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Molecular Beam Epitaxial Growth and Device Characterization of
AlGaN Nanowire Ultraviolet-B Light-Emitting Diodes
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Abstract: We report on the design and fabrication of high performance AliGa;—xN nanowire
ultraviolet (UV) light-emitting diodes (LEDs) on silicon substrate by molecular beam epitaxy. The
emission wavelength and surface morphology of nanowires can be controlled by varying the growth
parameters that include substrate temperatures and/or Aluminum/Gallium flux ratios. The devices
exhibit excellent current-voltage characteristics with relatively low resistance. Such nanowire
LEDs generate strong emission in the UV-B band tuning from 290 nm to 330 nm. The
electroluminescence spectra show virtually invariant blue-shift under injection current from 50 mA
to 400 mA, suggesting the presence of a negligible quantum-confined Stark effect. Moreover, we
have shown that, the AlGaN nanowire LEDs using periodic structures, can achieve high light
extraction efficiency of ~ 89% and 92% for emissions at 290nm and 320nm, respectively. The
randomly arranged nanowire 290 nm UV LEDs exhibit light extraction efficiency of ~ 56% which
is higher compared to current AlGaN based thin-film UV LEDs.
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1. Introduction

A compact, highly efficient, and high-power UV light-source with emission wavelengths below
350 nm has attracted great attention due to its wide range of applications. The primary applications
of such UV emitters include remote detection of biological and chemical compound, cancer
detection and fluorescence sensing or Ramanfl. The possibility of generating light sources using
GaN based LEDs for photonic applications, with emission ranging from deep UV to near infrared
by tuning the material bandgap makes them the versatile materials in the photonic industries?4],
Optoelectronic devices working in the deep UV spectral region are being sought out because of
their potential applications in disinfection® ©, water purification” &, medical/biomedical
instruments, and high-density optical LASER for recording®. In contrast to the existing bulky and
hazardous mercury UV lamp sources, UV LEDs offer high efficiency™® **l and specific features
like wavelength selectivity, compactness!*? 31 and environmental-friendly light sources which
make them a better choice to replace the future era devices. UV-B (290 - 320 nm) range of
wavelength has been sought out for its capability of generating vitamin D in our body through
exposurel* 151 Moreover, UV-B emission is widely used for phototherapy which involves
treatment of the skin, by exposing it to a UV-B source of light®*® 11, The latter procedure is
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extremely useful to treat various diseases ranging from skin cancer, psoriasis, stimulating wound
healing, stimulating the immune system and DNA analysis!** 181, This particular spectrum has also
found its use almost exclusively in the skin tanning industry. The UV-B lights, when incident to
the skin, activates a pigment called melanin in epidermal skin, which aids or accelerates the process
of tanning™®l. Devices used traditionally for producing UV spectra of light are large and bulky, like
UV lamps consisting of mercury. These devices exhibit low efficiency and lack of flexibility as
well. The alternative approach for UV sources using highly efficient AlGaN nanowire
heterojunction structures seems to be far superiort*®-2,

To improve the performance of LEDs, their external quantum efficiency (EQE), which is directly
proportional to the product of internal quantum efficiency (IQE) and light extraction efficiency
(LEE), must be enhanced. Approaches that include patterned substrates!??, rolled up nanotubes(?],
surface roughing®¥ and photonic crystal patterns?! have been used in the past to enhance the LEE
of UV LEDs. In this regard, the Il1-nitrides targeted to reach the latter goal of UV LEDs has been
limited by performance constraints on account of their extremely inefficient p-type doping®5 271
due to only small fraction of Mg being activated at room temperatures, large dislocation density®,
which lead to low efficient, low output power LEDs. On account of this, II-nitride nanowire based
UV LEDs exhibit exceptional performance compared to AlGaN based thin-film UV LED structures
resulted from the significantly improved light output power due to drastically reduced dislocations
and polarization fields, and better effectiveness in p-type doping. Such great advantages pave the
way for a candidate in boosting the IQE of UV LEDs[?* %, In this context, we have fabricated high
performance LEDs with emission wavelength can be tunable from 290 nm to 330 nm grown by
molecular beam epitaxy (MBE). The devices exhibit relatively low resistance with excellent
current-voltage characteristics. The electroluminescence (EL) spectra show negligible blue-shift
under injection current from 50mA to 400mA, proving that the nanowire UV LEDs exhibit strong
and stable emission with significantly reduced polarization fields and negligible quantum-confined
Stark effect® 32, Moreover, using periodic nanowire structures, we have shown that, the UV LEDs
can achieve high LEE of ~ 89% and 92% for emissions at 290nm and 320nm, respectively. The
randomly arranged nanowire UV LEDs exhibit high LEE of ~ 56% which is higher compared to
current AlGaN based thin-film UV LEDs at similar wavelength emission.

2. Structural optimization and Simulation

Three-dimensional Finite-Difference Time Domain (FDTD) simulation is employed to analyze and
calculate the LEE of the UV LEDs. The nanowire LED heterostructures are designed with emission
wavelength in the UV-B band. The nanowire UV LED structure is schematically shown in Figure
1. The array is abab (hexagonal) form. Each nanowire consists of 250 nm n-GaN, 100 nm n-AlGaN,
60 nm guantum well (QW), 100 nm p-AlGaN and 10 nm p-GaN. The underlying substrate is Si
(111). The device spans 2.5 jum =2.5 m, enclosed in 12 perfectly matched layers (PML) to absorb
outgoing waves without causing any unwanted reflection of boundaries®® %I, The parameters of
PML (attenuation factor (sigma)) and (auxiliary attenuation coefficient (kappa)) are set to 0.25 and
2, respectively. Via Lumerical adaptive meshing!®!, the minimum mesh step size was set to 0.25
nm. The source to replicate the excitation was a single dipole source with Gaussian shape spectrum,
and TM mode (electric field parallel to nanowire axial direction) is placed in the nanowire in the
middle of the nanowire array, in the middle of the active region. In AlGaN LEDs, the electric field
direction parallel to the ¢ axis which accounts for TE polarization which is the prominent emission
in UV-B LEDs® *7lis taken into perspective. The simulation wavelengths are chosen to be 290 nm
and 320 nm to cover the UV-B. The ratio of the power emitted from the side surfaces of the LED
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to the total emitted power of the device active region is considered as the LEE.
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Figure 1: Schematic illustration of GaN based nanowire UV-B LED structure with inset image
presenting the detailed structure of n-AlGaN layer, a quantum well active region, a p-AlGaN layer,
and p-GaN layers.

(a) (b) (c)

R o o o o o o o e B e

1 lDO“D s .ODZW 90

0.6800 130 ' 0.6925 0

| 0.4650 L]
. 0
Io.zs7s§w- AT F S 4 Wi
0.01000
w 40

- »

’E‘ 125 b | 0.4640 ‘E‘ 125

= 120 — 3 02480 = 120
— I =
0.0320¢
g 15

© 110

O o5 »

10

100
) ST P I
165 170 175 180 185 190 195 200 0 2 4 6 8 10 12 14 16 18 20

165 170 175 180 185 190 195 200
c-c spacing (nm) c-c spacing (nm) Sample no

Figure 2: The contour plots for AlGaN based nanowire UV-B emitters depicting LEES with the
radius ranges of 49-69 nm, and center to center (c-c) spacing ranges of 165-200 nm with light
sources of (a) 290 nm (b) 320 nm and (c) LEE for 19 different random structures with different
nanowire diameter and nanowire spacing between them for a light source of 290 nm.

To understand the dependency of LEE on the nanowire parameters including radius and spacing, a
contour plot relating these three parameters can be seen in Figures 2(a) and 2(b). A relatively high
LEE (92%) is acquired at a center to center spacing of ~170 nm and radius of 65 nm for emission
at wavelength equal to 320 nm. Similarly, LEE of ~89% was calculated for nanowire UV LEDs
with emission at 290 nm when the radius and spacing value are ~62 nm and 186 nm, respectively.
The enhanced LEE values especially from lateral sides of the nanowire structure arises due to the
mode coupling within the nanowires. During the generation of coupled modes, light propagates
horizontally through the nanowires and thus can be extracted.

To replicate identical scenario to the fabricated nanowire structures via MBE spontaneous growth
in which the nanowire diameter is varied in a range of 5%, we introduced a randomness of around
5% thus generating non-periodic structures with different nanowire radius and spacing and
computed the LEE, as plotted in Figure 2 (c). The LEE of the random UV-B LED structure with a
tolerance of 10% from the optimized conditions for LEE has an average LEE of ~56 %. This LEE
value is lower than the periodic structures, however, it is still a high value in comparison to the
existing UV-B LEDs at the same emission wavelength. This variation in LEE can be explained by
the LED device switching within and outside the photonic band gap modes. The nanowire LED
periodic arrays can be considered as active photonic crystal structures. However, photonic crystals
themselves are utilized in photonic bandgap regions whereas the nanowire LED periodic array is
utilized in the non-bandgap regions. Photonic bandgap regions are sets of wavelengths prohibited
from propagating throughout the structure. Since the nanowire LED arrays prefer non-bandgap
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regions, light propagates through the structure into surrounding air. Depending on the need of
application, the nanowire photonic crystal structures have different operating regimes, namely,
light confinement regime, which is used for lasers, and light transmission regime, used in LEDs[®.
Nanowires with varying diameter and spacing result in the formation of different wave vectors, and
hence different degrees of transmission at corresponding wavelengths. The low side LEE (blue area)
represents the photonic bandgap region of periodic nanowire arrays or the inhibition of light
propagation through the structure. The FDTD simulation utilized to acquire information about LEE
of different nanowire array diameter and spacing using Particle Swarm Optimization (PSO).
Therefore, careful control over spacing and radius is to be exercised to endure least possible total
internal reflection at the semiconductor-air interface, which would aid the light to escape the device
leading to a higher LEE and reduced material absorption in the deep UV LEDsE8, The effect of
variation in spacing and radius can be seen by examining the contour plot. The LEE varies from 1%
to 90%. The reason for this can be accounted to the formation of coupled modes, leading to a jump
in LEE.

3. Experimental details

The AlGaN nanowire UV-B LED heterostructure, illustrated in Figure 1, was spontaneously
formed on Si (111) substrates under nitrogen rich conditions by a Veeco Gen-lII MBE system
equipped with a radio-frequency plasma-assisted nitrogen source. The nanowire diameter and
density can be controlled by controlling the substrate temperature and/or Al/Ga flux ratios, while
the nanowire length was varied mostly by the growth duration. The nanowire size was selected
according to the results obtained from the simulation/design task. Figure 1 depicts the schematic
structure of GaN/AlGaN UV-B nanowire LED structure on Si substrate. The inset of Figure 1
presents the detailed structure of LED. The device fabrication route of AlGaN nanowire UV LEDs
involves the following steps. Initially, for planarization and passivation, the nanowire arrays were
spin-coated with polyimide resist solution, illustrated in Figure 3(a). This was followed by O, dry
etching to expose the top region of the nanowires, shown in Figure 3(b). Metal contact layer
including Ni (5 nm)/Au (5 nm)/indium tin oxide (ITO) was then deposited to the exposed GaN:Mg
surface to form top metal contacts. Shown in Figure 3(c), Ti/Au (10 nm/100 nm) and metal-grid
Ni/Au (10 nm/100 nm) layers were then evaporated on the backside of the Si substrate and top of
ITO to form the backside and topside contacts, respectively. Additional information regarding the
MBE growth and device fabrication of such nanowire LEDs can be found elsewherel? 1,

(a) (b) (c)
;)Iyimide Ni/Au =
ITO
Silicon Ti/Au

Polyimide coating RIE etching Thick Ti/Au deposited
Figure 3: Fabrication procedure of UV-B nanowire LEDs on Si substrate.

Surface morphology of the UV nanowire LED heterostructures was studied by scanning electron
microscopy (SEM). The nanowire UV-B LEDs exhibit quite uniform surface morphology and high
density, as illustrated in Figure 4.
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Figure 4: 45° cross-sectional SEM image of nanowires grown on silicon wafer.

4. Results and discussion

Optical properties of AlGaN nanowire UV LEDs were examined using a 266 nm diode-pumped
solid-state (DPSS) Q-switched laser as the excitation source. The duration, maximum energy, and
repetition rate of the laser pulse are 7ns, 4uJ and 7.5 kHz, respectively. To eliminate the emission
from the excitation laser source, a long pass filter (> 270nm) was placed in front of the spectrometer.
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Figure 5: Normalized room temperature photoluminescence spectra of UV-B lights at 290 nm, 300
nm, 320 nm and 330 nm from multiple AlGaN nanowire LEDs.

Figure 5 presents the room temperature PL spectra of nanowire LEDs with the peak wavelengths
were measured at 290 nm, 300 nm, 320 nm, 330 nm respectively. As seen from the corresponding
plots, the peaks match the designed wavelength of the light excited from the nanowire LEDs.
Alteration of Al composition in the AlGaN quantum dots can be achieved either by using different
growth temperatures and/or Al/Ga flux ratios. In the room temperature PL spectra, Al composition
increases for a lower wavelength (or higher bandgap material) emission in the electromagnetic
spectrum. Thus, for tuning the emission from 290 nm to 330 nm UV-B regime, Al composition is
increased in the active regions. The emission peak at ~ 365 nm is corresponded to the emission
from GaN segment.

Figure 6 shows the EL spectra of the AlGaN nanowire UV-B LED with emission wavelength at
320 nm. The EL spectra were measured at room temperature using the Ocean Optics spectrometer
(USB 2000) at injection currents from 50 mA to 400 mA for device area of 500m >x500pm. The
devices were measured under pulsed biasing conditions (~1% duty cycle) to minimize junction
heating effect.

Copyright© Tech Science Press 7



JOURNAL OF ADVANCED OPTICS AND PHOTONICS Vol.1, No.1, 2018

EL Intensity (a.u)

3
3
r
Peak Wavelength (nm)

200 300 400 500 600 700 0 50 100 150 200 250 300 350 400 450
Wavelength (nm) Current Injection (mA)

Figure 6: (a) Electroluminescence spectra of GaN/AlGaN based UV-B nanowire LED from 50 mA
to 450 mA (b) variation of peak wavelength with current injection.

The EL spectra exhibits a singular peak at around 320 nm which corresponds to the emission from
the AlGaN quantum well, shown in Figure 6(a). Additionally, illustrated in Figure 6(b), the
emission peak position shows very small shifts (1.5 nm) with increasing injection current,
emphasizing the presence of a negligible polarization field due to the effective strain relaxation. It
can be observed that the device shows a stable and strong emission at 320 nm independent of
injection currents even with the absence of emission on the visible wavelength range; which was
observed in AlGaN QW based UV LEDs, due to the deep level defects in AIGaNE® 4%, This clean
EL spectrum is crucial in the improvement of the signal-noise ratio.
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Figure 7: Current—voltage characteristics of the AlGaN nanowire LED.

Current-voltage characteristics of the UV LEDs are depicted in Figure 7. The defect density,
internal electric field induced quantum confined Stark effect and polarization field, are minimized
in nanowires in contrast to thin films, resulting in perfect diode performances with very low leakage
current which is <ImA at reverse voltage of ~ -6V. The sharp increase of current in the forward
bias confirms excellent current-voltage characteristics with low resistance. The leakage current can
be attributed to the leakage paths arising due to the inadequate insulation between the nanowires
and the polyimide resist as well as due to carrier recombination happening in active region of LED
near the nanowire sidewalls due to surface states present!“l],

5. Conclusions

In summary, we have demonstrated high performance UV-B LEDs using novel AlGaN nanowire
LEDs with high crystal quality on a large silicon substrate. The LEE of such nanowire UV-B LEDs
has been significantly improved. The UV LEDs hold strong EL intensity with negligible blue shift.
This study addresses some of the major issues with reference to the practical applications of
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nanowire LEDs and provides a novel perspective of having high efficiency UV-B LEDs with
tunable emission for medical applications.
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