Chapter 1
A Brief Review of III-Nitride UV Emitter
Technologies and Their Applications

Michael Kneissl

Abstract This chapter provides a brief introduction to group Ill-nitride ultraviolet
light emitting diode (LED) technologies and an overview of a number of key
application areas for UV-LEDs. It covers the state of the art of UV-LEDs as well a
survey of novel approaches for the development of high performance UV light
emitters.

1.1 Background

More than two decades have passed since a series of fundamental breakthroughs in
the area of gallium nitride (GaN) semiconductor materials led to the first demon-
stration of high efficiency and high brightness blue LEDs [1-4]. Today, GaN-based
blue and white LEDs have achieved efficiencies surpassing that of any conventional
light source and billions of LEDs are fabricated every week. This tremendous
progress has been accompanied by increasing penetration of blue and white LEDs
into new applications and larger markets, starting with backlighting of LCD dis-
plays in mobile phones, computer screens, and TVs, followed by automotive and
street lighting, and finally conquering lighting applications in all places. Therefore,
it is only fitting that in 2014 the Royal Swedish Academy of Sciences awarded the
Nobel Prize for Physics to Isamu Akasaki, Hiroshi Amano, and Shuji Nakamura
“for the invention of efficient blue light emitting diodes which has enabled bright
and energy-saving white light sources” [5]. This example shows how breakthroughs
in development of new semiconductor materials and device technologies can lead to
a paradigm shift of a complete industry, in this case solid-state lighting. The Royal
Swedish Academy of Sciences stated in their press release “in the spirit of Alfred
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Nobel the Prize rewards an invention of greatest benefit to mankind; using blue
LEDs, white light can be created in a new way” [5]. Despite these tremendous
achievements, we have to date only utilized a very narrow sliver of the emission
spectrum that gallium nitride devices are capable of generating. By adding alu-
minum nitride (AIN) to the GaN alloy system, the emission wavelength of
AlGaN-based LEDs can be tuned over almost the entire UVA (400-320 nm), UVB
(320-280 nm), and UVC (280-200 nm) spectral range with emission wavelength as
short as 210 nm. Although the efficiencies and power levels of AlGaN-based
UV-LEDs today are still modest (see Fig. 1.1) compared to their visible wavelength
counterparts, another paradigm shift in the area of semiconductor-based UV sources
is just around the corner. Without doubt the efficiencies and output powers of
UV-LEDs will continue to improve over the coming years and at the same time the
costs per milliwatt of UV light from LEDs will drop significantly. For many
high-end applications, e.g., in the area of medical diagnostics, phototherapy, and
sensing, UV-LEDs are already competitive since they enable major advances in
system design and performance and only contribute a small fraction of the overall
cost. As the UV-LED performance improves over time it is clear that many more
application areas will follow.

In order to put all these developments into a context, this chapter will provide a
comprehensive overview of the state of the art in group IlI-nitride-based materials,
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Fig. 1.1 Reported external quantum efficiencies for AlGaN, InAlGaN-, and InGaN quantum well
LEDs emitting in the UV spectral range [6-32]
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ultraviolet emitters, and their applications. Several key applications for UV emitters
and detectors will be discussed, including water purification, phototherapy, gas
sensing, fluorescence excitation, plant growth lighting, and UV curing. In addition,
the optical, electronic, and structural properties of group Ill-nitride materials as well
as the design and key performance parameters of UV-LEDs will be reviewed.
Furthermore, the most important technological challenges for the realization of high
efficiency, high power UV light emitters will be examined and a number of
approaches to overcome these hurdles will be presented.

1.2 UV Light Emitters and Their Applications

Compared to conventional UV sources, such as low and medium pressure mercury
lamps [33], ultraviolet LEDs offer a number of advantages. UV-LEDs are extremely
robust, compact, environmentally friendly, and can exhibit very long lifetimes. They
do not require any warm-up times and can be switched on and off within a few tens
of nanoseconds or even faster. These unique properties designate UV-LEDs as a key
enabling component for a number of new applications that cannot be realized with
conventional UV sources. For example, the ability to rapidly turn UV-LEDs on and
off gives rise to advanced measuring detection algorithms and improved baseline
calibrations that can significantly enhance the sensitivity of the system. By closely
spacing different UV-LEDs, it is also possible to realize multi-wavelength modules,
which may be able to identify specific gases, biomolecules, or organisms. UV-LEDs
are operated at moderate DC voltages, which make them ideally suited for battery
operation or solar cell powering. They are also easily electronically dimmable,
which can be an important energy saving feature, e.g., in water purification appli-
cations, where the required UV radiation dose strongly depends on the volume of the
water flow. But most importantly, their emission can be tuned to cover any wave-
length in the UVA (400-320 nm), UVB (320-280 nm), and UVC (280-200 nm)
spectral range. A compilation of different applications for UV-LEDs is shown in
Fig. 1.2. Important applications in the UVA spectral range include UV curing of
inks, paints, coatings, resins, polymers, and adhesives as well as 3D-printing for
rapid prototyping and lightweight construction. Additional applications can be found
in the area of sensing, e.g., whitening agents or so-called blankophores, detection of
security features, e.g., in ID cards and banknotes, and medical applications like
blood gas analysis. Key applications in the UV-B are phototherapy [34, 35], espe-
cially the treatment of psoriasis and vitiligo, as well as plant growth lighting, e.g., for
the targeted triggering of secondary plant metabolites [36]. High volume applica-
tions in the UVC are water purification [37-42], e.g., point-of-use systems,
wastewater treatment, and recycling as well as disinfection of medical equipment
and food. There are also a number of sensing applications [42—44] for UVB- and
UVC-LEDs since many gases (e.g., SO,, NO,, NH3) and biomolecules exhibit
absorption bands in these spectral regions, including tryptophan, NADH, tyrosine,
DNA, and RNA. UVC-LEDs can also be used for non-line-of-sight communication
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Fig. 1.2 Applications of UVA (400-320 nm), UVB (320-280 nm), and UVC (280-200 nm)
LEDs

[45] and are also of interest for basic science experiments in the area of gravitational
sensors, e.g., for enabling the charge management systems in the ESA/NASA laser
interferometer space antenna (LISA) mission [46]. The foundation of all these
applications, however, is the development of high-efficiency and high power
AlGaN-based LEDs emitting in the UVA, UV-B, and UVC spectral range.

Thus, the economic and societal benefits resulting from the development of a
wide range of applications that require UV-LED technologies are perfectly obvious.
Latest market studies predict rapid technological advances in the development of
semiconductor-based UV-LED sources. For the world market of UV-LED com-
ponents alone an annual growth rate of more than 28 % is being forecasted by Yole
Développement, reaching a total volume of US$ 520 million by 2019 [47].

1.3 UV-LEDs—State of the Art and the Challenges Ahead

A large number of research groups have reported AlGaN-based light emitting
diodes in the ultraviolet spectral range [6—32] and several companies have started to
commercialize UV-LED devices. In the 365-400 nm spectral range, many
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companies are already offering UVA-LEDs with excellent performance. Companies
include for example, Nichia (Japan), Nitride Semiconductors (Japan), Epitex
(Japan), UVET Electronics (China), Tekcore (Taiwan), Seoul Opto Device (Korea),
SemiLEDs (USA), Luminus Devices (USA), Lumex (USA), and LED Engine
(USA). Access to commercial UVB-LEDs is much sparser with companies SETi
(USA), Dowa (Japan), Nikkiso (Japan), and UVphotonics (Germany) offering
devices in the 320-280 nm range. Similarly in the UVC, only a few companies are
currently selling LED devices, including SETi (USA), Nitek (USA),
Crystal-IS/Asahi-Kasei (USA/Japan), Hexatech (USA), UVphotonics (Germany),
Nikkiso (Japan), and LG Electronics (Korea). Whereas the performance for
UVA-LEDs, especially in the wavelength range 365400 nm is already suitable for
many applications, the external quantum efficiencies (EQE) of most UVB and UVC
emitters are still in the single digit percentage range. Currently, most UVB- and
UVC-LEDs provide only a couple of milliwatts of output power and lifetimes are
often limited to less than a thousand hours [30, 41]. There are multiple reasons
which limit the performance of group Ill-nitride-based deep UV-LEDs and nearly
every layer in the heterostructure poses a different challenge as illustrated in
Fig. 1.3.

Most UV-LED heterostructures are grown on (0001) oriented c-plane sapphire
substrates. Sapphire substrate are readily available in various sizes with diameters
ranging from 2 to 8-in. for commercial wafers and 12-in. diameter sapphire sub-
strates already being demonstrated as R&D samples [49]. Due to the large volumes
of sapphire substrates that are being used for blue LED production, sapphire wafers
have become very inexpensive. Most importantly, sapphire is fully transparent
across the entire UVA, UVB, and UVC spectral range due its large bandgap energy
of 8.8 eV. Most AlGaN-based LED heterostructures are grown by metalorganic
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Fig. 1.3 Schematic of an (In)AlGaN MQW UV-LED heterostructure [48]
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vapor phase epitaxy (MOVPE) using trimethylgallium (TMGa), triethylgallium
(TEGa), trimethyaluminum (TMALI), and trimethylindium (TMIn) as group-III
precursor, as well as ammonia (NH3) for the group-V element. Silane (SiH,) and di
(cyclopentadienyl)magnesium (Cp,Mg) are used as n- and p-doping sources and
hydrogen or nitrogen as carrier gas. Typical growth temperatures for the deposition
of AlGaN layers are in the range of 1000-1200 °C, but can be as high as 1500 °C
for the deposition of the AIN base layer [S0-52]. Since the sapphire substrate is
electrically insulating an Si-doped n-AlGaN current spreading layer is subsequently
deposited to enable uniform lateral current-spreading and injection of electrons into
the AlGaN multiple quantum well (MQW) active region. In order to accommodate
the difference in the a-lattice constants of AlGaN and AIN (see Fig. 1.6), an Al,Ga,
—N transition layer is inserted between the AIN base and the AlGaN current
spreading layer for strain management. The light emitting active region typically
comprises a few nanometer thick AlGaN or InAlGaN quantum wells
(QWs) separated by (In)AlGaN quantum barriers. The emission wavelength of the
LEDs is primarily determined by the aluminum and indium mole fractions in the
AlGaN or InAlGaN quantum wells as can be seen in Fig. 1.4a.

Additional contributions to the transition energies and consequently the emission
wavelength arise from the electron and hole confinement energies in the quantum
well and depend on the QW width as well as the quantum barrier height, i.e., the
barrier composition. Figure 1.4b shows the emission wavelength of Aly7,GagosN
triple quantum well LEDs with Al g,Gag gN barriers and different QW widths.
Since almost all UV-LEDs are grown on the polar c-plane of the wurtzite crystal,
strong spontaneous and piezoelectric polarization charges arise at AlGaN
heterostructure interfaces, leading to polarization fields in the QWs and conse-
quently to a redshift in emission wavelength. This is effect is commonly known as
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Fig. 1.4 a Emission spectra of AlGaN, InAlGaN, and InGaN quantum well LEDs emitting in the
UVA, UVB, and UVC spectral range. b Emission wavelength of Alj7,Gag,sN quantum well
LEDs for different QW width
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the quantum confined Stark effect (QCSE) [53]. The magnitude of the polarization
field will largely depend on the difference in the aluminum mole fractions between
the AlGaN quantum wells and AlGaN barriers as well as the strain state with the
QW stack.

The active region is capped with an Mg-doped p-AlGaN electron blocking layer
(EBL), followed by an Mg-doped p-AlGaN short period superlattice layer (SPSL)
and a highly Mg-doped p-GaN ohmic contact layer. The function of the p-AlGaN
electron blocking layer (EBL) is to facilitate efficient hole injection into the QW
active region while preventing electron leakage from the AlIGaN QW active region
into the p-layers. Ideally, the Mg-doped p-AlGaN SPSL is UV-transparent in order
to prevent the absorption of UV photons. Looking at the different implementations
of UV-LEDs in the literature, of course, there are many deviations from this basic
UV-LED structure. For example, instead of a p-AlGaN short period superlattice
layer, an Mg-doped bulk p-AlGaN layer can also be used. Some LED
heterostructure designs utilize a gradient of the aluminum mole fraction in the
p-AlGaN layer in order to enhance the hole carrier concentrations through polar-
ization doping [54]. Nevertheless, the key elements described above and in Fig. 1.3
can be found in most UV-LEDs. While metalorganic vapor phase epitaxy
(MOVPE) is the dominant growth technique for the realization of UV-LEDs,
AlGaN-based UV light emitters have also been demonstrated using molecular beam
epitaxy (MBE) [55] or hydride vapor phase epitaxy (HVPE) [56].

1.4 UV-LEDs—Key Parameters and Device Performance

There are several key parameters that characterize the performance characteristics
of UV-LEDs. The conversion efficiency by which the electrical input power is
converted into UV light output is described by the so-called wall plug efficiency
(WPE) or power conversion efficiency (PCE). In general, the wall plug efficiency of
light emitting diodes is defined as the ratio of the total UV output power to the input
electrical power, i.e., the drive current times the operating voltage of the device.
This can be described by the following relationships:

Py ho

WPE = -0t _ 1O
v EeELTY

where P, denotes the output power of the UV emission, I the drive current of the
LED, V the operating voltage for the LED, hw the photon energy, and #gqg the
external quantum efficiency (EQE) of the LED. The external quantum efficiency of
the UV-LED can be easily determined by measuring the total UV output power P
and dividing this by the drive current I and the photon energy hw according to the
following equation:
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In other words, the EQE can also be described as the ratio of the number of UV
photons emitted from the LED to the number of charge carriers injected into the
device. The external quantum efficiency itself can be described as a product of the
injection efficiency #;,;, the radiative recombination efficiency #;.q, and the light
extraction efficiency 7.y as also shown in the following formula:

MEQE = Minj * Mrad * Mext = MIQE * Mext

Therefore, the injection efficiency #;,; describes the ratio of charge carriers, i.e.,
electrons and holes that reach the QW active region versus the total current being
injected into the device. The radiative recombination efficiency #,,q is the fraction
of all electron—hole pairs that recombine radiatively in the QW active region, i.e.,
producing UV photons. The internal quantum efficiency #qoe (or IQE) can be
calculated as the product of the radiative recombination efficiency #,,q and the
injection efficiency 7y, It is possible to determine the IQE by temperature and
excitation power-dependent photoluminescence measurements [57], although great
care has to be taken in the interpretation of the data. The light extraction efficiency
Next 18 defined as the fraction of UV photons that can be extracted from the LED
compared to all the UV photons that are generated in the active region. The
radiative recombination efficiency 7,,q can be expressed as the ratio of the radiative
recombination rate Ry, versus the sum of radiative and nonradiative recombination
R, rates and is described by the following equation:

Ry
Rsp + R

Nad =

The nonradiative recombination rate can be expressed as the sum of the
Shockley—Read—Hall recombination term and the Auger recombination term as
follows:

Ry =A-n+C-n

where A represents the Shockley—Read—Hall (SRH) recombination coefficient,
C the Auger recombination coefficient, and the parameter n the charge carrier
density in QW. The Shockley—Read—Hall recombination coefficient A is inverse
proportional to the SRH recombination lifetime, which strongly depends on the
defect density in the materials. Nonradiative recombination lifetimes as short as a
few tens of ps have been measured for highly defective AlGaN layers. In contrast,
nonradiative recombination lifetimes in the ns range have been demonstrated for
AlGaN quantum well emitters on low defect density bulk AIN substrates [58, 59].
The magnitude of the Auger recombination coefficient C for IlI-nitride materials is
still being heavily debated [60—65] and values for the C coefficient for blue-violet
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LEDs range between 1 x 107! and 2 x 107°° cm® s™'. Measurements to determine
the C coefficient for UV emitter are even more rudimentary [66]; also theoretical
models suggest that the Auger coefficient should become smaller and smaller for
shorter emission wavelength [67].

Finally, the radiative recombination or spontaneous recombination rate Ry, can
be expressed as

Ry = B-n?,

with B representing the bimolecular recombination coefficient and n the charge
carrier density in QW. The B coefficient will strongly depend on the design of the
active region, e.g., the quantum well width, quantum barrier height, the strain state
of the AlGaN QWs, and the magnitude of the polarization field in the QW. Typical
values for the B coefficient are in the range of 2 x 107" em® 57! [66, 68].

Today, the best InGaN-based blue LEDs boast external quantum efficiencies
(EQE) of 84 % and wall plug efficiencies (WPE) of 81 % [69] and commercial blue
LEDs exhibit EQEs of 69 % and WPEs of 55 %, respectively [70]. These
extraordinary values can only be achieved by perfecting all constituents that con-
tribute to the WPE and EQE. Due the development of thin film LED technologies,
highly reflective metal contacts, and advanced packaging methods, light extraction
efficiencies in modern blue LEDs exceed 85 %. Furthermore, low defect density
GaN/sapphire templates and highly efficient InGaN quantum well active regions
lead to internal quantum efficiencies near 90 % [70]. Mg-doped GaN AlGaN
electron blocking layers and low resistance n-GaN current spreading layers lead to
injection efficiencies well beyond 90 % [70]. And finally, refined Mg- and
Si-doping profiles and optimized ohmic contacts guarantee very low operating
voltages, which translate into high WPE. However, the extraordinary characteristics
of blue LEDs do not translate into similar performance for shorter wavelength
LEDs. Whereas UVA-LEDs near 365 nm still exhibit EQEs beyond 30 %, at least
in research prototypes, typical LEDs in the UV-B and UVC spectral range exhibit
external quantum efficiencies of 1-3 %, as can be seen in Fig. 1.1. A number of
factors contribute to this overall small value, including poor radiative recombination
efficiencies and modest injection efficiencies, resulting in low internal quantum
efficiencies as well as inferior light extraction and high operating voltages. From the
analysis of state-of-the-art UVC-LED one can estimate the light extraction effi-
ciency to be below 10 %, and the radiative and injection efficiencies to be some-
where around 50 %, respectively. In the following section the main causes
contributing to these behaviors will be explained and different options to overcome
these deficiencies will be discussed.
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1.5 The Role of Defects on the IQE of UV-LEDs

A significant contribution to the low IQE in UV emitters can be attributed to the
relatively high defect densities in AIN and AlGaN materials. For example, growth
of AIN layers on (0001) sapphire substrates typically yields dislocation densities in
the range of 10'® cm™ [50-52]. These threading dislocations form nonradiative
recombination pathways for the injected carriers leading to significantly reduced
internal (IQE) and external quantum efficiencies (EQE) [57, 70, 71]. Different
approaches to reduce the dislocation densities in AIGaN and AIN layers on sapphire
substrates have been demonstrated, including epitaxial lateral overgrowth
(ELO) yielding defect densities in the mid 10® cm™? range [72-76]. Other
approaches to reduce the defect density include the growth on nano-patterned
sapphire substrates [29, 77], the use of short period AlGaN superlattices [78] as
well as low temperature AIN or SiN, interlayers [18, 79]. To estimate the effect of
dislocations on the internal quantum efficiency of UV-LEDs the IQE was simulated
based on a model initially published by Karpov et al. [71]. In order to compute the
IQE, the radiative and noradiative recombination rates are calculated as a function
of the threading dislocation density and injection current density [23]. The model
assumes that threading dislocations form deep levels within the band gap that act as
nonradiative recombination centers for electrons and holes. There are a number of
potential defects in AlGaN wurtzite semiconductor materials that form deep levels,
e.g., screw, edge, or mixed type threading dislocations as well as N- or
Ga-vacancies [80-83]. Although the nature of the dislocation and its electronic
properties is not part of the model, the parameter S in the simulation characterizes
the fraction of electrically active sites on the dislocation core. In addition, the IQE is
governed by the electron and hole mobilities, nonequilibrium carrier concentrations,
and consequently the minority carrier diffusion lengths. As can be seen from the
results of the simulation in Fig. 1.5a, dislocation densities in the range of 10" cm 2
are required in order to provide internal quantum efficiencies close to unity. By
utilizing advanced dislocation filtering techniques, one could expect to realize
dislocation densities in this range even for heteroepitaxial growth on sapphire
substrates. As can also be seen from Fig. 1.5b, for a fixed threading dislocation
density, the IQE also strongly depends on the electron mobility and current density.
This dependency is most pronounced for dislocation densities ranging between mid
10® and 10" cm™2, when the carrier diffusion lengths and the spacing of the
dislocations are approximately the same size (Fig. 1.6).

Even lower defect densities can be achieved by homoepitaxial growth on bulk
AIN substrates. For example, bulk AIN substrates grown by sublimation recon-
densation have yielded dislocation densities as low as 10* cm ™2 [84—87], although
the availability of these substrates is still limited and currently typical substrates
sizes are 1-in. diameter or even smaller. In addition bulk AIN substrates exhibit
strong absorption bands in the UVC spectral range [88, 89], which poses a serious
challenge for the light extraction, since this is normally achieved by extracting the
UV light through the substrate. As various studies show, the origin of these UVC
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absorption bands can be traced back to carbon impurities and the formation of
complexes [88-90]. Therefore these UVC absorption bands appear to be not a
fundamental problem, but a materials research challenge that can be solved by
optimizing the purity of the sources in order to reduce the carbon impurity con-
centrations either by clever co-doping schemes, or by inserting a thick hydride
vapor epitaxy grown AIN base layer [91]. UVC-LED heterostructures pseudo-
morphically grown on bulk AIN substrate have been demonstrated by two groups
[22, 92] with external quantum efficiencies of more than 5 % at emission wave-
length near 270 nm and first steps to commercialize these devices have been
undertaken.
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1.6 Current-Injection Efficiency and Operating Voltages
of UV-LEDs

Very often UV-LEDs suffer from poor injection efficiencies and high operation
voltages that originate from the relatively low conductivities of Mg-doped p-AlGaN
layers. This is due to the fact that the ionisation energy for the Mg acceptor
increases steadily with the aluminum mole fraction in the Mg-doped p-AlGaN layer
[93, 94]. For Mg-doped AIN layers the acceptor level has been determined to be
about 510 meV above the valence band edge [70]. Therefore, in Mg-doped bulk
AlGaN layers only a small fraction of the Mg acceptors are ionized at room tem-
perature, resulting in very low free hole concentrations. But even the silicon doping
on n-AlGaN layers becomes increasingly more challenging at high aluminum mole
fractions [95-97]. Both n- and p-AlGaN layer resistances as well as the ohmic
contact resistances of the n- and p-metals contribute to the relatively high operating
voltages of UV light emitting devices. Various approaches to improve the con-
ductivity of p-AlGaN layers have been explored, e.g., utilizing short period Al,Ga,
—N/Al,Ga; N superlattices [98, 99], polarization doping of graded Al,Ga;-,N
layers [100], and alternative p-layer materials like Mg-doped boron nitride
(hBN) [101]. Also, the limits of silicon doping of n-AlGaN layers at very high
aluminum mole fractions have been explored and record low resistivity AlGaN: Si
current-spreading layers in the composition range between 60 and 96 % have been
demonstrated [102, 103]. A number of studies have looked at ohmic metal contact
formation to n-AlGaN layers and lowering the contact resistances [104—108] with
very promising results in the medium aluminum composition range. Since sapphire
and AIN substrates are electrically insulating, electrons are normally laterally
injected through the n-AlGaN layer. In order to reduce the n-layer series resistance
and to facilitate homogeneous current injection often interdigitated finger contact
geometries are employed in the chip design. Figure 1.7 shows a photograph of an
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UVB-LED chip with interdigitated finger contacts and its light-output versus cur-
rent (L-I) characteristic after flip-chip mounting.

Another key challenge is efficient hole injection into the AlGaN quantum wells
as well as electron leakage from the active region. Injection efficiency and electron
leakage are two properties that are difficult to determine in a UV-LED and can
range from less than 10 % for deep UV emitters to more than 90 % for UVA-LEDs
near 400 nm [70, 109]. Especially for UVB- and UVC-LEDs, the development of
novel injection schemes is critical in order to reduce electron leakage while
improving hole-injection efficiencies into the active region. On this topic, various
approaches have been demonstrated, e.g., Mg-doped AlGaN electron blocking
layers, AIN/AlGaN electron blocking heterostructures [28, 31], and AlGaN/AlGaN
multi-quantum-barriers [19].

1.7 Light Extraction from UV-LEDs

Improving light extraction from UV-LEDs is a key challenge in order to increase
the EQE and WPE of UV-LEDs. Currently, most UV-LED chips do not include any
features for advanced light extraction. As can be seen from Table 1.1, the light
extraction efficiency for a single square LED chip on a UV-transparent sapphire
substrate is only in the range of 810 % [110]. This is due to the fact that many of
the light extraction methods that are state of the art for blue and near UV-LED
cannot be applied to deep UV-LEDs. For example, highly reflective and low
resistance silver-based metal contacts are typically employed in blue LEDs.
Although Ag contacts provide excellent reflectors in the visible and near UV range,
the reflectivity drops rapidly for wavelength below 350 nm (see e.g., Chap. 6).
Aluminum, which would be a very good reflector in the entire UV range and
possible alternative contact material does not normally form an ohmic contact to
Mg-doped p-AlGaN due to its low work function. In addition, thin film tech-
nologies that are routinely applied to GaN-based LEDs have not yet been developed

Table 1.1 Estimated light extraction efficiencies (LEE) for different UV-LEDs chip technologies

UV-LED chip technology LEE (%)
LED on-wafer 7-9
Single square LED chip 8-10
Single triangular LED chip 11-13
LED with reflective p-contact (R = 40 %) ~20
LED with reflective p-contact (R = 80 %) ~30
Thin film LED chip, incl. backside roughening 30-50
Thin film LED chip with reflective contacts and backside roughening 40-60
Thin film LED with reflective contacts and backside roughening and advanced 50-90
packaging
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for deep UV emitters. Ultraviolet light also poses an enormous challenge in finding
suitable encapsulation and packaging materials. Many advanced packaging mate-
rials, i.e., high-index transparent silicones and polymers, that are state of the art for
blue LEDs, are not stable when exposed to high energy UV photons. Therefore
completely new solutions have to be developed for AlGaN-based deep UV emitters
and several approaches to enhance light extraction have been investigated including
photonic crystals, roughening of LED surfaces, patterning of substrates, shaping of
LED dies, micro-pixel LEDs, and omnidirectional reflectors [111-115]. Another
approach to realize ohmic and UV-reflective contacts are nano-pixel LEDs. In this
case low resistance ohmic contacts are facilitated through closely spaced nano-pixel
size Pd/p-GaN electrodes while the area between the nano-pixels is covered with
UV-reflective aluminum reflectors [116].

An additional complication arises from the large negative crystal field splitting in
AlGaN alloys. This causes a rearrangement of the valence bands at higher alu-
minum mole fraction resulting in a change in the polarization of light emission from
TE to TM at shorter wavelength [117]. Consequently, fewer photons can be
extracted from the light escape cone via the surface or the substrate of deep
UV-LEDs. Although the basic properties of AIN materials cannot be changed, the
optical polarization of the light emission can be controlled by the design of the
AlGaN quantum well active region and the built-in compressive or tensile strain.
Recent studies have shown that even at very short wavelengths below 250 nm the
polarization of emission from LEDs can be switched to strongly TE-polarized
emission by employing highly compressively strained AlGaN active regions [118—
121] and by appropriately adjusting the quantum well width and barrier height
[122]. In addition, by employing reflector and scattering structures in advanced
UVC-LED chip designs, enhanced outcoupling of TM polarized emission was
recently demonstrated [123, 124].

1.8 Thermal Management and Degradation of UV-LED

Since the UV-LED light output as well as LED degradation is highly
temperature-dependent, thermal management is pivotal for high performance UV
light emitters [125, 126, 127]. Many LED failure mechanisms can also be traced
back to overheating. Therefore most high-power UV-LEDs are flip-chip mounted
onto ceramic submounts or directly integrated into SMD (surface-mount device)
packages. Flip-chip mounting allows for efficient light extraction through the
UV-transparent sapphire substrate and at the same time provides excellent heat
extraction for thermal management. Typical packaging materials, e.g., include AIN
and BN ceramics as well as aluminum, CuW, and copper. In order to dissipate the
power generated at the contacts and pn-junction of the LED, the excess heat must
be extracted through the package. Since only a small fraction of the excess power
can be dissipated by radiation or convection from the LED chip, the heat extraction
is mostly conducted through the package. The thermal resistance of the package is
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hereby given by the sum of the thermal resistance of the LED die, the die attach, the
heatsink, and finally the solder attaching the package to the board. Of course for the
total thermal resistance the thermal resistances of the solder pads and the mounting
board (e.g., PCB) also have to be added. Package thermal resistance can vary
greatly depending on the packaging technologies. Top-emitting low power
UV-LEDs, where the heat is extracted through the sapphire substrate can exhibit
thermal resistance in the range of 40 K/W to more than 200 K/W depending on the
packaging technology [128]. On the other hand flip-chip mounted UV-LEDs in
high power packages can yield thermal resistances from 15 K/W to less than 5 K/'W
[129].

Another complex issue is the degradation of UV-LEDs. Early devices exhibited
rapid degradation and very short lifetimes, especially for UVB- and UVC-LEDs
[39, 41]. In some cases the output power dropped by more than 50 % within the first
100 h of operation, rendering these LEDs impractical for real-world applications.
Next to increasing the LED efficiencies, improving the lifetimes of UV-LEDs is one
of the key issues to solve in order to enable a broader integration of UV-LEDs in
many applications. Fortunately due to improvements in material quality, chip
technology, and thermal management, significant improvements in UV-LED life-
times can be observed as can be seen in Fig. 1.8. Today, state-of-the-art UVB-LEDs
on sapphire emitting at 310 nm and near 280 nm exhibit L50 lifetimes of more than
10.000 h [130, 131] and 3.000 h [30]. For UVC-LEDs on bulk AIN substrates with
emission below 270 nm L50 lifetimes well in excess of 1.000 h have been reported
[132]. Tt is difficult to predict how fast progress in this area will be but a better
understanding of the degradation mechanism of UV-LEDs will be pivotal in solving
the lifetime issues [133, 134]. This, of course, is not only limited to the LED chip
and the semiconductor materials, but also includes packaging and encapsulation
materials.
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1.9 Outlook

Generally, it is a difficult undertaking to provide an accurate prognosis of the future
performance of UV-LEDs. Nevertheless, by taking into account the rate of progress
in the past decade as well as the potential improvements by implementing the
different technological advances outlined in the earlier paragraphs, one can compile
a roadmap for the future device performance. Based on these assumptions Fig. 1.9a,
b displays the projected device performance for three wavelength bands around
310, 285, and 310 nm. Specifically, the past and future wall plug efficiencies and
output power levels for single LEDs chips are plotted. The solid data points hereby
represent the state of the art of commercially available UV-LED devices at different
times up to 2015. It should be noted that these values have been obtained by
measurements in our laboratory. In addition, the number of tested devices was
limited due to the scant number of commercial sources for UVB- and UVC-LEDs
and that devices were not readily available from all commercial sources. There are a
number of factors that will lead to future improvement of the wall plug efficiency
(WPE), including increases in internal quantum efficiency, reduced operating
voltages, and enhancements in light extraction. As the WPE is improving, the
output power per UV-LED chip will also increase. In addition to efficiency
improvements larger chip areas, improved thermal management, and increases in
the operating current will lead to further increases in the total output power per LED
chip. For example, today most UVB- and UVC-LEDs are operated at 20 or 100 mA
DC current and the footprint of the emitting area is typically limited to less than
0.1 mm?. Tt is expected that the chip size of UV-LEDs will increase to 1 mm? and
more, and operating currents of 350, 700 mA or even 1 A will become standard.
The pace at which these improvements are implemented, will of course also depend
on the amount of effort that goes into the research and development for these
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devices. Fortunately, it appears that research efforts in the development of UV light
emitters have significantly accelerated in the past few years and that more and more
larger industry players (e.g., Nichia, LG Innotek, Panasonic) are getting involved.

1.10 Summary

Since the first demonstration of UV light emitting diodes in the early 1990s [135]
and first AlGaN-based LEDs in early 2000 [136—138], steady progress has been
made in the development of ultraviolet LEDs. For a number of reasons however, the
rate of progress in UV emitter performances was much slower than for GaN-based
blue and white LEDs. The various technological challenges have been discussed in
this chapter. One additional reason is the enormous variety of applications for UV
emitters. This makes UV-LEDs on the one hand extremely versatile, but on the
other hand it hinders the rapid development of UV devices due to the strongly
varying requirements (i.e., emission wavelength, power levels, lifetimes) depending
on the application. Overall, the development of group Ill-nitride UV emitters can be
divided into three stages. The first phase was characterized by fundamental mate-
rials breakthrough and basic proof of device operation. This stage was followed by
steady progress in device technologies and UVB- and UVC-LED performance as
well as maturing of UVA-LEDs and their widespread adoption in applications like
UV curing. We have now entered the third phase, which is characterized by an
increasing number of companies and especially larger players entering the com-
mercial markets. This will accelerate the development pace of UVB- and
UVC-LEDs and soon the performance level will reach the threshold to enable first
applications in the area of sensing, medical diagnostics, phototherapy, and
point-of-use water disinfection. It is not an overstatement to say that there are no
fundamental technological roadblocks prohibiting the realization of long-lived, high
power and high efficiency UV-LED in the entire UV spectral range. Without
exaggeration one can state that AlGaN-based LEDs will prevail as UV emitter
technology and that in the not too distant future we will see more and more
applications that are enabled by UV-LEDs.
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