. current. 

 
The lasing characteristics of such devices were investigated under electrical injection under 
continuous-wave operation at room-temperature. Figure 9(a) shows the room-temperature EL 
spectra of GaN/AlxGa1-xN photonic crystal lasers at injection currents below and above threshold 
current (Ith). It is observed that, with increasing injection current, a sharp peak emerged and 
superimposed on the broad background emission. Above threshold, the EL spectrum shows a 
sharp peak centered at 369.5 nm with full-width-at-half-maximum (FWHM) of ~0.2 nm. The 
light-current (L-I) characteristics of photonic crystal laser are illustrated in Fig. 9(b), clearly 
showing a threshold current of ~10.6 mA. The relatively low threshold current is directly related 
to the dislocation-free AlGaN nanowire heterostructures, the core-shell nanowire arrays with 
suppressed surface recombination, and the topological high-Q resonance of defect-free nanowire 
photonic crystals. The variations of integrated EL intensity and linewidth of the lasing peak as a 
function of injection current in the logarithmic scale are plotted in the inset of Fig. 9(b) and Fig. 
9(c), respectively. The S-shaped L-I curve, together with the significant reduction of spectral 
linewidth near threshold confirm the evolution from spontaneous emission, amplified 
spontaneous emission to linear lasing emission with increasing injection current, providing 
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unambiguous evidence for the achievement of lasing. Shown in Fig. 9(d) are variations of the 
laser peak position with increasing injection current. It is observed that the peak position exhibits 
a negligible change as injection current increases, suggesting an extremely stable lasing 
operation.  

 
In summary, we have demonstrated a low threshold electrically injected semiconductor UV laser 
by utilizing defect-free AlGaN nanowire photonic crystals. The photonic crystal lasers exhibit a 
peak emission at 369.5 nm with a very low threshold current. The spectral linewidth is as narrow 
as ~0.2 nm. The device performance can be further improved by optimizing the design of 
nanowire photonic crystal optical cavity. Such nanowire photonic crystals provide a unique 
approach for achieving semiconductor laser diodes in the UV-B and UV-C bands. This work also 
bridges the gap between conventional single nanowire devices and large-area laser diodes that 
are often required for practical applications.  
 
2.3  Ultralow threshold Quantum Dot UV Laser Diodes 
 
Small size ultraviolet (UV) lasers are important for a broad range of applications including 
disinfection, sensing, Raman spectroscopy, analytic chemistry, and high-resolution lithography. 
Success in developing such semiconductor devices, however, has been extremely challenging, 
due to the difficulty in confining light to very small dimensions. To date, there have been only 
few reports on plasmonic lasers operating in ultraviolet (UV) wavelength range, which all exhibit 
very a low quality-factor (Q-factor) ~100˗200. This is ascribed to material dissipation, imperfect 
structure, and the bottleneck of achieving high quality metal layer, which limits surface plasmons 
coupling efficiency and the realization of low-loss optical confinement. Consequently, the 
operation wavelengths of plasmonic lasers have been restricted within the UV-AI band (340-400 
nm) under optical pumping only. Additionally, it has remained extremely challenging to achieve 
electrically injected plasmonic lasers operating at any wavelengths. In this context, we have 
studied a new type of UV plasmonic lasers to address the above-mentioned issues. In our design, 
photon confinement is achieved in the plasmonic wedge mode formed on a microscale stripe 
coated with an ultrathin epitaxial Al layer as a metal cavity coupling with a wide bandgap 
aluminum-gallium-nitride (AlGaN) quantum dot layer. It is known that the Q-factor of 
plasmonic lasers is strongly dependent on the strength of stored energy over the dissipated 
energy, in other words, optical confinement, which is governed by high quality metal layer, 
plasmonic mode and gain media. Thus, an ultrathin Al layer, ideal candidate metal for UV 
plasmonics, is epitaxially deposited under ultrahigh vacuum conditions. In the unique design, 
self-organized AlGaN quantum dots are incorporated as the gain medium, which is positioned in 
proximity of the metal cavity. The utilization of AlGaN quantum dots can significantly reduce 
nonradiative surface recombination and therefore contributes to the very low lasing threshold. In 
addition, AlGaN has intrinsically large gain and exhibits extremely low surface recombination. 
AlGaN-based nano/micro-scale structures also exhibit superior characteristics of dislocation-free 
and efficient current conduction. These intriguing properties make it attractive to study 
plasmonic-based UV lasers to break the efficiency bottleneck of UV optoelectronics. The AlGaN 
UV plasmonic lasers exhibit excellent performance, including a very low threshold current of 
~75 µA under continuous wave operation at room-temperature.  
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Figure 10: Structure design and operation of AlN/AlGaN quantum dot plasmonic 
laser. a, Schematic of the cross section near the edge of a stripe. The box indicates 
the simulation regions. The arrow indicates growth direction. b, Band diagram of 
the AlN/AlGaN structure. Dashed lines are eye-guided lines. 

 
 
Schematically shown in Fig. 10a, the AlGaN plasmonic laser structure consists of an n-GaN 
buffer layer, n- and p-AlN layers and a thin p-AlGaN quantum dot top layer. The cross-sectional 
profile has a bump-like cavity on the edge of the stripe Figure 10b shows the band diagram of 
AlN/AlGaN structure. Under electrical injection, electrons overflow and recombine radiatively 
with holes in the p-AlGaN layer due to the much higher hole concentration than that in the p-
AlN. The p-AlGaN layer have quantum-dot-like features due to the lattice mismatch with the 
underneath p-AlN layer, which can offer strong quantum confinement and minimize surface 
recombination.  
 

 
 

Figure 11. Characterization of AlN/AlGaN quantum dot plasmonic laser. a, A 
70º-titled SEM image of AlN/AlGaN quantum dot plasmonic laser, clearly 
showing the bump-like cavity formed at the stripe edges indicated by the arrow. b, 
AFM surface topography of AlN/AlGaN plasmonic laser showing high density of 
quantum dots. c, Photoluminescence spectra measured at room-temperature under 
different excitation powers varying from 50 mW to 300 mW. Inset: 
Photoluminescence emission of AlN layer under excitation power of 300 mW. 
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Shown in Fig. 11a is an SEM image of AlN/AlGaN quantum dot plasmonic stripe lasers. 
Structural characterization of the AlGaN quantum dot stripe structure was carried out using 
atomic force microscopy (AFM), shown in Fig. 11b. The dot density is estimated to be ~2 × 1011 
cm-2. The stripe laser structure exhibits strong photoluminescence (PL) emission at room-
temperature. Figure 11c shows PL spectra of AlN/AlGaN stripes under different excitation 
powers. Subsequently, stripe structures were fabricated into plasmonic laser devices using 
standard photolithography, e-beam lithography, isolation and contact-metallization techniques.  

 

Figure 12. Characterization of AlN/AlGaN quantum dot plasmonic laser. a, 
Room-temperature electroluminescence spectra of AlN/AlGaN quantum dot 
plasmonic laser below (red) and above (green, blue) threshold current. The 
spectra are vertically shifted for display purpose. Inset: Magnified 
electroluminescence spectra. b, Output power of emission peak of lasing mode 
E21 at 338.5 nm as a function of injection current, clearly showing threshold 
current ITh ~75 µA. c, Variations of output power in log scale at 338.5 nm with 
increasing injection current, respectively. The S-shaped L-I curve with increasing 
current further confirm lasing operation. 

 
 
The lasing characteristics of such devices were investigated by electrical injection under 
continuous wave operation at room-temperature. Figure 12a shows the room-temperature 
electroluminescence (EL) spectra of AlN/AlGaN stripe devices at different injection currents 
below and above threshold current (ITh). It is observed that, by increasing injection current, sharp 
peaks emerge and superimpose on the broad background emission. At an injection current above 
ITh, EL spectrum of stripe laser diode shows a sharp peak centered at 338.5 nm. Other lasing 
modes are also observed. The three main lasing peaks (E11, E21, and E31) are in good agreement 
with the calculations. The presence of shorter wavelength sub-modes of E12, E22, and E32 near the 
dominant E11, E21, and E31, respectively, is likely related to longitudinal optical confinement. As 
the lasing peak at 338.5 nm (mode E21) is the strongest one, its threshold and linewidth properties 
are first presented. The light-current (L-I) characteristics are illustrated in Fig. 12b, showing a 
clear threshold current ITh of ~75 µA. The variations of output power as functions of injection 
current in the logarithmic scale are plotted in Fig. 12c. The S-shaped L-I curve suggests the 
evolution from spontaneous emission, amplified spontaneous emission to lasing emission with 
increasing current. At an injection current of ~250 µA, the FWHM of the lasing peak at 358.9 
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nm is as narrow as ~0.3 nm. This work provides a viable approach to achieve electrically 
injected semiconductor lasers operating in the mid and deep UV spectra and to break the 
efficiency bottleneck of UV optoelectronics. 
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