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Preface

In the past two decades, group III-nitride-based ultraviolet light-emitting diodes
(UV-LEDs) and their applications have undergone a progressively accelerating
development. This can be demonstrated by many metrics. For example, the number
of published articles in the area of UV-LEDs is steadily increasing and has reached
nearly 1.000 journal articles per year in 2014 (see Fig. 1). However, we have found
that the fast progress in this field makes it difficult to obtain or maintain a com-
prehensive overview of all these very rapidly developing research areas. Many
times when researchers in the field of semiconductor materials and optoelectronics
devices describe the applications of UV emitters, large gaps in information are
revealed. On the other hand, developers and engineers who are working in various
areas of applications of UV emitters and detectors often do not comprehend the
complexities in materials and device development. In order to put all these
developments into a context, various chapters in this book aim to provide a com-
prehensive examination of the state of the art in group III-nitride-based materials,
ultraviolet emitters, and their applications. It is intended for researchers and
graduate-level students in the area of electrical engineering, material science, and
physics as well as scientists, developers, and engineers in various application fields
of UV emitters and detectors. The book provides an overview of group III-nitride
materials including their structural, optical, and electronic properties as well as key

Fig. 1 Journal articles in
each year for publications
under the keywords “ultravi-
olet” and “light emitting
diode” (Source Web of
Science. Retrieved 17 July
2015 from apps.
webofknowledge.com)
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features of various optoelectronic components, like UV-LEDs, ultraviolet lasers,
and photodetectors. It also offers an introduction to a number of key applications for
UV emitters and detectors, including water purification, phototherapy, gas sensing,
fluorescence excitation, plant growth lighting, and UV curing. Although each
chapter stands on its own and can be understood without the knowledge of the
others, the organization of the chapters has been deliberately chosen to start with
chapters focusing on basic materials properties, followed by chapters on ultraviolet
devices, and to conclude with several chapters describing key applications for UV
emitters and detectors. In the first chapter, Michael Kneissl provides an introduction
to group III-nitride UV emitter technologies and their applications. This is followed
by Matthias Bickermann’s review of the growth and structural properties of bulk
AlN substrates. In the third chapter, Eberhard Richter, Sylvia Hagedorn, Arne
Knauer, and Markus Weyers review the use of sapphire as a substrate for
nitride-based light emitters in the UV range, especially the growth of low defect
density AlGaN templates by hydride vapor phase epitaxy. In Chap. 4 Hideki
Hirayama discusses crystal growth techniques for low defect density AlN and
AlGaN layers on sapphire and presents state-of-the-art performance characteristic
of UVC-LEDs on sapphire. In Chap. 5 Shigefusa F. Chichibu, Hideto Miyake,
Kazumasa Hiramatsu, and Akira Uedono provide an in-depth discussion of the
effects of dislocations and point defects on the internal quantum efficiency of the
near-band-edge emission in AlGaN-based DUV light-emitting materials.
Understanding the role of defects on the IQE of UV-LEDs is critical for improving
the efficiency and output power of UV-LEDs. In the area of devices, the optical
polarization and light extraction from UV-LEDs is reviewed by Jens Rass and
Neysha Lobo-Ploch. The homoepitaxial growth of UVC-LEDs on bulk AlN sub-
strates and their application in water disinfection is examined by James R.
Grandusky, Rajul V. Randive, Therese C. Jordan, and Leo J. Schowalter in Chap. 7.
Noble Johnson, John Northrup, and Thomas Wunderer discuss optical gain in
AlGaN quantum well laser heterostructures and present the state of the art in the
development of AlGaN-based UV laser diodes in Chap. 8, and in Chap. 9 solar and
visible blind UV photodetectors are reviewed by Moritz Brendel, Enrico Pertzsch,
Vera Abrosimova, and Torsten Trenkler. In Chap. 10 Marlene Lange, Tim Kolbe,
and Martin Jekel examine the application of UVC-LEDs for water purification and
in Chap. 11 Uwe Wollina, Bernd Seme, Armin Scheibe, and Emmanuel Gutmann
describe the application of UV emitters in dermatological phototherapy. In Chap.
12 Hartmut Ewald and Martin Degner review the role of UV emitters in gas-sensing
applications and in Chap. 13 Emmanuel Gutmann, Florian Erfurth, Anke Drewitz,
Armin Scheibe, and Martina Meinke discuss UV fluorescence detection and
spectroscopy systems for applications in chemistry and life sciences. In Chap. 14
Monika Schreiner, Inga Mewis, Susanne Neugart, Rita Zrenner, Melanie Wiesner,
Johannes Glaab, and M.A.K. Jansen examine the application of UV-LEDs for plant
growth lighting, especially the triggering of the secondary plant metabolism with
UVB light. In the final chapter, the application of LEDs for UV curing is reviewed
by Carsten Dreyer and Franziska Mildner.
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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 III-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 (AlN) 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 III-nitride-based materials,

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 III-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., SO2, NOx, 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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[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

Fig. 1.2 Applications of UVA (400–320 nm), UVB (320–280 nm), and UVC (280–200 nm)
LEDs
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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 365–400 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 III-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

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 (TMAl), and trimethylindium (TMIn) as group-III
precursor, as well as ammonia (NH3) for the group-V element. Silane (SiH4) and di
(cyclopentadienyl)magnesium (Cp2Mg) 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 AlN base layer [50–52]. 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 AlN (see Fig. 1.6), an AlxGa1
−xN transition layer is inserted between the AlN 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 Al0.72Ga0.28N
triple quantum well LEDs with Al0.82Ga0.18N 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

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 Al0.72Ga0.28N 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 AlGaN 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:

WPE ¼ Pout

I � V ¼ gEQE
�hx
e � V ;

where Pout denotes the output power of the UV emission, I the drive current of the
LED, V the operating voltage for the LED, hω the photon energy, and ηEQE 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 Pout

and dividing this by the drive current I and the photon energy hω according to the
following equation:

1 A Brief Review of III-Nitride UV Emitter Technologies … 7



gEQE ¼ e � Pout

I � �hx
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 ηinj, the radiative recombination efficiency ηrad, and the light
extraction efficiency ηext as also shown in the following formula:

gEQE ¼ ginj � grad � gext ¼ gIQE � gext

Therefore, the injection efficiency ηinj 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 ηrad 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 ηIQE (or IQE) can be
calculated as the product of the radiative recombination efficiency ηrad and the
injection efficiency ηinj. 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
ηext is 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 ηrad can be expressed as the ratio of the radiative
recombination rate Rsp versus the sum of radiative and nonradiative recombination
Rnr rates and is described by the following equation:

grad ¼ Rsp

Rsp þ Rnr

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

Rnr ¼ A � nþC � n3;

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 AlN substrates [58, 59].
The magnitude of the Auger recombination coefficient C for III-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 × 10−31 and 2 × 10−30 cm6 s−1. 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 Rsp can
be expressed as

Rsp ¼ B � n2;

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 × 10−11 cm3 s−1 [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 AlN and AlGaN materials. For example, growth
of AlN layers on (0001) sapphire substrates typically yields dislocation densities in
the range of 1010 cm−2 [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 AlGaN and AlN layers on sapphire
substrates have been demonstrated, including epitaxial lateral overgrowth
(ELO) yielding defect densities in the mid 108 cm−2 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 AlN or SiNx 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 107 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
108 and 1010 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
AlN substrates. For example, bulk AlN substrates grown by sublimation recon-
densation have yielded dislocation densities as low as 104 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 AlN 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 AlN base layer [91]. UVC-LED heterostructures pseudo-
morphically grown on bulk AlN 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.

Fig. 1.5 Simulated internal quantum efficiencies (IQE) for an AlGaN MQW LED emitting near
265 nm. a IQE versus threading dislocation density in the active region for different current
densities. b IQE versus the electron mobility for different current densities (simulations are
courtesy of Martin Guttmann and Christoph Reich, Institute of Solid State Physics, TU Berlin)

Fig. 1.6 Bandgap energies
and emission wavelength of
InN, GaN, AlN and other
III–V and II–VI compound
semiconductor materials
plotted versus their lattice
spacing
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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 AlN 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 AlxGa1
−xN/AlyGa1−yN superlattices [98, 99], polarization doping of graded AlxGa1−xN
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 AlN 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

Fig. 1.7 Light-output versus
current (L–I) characteristic of
a flip-chip mounted
UVB-LED on a ceramic
package. The inset shows a
photograph of the LED chip
with interdigitated finger
contacts before mounting
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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, AlN/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 8–10 % [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
packaging

50–90
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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 AlN 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 AlN
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 AlN substrates with
emission below 270 nm L50 lifetimes well in excess of 1.000 h have been reported
[132]. It 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.

Fig. 1.8 a Normalized change in UVB-LED output power over time. L50 lifetimes of more than
10.000 h are expected. b Reported and measured lifetimes for UV-LEDs from different generations
and emission wavelength
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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 mm2. It is expected that the chip size of UV-LEDs will increase to 1 mm2 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

Fig. 1.9 Actual and projected wall plug efficiencies a as well as light output power b of
production scale UV-LEDs in the wavelength band around 310, 285, and 265 nm. The dotted lines
provide the upper and lower limits for the prognosis and are also an indicator for the uncertainty in
the projection
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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 III-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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Chapter 2
Growth and Properties of Bulk AlN
Substrates

Matthias Bickermann

Abstract Bulk crystal growth of aluminum nitride (AlN) comes into focus in order
to provide substrates for deep-UV optoelectronics (LEDs, lasers, and sensors)
which are typically based on Al-rich AlGaN epitaxial layers and structures. On AlN
substrates, pseudomorphic AlGaN layers can be deposited with compressive strain
and high structural quality [1–3]. In this context, the growth of AlN crystals by
sublimation and recondensation (physical vapor transport method) at temperatures
exceeding 2000 °C has proven to be the method of choice, as the boules and
substrates show very high structural perfection at reasonable growth rates.
Availability of AlN substrates as well as their useable area, structural quality, and
electrical/optical properties are directly related to growth technology issues,
including selection of set-up materials, seeding strategy, and pre-purification efforts.
After a brief overview of history and applications of bulk AlN, the basic principles
of AlN bulk growth by physical vapor transport (PVT) are reviewed. The formation
of extended defects and the incorporation of impurities during growth as well as
their impact on the material’s optical and electrical properties are discussed in
detail. The main target of this chapter is to provide readers with enough information
about AlN substrate preparation to understand and make informed decisions about
employing AlN substrates for deep-UV optoelectronics.

2.1 Properties and History of AlN Crystals

AlN is a binary compound crystallizing in the hexagonal wurtzite structure (P63/mmc).
Each atom is surrounded by a regular tetrahedron of atoms of the other kind. The
ionic fraction of the chemical bond is 42 % [4]. The sp3 bonding in conjunction with
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the low atomic mass of its constituents leads to extraordinary high chemical stability,
phonon energies (around 100 meV), bulk acoustic wave velocities (11270 m/s), and
thermal conductivity (about 320 W/mK) [5, 6]. AlN crystals are polar, birefringent,
pyroelectric, and piezoelectric.

The high chemical stability imposes a considerable challenge to crystal growth.
AlN decomposes before melting under technologically feasible conditions [7].
Thus, growth from the melt, as performed for most other III–V semiconductors, is
not possible. On the other hand, the total pressure of gaseous species above the
solid already reaches considerable values much below the decomposition temper-
ature (about 2430 °C at 1 bar total pressure). This sublimation can be used to
facilitate a species transport, mediated, e.g., by a concentration gradient which is
induced by a temperature gradient, from the hotter source to the colder growth area,
where the species condense to form a crystal. The corresponding process of
high-temperature sublimation and recondensation is called physical vapor transport
(PVT). The PVT method is employed also for bulk SiC growth, where it was
developed into an industrial technique.

Today, bulk AlN crystals are almost exclusively grown by PVT. Alternative
growth methods like high-temperature chemical vapor deposition
(HT-CVD/HVPE) [8–11], thermal decomposition [12], PVT variations using the
sandwich sublimation method [13], or liquid Al as precursor [14] as well as
high-temperature solution, flux, and ammonothermal growth [15–20] are also
investigated for bulk growth, but currently remain at a research level due to
unresolved restrictions in crystal size, growth rate, or yield. On the other hand,
preparation of an HVPE layer on an AlN bulk substrate with subsequent removal of
that substrate is currently proposed to provide a UV-transparent template suitable
for light out-coupling [21].

Aluminum nitride (AlN) was first synthesized in 1862 by reacting molten alu-
minum with nitrogen gas [22]. Today, AlN powder is mainly synthesized from
alumina by carbothermal nitridation [23]

Al2O3 þ 3CþN2 ! 2AlNþ 3CO: ð2:1Þ

AlN ceramics are used as refractory construction parts, heat sinks, and substrates
where high thermal conductivity is required in conjunction with high mechanical
and thermal robustness [24, 25]. However, due to the high preparation cost com-
pared to alumina, the use of AlN ceramics remains restricted to high-end products
and niche markets.

The first serious attempts to grow bulk AlN single crystals date back to the
1960s [26–30]. AlN, powder or liquid, Al were used as source materials in an
atmosphere of nitrogen at temperatures exceeding 1700 °C. The experiments were
conducted in carbon-containing set-ups, which led to highly contaminated crystals.
In 1976, Slack and McNelly prepared mm-sized AlN single crystals with high
purity [7, 31, 32] by using a Piper-Polich [33] growth technique in which a sealed
rhenium/tungsten crucible with conical end was moved through a hot zone of an
inductively heated furnace. However, research on AlN bulk single crystal growth
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for epitaxial substrate preparation only started in the late 1990s [34–36] with the
rising interest in wide band-gap semiconductors. The reactor design from the much
more advanced SiC PVT technique [37], in which SiC sublimates and condenses at
temperatures 2100–2500 °C in graphite crucibles was soon adopted for AlN
growth. However, a lot of initial work was dedicated to find chemically stable and
suitable hot-zone materials [38–41]. Also, the initial absence of AlN seeds led to
different strategies to obtain large bulk of single crystals [42].

As of today, a few companies and research facilities have demonstrated AlN single
crystals of up to 2 in. in diameter [43–49].WorldwideAlN substrate production is still
very small as compared to SiC or sapphire. While the main target is still to produce
substrates for UV optoelectronics [50–56], other potential applications for AlN bulk
crystals, including piezo- and pyroelectrics, electroacoustics [57], and substrates for
AlGaN-based power devices [58, 59] are currently evaluated.

2.2 AlN Bulk Growth by the PVT Method: Theory

In the thermodynamic Al–N [60] system, the only stable compounds are Al, AlN,
and N2, see Fig. 2.1a. At temperatures and pressures relevant for crystal growth and
under nitrogen excess, only gaseous Al and N2 are at equilibrium with solid AlN.
Other species are calculated to appear at much lower concentrations [61], and their
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relevance for crystal growth is considered negligible. Thus, the sublimation–re-
condensation reaction can be written as

2AlNðsÞ � 2AlðgÞ þ N2ðgÞ ð2:2Þ

with the equilibrium constant K = e–ΔG/RT = pAl · pN2
1/2, log10 K = −32450/T + 16.08

[62]. ΔG ≈ 630 kJ/mol [63] is the Gibbs free energy for sublimation, R is the
universal gas constant, T is the temperature, and pAl and pN2 = ½ pAl are the
temperature-dependent equilibrium partial pressures of the gaseous products [7],
see Fig. 2.1b.

In contrast to melt growth where the growth temperature is determined by the
melting temperature of the compound, sublimation growth can be performed gen-
erally at any temperature. In sublimation growth, a temperature difference
ΔT between source and seed provides for a net mass flow rate of species JTransp
through the growth space due to the concentration gradients formed by the
temperature-dependent partial pressures. The Al partial pressure over AlN provides
sufficient evaporation for mass transport even at 1600 °C, but due to insufficient
surface ad-atom mobility and/or N2 chemical activity, only very thin needles form at
this temperature [62]. Higher temperatures are beneficial for increasing both growth
rate and surface kinetics, i.e., helping the atoms to properly arrange themselves at the
surface. But in any case, the concentration of species in the gas phase is in the orders
of magnitude lower than in melt growth, which restricts the achievable growth rate.

Stoichiometric sublimation (“into vacuum”) results in very high deposition rates
and polycrystalline growth due to lack of growth control. Instead, the transport and
deposition during growth is regulated by buffering with N2 “in excess,” i.e., adding
N2 to the growth atmosphere so that the total pressure in the system psys is about 2–
10 times higher than the total pressure of vapor species. As a consequence, in the
gas phase, NAl/NN = pAl/(2 · psys) is in the order of 0.1. While excess N2 does not
necessarily lead to N-rich growth conditions, this is the commonly assumed growth
regime for AlN growth (AlN–N2 system). The growing AlN crystal still enforces
stoichiometry, as its existence range is confined, but might form vacancies. The
chemical activity of N2 is most probably governed by kinetics of surface reactions
such as [62]

Al adsð ÞþN2 adsð Þ � AlN sð ÞþN adsð Þ: ð2:3Þ

Additionally, nitrogen dissociation could be enhanced via reaction with
impurities.

In AlN sublimation growth models, sublimation and recondensation are typically
described by Hertz–Knudsen equations as

JSubl=Recond ¼ a � ð2pmRTÞ�1=2 � Dp ð2:4Þ

with α as the (effective) sublimation/condensation coefficient, m as the molar mass,
and Δp as the difference between the actual (super- or undersaturated) and the
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equilibrium partial pressure of the transported species at the source or seed area,
respectively. Assuming Al as the rate-limiting species, as N2 is provided in excess
[62], it is sufficient to regard only Al species, and α is typically set to unity for AlN
growth.

It is commonly assumed that the mass transport in the gas phase is dominated by
diffusion (Fick’s law). Natural convection is typically absent at the given growth
conditions (cf. [64]), and advection (Stefan flow) is insignificant due to the N2

buffering. If the limiting step for bulk growth is indeed diffusive mass transport, i.e.,
sublimation or recondensation kinetics are considerably faster than diffusion in the
vapor phase, the growth rate RG can be approximated by [63, 65]

RG ¼ JTransp mAlN=qAlN / ðDT=LÞ � e�DG=RT=ðT1:2 � p1:5sysÞ: ð2:5Þ

with mAlN and ρAlN as the mass and density of solid AlN, and L as the
source-to-seed distance.

The parameters governing the mass transport are thus T, psys, and ΔT/L. The
growth rate increases with increasing temperature gradient and temperature (due to
the exponential term), while the increase with decreasing total pressure is in fact
rather weak for typical growth conditions [66]. In the practical case, RG is lower due
to volatile species leaving the semi-open crucible and reacting with the crucible
materials. Finally, the presence of impurities may significantly change growth
behavior, e.g., via impurity-assisted transport of growth species, or by acting as
surfactants, i.e., changing kinetic barriers at the growth surface [67–69]. As a
consequence, preparation of highest purity source materials is not only mandatory
in order to control the properties of the grown crystals, it is also necessary for
achieving a stable and reproducible crystal growth.

As mentioned, AlN bulk growth is typically performed at temperatures T ranging
from 1800 to 2300 °C and system pressures psys of 300–900 mbar. The process
window for stable growth of AlN depends on the hot-zone and seed materials (see
below) and the growth orientation (polarity). Higher temperatures and supersatu-
rations seem to stabilize N-polar growth [70, 71]. As only a relatively low growth
rate RG (typically lower than 200 µm/h) will allow for single-crystalline growth
without deterioration of structural quality, the axial thermal gradients ΔT/L are
typically in the range of only 2–10 K/cm.

2.3 AlN Bulk Growth by the PVT Method: Technology

The hot-zone of the typically used vertical set-up consists of a cylindrical crucible
with removable upper lid where a seed can be mounted, a surrounding susceptor,
and thermal insulation, see Fig. 2.2. The crucible has to be porous or semi-closed to
allow gas and pressure exchange with the environment, often provided already by
the nonideal closure between the lid and the crucible. It is filled with solid AlN
source material (as powder, sintered bodies, or lumps from previous growth
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experiments) to 50–80 % of its total height. The hot-zone geometry has to be
carefully designed to provide the proper thermal gradients at growth temperatures,
where heat is dominantly transferred by radiation.

Electrical power is used to heat the crucible either by induction (at 8–50 kHz
frequency, depending on the susceptor material) or by resistive heating, whereas the
former is much more established. The use of a susceptor is advantageous in that it
remits the heat to the crucible via radiation, providing a more homogeneous tem-
perature field in the growth cell compared to direct crucible heating. As shown in
Fig. 2.2, the set-up is located inside a water-cooled growth vessel which provides
the gas-tight enclosure, a loading port, and connections for pyrometer access and
gas inlet/outlet. Some reactors allow for a controlled movement of the coil relative
to the crucible to affect the axial temperature gradient in the crucible; this can be
also facilitated by separate control of several heaters.

The growth procedure typically includes the following steps: The hot-zone is
assembled and loaded into the reactor. After purging and pre-heating steps, the
vessel is filled with N2 gas, and the growth cell is heated to growth temperature.
During heating up, the seed is kept at a slightly higher temperature than the source
material to prevent early growth, clean the seed surface, and further remove volatile
impurities. If the growth temperature is reached, a soft growth start is achieved by
inverting the axial temperature gradient, i.e., providing a higher temperature at the
source compared to the seed. During growth, the system pressure is kept constant
by maintaining a constant inert gas input flow while controlling the exhaust flow.

As the temperature inside the growth cell is inaccessible, the “growth temper-
ature” is obtained by pyrometers measuring the temperatures of crucible outer
surfaces (e.g., on the upper and lower lid) and controlled by adjusting the heating
power. Note that maintaining the temperature gradients at the growth interface
during growth is crucial in order to obtain crystals with high chemical and structural
homogeneity. Thus, the thermal gradients near the growing surface during growth
are derived by numerical modeling. The gradients depend on the complete hot-zone
geometry including radiation shields and thermal insulation (for which accurate

water cooled double-
walled quartz tubing

water cooled
induction coil

seed

growing crystal

susceptor

crucible

source material

crucible/susceptor
support

thermal insulation

Fig. 2.2 Crucible and reactor
set-up for AlN bulk growth
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material data at growth temperatures is rarely available) and on the growth rate (due
to release of latent heat), and transient simulations are needed to account for the
move of the growth interface while the boule grows.

Considering the typical growth rates of 50–300 µm/h, it takes several days to
grow 10–30 mm thick crystals. Mass transport yields exceeding 80 % are possible if
the evaporation losses through the semi-open crucible are kept at a low level. The
end of growth is initiated by decreasing the heater power, optionally with inverting
the gradient again. A controlled cooling is demanded to mitigate strain-induced
defect formation.

As will be shown below, the selection of hot-zone materials has a decisive
impact on AlN growth behavior and properties. Typically, the crucible is made
from either tungsten (W) or tantalum carbide (TaC). Graphite and boron nitride lead
to considerable contamination of the crystal with carbon or boron, respectively; a
few more materials have been positively evaluated (Re [7], TaN, HfN, TaB2), but
are not currently used [38–41]. Tungsten is long-term stable against Al vapor in the
presence of sufficient N2, and chemical erosion is negligible up to temperatures of
about 2250 °C [31]. However, it will readily react with oxygen, carbon, and silicon.
Only purified source materials can be used and the preheating step must be per-
formed under high vacuum conditions to remove residual oxygen. Thermal insu-
lation is provided by tungsten heat shields; graphite insulation can be employed if
not in direct contact, but severely degrades the crucible lifetime.

TaC is available as ceramic powder and can be sintered to 96 % vol density
without sintering aids [38, 72]. TaC is chemically stable under AlN growth con-
ditions at temperatures well exceeding 2300 °C. TaC elements are compatible with
graphite (for susceptor and insulation elements), tungsten (possible use of TaC as
susceptor) and SiC (as seeds), even if in direct contact. Long-term stability is
generally limited by cracking due to internal grain growth [38]. To prevent struc-
tural failure, the crucible is commonly enclosed in graphite cylinders which also act
as a susceptor [49]. As a variant, carburized tantalum crucibles can be employed
[73]. However, as they are typically used with graphite parts, the crucibles continue
to carburize and finally become brittle; this process is accelerated at growth tem-
peratures exceeding 2100 °C. TaC coatings are no alternative as they tend to crack
and spall off due to differences in thermal expansion and chemical attack.

The AlN source material is prepared from commercially available ceramic
powder material by carbothermal reduction [74], sintering, or sublimation [75],
while direct synthesis from high-purity elements [31] is less common. The purifi-
cation process should remove the most important impurities and condense the
source material to mitigate moisture adsorption during handling in air. Typical
contamination of purified stating material is less than 100 ppm wt for oxygen and
carbon, and about 2 ppm wt of silicon [75]. On the other hand, tungsten acts as a
getter material for carbon and silicon. In contrast, TaC acts as a source of carbon,
which leads to carbon contamination of the crystal and at the same time to a lower
oxygen incorporation due to carbothermal reduction of residual oxides.

2 Growth and Properties of Bulk AlN Substrates 33



2.4 Seeded Growth and Crystal Enlargement

In the past, different technologies for seed preparation and crystal enlargement have
been evaluated by different research groups [42]. In unseeded growth, crystals
nucleate on the crucible lid, and a polycrystalline boule grows from which large
grains can be separated. Grain selection is possible using a conical lid [31] or
repeated regrowth [70]. However, grains are often strained or structurally deterio-
rated due to direct contact to their neighbors. Several groups reported growth of
free-standing single crystals that spontaneously nucleated on crucible parts under
conditions close to thermodynamic equilibrium and low nucleation density.
Typically, tungsten grids are placed above the source material and the axial tem-
perature gradients are lowered to the lowest possible value to yield optimum
nucleation and growth conditions [76–78].

The growth rate of AlN is the slowest on prismatic facets for all but the highest
growth temperatures, thus the crystal habit changes from needles to almost
equiaxed (isometric) crystals [62, 78] with increasing temperature. The sponta-
neously nucleated crystals grown in carbon-free tungsten set-ups preferentially
grow in Al-polar direction and show an unfinished habit, governed by pyramidal
facets on the Al-polar side [76] and with only small (0001) basal plane facets
(Fig. 2.3a). In contrast, crystals grown in TaC crucibles grow preferentially in
N-polar directions, forming dominant (000-1) basal plane as well as prismatic side
facets [78] (Fig. 2.3b, c). In each case, crystals nucleating in “wrong” directions
become stunted and are easily overgrown by their neighbors. Single crystals with
dimensions of up to 15 × 15 × 10 mm3 have been obtained, which can be cut and
used as seeds in subsequent growth runs. However, this process is not very
reproducible and the yield of large and well-formed crystals is low.

Thick layers of AlN can be grown on SiC seeds, which are commercially
available at industrial relevant sizes (4–6 in. in diameter). The fundamental dis-
advantage is the partial decomposition of SiC in the presence of AlN already at
temperatures of 2000 °C, which contaminates the growing crystal with up to several
atomic percent of silicon and carbon [79, 80]. Additionally, the mismatch of lattice

Fig. 2.3 Spontaneously nucleated, free-standing AlN bulk crystals; a grown in a tungsten crucible
(on mm grid), the (0001)Al facet is upwards; b, c grown in a TaC crucible, crystal dimensions
about 8 mm. b the Al-polar face is upwards but note that the (0001)Al-polar facet does not appear;
c the flat (000-1)N facet is upwards

34 M. Bickermann



parameters between AlN and SiC results in a formation of tilted domains, and the
different thermal expansion coefficients lead to partial stress relaxation by dislo-
cation formation during cooling, often resulting in a network of cracks originating
at the interface [44, 81]. Nevertheless, the threading dislocation density between the
domain boundaries may be as low as 105 cm−2 [82, 83]. A sample crystal is shown
in Fig. 2.4a. AlN always grows Al-polar on polar SiC planes. These layers can be
separated from the SiC seed and are used as seeds in subsequent AlN bulk growth
[44, 45].

The main advantage of bulk crystal growth—steady improvement in diameter
and structural quality—is only achieved in “homoepitaxial growth,” i.e., wafers cut
from the grown crystal are used as seeds in subsequent growth runs. Unfortunately,
to grow a single crystal of a particular diameter, the seed must have roughly the
same diameter. Seeded growth of AlN crystals has been successfully attempted
from AlN seeds cut from spontaneously nucleated crystals as well as from AlN
layers separated from SiC seeds. While in the former case, the main task is to
perpetuate the high structural quality while providing for crystal enlargement, the
latter approach is concerned with the defect density inherited from the seed and the
impending diameter decrease due to formation of pyramidal side facets during
Al-polar growth. Figure 2.4b shows a crystal grown on an N-polar basal plane seed
with typical habit.

AlN growth is best performed on polar basal plane (c-plane) surfaces, because
these planes possess isotropic in-plane properties. The ideal interface shape in
sublimation growth is slightly convex, to allow the step flow from a single growth
center (e.g., a screw dislocation to enable spiral growth) to spread across the whole
surface area. AlN growth in other orientations has been reported [84–86], but the
lower symmetry of the growth surface leads to anisotropic growth and formation of
macrosteps and extended defects.

The major current issues in seeded growth of AlN are seed fixation, mitigation of
seed backside evaporation, and preventing adjacent (“parasitic”) grain growth.
A rigid connection between the seed and the lid may lead to considerable strain,

Fig. 2.4 a AlN crystal (Al-polar) grown on a SiC seed with 7° off-orientation with respect to the
(0001) plane [82]; b AlN crystal (N-polar) grown on an N-polar (000-1) AlN seed [78]. Growth
was performed in a TaC set-up, the crystals are turned so that the as-grown surface is upwards
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formation of cracks, and potential seed separation from the lid during the heating-up
stage due to the differences in thermal expansion. If the connection is too soft, the
seed may move or fall down during the heating-up stage, and outer parts of the seed
may evaporate due to the gap between the fixation rim and the lid. In any case,
pores or gaps between the seed and the lid lead to seed backside evaporation.
Material from the seed sublimes toward the colder crucible lid to close the void, and
as a consequence, they travel through the seed and eventually through the growing
crystal (negative crystal growth, cf. [87]) to locally degrade the crystal quality [86].
Seed backside plating [88] is a possible means to mitigate both backside evapo-
ration and cracking. Nucleation and growth of parasitic grains, which also lead to
strain and crystal cracking during cooling due to anisotropic thermal expansion of
AlN, can be prevented by proper tailoring of the thermal field, i.e., increasing the
temperature around the seed area.

2.5 Structural Defects in PVT-Grown AlN Bulk Crystals

As for any bulk growth method, the structural quality of the resulting bulk single
crystals decisively depends on the seed quality and growth conditions. Defects from
the seed volume and its surface as well as from backside areas of improper seed
fixation penetrate into the growing crystal. A number of defects originate at the seed
surface or form during initial stages of growth when the growth conditions are not
yet stable. Defect formation during growth is caused by growth instabilities such as
local variations of the supersaturation at the growth interface and thermal stress, and
promoted by high temperatures and gradients, low pressures, and high growth rates.
Finally, thermal stress during cooling may lead to formation of slip bands (con-
sisting of straight rows of basal plane dislocations) [89] or even cracks [90] in the
outer parts of the crystal.

Piercing points of dislocations, low angle grain boundaries (LAGBs), and
inversion domains can be visualized by KOH–NaOH wet chemical etching on the
Al-polar basal crystal surfaces and polished wafers [91, 92], see Fig. 2.5a. Another
valuable detection method is X-ray topography [77, 93, 94], see Fig. 2.5b. In some
samples, also cathodoluminescence imaging was successfully used [95]. Some of
the threading screw dislocations act as growth centers for spiral growth. If their
density is low, the resulting spirals may extend over several square millimeters and
form hexagonal hillocks or round plateaus on the growth surface [45].

Spontaneously nucleated and free-standing crystals can be virtually unstrained
and show highest structural perfection, i.e., overall dislocation densities below
103 cm−2 without any micropipes or volume defects [77, 78]. Rocking curve full
width at half maximum (FWHM) values of 12–20 arcsecs are achieved even for
large areas and in open detector measurements. The dislocation density in the
crystals is typically very inhomogeneous, as basal plane dislocations mainly form
due to local deformation, e.g., at the crystal border or at macrosteps (cf. Fig. 2.5b),
while threading dislocations generally nucleate at growth instabilities or defects.
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Additionally, in some of the earlier crystals a high density of microscopic inclusions
were found, and these inclusions also decorated grown-in dislocations [93].

AlN bulk crystals often feature a mosaic structure, in particular when they were
grown on defect-containing or foreign seeds. Several growth centers appearing at
initial stages of growth lead to tilted domains after coalescence, eventually forming
sub-grains bound by LAGBs composed of threading edge dislocations [94, 95]. If
present, a mosaic structure of the seed also propagates into the growing crystal. The
tilt between domains is typically below 100 arcsecs [1, 3], while growth on SiC seeds
can lead to tilt values of up to 0.5° [83] and the formation of macroscopic hexagonal
hillocks on the surface [45, 81]. Additional LAGBs may form in the outer crystal area
during diameter enlargement where lateral expansion by growth on prismatic facets is
accompanied by polygonization [96, 89]. The dislocation densities in AlN crystals
grown on AlN seeds are typically in the 103–105 cm−2 range.

Inversion domains may be observed in particular in AlN crystals grown on SiC
seeds [86, 97]. They nucleate probably due to growth instabilities and expand in
size during further growth.

Finally, AlN bulk crystals exhibit a so-called zonar structure.
Crystallographically different facets feature a different incorporation of impurities
and thus, the corresponding crystal zones—i.e., crystal volume parts that were

Fig. 2.5 Dislocations in AlN bulk crystals; a scanning electron microscope image of an Al-polar
(0001) surface (seeded growth) after wet chemical etching. Bigger and smaller etch pits denote
threading screw and mixed/edge dislocations, respectively; b X-ray transmission Lang topography
image of a 1 mm thick basal plane wafer (spontaneously nucleated crystal) showing dark contrast
from threading dislocations (black dots) and basal plane dislocations (black curved lines) partially
entering a strained area (wavy interference contrast) caused by a macrostep formation at the
growing surface. Note that the areas on the bottom and top of the image are virtually dislocation
free
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grown on the respective facets—show different optical (e.g., transmission and
luminescence) and electrical properties. Due to obvious differences in coloration,
the zones are easily distinguished in polished wafers [45, 78, 98] as shown in
Fig. 2.6. Crystal zones are not bounded by LAGBs or other structural defects.

2.6 Impurities and Resulting Properties of AlN Substrates

Apart from size and structural quality, the key requirement for using AlN substrates
for UV optoelectronics is high optical transmittance at the emission/detection
wavelength. While AlN should be transparent for radiation above approximately
210 nm due to its band-gap of about 6.015 eV at room temperature [99], optical
transitions involving deep levels lead to broad absorption bands in the blue and UV
wavelength range. While it is recognized that these optical properties are induced
by residual impurities such as carbon, silicon, and oxygen, the underlying mech-
anisms are still under discussion [31, 75, 100, 101, 102, 103, 104]. Apart from
chemical analysis, the concentration of electrically active impurities of AlN bulk
crystals has been evaluated from bound exciton luminescence [105, 106], electron
paramagnetic resonance [104, 107, 108], infrared spectroscopy [103], and
high-temperature resistivity measurements [75].

Due to the unavoidable contamination during high-temperature sublimation
growth, the effects of different impurities can be hardly separated in optical
absorption or luminescence spectra. Furthermore, intrinsic defects (such as
vacancies) and defect clusters will enable additional optical transitions. The for-
mation of such defects and their dependence on impurity incorporation is barely
understood [109], and only a few techniques exist [110, 111] to evidence their
concentrations. As a consequence, efforts to influence electrical and optical

Fig. 2.6 Spontaneously nucleated, free-standing bulk AlN crystal with zonar structure, grown in a
tungsten crucible; a side view, the N-polar basal plane is upwards; b top basal plane cut (on mm
grid) showing crystal parts grown on the N-polar basal plane facet (center region) and on prismatic
facets (outer regions); c bottom cut (on mm grid) showing crystal parts grown on the Al-polar
basal facet (center region) and on Al-polar pyramidal facets (outer regions)
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properties of bulk AlN crystals are still focused on reducing contamination from
both feedstock and set-up materials, rather than on controlled doping.

Oxygen is the main contamination of the source material and introduced to the
growth chamber during loading/unloading in air. Silicon also occurs in the source
material, although at lower levels compared to oxygen, and probably in the TaC
hot-zone materials. Carbon is mainly introduced by the hot-zone materials such as
the TaC crucible, the graphite susceptor, and graphite insulation parts. On the other
hand, the impurity content in the crystals is strongly influenced by the materials in
the hot-zone, by the crystal zone, i.e., the facet on which the impurity was incor-
porated. As a consequence, the oxygen and carbon concentrations of crystals grown
in Al-polar direction in pure tungsten set-ups are considerably lower as compared to
crystals grown in N-polar direction in TaC crucibles, see Table 2.1. Note that the
formation of a zonar structure poses a problem when aiming at substrates with
homogeneous absorption properties. Finally, the impurity content also depends on
the growth temperature [75].

Figure 2.7 shows optical absorption (OA) spectra of the AlN crystals listed in
Table 2.1. The broad OA band at around 2.8 eV which causes the yellowish
coloration of the crystals is most dominant on the N-polar (000-1) zones. As it does
not seem to correlate directly to a concentration of a single impurity, involvement of
intrinsic defects is suspected [31, 100, 101]. A steep OA band at 4.7 eV, pre-
sumably consisting of several sub-peaks [112], dominates the spectra of crystals
grown in TaC crucibles (and in particular crystals grown on SiC seeds, cf. [44, 79]).
While this peak is clearly related to the carbon concentration in the crystal, the exact
optical transitions that form this band are still under debate [45, 103, 113]. The band
is absent in samples where the oxygen or silicon concentration clearly exceeds the
carbon contamination, pointing toward a Fermi level effect. A monotonic OA
increase above 5.3 eV is correlated to the 4.7 eV band, but in any case, the onset of
near band-gap features limits the deep-UV transparency of AlN substrates effec-
tively to wavelengths above about 220 nm. Finally, in some brownish areas, a broad
band peaking around 4.0 eV is observed, presumably caused by oxygen and/or
intrinsic defects [112].

Table 2.1 Typical values of impurity concentrations (in 1018 cm−3) in different zones of bulk AlN
crystals as measured by calibrated secondary ion mass spectrometry [123]

No. Crucible Zone [O] [Si] [C] References

1 W Al-polar (0001) 0.4 0.20 0.7 [45]

2 W Al-polar {10-13} 5.5 0.25 0.2 [45]

3 W Al-polar {11-25} 5.0 0.7 3.5 [45]

4 W Al-polar (0001) 2.0 0.01 0.5 [112]

5 W Al-polar {10-12} 3.5 0.10 0.6 [112]

6 TaC prismatic {10-10} 7.0 0.03 6.0 [78]

7 TaC N-polar (000-1) 30 0.1 5.0 [78]

8 TaC N-polar (000-1) 20 5.0 30 [114]
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Especially the 4.7 eV absorption peak is detrimental to the light out-coupling of
deep-UV (250–280 nm) emitters through the substrate. The best optical absorption
values (without reflection corrections) for PVT-grown AlN published so far [112]
are about 8 cm−1 on a local spot and about 13 cm−1 on a full wafer with yellowish
coloration, both from a crystal grown in a pure tungsten set-up (No. 4 and 5 of
Table 2.1, respectively). In contrast, AlN grown in TaC crucibles hardly shows
absorption coefficients lower than 50 cm−1 at 265 nm (No. 7 of Table 2.1) [78]. As
a consequence, the AlN substrate is thinned down to 20 µm after processing [50], or
a HVPE thick layer (typically 250 µm) is deposited on the substrate and the
substrate is subsequently removed by mechanical polishing [21]. The best reported
optical absorption value for HVPE-grown AlN at 265 nm is 6.6 cm−1, measured on
a sample with the carbon and oxygen concentrations of below 0.2 × 1018 cm−3 and
below 0.4 × 1018 cm−3, respectively [114].

Using the above band-gap excitation, e.g., by an ArF excimer laser at 193 nm or
by electron irradiation in an electron microscope, near band-gap emission can be
observed. Excitonic luminescence recorded at low temperatures reveal valuable
information about the material quality, e.g., strain and dislocation density.
Furthermore, the intensity of the donor bound exciton emission corresponds to the
respective donor (silicon, oxygen) concentration. However, as significant com-
pensation by carbon quenches the excitonic luminescence, this technique has been
successfully applied so far only to AlN bulk crystals grown pure in tungsten set-ups
[106] or on homoepitaxial HPVE layers [105].

Below band-gap luminescence is very interesting for AlN ceramics in UV and
ionization radiation dosimetry applications, but could also provide unwanted side
effects in deep-UV emission devices. Ceramic samples, which are highly contam-
inated with oxygen and trace metals, show major luminescence bands at around 2.1
and 2.8 eV [115]. These bands are also observed in bulk AlN crystals, together with
a band at 3.9 eV [45, 116]. The bands at 2.8 and 3.9 eV correlate to the carbon
contamination in the samples [45, 113, 117]. The luminescence at 2.1 eV is found

Fig. 2.7 Room temperature
optical absorption spectra of
selected bulk AlN crystals;
the sample numbers
correspond to the entries of
Table 2.1 [122]
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in samples of very different provenance, and its origin currently remains unclear.
On the other hand, luminescence in the 3.3–3.6 eV range clearly dominates the
spectra of AlN either grown with SiC addition [79, 118] or in pure tungsten set-ups
[98, 101, 119]. The common interpretation is that this band correlates to transitions
of shallow donors (silicon or oxygen) to aluminum vacancies or their complexes
[118, 120]. Obviously, these transitions are quenched as the carbon concentration
exceeds that of the shallow donors.

AlN crystals and substrates are generally not electrically conductive.
Measurements of the temperature-dependent conductivity show that the crystals are
strongly compensated by deep levels with activation energies in the range of 0.6–
1.0 eV [75, 121]. However, the different zones of the crystals show significant
differences in charging after electron irradiation, e.g., in a scanning electron
microscope [119]. Measurements of the temperature-dependent free carrier
absorption indicate that carbon contamination may lead to semi-insulating behavior,
while oxygen-dominated yellowish samples might show some very weak con-
ductivity at elevated temperatures.

2.7 Conclusions and Outlook

Within the last 15 years, the growth of AlN bulk single crystals by the PVT method
has matured from basic transport experiments yielding polycrystalline boules into
an industrially applicable technique. Fueled by the interest in UV optoelectronics,
the research has always aimed at providing material for substrates, with a clear
focus on crystal size, process stability, and yield. Consequently, this progress was
almost completely driven by appreciation of experimental work, i.e., solving
technological issues such as finding compatible hot-zone materials, proper tech-
niques for purification of the AlN starting material, and optimum growth condi-
tions, as well as mitigating defect formation, backside evaporation, and parasitic
nucleation.

While possible solutions to these issues are outlined in this chapter, important
details remain proprietary technology based on the researchers’ experimental
knowledge. Each research team is bound to its developed technology, in particular
the crucible material and the seeding/enlargement strategy. Teams that developed
AlN on SiC seeds [44, 45, 49] have already demonstrated single crystals with 2 in.
in diameter, but are faced with inhomogeneities and structural defects in the
crystals, as well as problems in keeping the diameter in subsequent growth runs. On
the other hand, teams that focused on AlN grain enlargement while perpetuating the
high structural quality [77, 78] have been able to increase the single-crystalline
diameter by only about 3 mm/year on average.

This poses at least two serious implications for future development of AlN
crystals and substrates: First, the number of parties able to provide state-of-the-art
substrates will remain limited, as newcomers lack the experimental experience.
Second, technology convergence as well as further progress and commercial
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breakthrough will decisively depend on further improvements in understanding the
AlN growth technology, in particular regarding the influence of contaminants and
dopants on crystal growth. Finally, the high temperatures and low growth rates of
AlN PVT growth will limit the use of AlN substrates to applications which clearly
benefit from the unique properties of this material. As it stands, deep-UV opto-
electronics is one of them.
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Chapter 3
Vapor Phase Epitaxy of AlGaN Base
Layers on Sapphire Substrates
for Nitride-Based UV-Light Emitters

Eberhard Richter, Sylvia Hagedorn, Arne Knauer
and Markus Weyers

Abstract UV transparent lattice matched substrates, e.g., AlN and AlGaN, with low
dislocation densities are required for the epitaxial growth of UV-LED structures. In
the absence of inexpensive high-quality UV transparent AlN bulk substrates, the
heteroepitaxial growth of AlN base layers on relatively cheap and readily available
sapphire substrates is the commonly used approach for most UV-B and UV-C LEDs.
This chapter provides an insight into growth, strain management, and dislocation
reduction techniques in metalorganic vapor phase epitaxy (MOVPE) of AlN and
hydride vapor phase epitaxy (HVPE) of AlGaN layers. For both MOVPE and HVPE
epitaxial lateral overgrowth of patterned substrate surfaces is an important technique
to enhance the thickness of crack-free layers. This opens the route to UV-LEDs with
improved performance.

3.1 Introduction

The choice of a suitable substrate is always a fundamental point for group III nitride
technologies because of the lack or limited availability of wafers for homoepitaxy
from conventional bulk growth techniques and the rather large differences of lattice
constants between the binaries AlN, GaN, and InN. For example, emission wave-
lengths due to recombination of electron-hole pairs with near band-gap energy of
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AlN at 210 nm and GaN at 365 nm comprise a major part of the UV spectrum, but
the difference of in-plane lattice constants is as huge as 2.4 %. Thus, homoepitaxial
and pseudomorphic growth of device layer structures is limited to the range of
210 nm to about 280 nm for use of AlN substrates and of about 340 nm to above
400 nm with the drawbacks of absorption and tensile strain below 365 nm for use of
GaN substrates. The generation of considerable densities of threading dislocations
(TDD) due to lattice relaxation has to be dealt with in the remaining wavelength
range, i.e., the UV-B part, or in case of thicker relaxed layer structures. Therefore,
nowadays, the use of sapphire (instead of AlN or GaN) as substrate material despite
the large lattice mismatch and the additional drawback of strongly different thermal
expansion coefficient yields similar TDD but offers the advantage of nearly
unlimited availability. Sapphire and heteroepitaxial growth thereon will be in the
main focus of the following chapter. In the first part, growth of templates for UV
device layer structures by metalorganic vapor phase epitaxy (MOVPE) is discussed
and the second part comprises attempts to grow thick AlGaN layers by hydride
vapor phase epitaxy (HVPE), especially for the UV-B wavelength region. In the
UV region, the high TDD results in a strong decrease of internal quantum efficiency
(IQE) due to non-radiative recombination of excited carriers at dislocations.
Additionally, dislocations can trap carriers and impede carrier transport. For high Al
content, a low TDD is prerequisite to obtain reasonable n-type doping [1]. This
behavior leads to the strong decrease of external quantum efficiency (EQE) with
emission wavelength from the UV-A to the UV-B as shown in Fig. 3.1. It has been
shown by simulation and experiments that the TDD has to be below 7 × 108 cm−2

to avoid limitations of EQE by IQE to below 50 % [2, 3]. In the UV-C range,
pseudomorphic growth on AlN or relaxed AlN buffer layers with low TDD first
leads to a higher IQE/EQE than in the UV-B, but for higher Al content the EQE
decreases again caused by the decreasing carrier confinement in the quantum wells
as well as by the lower extraction efficiency of the increasing part of TM polarized
light.

Fig. 3.1 External quantum
efficiency of UV-LEDs versus
emission wavelength
collected from published data
of UV-LEDs [4]
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3.2 Growth of Al(Ga)N Buffer Layers by MOVPE

The majority of device layer structures for UV-light emitters are fabricated by
MOVPE [5] and thus it is straightforward to use this technique also for the
heteroepitaxial growth of buffer layers on sapphire [3]. MOVPE reactors designed
for high throughput are offered by several vendors. Growth rates are typically in the
range of up to 10 μm/h depending on reactor design, growth conditions, and
semiconductor material. Metalorganic precursors like tri(m)ethylgallium (TMG,
TEG) and tri(m)ethylaluminum (TMAl, TEAl) are used for group III supply and
react after pyrolysis with the group V source gas ammonia which is usually sup-
plied in excess. However, the direct start of growth with the desired composition of
the ternary compound semiconductor AlGaN would mean to add the complication
of local variations in Al/Ga concentrations [6] to the basic problems of
heteroepitaxy like large lattice mismatch and difference in thermal expansion
coefficients. The lattice mismatch between AlN and (0001) sapphire would be 35 %
if there was not a better coincidence of the two lattices by a 30° rotation resulting in
only 13 % mismatch [7, 8]. Thus, the critical thickness of AlN on c-plane sapphire
is below one monolayer and misfit dislocations are formed in high densities at the
interface immediately (Fig. 3.2). In practice, after thermal annealing of the sapphire
substrate in hydrogen, AlN growth is started typically at low to medium temper-
atures of about 600–1000 °C with high V/III ratio >1000 and buffer layer thickness
of up to 200 nm or directly at high temperatures above 1100 °C. Using an AlN
buffer layer [9], the subsequent high temperature growth of an AlN layer is

Fig. 3.2 Cross-sectional micrograph recorded by transmission electron microscopy in annular
dark field mode (TEM-ADF) of n-Al0.5Ga0.5N/AlN/sapphire grown by MOVPE containing two
Si-doped interlayers with Si concentrations of 1 × 1019 and 4 × 1019 cm−3 [12]
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characterized by a low lateral growth rate compared to, e.g., GaN [10]. Thus, the
merging of the high number of isolated small seeds is poor resulting in mosaicity
with tilt and twist and threading dislocations with a density above 1010 cm−2

originating from boundaries between different domains. These dislocations due to
different seed orientation remain after most of the misfit dislocations have annihi-
lated after some tens to hundreds of nm. The introduction of pulsed NH3 growth for
higher lateral growth rates and development of MOVPE setups allowing high
temperatures of 1200–1400 °C led to more homogeneously oriented and larger AlN
domains in recent years helping to reduce the TDD [11]. In addition, it was found,
that the usually oxygen-terminated sapphire surface is stable until it is heated above
1050 °C under hydrogen resulting in Al–H termination and a reconstructed surface.
Such a surface is found to allow for growth according to the epitaxial law:

ð0001ÞAlN k ð0001Þa�Al2O3
and 2�1�10½ �AlNk 1�100½ �a�Al2O3

but small additional rotation which leads to small angle grain boundaries between
domains twisted by 3–4 ° and arrays of equidistant edge dislocations [13] were observed.
These low-angle grain boundaries are proposed to be avoidable by use of precisely
step-bunched sapphire substrates or weakening of the epitaxial law by disturbing the
sapphire surface reconstruction by proper miscut [13], or surface roughening [14], or
preconditioning the surfacebefore growth. For the latter, a pre-flowofTMAlwas found to
support a homogeneously Al-terminated surface for subsequent Al-polar growth of AlN
layers [15–17]. Coexistence of Al- and N-polar domains yields rough morphology since
the growth rate inN-polar direction is significantly lower than in themetal-polar direction
[18, 19]. After growth of the AlN buffer in first step, the wafer is heated up to growth
temperatures of about 1200–1400 °Cwith usually reducedV/III, e.g., 50–250 to enhance
lateral growth and seed coalescence. Smoothing of the surface at the end of growth can be
achieved by reduced growth temperature of about 1100 °Cand use of lowV/III ratio [17].
The reduction of the TDDwith thickness due to dislocation annihilation is the reason for
tensile strain being built up in the AlN layer [21]. This strain leads to an increase of
curvature with layer thickness, whereas the starting concave shape of the sapphire is
mainly determined by the temperature difference between the hot sapphire backside and
the gas cooled frontside of the sapphire (Fig. 3.3). The typical critical layer thickness for
crackingofAlN layers on sapphire is about 1 to 1.5µmand theTDD is then in the rangeof
109–1010 cm−2 [17]. A further reduction of the TDD to 108 cm−2 or less is needed to
improve the internal quantum efficiency in Al(Ga)N quantum well structures [22].
However, growing a nonpseudomorphic AlxGa1−xN layer above the critical thickness on
anAlNbuffer leads to the generation of newdislocationwith a density of about 1010 cm−2

due to the lattice mismatch. The TDD can again be reduced by annihilation by growth of
several µm of AlGaN but remains in the range of some 109 cm−2 [23]. Hence, different
growth concepts are required.
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3.3 Techniques for MOVPE of Al(Ga)N Base Layers
with Reduced TDD

In the UV-A range GaN and in the UV-C range transparent AlN templates, as well
as in the UV-B range AlGaN templates with AlN fraction of 50–80 % in the alloy
and with mid 108 cm−2 TDD are currently reasonable values for use in epitaxy of
UV-LEDs. A useful figure of merit that also comprises evaluation of overall crystal
quality is the widths of X-ray rocking curves taken at different reflections [24].
Large area footprints of several mm2 and use of double axis diffraction geometry
are suited to get meaningful data. Values of full width at half maximum of sym-
metric reflections at (0002) planes and skew-symmetric reflections at (30�32) planes
should be below 150 and 450 arcsec, respectively. For future high-end devices,
higher demands are already being discussed with dislocation density generally
below 106 cm−2 and a resulting FWHM below 40 arcsec in (0002) and (10�12)
reflection [25].

The use of in situ SiNx masks formed by decomposition of silane and ammonia
is common for defect reduction in GaN [26]. These in situ masks can partially block
the vertical propagation of dislocations by lateral epitaxial overgrowth [6]. This
approach can also be useful in the UV-A range with AlxGa1−xN compositions
x below 0.4 [27], but there are no reports on successful application for the Al
content necessary for the UV-B. Another useful approach for the UV-A range
exploits the coherent coincidence of surface meshes between (0001) sapphire and
c-plane AlxGa1−xN layers at x ≈ 0.22 at growth temperature which could be used to
reduce the TDD in such layers [28]. Other successful approaches use low tem-
perature AlN layers or grooved AlGaN layers for subsequent overgrowth with
AlxGa1−xN to reduce the TDD [29–32]. For UV-B devices, the reduction can be
achieved by subsequent growth of a thick, compressively strained AlxGa1−xN layer
(x ≈ 0.4–0.7) on the AlN buffer [20] or patterned AlGaN [31] on sapphire. If doped,
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this AlGaN buffer may also serve as contact layer for the device. Short period
superlattices of alternating Al(Ga)N/(Al)GaN layers have been demonstrated to
accommodate the strain in the pseudomorphically grown thin layers of the super-
lattice by inclination of dislocations and partial dislocation annihilation. Thus,
AlGaN thicknesses of several µm TDD of few 109 cm−2 have been realized [33].
Another approach of TDD reduction taking benefit from an enhanced annihilation
due to dislocation inclination is to use Si-doped AlN interlayers with doping levels
of some 1019 cm−3 as shown in Fig. 3.2. This approach can only be applied for
layers with high TDD in the range of 1010 cm−2. However, the reduction of the
TDD by a factor of two also reduces the critical layer thickness for cracking due to
increase of tensile strain as can be seen in Fig. 3.3.

For UV-C devices, bulk AlN substrates offer a low dislocation density that is
beneficial for device performance as long as the device layer structure is grown
pseudomorphically without generation of new dislocations. However, substrate cost
and absorption bands in AlN substrates are challenges for this approach.
Dislocation annihilation with increasing thickness promises lower dislocation
densities in thick buffer layers on sapphire. However, crack generation due to
tensile strain is a challenge here [11, 34]. One approach for obtaining a thick AlN
layer with low TDD on sapphire is to create a rough surface by pulsed NH3 flow
growth and to reduce TDD and roughness by coalescence in a continuous flow
mode at high growth rate and moderate temperature. A stable Al-face +c polarity is
achieved by the use of Al-rich growth conditions. By repetition of this process, a
TDD below 8 × 108 cm−2 was achieved in around 5 µm thick AlN [35]. However,
roughening as well as smoothing seems to only have small parameter windows
making a general application in different reactors difficult. Another approach uses
mainly trench patterned AlN/sapphire substrates [36–39] or self-assembled pat-
terned AlN nanorods [40]. Reduction of the TDD and increase of the critical
thickness is achieved by epitaxial lateral overgrowth over trenches or rods creating
bridges over voids (ELO or bridge growth). Patterned AlN instead of mask material
is used to prevent polycrystalline growth on the mask due to high-adhesion of
Al-species. Stripes along 11�20h isapphire or 1�100h iAlN direction were used with 1–4
µm wide ridges and 0.5–7 µm wide trenches as typical pattern. Lateral overgrowth
takes place into a-direction resulting in smooth c-plane-oriented surfaces (Fig. 3.4).
Inclined dislocations can terminate at the free inner surfaces of voids or annihilate.
A sapphire offcut in the direction of lateral growth supports the reproducible coa-
lescence of the AlN layer [41, 42]. If the offcut is ≥0.15°, macro-steps originate at
the point of coalescence. Transmission electron microscopy reveals inclined
threading dislocations starting at the points of coalescence and ending at
macro-steps. The macro-steps generated during coalescence propagate over the
surface and kinetically trap most of the dislocations in the kink of the step
(Fig. 3.4a). In the samples with smaller offcut (Fig. 3.4b) or off-orientation to
a-direction, the dislocations cannot be trapped due to too small step heights. The
occurrence of inclined grain boundaries at the point of coalescence is often
observed. Vertically propagating dislocations can bend into such grain boundaries
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and an additional reduction of the TDD down to 107 cm−2 can be achieved for
layers, where the macro-steps cross over the dislocation-rich area [42] as seen in
Fig. 3.4a. A stripe-like TDD distribution with enrichments over the ridges will be
observed for trench patterned AlN templates. More homogeneous TDD distribution
and avoidance of macro-steps can be achieved by use of nanorods. In both cases,
the TDD is in the middle 108 cm−2 range for the typically used 4–5 μm AlN total
thickness. The high AlN thickness leads to strong convex bow during the cooling
down from growth temperatures of 1100–1400 °C of the AlN/sapphire templates
due to their different thermal expansion coefficients. The AlN layer thickness at the
point of coalescence and size of the voids can be controlled by the growth tem-
perature and V/III ratio. Lower lateral growth rates resulting in delayed coalescence
are observed for lower temperatures, higher V/III ratios [37, 41, 43], or by addition
of the anti-surfactant silicon [44]. Starting from 5 to 15 μm thick AlN layers with
TDD in the mid 108 cm−2 range, the growth of Al0.8Ga0.2N layers, and quantum
well structures with similar TDD [45] and emission with improved internal quan-
tum efficiency in the UV-B and -C range [43, 46, 47] was achieved. The thick AlN
base layer is beneficial for the thermal impedance of high power devices deposited
on it because of the much better thermal conductivity of AlN in comparison to
sapphire. Even for flip-chipped devices at least 20 % of heat is removed through the
substrate [47].

0.1° to m  [1120]Al O2 3

2 µm [1100]AlN

g1120

(a) (b)

Fig. 3.4 Cross-sectional TEM-ADF micrographs revealing the behavior of threading dislocations
(TD) including inclined and vertically oriented boundaries between coalescing grains in an
ELO-AlN layer grown on sapphire with an offcut of 0.25° to m (a) and 0.1° to m (b) [42]
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3.4 Growth of AlGaN Layers by HVPE

Hydride vapor phase epitaxy (HVPE) offers high growth rates which in metalor-
ganic vapor phase epitaxy (MOVPE) of AlGaN are limited by pre-reactions [48]
and thus HVPE is a promising technique for thick buffer layers. However, the future
role of HVPE for AlGaN growth is not yet completely clear because growth of this
ternary compound by HVPE is still a challenge and commercial equipment is not
available. Only few groups currently deal with this topic with different objectives
starting from growth of Mg-doped AlGaN shells for nanowires [49], AlGaN
intermediate layers to improve subsequent growth of semipolar GaN [50], growth
of UV-LED heterostructures [51], LED heterostructures with direct white emission
eliminating the need for phosphors [52], AlGaN-based vertical LEDs [53], AlGaN
buffer layers for UV-B-LED heterostructures with reduced dislocation density
[52, 54], Al(Ga)N buffer layers for UV-C-LED heterostructures [55], or highly
transparent AlN substrates for such devices [56–61]. Not only the objectives but
also growth technology and used substrates differ between the groups active in this
field. These issues will briefly be summarized, but most of the following part will
concentrate on growth behavior and challenges by using conventional quartz
equipment and c-plane sapphire as starting substrate. Experimental conditions have
basically not changed since early pioneering work of HVPE of GaN [62] and of
AlN [63]. At least with respect to GaN and AlN, the hope that large-scale and
homogeneous deposition of structurally high-quality layers is possible by HVPE
has already been fulfilled, while the ternary compound AlGaN is still challenging.

3.4.1 Fundamentals of the HVPE Technique

In contrast to MOVPE, in HVPE a gaseous halide serves as group III reactant which
is usually formed from a metal and a halogen within the process. In case of nitride
HVPE, NH3 is the group V source. The gaseous reactants are transported by a
carrier gas in an open hot-wall reactor enabling continuous growth with minimized
wall deposits. The process usually contains the formation of group III halides in a
source zone and the targeted crystalline layer in a substrate zone with different
temperatures. HVPE usually permits control of growth rate over several orders of
magnitude mainly by group III supply and temperature. However, gas switching is
often sluggish compared to MOVPE due to the large volume in the source zone.
The purity of the grown layers depends not only on the purity of the sources (metals
and gases) but also on the stability of substrate and reactor materials in a growth
environment containing halides. The conventional reactor material is quartz.
However, since a long time quartz is known to be rather sensitive against aluminum
compounds.

A conventional HVPE reactor for the growth of AlGaN layers is shown in
Fig. 3.5.
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Practically, reactors similar to Fig. 3.5 are made from tubes which then contain
metallic sources of high purity like gallium (≥6 N) and aluminum (≥5 N). Gaseous
hydrogen chloride flows over the metals and the resulting metal halides have to be
mixed before reacting with ammonia at the surface of the substrate. Reactor
geometry, total pressure, reactant and carrier gas flows and their resulting partial
pressures at the substrate surface, temperatures of different heaters, and time
sequence of the process play a crucial role for the growth result. It has been shown
by means of elementary thermodynamic treatment that the chemical processes can
be described with a small number of reaction equations [64]. The most important
processes for formation of metal halides are described as

Al(s)þ 3HCl(g) ! AlCl3ðg)þ 3=2H2ðg) ð3:1Þ

Ga(l)þHCl(g) ! GaCl(g)þ 1=2H2ðg) ð3:2Þ

Growth of AlN and GaN in the AlGaN alloy can be described by

GaCl(g)þNH3ðg) $ GaN(s)þHCl(g)þH2ðg) ð3:3Þ

AlCl3ðg)þNH3ðg) $ AlN(s)þ 3HCl(g) ð3:4Þ

The findings lead already to a fundamental understanding of this growth process.
The formation of metal halides is very efficient at elevated temperatures of around
750 °C or above for liquid gallium and at temperatures of 500 °C up to the melting
point of about 670 °C for aluminum. This was shown experimentally for the
formation of GaCl [65] or can be concluded from high equilibrium partial pressures
of AlCl3 compared to HCl above a solid Al source at 550 °C [66] as shown in
Fig. 3.6 for experimental conditions according to Fig. 3.5. Formation of AlN by
HVPE is in principle not restricted to the use of solid Al, but use of molten Al has
the disadvantages of huge material stress on the crucible during re-hardening when
cooled down and the dominant formation of AlCl at temperatures above 790 °C

Fig. 3.5 Cross-sectional sketch of conventional horizontal HVPE reactor for the growth of AlGaN
layers. Note, for the sake of depiction, vertical dimensions are stretched by a factor of 4
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which is more damaging to quartz than AlCl3 [66]. Furthermore, from (3.3) and
(3.4) and comparison of thermodynamic calculations and experimental data it was
concluded that the growth processes of GaN and AlN are mass transport type II
limited processes [64, 67, 68]. That means that the growth rate rg is limited by
diffusion through a boundary layer at the growth surface and can hence be described
by the difference of incoming partial pressure of group III at the outer face of this
boundary layer and the equilibrium partial pressure at the substrate surface DPIII

and a proportionality factor which is called the mass transfer coefficient Kg.

rg ¼ KgDPIII ð3:5Þ

Although the thermodynamic description is usually performed in terms of
equilibrium equations for convenience, this result for the driving force, which is the
basis for the possible high growth rates, clearly proves that the HVPE process is in
general neither at nor near thermodynamic equilibrium [69]. However, the ratio of
reactants and reaction products can dramatically be changed by addition of HCl(g)
or H2(g) in the formation process of GaN according to (3.3) [65, 67] or by addition
of HCl(g) in the AlN formation according to (3.4) [68]. Hence, addition of
hydrogen into the carrier gas reduces Ga incorporation in the AlGaN alloy [64].

Unfortunately, the description given so far is not complete. Surface kinetic
effects cause different growth or incorporation rates for different crystal orienta-
tions. The growth process is thus not strictly mass transport limited type II [70] and
a more accurate description would require different mass transfer coefficients for
different orientations. Such an anisotropic description then leads to kinetic Wulff
plots [71]. Prediction of growth habit can be complex due to the parameter-
dependent growth rates of GaN and AlN on different facets and additional geo-
metrical effects which also requires taking into account temporal evolution [72].
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Such considerations open the possibility of a comprehensive numerical simulation
of the growth process for an arbitrary reactor geometry including computation of
fluid dynamics (CFD), heat transfer, mass transport and a quasi-thermodynamic
model for heterogeneous reaction at surfaces. Simulation tools with a unique mass
transfer coefficient have been developed and experimentally verified [73, 74]. 3D
simulation has been successfully demonstrated [75] and 2D simulators with time
evolution are available [76].

Assuming that the reactor of Fig. 3.5 would be continued to infinity perpen-
dicular to the image plane, a 2D simulation using a virtual reactor can be performed.
In Fig. 3.7a, temperature and flow patterns and in Fig. 3.7b, the distribution of the
V/III ratio are shown for a typical parameter set used for AlGaN growth. Such
simulation helps to optimize growth parameters and is necessary to understand the
effects resulting from variations of these parameters.

There are some variants of AlGaN HVPE. Apart from HVPE of AlGaN [77]
with mixed mono- and tri-metal halides (the latter also called THVPE [78, 79]) as
group III reactants formed from separated source lines [53], there are also

(a)

(b)

Fig. 3.7 Scheme of a horizontal HVPE reactor according to Fig. 3.5 with 2D-simulated distribution
of temperature and flow pattern (a) and distribution of the ratio of group V to group III elements.
Ptotal ¼ 400 hPa with incoming fluxes at the left side from top to bottom as indicated in
(a) i QN2 ¼ 5 slm, ii QNH3 ¼ 0:9 slm inQN2 ¼ 0:9 slm, iii QN2 ¼ 1 slm, ivQHCl overAl = 0.19 slm
in QN2 ¼ 0:71 slm, v QHCl over Ga = 0.05 slm in QN2 ¼ 0:85 slm) (calculated with [76])
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approaches where MOVPE and HVPE are successively performed in a hybrid
growth system, where the HVPE mode is used for thick buffer layers and the
MOVPE mode for the active layer stack [80].

3.4.2 The Choice of Substrate

Native nitride substrates of satisfactory size are hardly available. Recently, HVPE
growth of GaN on large area GaN substrates supplied by ammonothermal growth
[81] and of AlN on large area AlN substrates [56] was successfully demonstrated.
In these cases, the HVPE-grown layers are of high structural perfection since issues
in heteroepitaxy like lattice bending do not play a role and homoepitaxy on a
low-TDD substrate yields low-TDD layers with no need of dislocation annihilation
by thickness [70, 82, 83]. In case of AlN HVPE-grown material is of higher purity
than PVT AlN and has considerably less absorption. A combination of the high
crystalline perfection of PVT bulk AlN and the high optical quality of HVPE AlN
thus appears attractive for UV-C devices [56].

Despite these recent developments, epitaxial growth of AlGaN layers relies on
foreign substrates. (0001) sapphire belongs to the most studied among the various
starting substrates [84]. Challenges associated with heteroepitaxial growth are high
dislocation densities and strain due to lattice mismatch, bending and cracking
during cool-down due to different thermal expansion coefficients especially in case
of sapphire, meltback etching of the substrate by solution of Ga in case of silicon
substrates [85]. Additionally, often one wants to get rid of the foreign substrate after
growth. However, once these drawbacks are overcome the heteroepitaxial HVPE
technique offers fast and affordable scalability. Whatever is used as starting sub-
strate, the aim of many research and development efforts is focused on achieving a
competitive material quality and leverage the advantage of HVPE like purity and
high growth rate for fabrication of buffer layers and substrates with reduced
threading dislocation density (TDD). Thus, HVPE promises to be an excellent
technique for fabrication of substrates for subsequent homoepitaxial growth of
high-end device structures. Most of the aforementioned disadvantages have been
solved for the binary GaN using sapphire [86], silicon [87], and other substrates
[88], leaving productivity and a price reduction as remaining issues.

3.4.3 Selected Results from Growth of AlGaN Layers
by HVPE

The following results were obtained during academic proof-of-concept studies by
addition of an Al source to an existing HVPE reactor for GaN. Growth was per-
formed in a quartz reactor similar to Fig. 3.5 on single-side polished, epiready
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sapphire substrates with (0001) surface. The mixing of the group III source gases
was realized in a mixing chamber as shown in Fig. 3.8. The lower slit acts as gas
inlet for the group III mixture, the upper slit as inlet for ammonia, and in the open
space between the chambers a separating purge flow is injected to avoid
pre-reactions of group III sources with ammonia before reaching the substrate. The
inlet geometry yields a laminar flow pattern over the substrate. In the experiment,
the sample holder can be moved by gas foil rotation. AlGaN layers can be grown in
the entire composition range and the composition can be adjusted by choice of the
ratio of hydrogen chloride gas reacting with Ga and Al. Sapphire substrates of
16 × 16 mm2 were overgrown with AlGaN layers of about 2 µm thickness. An
optimized sequence of AlCl3 pretreatment, nitridation, and growth of an AlN
starting layer were used. Basic growth conditions with the above described reactor
include a total pressure of 400 hPa, main carrier gas flow of 9 slm nitrogen,
900 sccm ammonia mixed with 900 sccm nitrogen, 50 sccm HCl mixed with
850 sccm nitrogen for reaction with liquid Ga at about 850 °C, 90 sccm HCl mixed
with 710 sccm nitrogen for reaction with solid Al at about 520 °C, and a growth
temperature of 1085 °C. The layer composition was determined by X-ray diffraction
from the distance between the two positions of the reflections at (0006) of c-plane
sapphire and at (0002) of the c-plane AlxGa1−xN layers which were found to be
completely relaxed. Growth rates were determined gravimetrically. Results are
shown in Figs. 3.9, 3.10 and 3.11. In addition, results from variation of the
ammonia flow and with hydrogen chloride gas flow over only one of the metal
sources for growth of pure AlN or GaN are shown.

It is found that the growth rate of the AlxGa1−xN layer does not depend
remarkably on the ammonia flow (Fig. 3.9). The sum of the growth rates of the AlN
layer and of the GaN layer exceeds the growth rate of the AlxGa1−xN layer only

NH3

AlCl + GaCl 3

Fig. 3.8 Scheme of the mixing system for introducing the reactants through horizontal slits at the
front side into the growth zone. Circular openings at the backside are inlets for GaCl and AlCl3
into the lower chamber and ammonia into the upper chamber. The lower chamber contains a baffle
for effective mixing of Ga and Al precursors. All parts are made of quartz
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slightly and would result in a similar composition. However, the AlN fraction of the
AlxGa1−xN layer decreases with increasing ammonia flow. A slight reduction of the
AlN fraction in the AlxGa1−xN layer is also observed for a higher reactor pressure
(Fig. 3.10). It is probable that under our conditions less AlCl3 reaches the sample
due to the lower gas velocities for higher reactor pressures. The nearly linear
dependence of the growth rate of the AlxGa1−xN layer from the group III supply in
Fig. 3.11 is in agreement with (3.5). The growth of AlxGa1−xN layers can be
understood as superposition of the growth processes for AlN and GaN. According
to (3.5) the composition of the AlxGa1−xN layer should be constant as long as the
ratio of the HCl flow rates across Al and Ga source is constant. It can be seen in
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Fig. 3.11 that experimentally an increase of the Al content with increasing group III
supply is observed. This tendency is similar to the V/III ratio effect in Fig. 3.9, i.e.,
in the case of a lower V/III the formation of AlN is favored against the formation of
GaN. This observation is supposed to indicate the impact of homogenous
pre-reactions between ammonia and Al-species in the gas phase.

3.4.3.1 Lateral Homogeneity

In case of a ternary compound, substrate rotation does not only affect the lateral
uniformity of the growth rate but if the incorporation rates of the individual species
are different it also alters the homogeneity of the composition. In order to inves-
tigate the influence of substrate rotation, AlGaN layers in a medium composition
range with about 4 µm thickness were grown on quarter 2 inch c-plane sapphire
samples without substrate rotation and with substrate rotation of about 30 rpm. The
result for the stationary sample is shown in Fig. 3.12a. The AlN fraction drops by a
factor 2 across the sample from the gas inlet downstream. The higher chemical
reactivity of Al compared to Ga result in this faster depletion of Al than of Ga in the
gas phase above the sample. The radial distribution of composition on the rotated
sample is depicted in Fig. 3.12b with the rotation axis indicated in the inset. The
AlN fraction determined by XRD across the sample is approximately constant at
about x = 0.5. The lateral composition homogeneity across one inch diameter could
be improved by rotation to ±2 % in our case (Fig. 3.12b). Taking into account the
findings of the stationary sample, graded superlattices of more Al-rich and more
Ga-rich layers can be expected and were indeed found by cross-sectional TEM in a
sample in a distance of about 5 mm from its center (Fig. 3.13). Vertical compo-
sitional changes of up to ±15 % for a sample diameter of one inch with the period of
the graded superlattice depending on radial distance and rotation speed were
observed. The periodicity of the graded superlattice is 20 nm which fits well with
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the growth rate of 36 μm h−1. Thus, the different depletion behavior of the group III
species leads in general to compositional inhomogeneity in geometrical setups with
flow pattern parallel to the sample surface.
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Fig. 3.12 Lateral homogeneity of the composition measured by XRD of 4 μm thick AlGaN layers
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3.4.3.2 Use of MOVPE-Grown AlN/Sapphire Templates

Templates consisting of MOVPE-grown AlN-layers of 500 nm thickness on sap-
phire wafers were used to investigate formation of macroscopic defects in com-
parison. An optical Nomarski micrograph of a 600 nm thick Al0.47Ga0.53N layer
grown on such a template is shown in Fig. 3.14a. The surface is disturbed by
polycrystalline material which appears darker when more of the facets are inclined
to the surfaces. These crystallites were observed for a wide range of growth con-
ditions. These surface defects consist mostly of three tilted crystallites which are
typically arranged like triangles as shown in the SEM micrographs of Fig. 3.15a, b.
The threefold symmetry of these crystallites suggests a relation to the threefold
symmetry of the sapphire substrate (Fig. 3.15c). Possibly, these crystallites start to
grow on n-plane sapphire facets [89, 90] which are offered unintentionally during
the growth process. It was found that use of MOVPE-grown starting layers is not
mandatory. As shown in Fig. 3.14b Al0.47Ga0.53N directly grown on sapphire
exhibits much less polycrystalline regions but local layer separation.

3.4.3.3 Direct Growth Start in HVPE

An optimized starting procedure in HVPE comprises (i) exposure of the surface to
AlCl3, (ii) exposure of the surface to NH3, and (iii) growth of a thin AlN buffer
layer. AlCl3 pre-flow across the wafer for 1/4 h effectively reduced misaligned
crystallites protruding from the surface of AlGaN layers. It is assumed that AlCl3
changes the nucleation conditions on c-plane sapphire possibly by creating tiny
nucleation centers similar to the effect of GaCl pretreatment prior to GaN growth on
sapphire by HVPE [92].

Subsequent to the AlCl3 pretreatment a nitridation step is performed. Figure 3.16
shows Nomarski micrographs of two Al0.98Ga0.02N layers grown without and with
NH3 pre-flow across the sapphire substrate prior to growth. The surface of the layer

10 µm

[1120]AlGaN

10 µm

[1120]AlGaN
(a) (b)

Fig. 3.14 Nomarski micrographs of 600 nm thick Al0.47Ga0.53N layers grown by HVPE under
identical conditions on MOVPE-grown AlN/sapphire template (a) and directly on sapphire (b).
The surface is partly disturbed by polycrystalline materials (darker features). Local separation of
the layer from the sapphire is indicated by brighter regions (arrow) in case of direct growth on
sapphire
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grown without nitridation exhibits polycrystalline material already after a thickness
of 680 nm (Fig. 3.16a). In contrast, the layer grown with nitridation is still mostly
free of crystallites (Fig. 3.16b) for a layer thickness of 2.5 μm. X-ray omega-
rocking curves measured for the symmetric 002 AlGaN and skew-symmetric 302
AlGaN reflections showed FWHM of 1129 and 3472 arcsec for the layer grown
without nitridation and of 626 and 1454 arcsec for the layer grown with nitridation,
respectively. Nitridation thus allows for thicker c-plane-oriented AlGaN layers with
improved structural and morphological quality.

The surface of an Al0.45Ga0.55N layer with a thickness of 5 μm is shown in the
SEM micrograph of Fig. 3.17a revealing overgrown cracks. The CL-spectrum
recorded by integration across the area of Fig. 3.17a is plotted in b. It exhibits two
peaks that can be assigned to near band edge emissions of Al-rich (284 nm,
x = 0.47) and of Ga-rich (343 nm, x = 0.07) regions. The 284 nm luminescence
originates from almost the whole area as revealed by the CL topogram in Fig. 3.17c.
The 343 nm luminescence is found along overgrown cracks and at some steps of
surface hillocks (Fig. 3.17d). Reasons for this composition inhomogeneity at cracks
and steps could be the higher mobility of Ga compared to Al on the growing surface
and the higher Ga incorporation probability of Ga at non-c-plane facets.
Consequently, composition inhomogeneity can easily be introduced in the ternary
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r
[1100]sapphire

[1120]sapphire(a) (b) (c)

Fig. 3.15 SEM micrographs of typically oriented crystallites taken on the surface of the samples
in Fig. 3.14a, b. Defects on the surfaces of the AlGaN layers grown on the AlN template (a) and
directly on the sapphire wafer (b) look similar. On the template, the density of non-c-plane
crystallites is much higher than on the sapphire wafer. Stable facets of sapphire with its threefold
symmetry are depicted in the scheme (c) [91]

20 µm20 µm

(a) (b)

Fig. 3.16 Nomarski surface micrograph of Al0.98Ga0.02N layers of 680 nm in thickness grown
without nitridation (a) and of 2.5 μm in thickness grown with nitridation by NH3 prior to growth (b)
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system already during the early stage of nucleation on the sapphire surface. With
regard to the preparation of pseudosubstrates for subsequent growth of UV-LEDs,
composition inhomogeneity is not desired since it may decrease the transmittance.

A thin AlN buffer layer was expected to facilitate the homogenous growth start
and to reduce cracking by lowering tensile strain in the subsequently grown
Al0.45Ga0.55N layer. Therefore, the impact of an AlN buffer layer grown by HVPE
after the AlCl3 and NH3 pretreatment was investigated. A 5 µm thick Al0.45Ga0.55N
layer was grown for comparison on a AlN buffer of 500 nm thickness (Fig. 3.18).
The FWHM of omega-rocking curves decreased from 2310 to 1500 arcsec for the
002 Al0.45Ga0.55N reflections and from 2200 to 1640 arcsec for the 302 AlGaN
reflections indicating an enhanced crystal quality. The improvement could be due to
a reduced crack density in the sample. In addition, XRD x=2h-scans did not show
additional peaks caused by inhomogeneous Al-distribution as found in the sample
grown without AlN buffer layer. The AlN buffer layer also did not decrease
transmittance for wavelengths between 365 and the cutoff wavelength of the
Al0.45Ga0.55N layer at 290 nm. Although the material quality was improved by the
AlN buffer layer, it unfortunately led to some new misaligned crystals disturbing
the c-plane AlGaN surface as shown in Fig. 3.18. These misaligned crystallites
were found to originate from micro-cracks in the AlN buffer layer. Thus, further
means for strain release during the growth of AlGaN layers are needed to increase
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Fig. 3.17 SEM micrograph of Al0.45Ga0.55N layer of 5 μm thickness grown on sapphire by the
use of AlCl3 and NH3 pretreatment (a), corresponding CL-spectrum at 90 K (b), monochromatic
CL image at 284 nm (c), and monochromatic CL image at 343 nm (d)
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the crack-free layer thickness and in consequence the crystalline quality by natural
annihilation of dislocations with increasing thickness. A commonly applied method
in heteroepitaxial growth consists in the reduction of contact area at the substrate-
layer interface by epitaxial lateral overgrowth (ELOG) of masked areas or of voids
using patterned sapphire substrates (PSS). Mask materials like SiO2, SiNx, TiN, and
WSiN which are successfully used to grow freestanding GaN by HVPE [13] tend to
be covered by polycrystalline AlGaN due to the low mobility of Al-species when
Al chlorides were added to the process. Thus, masked ELOG was found unsuitable
for AlGaN.

3.4.3.4 Growth on PSS with Trenches Along 11�20½ �sapphire

To achieve maskless ELOG, PSS with 4 μm deep trenches along ½11�20�sapphire were
fabricated using a thick photoresist for high aspect ratios in ICP etching. Parameter
studies on these PSS focused on the influence of an in situ AlN buffer layer,
substrate offcut, input V/III ratio, total pressure, and growth temperature in HVPE
growth of AlGaN layers of medium composition.

The growth from the bottom of the trenches was successfully suppressed due to
the large depth and the already described AlN buffer layer was found to promote
c-plane growth on the c-plane sapphire facets on top of the ridges. However,
additional growth of (11�22) oriented AlGaN occurred from the trench sidewalls and
generated a saw tooth like surface structure as shown in Fig. 3.19a.

The orientation of this semipolar grown material was deduced by XRD mea-
surements under different sample rotations around a ½11�20�sapphire axis (Fig. 3.19b–d).
The epitaxial relationship for the growth on the (1�100) oriented sapphire sidewalls
was determined to:

ð1�100Þsapphire k ð11�22ÞAlGaN and 11�20½ �sapphirek 1�100½ �AlGaN

[1120]AlGaN

20 µm

Fig. 3.18 Nomarski surface
micrograph of HVPE-grown
AlGaN layer of 5 μm
thickness grown with an AlN
buffer layer
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It was found that this semipolar growth occurred on just-oriented or PSS misori-
ented toward a-plane but not on PSS with miscut toward m-plane. It is assumed that
additional surface steps parallel to the stripes accelerate the lateral growth rate of the
c-plane-oriented material. The degree of substrate miscut toward the m-plane was
varied in the range of 0.15°–4°. The best material quality of the c-plane-oriented
closed AlGaN layers was determined by the shape of XRD x-rocking curves for
miscuts of 0.25° and 2°. C-plane sapphire with a miscut of 0.25° toward m-plane was
used in the following to obtain c-plane-oriented AlGaN layers.

Parameter studies of the input V/III ratio and the reactor pressure resulted in
homogeneously c-plane-oriented Al0.45Ga0.55N layers on such striped PSS without
differently oriented or polycrystalline defects on the surface. It was found that high
V/III ratios (≈40), high total pressures (≈800 hPa) and high growth temperatures
(≈1085 °C, limited by use of quartz components) favor the formation of flat AlGaN
layers with homogeneous composition and hence allow for deposition of thick
layers. Al0.45Ga0.55N, grown under optimized growth conditions on PSS, shows
transparency in the UV region above a cutoff wavelength of 280 nm [93].
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Fig. 3.19 Al0.45Ga0.55N layer grown on PSS with a 500 nm thick AlN buffer layer. Semi-polar
growth on the sidewalls and c-plane growth on the ridges cause formation of differently oriented
AlGaN surfaces (a). XRD x=2h measurements of the symmetric 002 AlGaN and 006 sapphire
reflections to show c-plane AlGaN on c-plane sapphire (b), of 002 AlGaN reflection at a sample
rotation around a ½11�20�sapphire aligned axis by 32° (c), and of 1�10 AlGaN reflection at a sample
rotation around a ½11�20�sapphire aligned axis by 58° (d)
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A cross sectional SEM image and a Nomarski micrograph of a 40 µm thick
Al0.45Ga0.55N layer are shown in Fig. 3.20. At thicknesses exceeding 5 μm, AlGaN
layers suffer again from buried crack networks and partly overgrown surface cracks.
One reason for cracking, especially perpendicular to the PSS stripe direction is an
insufficient release of tensile strain in the direction of stripes during growth. It is
expected that the observed anisotropic crack formation perpendicular to the stripes
can be reduced by more isotropic patterns like hexagonally arranged columns or
honeycombs and by narrower ridges. Another issue is the continuous repetition of
cracking with increasing layer thickness. A reasonable explanation would be the
continuous formation of tensile strain due to the interaction of silicon and dislo-
cations which became only understood in recent years [95]. To avoid this either the
dislocation density needs to be reduced to the low 1 × 107 cm−2 range or the Si
incorporation needs to be suppressed to below 1 × 1017 cm−3. The threading
dislocation density at the surface of the 5 μm thick Al0.45Ga0.55N layer on PSS was
determined by TEM to be up to 8 × 109 cm−2 in regions above the ridges and up to
5 × 109 cm−2 in regions above the trenches. The Si incorporation determined by
SIMS in our AlN layers is about 1 × 1019 cm−3. This high Si incorporation most
probably is introduced due to corrosion of quartz by AlCln.

3.4.3.5 Growth on PSS with Isotropic Motifs

Hexagonally arranged columns and honeycomb-like pattern were fabricated on
c-plane sapphire wafers and used to determine the different AlGaN crystal orien-
tations which grow on the sapphire sidewalls and to achieve coalesced AlGaN
layers with reduced and more isotropic in-plane strain.

Depending on the NH3 supply during nitridation, AlGaN growth on the side-
walls of the columns can change from mostly semipolar to mostly nonpolar with
respect to the c-plane sapphire surface. ELOG on columns with 20 μm AlGaN layer
thickness was performed (Fig. 3.21). However, a coalescence barrier is observed for
vis-á-vis aligned m-plane AlGaN facets.

AlxGa1−xN layers with different AlN fractions x of 0.3 (Fig. 3.22c), 0.5, or 0.7
and thicknesses in the range of 10 to 20 μm were grown on honeycomb patterned

20 µm [1120]sapphire 100 µm

(a) (b)

Fig. 3.20 Cross-sectional SEM image of 40 μm thick Al0.45Ga0.55N on PSS (a), Nomarski
micrograph of the surface (b) [94]
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sapphire. In Fig. 3.22, different stages of the growth are depicted for layers with
x = 0.3. Proper pretreatment and nitridation favor growth of crystallites (Fig. 3.22b)
within the honeycombs which can easily be overgrown. This concept works
independent of the alloy composition. The aforementioned formation of tensile
strain by interaction of Si and dislocations leads to formation of cracks for thick-
nesses exceeding 10–20 μm. Grading of the AlGaN layer can partly compensate the
tensile strain during growth and may allow for AlGaN layer structures which are
thick enough for subsequent polishing and demonstration of devices.

With ongoing research and commercialization of HVPE for GaN and AlN fur-
ther improvements of simulation, reactors, and processes can be expected.
Therefore, the search for a more sustainable reactor material is a prerequisite to
make further progress in the growth of AlGaN with high crystalline quality.

30 µm[1120]sapphire

(a) (b)

Fig. 3.21 Bird’s-eye view on a cleavage plane and surface of 20 μm thick AlGaN layer grown on
PSS with hexagonally arranged columns (a) and detail with higher magnification (b) showing that
opposing m-facets do often not coalesce

10 µm

[1100]sapphire

[1120]sapphire

[0001]sapphire

[1210]AlGaN

[1010]AlGaN

[0001]AlGaN

(a) (b) (c)

Fig. 3.22 Honeycomb pattern in sapphire (a), growth of Al0.3Ga0.7N on ridges and at sidewalls
after 15 min (b), and surface of completely coalesced Al0.3Ga0.7N layer of 20 μm thickness after
120 min (c)
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3.5 Summary

For the growth of UV-C LEDs, in principle bulk AlN substrates are available but
still suffer from high price, small dimensions, and limited transparency. Thick AlN
buffers with a sufficiently low defect density can be grown by MOVPE using
techniques for defect elimination like ELOG. Such buffers with low defect density
then allow for pseudomorphic growth of UV-C emitters. Layers structures for
UV-B emitters require AlGaN base layers with low defect density since pseudo-
morphic growth on AlN is not possible for high Ga content. Such thick layers of
AlGaN have been grown by HVPE on patterned substrates but currently the
reduction of the defect density is still a challenge to be solved before ternary
pseudosubstrates can make inroads into UV-B LED fabrication.
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Chapter 4
Growth Techniques of AlN/AlGaN
and Development of High-Efficiency
Deep-Ultraviolet Light-Emitting Diodes

Hideki Hirayama

Abstract Recent advances in the performance of AlGaN-based deep-ultraviolet
(DUV) light-emitting diodes (LEDs) and the development of crystal growth tech-
niques for wide-bandgap AlN and AlGaN materials are discussed. DUV LEDs in
the spectral range between 222 and 351 nm have been demonstrated. Significant
increases in the internal quantum efficiency (IQE) of AlGaN quantum wells
(QWs) have been achieved by growth on low-threading dislocation-density
(TDD) AlN obtained by ammonia pulsed-flow multilayer growth. Electron
Injection efficiency (EIE) in DUV LEDs was significantly improved by introducing
a multi-quantum barrier (MQB) and light-extraction efficiency (LEE) was enhanced
by developing transparent p-AlGaN contact layers. The maximum external quan-
tum efficiency (EQE) obtained was 7 % for a 279 nm DUV LED. EQEs in the
double-digit ranges are anticipated in the near future by further improving LEE,
e.g., by utilizing transparent contact layers and pillar array buffer layers.

4.1 Introduction

In this chapter, growth techniques of AlN/AlGaN semiconductors and recent
advances in AlGaN-based deep-ultraviolet (DUV) light-emitting diodes (LEDs) are
reviewed. 220–350 nm-band DUV LEDs have been realized by developing crystal
growth techniques for wide-bandgap AlN and AlGaN semiconductors. Significant
increases in internal quantum efficiency (IQE) have been achieved for AlGaN DUV
emissions by developing low-threading-dislocation-density (TDD) AlN buffer
layers grown on sapphire substrates. The electron injection efficiency (EIE) of the
LEDs was also significantly increased by introducing a multi-quantum barrier
(MQB). We also discuss light extraction efficiency (LEE), which is the most
important parameter for achieving high-efficiency DUV LEDs. We succeeded in
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improving LEE by developing a transparent p-AlGaN contact layer. The maximum
external quantum efficiency (EQE) obtained was 7 % for a 279 nm DUV LED. EQE
could be increased by up to several tens of percent through the improvement of
LEE by utilizing transparent contact layers and photonic nanostructures.

In Sect. 4.2, the research background including device applications, history and
the current status of DUV LEDs are described. We will describe the development of
crystal growth techniques for obtaining high-quality AlN and AlGaN crystals in
Sect. 4.3. We will describe the achievement of high IQE for AlGaN DUV emission
and the realization of DUV LEDs in Sects. 4.4 and 4.5, respectively. We will go on
to discuss several issues for increasing the efficiencies of DUV LEDs, i.e., EIE and
LEE, in Sect. 4.6. Finally, the future prospects of DUV LEDs are discussed in
Sect. 4.7.

4.2 Research Background of DUV LEDs

The development of semiconductor light sources operating in the DUV region, such
as DUV LEDs and laser diodes (LDs), is quite an important subject because they
are required for a wide variety of applications. Figures 4.1 and 4.2 summarize the
image of sterilization application and wide potential application fields of
high-efficiency DUV LEDs and LDs, respectively. DUV LEDs and LDs with
emission wavelengths in the range of 230–350 nm are expected to be used in
applications such as sterilization, water purification, medicine, and biochemistry,
light sources for high density optical recording, white light illumination, fluores-
cence analytical systems, and related information sensing fields. They are also very
important for air purification equipment and for zero-emission automobiles [1, 2].

Fig. 4.1 Image of sterilization applications of deep-ultraviolet (DUV) LEDs
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Figure 4.3 shows the classification of UV light and the wavelength range
achieved by AlGaN DUV LEDs. For applications involving sterilization or water
purification with direct UV-light treatment, UVC light with the wavelength range
between 260–280 nm is most suitable. For the UV purification process using a
titanium-oxide (TiO2) catalyst, the wavelength range between 320–380 nm is also

Fig. 4.2 Potential applications of DUV LEDs and LDs

Fig. 4.3 Classification of UV light and the wavelength range achieved by AlGaN DUV LEDs
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useful. For application to white LED illumination produced by a mixture of RGB
phosphors excited by a UV-LED, wavelengths around 340 nm (UVA) are con-
sidered to be most suitable, taking into account both the efficient absorption by
phosphors (<350 nm) and the high-efficiency operation wavelength range of AlGaN
UV-LEDs. The wavelength range achieved by AlGaN LED covers from UVA and
UVC as shown in Fig. 4.3.

Because of their wide direct transition energy range in the UV, covering the
region between 6.2 eV (AlN) and 3.4 eV, AlGaN and quaternary InAlGaN are
attracting considerable attention as candidate materials for the realization of DUV
LEDs and LDs [2]. Figure 4.4 shows the relationship between the direct transition
bandgap energy and the lattice constant of the wurtzite (WZ) InAlGaN material
system and the lasing wavelengths of various gas lasers. The main advantages of
using AlGaN or InAlGaN for DUV light sources are (1) the possibility of obtaining
high-efficiency optical emission from quantum wells (QWs), (2) the possibility of
producing both p- and n-type semiconductors in the wide-bandgap spectral region,
(3) their physical properties, i.e., nitrides are mechanically hard and the devices

Fig. 4.4 Relationship between the direct transition bandgap energy and the lattice constant of the
wurtzite (WZ) InAlGaN material system and the lasing wavelengths of various gas lasers
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have long life-times, and (4) the fact that the materials are free from harmful
arsenic, mercury and lead [2].

Research into AlGaN-based UV LEDs for wavelengths shorter than 360 nm was
initiated by several research groups between 1996 and 1999 [3–5]. In the US, the
effort directed at DUV light sources was driven by DARPA’s Semiconductor
Ultraviolet Optical Sources (SUVOS) program. A group at the University of South
Carolina reported the first 250 280 nm AlGaN-based DUV LEDs between 2002 and
2006 [6–8]. A group at NTT reported the shortest wavelength (210 nm) LED using
an AlN emitting layer in 2006 [9]. We started research into AlGaN-based DUV
LEDs in 1997, and reported the first efficient DUV (230 nm) photoluminescence
(PL) from AlGaN/AlN QWs [10], and a 333 nm AlGaN-QW UV LED on SiC in
1999 [4]. We have also developed high-efficiency UV LEDs using In-incorporation
effects into AlGaN [2, 11, 12]. We have demonstrated several mW cw operation
from 340 350 nm InAlGaN-QW UV LEDs on both GaN single-crystal substrates
[13] and sapphire substrates [14].

Figure 4.5 shows the current status of the external quantum efficiency (EQE) of
nitride UV LEDs, especially for UVA and UVC, as measured at room temperature
(RT). The development of 280 nm-band AlGaN DUV LEDs to achieve
high-efficiency and high-power operation has become extremely competitive
recently, because they are expected to have a huge market for sterilization appli-
cations. We developed a growth method for low-threading-dislocation-density
(TDD) AlN templates on sapphire substrates in 2007 [15], and achieved high IQE
(>60 %) for AlGaN and quaternary InAlGaN QWs in the DUV region [16, 17]. We
also achieved high electron injection efficiency (EIE) by introducing a
multi-quantum barrier (MQB) design as an electron-blocking layer (EBL) [18], and
demonstrated AlGaN and InAlGaN-based UV LEDs with a wide emission range
(222 351 nm) [17–21]. We have also improved the light extraction efficiency
(LEE) of DUV LED by developing a transparent p-AlGaN contact layer and a
highly reflective p-type electrode [22, 23], and have recently achieved an external
quantum efficiency (EQE) of 7 % [24]. RIKEN and Panasonic have started to
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provide commercially available DUV LED modules for sterilization use (270 nm,
10 mW LED module with lifetime longer than 10,000 h, EQE of 2 3 %) [25, 26].

The recent progress in high-efficiency DUV LEDs with wavelength between 260
and 300 nm developed by several companies is summarized in Table 4.1. sensor
electronic technology (SET) has developed commercially valuable UV LEDs with
wavelengths ranging between 240 and 360 nm [27–29], and they have reported a
maximum EQE of 11 % for 278 nm LED [29]. Crystal IS and Tokuyama have
developed DUV LED on single-crystal AlN substrates fabricated by a sublimation
method [30, 31] and hydride vapor phase epitaxy (HVPE) [32, 33], respectively,
and have reported 5–7 % EQE. Also, UV Craftory, Nitek, and Nichia have
developed high-efficiency DUV LEDs [34–37]. UV Craftory has reported record
high EQE of 14.3 % for a DUV LED, though it was obtained at very low injection
current [27]. The shortest wavelength achieved for a UV-LD is 336 nm [38], which
was achieved by Hamamatsu Photonics.

The next targets in UV device research are to develop EQEs of several tens of
percent for 220 350 nm LEDs and to achieve 250–330 nm LDs. However, the
realization of high EQE UV LEDs with wavelengths below 360 nm is still chal-
lenging owing to some major problems. The sudden drop in efficiency of UV-LEDs
below 360 nm is mainly due to the following three factors:

Table 4.1 Recent progress of high-efficiency DUV LEDs with wavelength between 260 and
300 nm developed by several companies

Group Year References Structures and techniques Maximum
EQE (%)

Wavelength
(nm)

UV
craftory

2014 [37] Sapphire/AlN/AlGaN-QW
(encapsulated)

14.3 at
2 mA

280–300

10.5 at
20 mA

Sensor
electric
technology

2012 [29] Sapphire/AlN/AlGaN-QW
(encapsulated) using p-AlGaN
contact layer

11 at
10 mA

278

RIKEN 2014 [24] Sapphire/AlN/AlGaN-QW
using highly transparent
p-AlGaN contact layer

7 at 25 mA 279

Crystal IS 2013 [30] Single-crystal AlN
(sublimation method)/
AlGaN-QW

7 at 50 mA 280

5.4 at
50 mA

266

Tokuyama 2013 [33] Single crystal AlN (grown by
HVPE)/AlGaN-QW

3.1 at
250 mA

265

5.3 at
250 mA
(With PhC)

265

Nichia 2010 [36] Sapphire/AlN/AlGaN-QW 2.8 at
20 mA

281
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1. IQE of AlGaN is more sensitive to TDD than that of InGaN.
2. The hole concentration of p-AlGaN is low, resulting in low injection efficiency

(IE).
3. LEE is low because of the absorption of UV light in p-GaN contact layers.

The development of low-TDD AlN templates is most important, because IQE of
AlGaN-QWs is as low as 1 % if we use conventional templates with high TDD. To
obtain high IQE of more than 60 %, the reduction of TDD to below 5 × 108 cm−2 is
required [16, 17]. To fabricate such a low-TDD AlN template on sapphire, it is
necessary to introduce some special growth conditions. Low-TDD AlN
single-crystal wafers have advantages for high IQE [30–33], although they are
expensive for use as commercially available DUV LEDs. We are using the ‘am-
monia (NH3) pulsed-flow multilayer (ML) growth’ method to fabricate AlN tem-
plates on sapphire, and we have obtained IQE of approximately 60 % from AlGaN
QWs [15–17]. Also, for the realization of high IQE DUV emission, the use of
quaternary InAlGaN with a few percent of indium (In) is effective [2, 17].

The device properties of AlGaN DUV LEDs strongly depend on the properties
of the p-AlGaN. The hole concentration of p-AlGaN with high Al content
(Al > 60 %) is low (as low as 1014 cm−3) owing to its deep acceptor level, i.e., 240
(GaN) 590 meV (AlN). EIE of a DUV LED is reduced owing to the leakage of
electrons to the p-side layers. The high series resistance of p-type layers also
becomes a problem for the device properties.

Owing to the lack of high-hole-density p-type AlGaN, we must use p-GaN
contact layers. The use of a p-GaN contact layer results in a significant reduction in
LEE owing to the strong absorption of DUV light. LEE of a DUV LED is typically
below 8 %. Transparent p-AlGaN contact layers and highly reflective p-type
electrodes are desirable for realizing high LEE devices.

The current EQE of 270 nm DUV LEDs in our group is approximately 7 %,
which is determined by 60 % IQE, 80 % EIE, and 15 % LEE. Further improve-
ments in EQE are expected as we start the production of commercially available
DUV LEDs. Techniques for increasing each of these efficiencies are described in
the following sections.

4.3 Growth Techniques of High-Quality AlN on Sapphire
Substrate

In order to realize high-efficiency DUV LEDs, it is necessary to develop a low TDD
AlGaN/AlN template. The TDD of a conventional AlN buffer layer on a sapphire
substrate, which was fabricated using a low-temperature (LT)-AlN buffer, was
greater than 2 × 1010 cm−2. On the other hand, TDD of 108–109 cm−2 is required in
order to obtain high IQE values of several tens % from AlGaN QWs. Several
fabrication methods have been reported for obtaining high-quality AlN buffers; for
example, the use of AlN/AlGaN superlattices (SLs) grown with alternating gas
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feeds [6], AlGaN buffer layers deposited by epitaxial lateral overgrowth
(ELO) [39], and a combination of GaN/AlN SLs and AlGaN produced by alternate
source-feeding epitaxy (ASFE) on SiC [40].

In the former experiments, we grew AlN layers directly onto sapphire substrates
at high-growth temperature (HT) after an initial nitridation treatment using NH3.
The growth temperature was around 1300 °C, and the V/III ratio was a relatively
low value. Figure 4.6 shows the relationship between the full width at half maxi-
mum (FWHM) of X-ray diffraction (10–12) and (0002) ω-scan rocking curves
(XRCs) and the nitridation time of AlN layers grown on sapphire substrates. As the
nitridation time was increased from 5 to 10 min, the FWHM of (10–12) XRC was
reduced to 560 arcsec. The value of the FWHM of (10–12) XRC corresponds to the
edge-type threading-dislocation density. We found that larger AlN nuclei are
formed in the initial stages of the growth process by introducing longer nitridation
times, and that edge dislocations are reduced by embedding them in a thick AlN
layer. However, heavy nitridation on sapphire become the cause of a polarity
inversion from Al to N polarity, which leads to the generation of abnormal large
nuclei on the AlN surface. We also found that a long nitridation time leads to cracks
on the AlN surface.

It is necessary to satisfy several conditions to achieve high-quality AlGaN/AlN
templates that are applicable to DUV emitters, i.e., low-TDD, crack-free, atomically
flat surfaces and stable Al (+c) polarity. To obtain all of the conditions mentioned
above, we have introduced an ‘ammonia (NH3) pulsed-flow multilayer
(ML) growth’ method for fabricating AlN layers on sapphire [15]. Figure 4.7 shows
the typical gas flow sequence and a schematic view of the growth control method
using pulsed- and continuous-flow gas feeding growth that is used for the NH3

pulsed-flow ML-AlN growth.

Fig. 4.6 Full width at half
maximum (FWHM) of X-ray
diffraction (10–12) ω-scan
rocking curves (XRC) as a
function of initial nitridation
time for AlN layers grown on
sapphire substrates using a
direct high-growth
temperature low V/III growth
method
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The samples were grown on sapphire (0001) substrates by low-pressure
metal-organic chemical vapor deposition (LP-MOCVD). First, an AlN nucleation
layer and a ‘burying’ AlN layer was deposited, both by NH3 pulsed-flow growth.
The trimethylaluminum (TMAl) flow was continuous during the NH3 pulsed-flow
sequence, as shown in Fig. 4.7. Low-TDD AlN can be achieved by promoting the
coalescence of the AlN nucleation layer. After the growth of the first AlN layer, the
surface is still rough because of the low growth rate by the pulsed-flow mode
growth. We introduced a high-growth rate continuous-flow mode to reduce the
surface roughness. By repeating the pulsed- and continuous-flow modes, we can
obtain crack-free, thick AlN layers with atomically flat surfaces. NH3 pulsed-flow
growth is effective for obtaining high-quality AlN because of the enhancement of
precursor migration. Furthermore, it is effective for obtaining stable Al (+c)
polarity, which is necessary for suppressing polarity inversion from Al to N by
maintaining Al-rich growth conditions.

As described above, we used three different growth conditions in this method,
i.e., the initial deposition in order to fabricate an AlN nucleation layer, migration
enhancement epitaxy for decreasing TDD, and a high-growth rate using a con-
ventional continuous flow mode. The detailed growth conditions were described in
[15, 19]. The typical growth rates in the pulsed- and continuous-flow modes were
approximately 0.6 and 6 μm/h, respectively. We found recently that a low V/III
ratio and higher growth temperature (*400 °C) is more suitable for obtaining a low
TDD AlN growth on sapphire.

The advantage of using ML-AlN for the DUV LED is that low TDD AlN can be
obtained without the need for AlGaN layers, yielding a device structure with
minimal DUV absorption. An AlGaN-free buffer is believed to be important for
realizing sub-250 nm-band high-efficiency LEDs.

1. Growth of 
nucleation AlN layer  
(NH3 Pulsed-flow)

2. Burying growth with 
lateral enhancement  
growth mode 
(NH3 pulsed-flow)

NH3 pulsed-flow growth   
Migration Enhanced Epitaxy 
Al rich condition = stable Al (+c) polarity

3.    Reduction of surface 
roughness with 
high-speed growth 
(continuous flow)

Reduction of threading 
dislocation density (TDD)

4.    Repeat  2 and 3

Crack-free thick AlN buffer 
with atomically flat surface

TMAl

NH3

5s  3s  5s  3s  5s

Sapphire Sapphire Sapphire Sapphire

AlN

AlN

AlN
AlN

Fig. 4.7 Gas flow sequence and schematic view of the growth control method used for ‘an NH3

pulsed-flow multilayer (ML)-AlN growth technique’
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Figure 4.8 shows the FWHM of the X-ray diffraction (10–12) ω-scan rocking
curves (XRC) for various stages of the ML-AlN growth. The FWHM of XRC
(10–12) for AlN was reduced from 2160 to 550 arcsec by introducing ‘two-times
repetition’ of the NH3 pulsed-flow ML-AlN growth. Figure 4.9 shows atomic-force
microscope (AFM) images of the surface of ML-AlN on sapphire at various stages
of the ML-AlN growth. We can observe that the surface was improved by growing
the multilayers of AlN, and we can finally confirm an atomically flat surface, as
demonstrated in Fig. 4.9. The root-mean-square (RMS) value of the surface
roughness of the ML-AlN obtained from the AFM image was 0.16 nm.

Figure 4.10 shows (a) a schematic structure and (b) a cross-sectional transmis-
sion electron microscope (TEM) image of an AlGaN/AlN template with a 5-step
ML-AlN buffer layer grown on a sapphire substrate. The total thickness of the
ML-AlN buffer was typically 4 μm. The typical full widths at half maximum
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(FWHMs) of X-ray diffraction (10–12) and (0002) ω-scan rocking curves (XRCs)
of the ML-AlN were approximately 370 and 180 arcsec, respectively, which were
achieved by a highly uniform 3 × 2 in. reactor MOCVD [25]. The minimum
FWHMs obtained for a 1 × 2 in. reactor MOCVD were approximately 290 and 180
arcsec, respectively. The minimum edge- and screw-type dislocation densities of
the ML-AlN were below 5 × 108 and 4 × 107 cm−2, respectively, as observed by a
cross-sectional TEM image.

4.4 Marked Increase in Internal Quantum Efficiency
(IQE)

We observed a remarkable enhancement of the DUV emission of AlGaN-QWs by
fabricating them on low TDD AlN templates [16, 17]. Figures 4.11 show a
cross-sectional TEM image of the quantum-well region of an AlGaN multi-(M)QW
DUV-LED with an emission wavelength of 227 nm fabricated on a ML-AlN buffer.
We used a thin quantum well in order to obtain a high IQE by suppressing the
effects of the polarization field spontaneously applied in the well. This is believed to
be particularly important for obtaining the atomically smooth hetero-interfaces that
are necessary in order to achieve a high IQE from such a thin QW. The atomically
flat hetero-interfaces of the 1.3 nm-thick three-layer QWs are confirmed as observed
in the cross-sectional TEM image shown in Fig. 4.11.

Figure 4.12 shows photoluminescence (PL) spectra of AlGaN QWs fabricated
on ML-AlN templates with various values of XRC (10–12) FWHM, as measured at
room temperature (RT). The peak emission wavelengths of the QWs were around

(a) (b)

Fig. 4.10 a Schematic structure and b cross-sectional TEM image of an AlGaN/AlN template
including a 5-step ML-AlN buffer layer grown on a sapphire substrate
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254 nm. The QWs were excited with 244 nm Ar-ion second harmonics generation
(SHG) laser. The excitation power density was fixed at 200 W/cm2. The PL
emission intensity of the AlGaN QW was significantly increased by improving the
XRC (10–12) FWHM, as shown in Fig. 4.12. We can see from Fig. 4.12 that the
emission efficiency of AlGaN depends strongly on the edge-type TDD.

Figure 4.13 shows the PL peak intensity as measured at RT for 254 nm-emission
AlGaN-QWs as a function of XRC (10–12) FWHM. The PL intensity was
increased by approximately 80 times by reducing the XRC (10–12) FWHM from
1400 to 500 arcsec. The PL intensity increased rapidly when the FWHM of the
XRC was reduced to 500–800 arcsec. The rapid increase in PL intensity can be
explained by a reduction of a non-radiative recombination rate as the distance
between TDs becomes greater compared with the carrier diffusion length in the
QW. We obtained similar enhancement of the emission from AlGaN QWs with
various wavelengths QWs. The relationships between IQE and TDD in DUV
emission AlGaN-QWs were also investigated in [27, 41].
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Figure 4.14 shows an example of a temperature dependence of the integrated PL
intensity measured for an AlGaN MQW with an emission wavelength at 288 nm
fabricated on a ML-AlN template. The IQE can be roughly estimated from the
temperature-dependence of the integrated PL intensity if we assume that the
non-radiative recombination rate is quite low at low temperature. The estimated
IQE at RT for the 288 nm-emission AlGaN QW was observed to be approximately
30 % for this sample.

The quaternary alloy InAlGaN is attracting considerable attention as a candidate
material for realizing DUV LEDs, since efficient UV emission as well as higher
hole concentrations can be realized due to In-incorporation effects. The incorpo-
ration of a few percent of In into AlGaN is considered to be quite effective for
obtaining high IQE, because an efficient DUV emission can be obtained due to the
In segregation effect, which has already been investigated for the ternary InGaN
alloy. We have described the advantages of the use of the quaternary InAlGaN alloy
in [2, 11, 12, 17].
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Figure 4.15 shows a cathodoluminescence (CL) image obtained from a quater-
nary InAlGaN layer [2] and a schematic image of carrier recombination in an
InAlGaN alloy. Emission fluctuations in the submicron region were clearly
observed in the CL image. The emission fluctuation is considered to be due to
carrier localization in the In-segregation area. The CL images obtained for qua-
ternary InAlGaN were very similar to those obtained for InGaN films. Electron-hole
pairs localized in the low-potential valley emit before they are trapped in
non-radiative centers induced by dislocations. Therefore, the advantage of the In
incorporation is that the emission efficiency is less sensitive to TDD.

Figure 4.16 shows the temperature dependence of the integrated PL intensity
measured for an InAlGaN/InAlGaN MQW with an emission wavelength of 338 nm
fabricated on a high-temperature (HT)-AlN buffer on sapphire. The TDD of the
HT-AlN was approximately 2 × 1010 cm−2. The estimated IQE was approximately
47 % at RT, from Fig. 4.16. We found that high IQE can be obtained for InAlGaN
QWs in the wavelength range between 310–380 nm, even when using a high-TDD
template [2, 11, 12].

Then we took up the challenge of developing crystal growth for high-quality
InAlGaN alloys emitting at the ‘sterilization’ wavelength (280 nm) [17]. The crystal
growth of high Al-composition quaternary InAlGaN is relatively difficult, because
In-incorporation becomes more difficult with increasing growth temperature, which

Rich areaIn-

TDD

1 m

Fig. 4.15 Cathodeluminescence (CL) image obtained from a quaternary InAlGaN layer and a
schematic image showing carrier recombination in an InAlGaN alloy
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is required in order to maintain the crystal quality of high-Al-content AlGaN. We
achieved high-quality quaternary InAlGaN layers with high-Al-content (>45 %) by
using relatively low growth-rate epitaxy, i.e., 0.03 μm/h. The emission intensity of a
280 nm-band quaternary InAlGaN QW at RT was increased by five times by
reducing the growth rate from 0.05 to 0.03 μm/h. Figure 4.17 shows the PL spectra
of a quaternary InAlGaN QW measured at 77 K and at RT. We obtained extremely
high intensity PL emission at RT. The ratio of the integrated intensity of the RT–PL
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against the 77 K–PL was 86 %. Thus, high IQE was obtained from the quaternary
InAlGaN QW at RT.

Figure 4.18 summarizes the wavelength dependence of the ratio of the integrated
PL intensity [PL measured at room temperature (RT) against PL measured at low
temperature (usually below 20 K)] investigated in 2008 [17], which is related to
IQE. IQE of 340 nm InAlGaN QW was estimated to be 30 50 %, even when we use
a high-TDD template (TDD *2×1010 cm−2). However, IQE was reduced to below
2 % for short wavelength (280 nm) QWs, even we use quaternary InAlGaN QWs.
On the other hand, we achieved high IQE by introducing low-TDD ML-AlN
templates. The ratios of the integrated PL intensity obtained for 280 nm QWs were
approximately 30 and 86 % for an AlGaN QW and an InAlGaN QW, respectively,
when we use low-TDD ML-AlN templates (TDD *7 × 108 cm−2). The IQE at RT
can also be estimated from the PL intensity observed at RT. We observed higher
IQE values (50–60 %) for AlGaN QWs by realizing a further reduction of the TDD
and by optimizing the AlGaN QW growth conditions.

4.5 222–351 nm AlGaN and InAlGaN DUV LEDs

AlGaN and quaternary InAlGaN MQW DUV LEDs were fabricated on low-TDD
ML-AlN templates [15–25]. Figure 4.19a, b show a schematic of the structure and
emission images taken by a digital camera, respectively, of an AlGaN-based
DUV LED fabricated on a sapphire substrate. Table 4.2 shows the typical design
values of the Al compositions (x) in the AlxGa1−xN wells, the buffer and barrier
layers, and the electron-blocking layers (EBLs) that were used for the 222–273 nm
AlGaN-MQW LEDs. High-Al-composition AlGaN layers were used in order to
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obtain short-wavelength DUV emissions, as shown in Table 4.1. A typical LED
structure consisted of an approximately 4 μm-thick undoped ML-AlN buffer layer
grown on sapphire, a 2 μm-thick Si-doped AlGaN buffer layer, followed by a
3-layer undoped MQW region consisting of approximately 1.5 nm-thick AlGaN
wells and 7 nm-thick AlGaN barriers, an approximately 20 nm-thick undoped
AlGaN barrier, a 15 nm-thick Mg-doped AlGaN electron-blocking layers (EBLs), a
10 nm-thick Mg-doped AlGaN p-layer, and an approximately 20 nm-thick
Mg-doped GaN contact layer. The quantum well thickness was varied within the
range between 1.3 and 2 nm. Thin quantum wells are preferable for AlGaN QWs in
order to suppress the effects of large piezoelectric fields in the well. Ni/Au elec-
trodes were used for both n-type and p-type electrodes. The typical size of the
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UV Output
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Al0.60Ga0.40N
3-layer MQW

Al0.95Ga0.05N;Mg
e-Blocking Layer

(a) (b)

Fig. 4.19 a Schematic structure and b emission images taken by a digital camera of a typical
AlGaN-based DUV LED fabricated on a sapphire substrate

Table 4.2 Typical design values of Al compositions (x) in AlxGa1−xN wells, buffer and barrier
layers, and electron-blocking layers (EBLs) used for 222–273 nm AlGaN-MQW LEDs

Wavelength (nm) Well Barrier and buffer Electron blocking layer

222 0.83 0.89 0.98

227 0.79 0.87 0.98

234 0.74 0.84 0.97

248 0.64 0.78 0.96

255 0.60 0.75 0.95

261 0.55 0.72 0.94

273 0.47 0.67 0.93
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p-type electrode was 300 × 300 µm2. The output power that radiated into the back
of the LED was measured using a Si photodetector located behind the LED sample,
which was calibrated to measure the luminous flux so that the output power of a
fabricated flip-chip LED device gives an accurate value. The output power of the
flip-chip LED was measured precisely using an integrated sphere system [25]. The
LEDs were measured under ‘bare wafer’ or ‘flip-chip’ conditions. The forward
voltages (Vf) of the bare wafer and the flip-chip samples with an injection current of
20 mA were approximately 15 and 8.3 V, respectively.

Figure 4.20 shows the electroluminescence (EL) spectra of the fabricated AlGaN
and InAlGaN-MQW LEDs with emission wavelengths between 222 and 351 nm,
all measured at room temperature (RT) with an injection current of approximately
50 mA. As can be seen in Fig. 4.20, single-peak operation was obtained for every
sample. The deep-level emissions were two orders of magnitude smaller than that of
the main peak.

Figure 4.21 shows the EL spectra of a 227 nm AlGaN LED on a log scale [19].
We obtained single-peaked EL spectra, even for sub-230 nm wavelength LEDs.
The deep-level emissions with wavelengths at around 255 and 330–450 nm were
more than two orders of magnitude smaller than the main peak. These peaks may
correspond to deep-level emissions associated with Mg-acceptors or other impu-
rities. The output power of the 227 nm LED was 0.15 mW at an injection current of
30 mA, and the maximum EQE was 0.2 % under RT pulsed operation. The pulse
width and the repetition frequency were 3 μs and 10 kHz, respectively.

Figure 4.22 shows (a) the EL spectra for various injection currents and (b) cur-
rent versus output power (I-L) and EQE (ηext) characteristics for a 222 nm
AlGaN-MQW LED measured under RT pulsed operation [20]. Single-peaked
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operation of a 222 nm DUV AlGaN-MQW LED was realized, which is the shortest
record wavelength ever reported for a QW LED. The output power of the 222 nm
LED was 0.14 μW at an injection current of 80 mA, and the maximum EQE was
0.003 % under RT pulsed operation.

Figure 4.23 shows (a) current versus output power (I-L) and (b) current versus
EQE (ηext) characteristics for 250 nm-band AlGaN-MQW LEDs under RT
continuous-wave (cw) operation. We fabricated two types of samples with different
Al-composition AlGaN EBLs, i.e., one at 90 % and the other at 95 %. The cor-
responding barrier heights of the EBLs in the conduction band were 280 and
420 meV, respectively. As seen in Fig. 4.23, the EQE of the LED was significantly
increased by using a higher electron-blocking height. This fact indicates that
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electron overflow is significantly reduced due to the electron reflection by the EBL,
and therefore the electron injection efficiency (EIE) into the QW is increased. The
maximum output power and EQE obtained by optimizing the height of the EBL
were 2.2 mW and 0.43 %, respectively, for an LED with an emission wavelength of
250 nm under RT cw operation [17].

Figure 4.24 shows the wavelength dependence of the output powers of
245–260 nm AlGaN-MQW LEDs, varying the edge-type TDD of the AlN tem-
plates and the electron barrier height of the EBLs obtained in 2007 [17]. A marked
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increase in cw output power was observed by reducing the TDD and by increasing
the EBL height. The 250 nm-band output power was increased by more than 30
times by reducing the TDD from 3 × 109 cm−2 to 7 × 108 cm−2. We also found that
a higher electron-blocking height is effective for obtaining high-output-power.

Figure 4.25 shows the EL spectra of 225 nm AlGaN QW DUV LEDs with
various quantum well thicknesses, as measured under RT pulsed operation. The
well thickness was changed in the range between 1.6 and 4 nm. Intense emission
was obtained in the case of thin QWs. From this experiment, we confirmed that thin
well thicknesses are suitable for AlGaN QWs in order to suppress the effects of
large Piezoelectric fields. We found that the emission efficiency is reduced by
approximately two orders of magnitude by increasing the well thickness from 1.6 to
4 nm.

It has been reported that ‘normal’ c-axis direction emission (vertical emission) is
difficult to obtain from an AlN (0001) or a high-Al-content AlGaN surface, because
the optical transition between the conduction band and the top of the valence band
is mainly only allowed for light that has its electric field parallel to the c-axis
direction of AlN (E//c) [9]. The suppression of the vertical emission is a quite
severe problem for AlGaN-based DUV LEDs, because it results in a significant
reduction in the light extraction efficiency. Several groups have reported that ver-
tical c-axis emission is suppressed for high-Al content AlGaN QWs [42, 43]. Banal
et al. reported that the critical Al composition for ‘polarization switching’ could be
expanded to approximately 0.82 by using a very thin (1.3 nm) quantum well, when
AlGaN-QW was fabricated on an AlN/sapphire template [42].

Figure 4.26 shows the radiation angle dependence of emission spectra of a
222 nm AlGaN QW LED. The radiation angle was measured under bare wafer
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condition, not using flip-chip-mounted sample. The backside of the substrate was
not polished and was just left with rough surface. We demonstrated that ‘normal’
c-axis-direction emission (vertical emission) can be obtained, even for
short-wavelength (222 nm) LEDs with a high-Al-composition AlGaN QW, as
shown in Fig. 4.26 [20]. It was found that vertical c-axis emission can be obtained
for an AlGaN-QW LED on AlN/sapphire, even when the Al-composition range of
the AlGaN QW is as high as 83 %.

We fabricated quaternary InAlGaN-based DUV LEDs in order to increase IQE
and EIE of the DUV LEDs. Figure 4.27 shows a schematic structure and a
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cross-sectional TEM image of an InAlGaN-QW DUV LED. We confirmed that the
surface roughness of the InAlGaN layer was significantly improved by introducing
a Si-doped InAlGaN buffer layer. The InAlGaN-based DUV LED is considered to
be attractive for achieving high EQE due to the higher-IQE and higher
hole-concentration obtained by In-segregation effects. Figure 4.28 shows (a) an EL
spectrum and (b) the current versus output power (I-L) and EQE characteristics of
an InAlGaN-based QW DUV-LED with an emission wavelength of 282 nm. The
maximum output power and EQE were 10.6 mW and 1.2 %, respectively, under RT
cw operation. From these results, we found that quaternary InAlGaN QWs and
p-type InAlGaN are quite useful for achieving high-efficiency DUV LEDs [17].

4.6 Increase in Electron Injection Efficiency
(EIE) by MQB

Despite achieving high IQE in DUV as mentioned above, EQE of the LED was still
as low as 1–2 % [17]. The low EQE figures for AlGaN DUV LEDs compared with
those for InGaN blue LEDs are a result of low electron injection efficiency
(EIE) into the QW due to electron leakage caused by low hole concentrations in the
p-type AlGaN layers, as well as inferior light extraction efficiencies (lower than
8 %) due to strong UV absorption in the p-GaN contact layer and the p-side
electrode. The values of EIE for 250–280 nm-band AlGaN-based DUV LEDs were
roughly estimated to be 10–30 % [17]. We have introduced a MQB as an EBL in an
AlGaN-QW LED, and have consequently achieved a marked increase in EIE [18].
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Figure 4.29 shows schematic images of the electron flow for AlGaN DUV LEDs
with (a) a MQB EBL and (b) a conventional single-barrier EBL. A large barrier
height is required for the EBL to obtain a sufficiently high EIE for the suppression
of overflow electrons above the QW into the p-type AlGaN layers. We have tried
using AlN or high-Al-composition (Al > 0.95) AlGaN layers for the EBL [17, 19,
20], however, the barrier heights of these EBLs were still not sufficient high to
obtain the desired high EIE. Indeed, EIE is estimated to be particularly low (<20 %)
for short-wavelength AlGaN LEDs (<250 nm).

Such a material limitation can be overcome by enhancing the ‘effective’ barrier
height through the introduction of an MQB, which causes multi-reflection effects in
the wavefunctions. The MQB was predicted theoretically by Iga et al. in 1986 [44],
and the effects were demonstrated experimentally in GaInP/AlInP red laser diodes
(LDs) [45]. It has been reported that the effective electron barrier height of an MQB
in comparison with a bulk potential barrier is increased by as much as 30 % for
GaAs/AlAs and by 50 % for GaInAs/InP MQBs. It is believed that the use of
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AlN/AlGaN or AlGaN/AlGaN MQBs would be quite effective for increasing the
‘effective’ barrier height of an EBL and, as a result, would contribute to the real-
ization of high EQE AlGaN DUV LEDs.

Figure 4.30 shows electron transmittance through an AlGaN/AlGaN MQB
(red-line) and a conventional single-barrier EBL (black-line) calculated for a
250 nm AlGaN QW LED. The multi-reflection effects in the heterostructures are
analyzed by a transfer-matrix method. It was shown that the ‘effective’ electron
barrier height of an MQB in comparison with a conventional single-barrier EBL is
increased by maximally 2 times for an AlGaN/AlGaN MQB by using barriers with
thickness modulation.

Figure 4.31 shows a schematic structure and a cross-sectional TEM image of a
fabricated 250 nm AlGaN QW DUV LED with an MQB EBL. We investigated an
appropriate MQB structure experimentally for use with 250 nm DUV LEDs. We
found that the insertion of an initial thick-barrier is important for obtaining the
reflection of lower energy electrons. We also found that thin barriers contribute to
the reflection of higher-energy electrons. The optimized MQB structure for a
250 nm AlGaN QW LED was a 5-layer Al0.95Ga0.05N/Al0.77Ga0.23N MQB with
thicknesses of 7/4/5.5/4/4/2.5/4/2.5/4 nm, in which the bold letters are for barriers
and the normal letters are for valleys). We should design the total thickness of the
MQB to be within 40 nm, because a coherent length exists for obtaining the
multi-reflection effect of an MQB.

Figure 4.32 shows (a) a current versus output power (I-L) and (b) a current
versus EQE (ηext) characteristics for a 250 nm AlGaN MQW LED with an MQB
and with a single-barrier EBL, both measured under RT cw operation. Significant
increases in output power and EQE were observed when the single-EBL was
replaced by the MQB. The maximum output powers of the 250 nm LED with the
MQB and with the single-barrier EBL were 15 and 2.2 mW, respectively. The EQE
of a 250 nm LED was increased by approximately 4 times by the introduction of the

Al0.95Ga0.05N /Al0.70Ga0.30N
Modulated MQB
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Fig. 4.30 Electron transmittance through AlGaN/AlGaN MQB (red-line) and conventional
single-barrier EBL (black-line) calculated for a 250 nm-band AlGaN-QW LED
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Fig. 4.32 a Current versus output power (I-L) and b current versus EQE (ηext) characteristics for
250 nm AlGaN-MQW LEDs with an MQB and with a single-EBL
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LED with an MQB
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MQB. From Fig. 4.32, we have estimated that the EIE of the 250 nm LED was
improved from approximately 25 % to more than 80 % by introducing the MQB.

Figure 4.33 shows current versus output power (I-L) characteristic for a 237 nm
AlGaN-MQW LED with an MQB and with a single-barrier EBL, both measured
under RT cw operation. The enhancement of EIE when using the MQW was found
to be extremely high for short-wavelength DUV LEDs, as seen in Fig. 4.33. The
output power of the 234 nm LED was increased by approximately 12 times by
replacing a single-barrier EBL by a MQB.

Figure 4.34 summarizes the wavelength dependence of EQE of AlGaN DUV
LEDs with MQBs and single-barrier EBLs. The enhancement factors of the value of
EQE by introducing the MQB are approximately 10, 4, and 3 times for 235, 250,
and 270 nm AlGaN LEDs, respectively. Figure 4.35 shows the current versus
output power (I-L) and the EQE (ηext) characteristics for a high-output-power
270 nm AlGaN-MQW LED with an MQB, as measured under RT cw operation.
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A cw output power of 33 mW was obtained for a bare-chip sample. Higher output
power may be obtained by performing heat-dissipation by using a flip-chip
geometry. The value of the EQE for a 270 nm AlGaN DUV LED with a MQB was
3.8 % without using any structures for increasing LEE [21].

Figure 4.36 summarizes the maximum output powers of AlGaN and
InAlGaN-based DUV LEDs fabricated on low-TDD ML-AlN templates that were

0 100 200 300 400 500
0

5

10

15

20

25

30

1.4

1.6

1.8

2

2.2

Current (mA)

O
u

tp
u

t 
P

o
w

er
 (

m
W

)

E
xt

er
n

al
 Q

u
an

tu
m

 E
ff

ic
ie

n
cy

 (
%

)

RT CW
=270nm

Fig. 4.35 Current versus output power (I–L) and EQE (ηext) characteristics for the
high-output-power 270 nm AlGaN MQW LED with an MQB, measured under RT cw operation
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Fig. 4.36 Maximum output powers of AlGaN and InAlGaN-based DUV LEDs fabricated on
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achieved by the RIKEN between 2007 and 2012 [16–22]. We have achieved sig-
nificant increases in the EQE and output powers of AlGaN-based DUV LEDs by
introducing low-TDD AlN templates and MQB electron-blocking layers. The
maximum output powers obtained were 15–33 mW for 245–270 nm single-chip
LEDs. These achievements will contribute to accelerating the practical application
of DUV LED, and to expanding them to a wide range of applications.

RIKEN and Panasonic have developed commercially available DUV LED
modules for sterilization use. For developing a commercially available device, the
reproducibility, the uniformity of an AlN template and an AlGaN LED layer are
required for obtaining a constant high EQE and a long device lifetime. To obtain
the reproducibility for an AlN and an AlGaN layer is particularly difficult because
the growth condition is very sensitive for a vapor-reaction between NH3 and TMAl
which are induced by a high-growth temperature (1200–1400 °C). Figure 4.37
shows (a) the location of 3 × 2 in. wafer on the carbon susceptor and (b) the
uniformity of the FWHM of (0002) and (10–12) XRCs observed for an AlN
template grown by a NH3 pulsed-flow ML growth method on sapphire using a
product type MOCVD. The fluctuation of the FWHM of XRCs in an AlN template
on sapphire was within 5 %. Technique to obtain such a highly uniform template
wafer is suitable for a product of commercial DUV LEDs. Figure 4.38 shows (a) a
bird’s eye view and (b) operating properties of a 270 nm 10 mW DUV LED module
for an application to sterilization. We integrated 6 chips for the DUV LED module.
A lifetime longer than 10,000 h under 30 % reduction condition has been already
achieved for devices with EQE of 2 3 % [25, 26]. Figure 4.39 shows the digital
camera image during operation of the DUV LED module shown in Fig. 4.38a. We
can see the copy paper emits blue exited by the 270 nm DUV light from the LED.

(a) (b)

Fig. 4.37 a Location of 3 × 2 in. wafer on the carbon susceptor and b the uniformity of the
FWHM of (0002) and (10–12) XRCs observed for an AlN template grown by a NH3 pulsed-flow
ML growth method on sapphire using a product type MOCVD
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4.7 Future LED Design for Obtaining High Light
Extraction Efficiency (LEE)

The improvement in LEE is a particularly important for AlGaN DUV LEDs,
because the LEE of AlGaN DUV LEDs is quite low (8–20 %) and efforts to
improve the LEE are critical for future applications. However, increasing the LEE is
quite challenging because of the lack of suitable transparent p-type contact layers,
transparent p-type electrodes, and lack of highly reflective p-type electrodes in the
DUV wavelength range.

Figure 4.40 shows schematic images of the improvement in LEE of an
AlGaN DUV LED that can be achieved by replacing the conventional p-GaN

(a) (b)

Fig. 4.38 a A bird’s eye view and b operating properties of a commercially available 270 nm
10 mW DUV LED module for an application to sterilization developed by RIKEN and Panasonic

Fig. 4.39 A digital camera
image during operation of the
DUV LED module with a
copy paper near the LED
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contact-layer structure by the novel LED structure proposed in this work [24]. In a
conventional DUV LED, the QW top emission is completely absorbed by the
p-GaN contact layer. The DUV emission toward the substrate is reflected by the
sapphire/air interface (<16 % of the downward light is extracted and >84 % of
the downward light is reflected mainly by a total internal reflection). As a result, the
LEE of a conventional DUV LED is typically smaller than 8 %. Although we use
an encapsulating technique, photonic nanostructures on the surface of sapphire
substrates, and growth on patterns sapphire substrate (PSS), the LEE improvement
is still limited (maximum LEE is expected to be around 20 %) due to the strong
absorption of UV light in the p-GaN contact layer.

To realize high LEE, the combination of a transparent contact layer, a highly
reflective p-type electrode, and a vertical light-propagation photonic structure is
desirable. Recently, we have fabricated a DUV LED with a high-Al-content
p-AlGaN contact layer. We found that the p-AlGaN can act as a highly transparent
p-type contact layer. The reflectance of a conventional Ni/Au p-electrode is low
(*25 %) and is not suitable as a highly reflective mirror. The reflectance of Al in
DUV is 92 %, but ohmic contacts are difficult to obtain. The introduction of a
mesh-type electrode with Al mirror windows is one of the solutions for a highly
reflective p-type electrode, as shown on the right of Fig. 4.40. If the reflectivity of
the p-type electrode is not sufficiently high (*80 %), a photonic structure with a
vertical light-propagation property is required to extract the light with the minimum

Ni/Au Reflectivity<30%

p-GaN Contact Layer
(UV light is absorbed)

n-AlGaN

AlN

Reflective Al 
Mirror 
92%

Transparent 
p-AlGaN 
Contact Layer

AlGaN-MQW

Sapphire Sub.

AlN

n-AlGaN

AlN Pillar
(Vertical 
Propagation)

LEE 8%
EQE 5

LEE>60%
EQE>40%%

Fig. 4.40 Schematic images of the improvement in LEE of an AlGaN DUV LED by introducing a
transparent p-AlGaN contact layer, a highly reflective p-type electrode, and a vertical
light-propagation AlN pillar array
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number of reflections. In other words, an efficient light coupling into a photonic
structure such as a pillar array is important for obtaining an efficient light extraction.

The LEE of an AlGaN DUV LED similar to our proposed structure was
investigated by Ryu et al. [46] using finite-difference time-domain (FDTD) simu-
lations. They also concluded from the calculation that the combination of a vertical
LED geometry with a photonic nanostructure and a transparent p-AlGaN contact
layer is important for obtaining high LEE in AlGaN DUV LEDs. They demon-
strated that LEE of the vertical AlGaN DUV LED can be improved by an order of
magnitudes, when the thickness of the p-GaN contact layer is reduced from 25 nm
to zero. They also showed in their simulation that a maximum LEE as high as 72 %
can be obtained for the transverse-electric (TE) mode, if a transparent p-AlGaN
contact layer is introduced in the vertical LEDs. These simulation results are in
good agreement with the LED structure that we propose.

We will demonstrate a very simple estimation of LEE for a proposed DUV LED.
We assume that the equivalent reflectance for the upward-direction light is 80 %,
which is determined by the reflectivity of a p-electrode and the absorption through a
p-AlGaN contact layer. We also assume that the equivalent coupling coefficient of
the downward light into a pillar array is 40 %. In other words, 40 % of the
downward light can be extracted through the pillar array. Of course, they are
average values taking into account all propagating light into every direction. At
first, 50 % light is emitted from the QW toward the downward direction and 40 %
light is reflected and returned by the p-electrode, then 90 % light reaches in front of
a pillar array. The amount of light extraction through the pillar array in the first
attempt is calculated to be 90 % × 0.4 = 36 %, whereas 54 % of the light is reflected
by the pillar array. The amount of light extraction through the pillar array in the
second attempt is calculated to be 54 % × 0.8 × 0.4 = 17.3 %. With the same
approach, the percentages of light extraction are calculated for the third and fourth
attempt to be 8.3 and 4 %, respectively. By integrating the amounts of the first- to
the third-time extraction light, we can obtain a very high LEE of more than 61.6 %.
The equivalent coupling coefficient of 40 % is considered to be reasonable by
comparing with FDTD results. Through the above estimations, we can obtain high
LEE with the minimum number of reflections.

We demonstrated a DUV LED with a highly transparent p-AlGaN contact layer.
The LED structure used for the experiment is shown in Fig. 4.41. The emission
wavelength of the QW was 277 nm, and the Al composition of the p-AlGaN contact
layer was varied between 60 and 63 % (corresponding compositional wavelengths
were 270 265 nm). Figure 4.42 shows the transparency of a high-Al-content
Mg-doped p-AlGaN layer, grown on an AlGaN/AlN/sapphire template usually used
for a DUV LED. We confirmed that the transparency of a 120 nm-thick p-AlGaN
layer with an Al composition of 60 % is higher than 94 % for 279 nm DUV light, as
measured using a spectrophotometer. The transparency of the p-AlGaN contact
layer used for an actual DUV LED was estimated to be approximately 97 % taking
into account the contact layer thickness (70 nm).

Figure 4.43 shows the current versus EQE (ηext) characteristics of 277 nm
AlGaN-MQW DUV LEDs with transparent p-AlGaN contact layers and a
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Fig. 4.41 Schematic
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conventional Ni/Au p-electrode, measured under RT cw operation. We achieved the
operation of DUV LEDs with high-Al-composition (60 63 %) p-AlGaN contact
layers. The maximum EQEs that we obtained were 3.1 and 2.8 % for Al compo-
sitions of 60 and 63 %, respectively, of the p-AlGaN contact layer. We found that
direct contact between high-Al-content p-AlGaN and a Ni/Au or a Ni/Al electrode
is suitable for DUV LEDs, despite the very low hole concentration in p-AlGaN
layers.

As a p-type electrode, we replaced the conventional Ni(25 nm)/Au(150 nm) with
a highly reflective Ni(1 nm)/Al(150 nm). Current injection was made possible by
inserting a very thin Ni layer (<1 nm) between the Al layer and the p-AlGaN layer.
Figure 4.44 shows the wavelength dependent of the reflectivity for various type
p-type electrodes used for AlGaN DUV LEDs. In the actual 270 nm DUV LED
devices, the reflectivity of the p-type electrode was increased from 30 to 64 % by
replacing the conventional Ni(25 nm)/Au(150 nm) electrode with a Ni(1 nm)/Al
(150 nm) electrode.

Figure 4.45 shows the current vs EQE (ηext) characteristics of 279 nm
AlGaN-MQW DUV LEDs with transparent p-AlGaN contact layers, comparing
them with conventional Ni(25 nm)/Au(150 nm) and highly reflective Ni(1 nm)/Al
(150 nm) p-electrodes measured under RT cw operation. EQE was significantly
increased from 4 to 7 % (by 1.7 times) owing to the increase in LEE induced by
replacing the conventional Ni/Au p-electrode with a highly reflective Ni/Al elec-
trode. We can estimate that the transparency of the p-AlGaN contact layer is higher
than 95 % from the enhancement factor of LEE. The LEE enhancement factors that
were achieved in 265 279 nm DUV LEDs by replacing the Ni/Au p-electrode with
the highly reflective Ni/Al electrode were approximately 1.3 1.7.

The increase in the forward voltage (Vf) when a Ni/Au p-electrode was replaced
with a Ni/Al electrode was negligibly small.

We observed an increase in the Vf when p-GaN was replaced with a transparent
p-AlGaN contact layer. Vf at an injection current of 5 mA increased from 11 V to
17 V for a bare wafer DUV LED when the contact layer was changed from p-GaN

Al

Ni(1nm)/Al(100nm)

Ni/Au

Ni(1nm)/Al(50nm)

Ni(5nm)/Al(100nm)

Fig. 4.44 Wavelength
dependent of the reflectivity
for various type p-type
electrodes for AlGaN DUV
LEDs
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to p-AlGaN. Therefore, the high resistivity of p-contacts caused by the low hole
concentration is still a problem for the use of p-AlGaN contact layers. The increase
in Vf causes a reduction in the wall-plug efficiency (WPE) of the device. We aim to
improve Vf by using mesh-type p-electrodes, as we proposed in Fig. 4.40.

To achieve high LEE, we are developing a connected pillar AlN buffer on a
patterned sapphire substrate (PSS). Figure 4.46 shows (a) a scanning electron
microscopy (SEM) image of the surface of the PSS, (b) an optical microscopy
surface image and (c) an SEM bird’s-eye view of an AlN pillar array, and (d) an
SEM bird’s-eye view of a connected pillar AlN buffer layer. The period of the
triangular lattice of the PSS used in this experiment was around 3 μm. The PSS was
fabricated by nano-imprinting and an inductively coupled plasma (ICP) dry-etching
technique. We have succeeded in growing high-aspect-ratio hexagonal AlN pillar
arrays on PSS under high-temperature and low-V/III-ratio growth conditions. The
use of such a pillar array structure would be quite effective for obtaining high LEE
in DUV LEDs. The AlN pillar array was embedded in a flat surface by an over-
growth process under low-V/III-ratio growth conditions, as shown in Fig. 4.46d.
We have fabricated a 270 nm DUV LED on a connected pillar AlN buffer, and
obtained a maximum EQE of 0.4 % and a cw output power of 5 mW. We are trying
to improve the efficiency of the LEDs by improving the surface roughness of the
pillar buffer.

We need the remove the sapphire wafer to fabricate the high LEE LED structure
shown in Fig. 4.40. The process of removing the sapphire from the AlN layer by a
laser lift-off (LLO) method is not very suitable for high-efficiency devices because
of the damage it induces in the epitaxial layers. However, for AlGaN-based DUV
LEDs on silicon, the Si substrate can be easily removed from nitride epilayers by
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wet-chemical etching. The use of a Si substrate is one of the solutions for the
damage-free removal of the substrate. The fabrication of a DUV LED on a Si wafer
has also other advantages, i.e., large-area and low-cost devices are possible, and a
vertical LED structure is easily fabricated by removing the Si substrate. However,
the crystal growth of AlN buffer layers on Si substrates is relatively difficult owing
to the generation of surface cracks caused by the fact that the thermal expansion
coefficient of Si is much smaller than that of AlN.

We have developed AlGaN and quaternary InAlGaN DUV LEDs on Si sub-
strates [47, 48]. To obtain a crack-free AlN buffer layer on a Si substrate, we
fabricated AlN layers by the ELO method [48]. Figure 4.47 shows (a) a
cross-sectional SEM image of an ELO AlN buffer layer on Si and (b) the structure
and spectrum of a DUV LED fabricated on an ELO AlN-on-Si substrate. We have
succeeded in the first demonstration of a DUV LED fabricated on a Si substrate.
The emission wavelength of the LED was 256 nm under RT cw operation [48]. We
are planning to realize the proposed structure as shown in Fig. 4.40 by introducing
these techniques, with the aim of achieving a marked improvement in LEE for

Fig. 4.46 a SEM image of the surface of a PSS, b optical microscopy surface image and c SEM
bird’s-eye view of an AlN pillar array grown on the PSS, and d SEM bird’s-eye view of a pillar
AlN buffer layer fabricated by lateral overgrowth
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DUV LEDs. We hope that the application of such devices to fields involving
sterilization will be widely expanded through the achievement of high-efficiency
DUV LEDs in the near future.

4.8 Summary

We reported on the recent progress in the performance of AlGaN-based DUV
LEDs, which has been achieved by the development of crystal growth techniques
for wide-bandgap AlN and AlGaN. Significant increases in IQE have been
accomplished for AlGaN-QW DUV emissions by using low-TDD AlN on sapphire
grown by an NH3 pulsed-flow multilayer growth method. 222 351 nm DUV LEDs
have been demonstrated using the high IQE emission layers. The EIE of DUV
LEDs was significantly increased by controlling the electron flow using an MQB.
We also demonstrated the improvement of LEE by using a transparent p-AlGaN
contact layer and a highly reflective p-electrode. The maximum EQE obtained was
7 % for a 279 nm DUV LED. EQE could be increased up to several tens of percent
in the near future by improving LEE by utilizing transparent contact layers and
pillar array buffer layers.
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Fig. 4.47 a Cross-sectional
SEM image of an ELO AlN
buffer layer on Si and
b structure and spectrum of a
DUV LED fabricated on ELO
AlN on a Si substrate
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Chapter 5
Impacts of Dislocations and Point Defects
on the Internal Quantum Efficiency
of the Near-Band-Edge Emission
in AlGaN-Based DUV Light-Emitting
Materials

Shigefusa F. Chichibu, Hideto Miyake, Kazumasa Hiramtsu
and Akira Uedono

Abstract In this chapter, we show the impact of point defects rather than threading
dislocations (TDs) on the emission dynamics of the near-band-edge
(NBE) excitonic luminescence in AlN and high AlN mole fraction (x) AlxGa1−xN
alloy films using deep ultraviolet (DUV) time-resolved luminescence and positron
annihilation measurements. The extreme radiative nature of excitons in AlN is
identified, as the radiative lifetime (τR) for a free excitonic emission was determined
to be as short as 11 ps at 7 K and 180 ps at 300 K, which are the shortest ever
reported for the spontaneous emission in bulk semiconductors. However, apparent
τR increased to 530 ps at 7 K with increasing impurity and Al-vacancy (VAl)
concentrations irrespective of the TD density. The result reflects the contribution of
bound exciton components. A continuous decrease in τR with increasing tempera-
ture up to 200 K of heavily impurity-doped samples reflects a carrier release from
band-tail states. The room temperature (RT) τR of AlxGa1−xN alloys of high x was
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nevertheless as short as a few ns at 300 K. The results essentially indicate an
excellent radiative performance. Finally, the impact of Si-doping and the resulting
cation vacancy formation on the nonradiative lifetime (τNR) of the NBE emission in
Al0.6Ga0.4N films are discussed.

5.1 Introduction

High AlN mole fraction (x) AlxGa1–xN alloys have attracted considerable interest
for applications in UV-C (λ ≤ 280 nm) deep ultraviolet (DUV) light-emitting diodes
(LEDs) [1–3], e-beam pumped UV sources [4, 5], and laser diodes. Recently,
epitaxial growths of low threading dislocation (TD) density (≤108 cm2) AlxGa1–xN
films have become possible, even for x higher than 0.6, using a variety of AlN
templates on (0001) Al2O3 [1–6] and freestanding AlN substrates [7, 8]. However,
the external quantum efficiency (ηext) of DUV LEDs is still limited at the maximum
of 10 % [1–3].

As ηext is a product of internal quantum efficiency (ηint), carrier injection effi-
ciency (ηinj), and light extraction efficiency (ηlee), all of them must be improved.
Among these, ηint is a fraction of radiative rate over the sum of radiative and
nonradiative rates, i.e., ηint = (1 + τR/τNR)

−1, where τR and τNR are the radiative and
nonradiative lifetimes, respectively. To increase ηint, short τR and long τNR are
preferable. In general, quantum well (QW) structures are used to shorten τR by
increasing the wavefunction overlap of electron–hole (e–h) pairs. In addition, the
concentration of nonradiative recombination centers (NRCs) must be decreased to
elongate τNR at elevated temperatures.

The authors have studied the impacts of point defects on the emission dynamics
in (Al, Ga, In)N compounds and alloys using a combination of time-resolved
photoluminescence (TRPL) and positron annihilation spectroscopy (PAS), and the
origin of NRCs in GaN has been assigned to defect complexes containing Ga
vacancies (VGa) such as VGa−X, where X is unidentified yet [9, 10]. In particular for
AlxGa1–xN alloys, Polyakov et al. [11], Bradley et al. [12], Onuma et al. [13], and
Hashizume et al. [14] have independently investigated electrically and optically
active native defects having midgap states using photoluminescence (PL) [11, 13],
cathodoluminescence (CL) [12, 13], TRPL [13], PAS [13], and the combination of
X-ray photoelectron spectroscopy and junction capacitance method [14, 15].

Meanwhile, ηinj to an active region can be increased by increasing conductivities
of p- and n-type layers keeping a balance between the electron and hole concen-
trations. Accordingly, high-concentration doping of donor- or acceptor impurities
with minimal defect formation is mandatory, because impurity doping is known to
generate certain native defects having their counter-charge due to the Fermi-level
effect [16–22], and such defects may diffuse into the active region. To obtain low
resistivity n-type AlxGa1–xN by Si-doping, extensive studies have been carried out
with emphasis on the growth conditions of metalorganic vapor phase epitaxy
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(MOVPE) [23, 24], exciton localization [25], changes in the RT PL spectra [26,
27], PAS [28, 29], and estimation of ηint [30]. One of the additional serious
problems of heavy impurity doping is the overcompensation, which will be dis-
cussed later.

As very low TD and structural defect density AlN templates and substrates
became available, exploring intrinsic influences of point defects on the nonradiative
carrier recombination and positron annihilation became possible. Consistent with
the calculated results that the formation energy (EForm) of Al vacancies (VAl) in AlN
is very low and even negative [31] in n-type materials; VAl has been found to be the
major vacancy defect in AlN [32] and AlxGa1–xN alloys (x ≠ 0) [29]. Therefore,
impacts of point defects introduced by impurity doping on the recombination
dynamics of the NBE emission in AlN and AlxGa1–xN must be studied carefully, as
VAl-complexes may also act as NRCs. However, due to limited availability of a
desirable DUV femtosecond excitation source, only a few papers [33–39] have
dealt with the emission dynamics of (Al, Ga, In)N in UV-C range. The authors have
been studying the recombination dynamics of excitons in unintentionally doped
(UID) AlN and AlGaN alloys using DUV TRPL [34–38] and time-resolved
cathodoluminescence (TRCL) measurements [35–39].

Although electron concentrations n exceeding 1019 cm−3 without deactivation
have been reported for Si- or Ge-doped GaN [40], the overcompensation issue of Si
is significant in AlxGa1–xN alloys. Shimahara et al. [24] have reported that n in
Al0.6Ga0.4N films first increased with the increase in the doping concentration of Si,
[Si], up to approximately 1018 cm−3, then saturated, and eventually decreased to
5 × 1017 cm−3 for [Si] = 4 × 1018 cm−3. Uedono et al. [29] have studied these
samples by PAS using a monoenergetic positron (e+) beam line to detect VGa, VAl,
and their complexes. They have observed simultaneous increase in cation vacancy
(VIII) concentration, [VIII], with [Si], and reported that the major defect species was
VAl [29]. Such an overcompensation phenomenon is commonly seen in III–V and
II–VI semiconductors. For example, overcompensation of heavily doped Si donors
on Ga sites (SiGa) in GaAs has been attributed to the formation of a defect complex
with VGa, such as VGa–SiGa [41–43]. Therefore, it is likely that VIII–SiIII defect
complexes, especially on Al site (VAl–SiIII), are formed in Al0.6Ga0.4N:Si.

In this chapter, we show the impact of point defects rather than TDs on the
emission dynamics of the NBE excitonic luminescence in AlN and AlxGa1−xN alloy
films with high x using DUV TRPL, TRCL, and PAS measurements. Extremely
radiative nature of AlN is identified, as the radiative lifetime (τR) under weak
excitation regime for a free excitonic emission was determined to be as short as
180 ps at 300 K, which is the shortest ever reported for the spontaneous emission in
bulk semiconductors. However, apparent τR increased with the increase in impurity
and VAl concentrations up to 530 ps at 7 K, irrespective of the TD density. The
result may reflect the contribution of bound exciton components. Continuous
decrease in τR with temperature rise up to 200 K of heavily impurity-doped samples
reflects a carrier release from band-tail states. The τR values at RT of AlxGa1−xN
alloys with high x were nevertheless as short as a few ns at 300 K. The results
essentially indicate an excellent radiative performance. Finally, impacts of
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Si-doping and resultant cation vacancy formation on the nonradiative lifetime (τNR)
of the NBE emission in Al0.6Ga0.4N films are discussed.

5.2 Experimental Details

For studying the emission dynamics in AlN [34, 35, 37], approximately 2-μm-thick
epilayers were grown by low-pressure MOVPE using trimethylaluminium (TMAl)
and ammonia (NH3). The c-plane AlN films (sample ID numbers A1–A5) were
grown on a c-plane Al2O3 substrate, and an m-plane AlN film (ID number A6) was
grown on an m-plane freestanding GaN (FS-GaN) substrate [44]. The TD densities
having edge components (NE) were 2 × 108 cm−2 for A1, 1 × 109 cm−2 for A2 and
A6, 3 × 109 cm−2 for A4 and A5, and 1 × 1010 cm−2 for A3. The growth temperatures
(Tg) were 1500 °C for A1 and 1350 °C for A2 and A3. These samples are classified
as high-temperature (HT) grown (HTG) samples. Their Si, C, and O concentrations
were below the detection limit of secondary-ion-mass spectrometry (SIMS)
([Si] < 5 × 1017, [C] < 1017, and [O] < 5 × 1017 cm−3, respectively). The
low-temperature (LT) grown (LTG) samples A4 and A5 were grown at 1200 °C. The
sample A6 was grown at 1120 °C to prevent FS-GaN from decomposing. Among
these, A5 contained high-concentration impurities ([Si] = [C] = 4 × 1019 cm−3 and
[O] = 2 × 1019 cm−3). Those concentrations in A4 and A6 were an order of mag-
nitude lower than A5 [35, 37]. All AlN epilayers exhibited monolayer or bilayer
atomic step lines on their surface (Table 5.1).

Table 5.1 List of AlN samples (after [35, 37])

ID# Tg (°C) Substrate NE

(cm−2)
Impurity
concentrations (cm−3)

Remarks

A1 >1500 HTG c-plane
Al2O3

2 × 108 Lower than detection
limits

Strong compressive
stress

[Si] < 5 × 1017

A2 1350 c-plane
Al2O3

1 × 109 [C] < 1017

A3 1350 c-plane
Al2O3

1 × 1010 [O] < 5 × 1017 Mostly relaxed high
TD density

A4 1200 LTG c-plane
Al2O3

3 × 109 Lower than A5

A5 1200 c-plane
Al2O3

3 × 109 [Si] = 4 × 1019 High impurity
concentration[C] = 4 × 1019

[O] = 2 × 1019

A6 1120 m-plane
GaN

1 × 109 Lower than A5 m-plane
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For studying the emission dynamics in AlxGa1−xN alloys of high x [36],
approximately 1.3-μm-thick (0001) epilayers (x = 0.65, 0.89, and 0.97) were grown
at Tg = 1120–1200 °C and 2.0 × 104 Pa by MOVPE on a 1-μm-thick AlN epitaxial
template [6], which was grown on a (0001) Al2O3 substrate. They can be classified
as LTG samples. Trimethylgallium (TMGa), TMAl, and NH3 were used as the
precursors. The NE values were estimated from the full-width at half-maximum
(FWHM) for the {10–12} X-ray ω-rocking curve (1200–1500 arcsec) using the
relation given in [45] to be 2–3 × 109 cm−2. The TD densities having pure screw
components (NS) were estimated to be lower than 2–6×107 cm−2. The epilayers
were characterized using the X-ray reciprocal space mapping (X-RSM) method to
be partially relaxed against the AlN template. The x values were calculated from the
in-plane and out-of-plane lattice parameters and the degree of relaxation using the
relation similar to that given in [46].

For studying the impact of Fermi-level effects [16–22] on the emission dynamics
in AlxGa1−xN alloys of high x, approximately 0.8-μm-thick (0001) Si-doped
Al0.6Ga0.4N epilayers (Al0.6Ga0.4N:Si) were grown at Tg = 1180–1200 °C and
6.7 × 103 Pa by MOVPE on a 0.8-μm-thick AlN epitaxial template [6].
Monomethylsilane (CH3SiH3) gas was used to control [Si] in the solid phase from
2 × 1016 to 4 × 1018 cm−3, the values being quantified by SIMS measurement. All
the samples were confirmed by X-RSM method to be coherently grown on the
template. The NE values have been estimated to be about 3 × 108 cm−2. Details of
the growth have been given in [24].

Steady-state wide-area CLwas excited using an electron beam (e−-beam) operated
at 3.5 kV acceleration voltage (Vacc) and 1.0 × 10−2 A/cm2 probe current density.
Corresponding excited carrier concentration is estimated to be 2 × 1018 cm−3.
Approximately 200 fs pulses of a frequency-quadrupled (4ω) mode-locked Al2O3:Ti
laser [34–37] were used for the TRPL measurement. The wavelength and power
density were approximately 200 nm and 40 nJ/cm2 a pulse, respectively. The maxi-
mum electron–hole (e–h) pair concentration is estimated to be 4 × 1015 cm−3 during
the pulse. For measuring macro-area TRCL signals, we constructed a femtosecond
excitation photoelectron gun (PE-gun) similar to [47]. It was composed of a
15-nm-thick rear-excitation configuration Au film, extraction electrodes, and accel-
eration electrodes to give Vacc, as shown in Fig. 5.1. The Au filmwas excited using the
frequency-tripled (3ω) pulses of the Al2O3:Ti laser (240–260 nm, 100 fs, 1 μJ/cm2 per
pulse). The distance between the PE-gun and the sample was 52.5 mm. The quantum
efficiency of the PE-gun was approximately 2.5 × 10−6 electrons/photon for
Vacc = 10 kV, and the current density was 1.8 pA/cm2 during the pulse. The corre-
sponding excitation density for TRPL case was approximately 10 nJ/cm2.

The spatio-time-resolved cathodoluminescence (STRCL) system [48, 49]
equipped with a PE-gun driven by 200 fs pulses of a 3ω mode-locked Al2O3:Ti
laser was used to measure micro-area CL lifetimes for the NBE emission as a
function of temperature, T. Typical Vacc was 6.5 kV and approximately 1.5 elec-
trons per pulse were injected. Using these conditions, about 650 e–h pairs were
generated in case of Al0.6Ga0.4N alloy films. The excitation intensities for both
TRPL and TRCL were low enough to maintain weak excitation conditions. The
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energy-resolved TRPL and TRCL signals were acquired using a streak camera, of
which temporal resolution was 7–10 ps.

In order to correlate τR and τNR with [VIII], PAS [50, 51] was carried out using
the monoenergetic e+-beam line [29, 32]. Here, S parameter [9, 10, 13, 28, 29, 32,
35, 38, 43, 50, 51] for the Doppler-broadening spectrum of e+–e− annihilating γ-
rays is used as the measure of concentration or size of negatively charged VIII-
defects [29, 32, 50, 51]. Details of the measurement and analysis are given in [29].

5.3 Impacts of Impurities and Point Defects
on the Near-Band-Edge Luminescence Dynamics
of AlN

Room temperature and low temperature macro-area CL spectra of the AlN epilayers
(A1–A6) are shown in Fig. 5.2a, b, respectively. As shown, the spectra for HTG
samples are characterized [52] by sharp excitonic peaks and weak broad emission
bands between 2.5 and 4.2 eV that are originating from VAl-impurity complexes
[53–56]. The spectra for LTG samples, in contrast, are characterized by intense
deep-state emission bands and a broad NBE emission band. The NBE peak energies
for A5 and A6 were approximately 200 meV lower than the bandgap energy (Eg)
[57]. Because LTG samples are contaminated with Si, O, and C, the results suggest
the formation of a band tail. However, we note that their spectral feature was not
really characterized by NE.
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Fig. 5.1 Schematic drawing of TRPL, TRCL, and PAS measurement system (after [35, 37].
Copyright 2010 and 2013, AIP Publishing LLC)
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As shown in the magnified CL spectrum in Fig. 5.2c, the best quality sample A1
exhibited four free excitonic peaks or shoulders. The sample A1 has been measured
to have strong in-plane compressive stress [34, 52], and the blue-shifted emissions
are assigned to the recombination of free B- and C-excitons (FXB,C) at 6.27 eV, the
first excited states of free A-excitons of irreducible representation Γ1 [FXA(Γ1)n=2]
at 6.1768 eV, the ground state free A-excitons of Γ1-symmetry [FXA(Γ1)] at
6.1383 eV, and free A-excitons of Γ5-symmetry [FXA(Γ5)] at 6.1243 eV, in order of
decreasing photon energy. In addition, three emission peaks due to the
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recombination of excitons bound to an unknown neutral donor (D1
0X), those bound

to neutral silicon (Si0X) [58], and bound to neutral oxygen (O0X) [59] were
observed at 6.1153, 6.1087, and 6.1040 eV, respectively. The longitudinal optical
(LO) phonon replicas of free excitons were found energetically lower than 6.05 eV.
We note that these CL peak energies were higher by 95 meV than the strain-free
values. The strongest FXA(Γ5) peak exhibited the narrowest FWHM value being
2.9 meV, which indicates excellent crystal homogeneity. The crystal perfection was
also inspected by PAS. The Doppler broadening S parameter for the annihilation γ-
ray spectrum, which reflects the size or concentration of negatively charged cation
vacancies (VAl and VAl-complexes in this case [32]), was 0.458. This value is close
to the characteristic S for nearly VAl-free AlN [32].

The energy-resolved TRPL signals of A1 at 7 K are shown in Fig. 5.3. The
signals exhibited a single or a double exponential decay shape with very fast initial
lifetimes (τ1). Here, the energy-resolved decay signals were fitted with a single
exponential function for the FXA(Γ1), FXA(Γ5), and their LO phonon peaks and a
double exponential function for the (Si0X) peak. The value of τ1 for the two free
excitonic peaks FXA(Γ1) and FXA(Γ5) was commonly as short as 11 ps. It is well
known that measuring the lifetime of an LO phonon replica, instead of zero phonon
line, is preferable to determine the PL lifetime (τPL) in the bulk region. This is
because the energies of LO phonon replicas are lower than Eg and they can be
extracted from the bulk, where any possible effects due to surface nonradiative
recombination can be excluded. As shown in Fig. 5.3, τ1 of FXA-1LO peak at
6.016 eV was 9.6 ps. Nam et al. [33] have attributed the measured τPL of 50 ps to
FXA and 80 ps to I2 at 10 K. The discrepancy between the present result and theirs
[33] may originate from different overall crystalline quality, judging from the
broader spectral lineshape of the emissions in [33]; the FWHM value of the I2 peak
was 15.5 meV, which is five times broader than that of the present A1 sample. We
note that the slower lifetime component (τ2) of (Si

0X) peak at 7 K being 38 ps is
close to their τPL value for FXA [33].

In general, τPL at LT is governed by τR, because NRCs are frozen. Therefore, τPL
at 7 K can be used as a representative intrinsic τR for the first approximation.
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Apparently, τPL of the FXA(Γ1) and FXA(Γ5) peaks (and their 1LO) approximately
10 ps is much shorter than that of GaN (35–220 ps) [60] and ZnO (106 ps) [61].
The effective radiative lifetime τR,eff for the NBE emission at LT in III–V and II–VI
semiconductors [60–66] is plotted as a function of Eg in Fig. 5.4. The value of τR is
generally described [67] as τR = 2πε0m0c

3/(ne2ω2f), where f is the oscillator
strength, n the refractive index, ε0 the dielectric constant in vacuum, and m0 the
electron mass in vacuum. Using the values n = 2.79 (2.67) and ω = 9.3 × 1015 s−1

(5.3 × 1015 s−1), we obtain τR = 220/fAlN (717/fGaN) ps for FXA of AlN (GaN).
According to the effective-mass approximation, f is represented as f = EpV/(πhω
aB
*3), where Ep is the Kane matrix element, V the volume of unit cell (1.25 × 10−22

cm3 for AlN and 1.37 × 10−22 cm3 for GaN), and a�B the effective Bohr radius of a
free exciton (1.7 nm for AlN and 3.4 nm for GaN). Assuming the same Ep value
(18.8 eV [68]), fAlN and fGaN are calculated to be 2.6 × 10−2 and 6.0 × 10−3,
respectively. Using these values, τR of FXA in AlN is calculated to be 8.4 ns, which
is shorter by a factor of 14 than that of GaN (120 ns). This trend is consistent with
Fig. 5.4. However, absolute values are three orders of magnitude longer than the
measured ones.

The discrepancy can be partially explained considering the formation of exciton
polaritons [69, 70]. Right after the excitation, electrons and holes lose their excess
energy and momentum within the bands, which usually take sub-picosecond [71].
Subsequently excitons are formed and they relax to an exciton-polariton bottleneck
in a quite pure, high-quality bulk semiconductor material, especially at LT. An
exciton-polariton is a manifold of an exciton and a light wave that can propagate in
a material, and thereby the polariton lifetime is the time-of-flight to the surface [71].
This is very dependent on energy, in particular around the bottleneck, due to the
strong variation of the group velocity. It also depends strongly where the polariton
has been created. Then, what one measures could be space-averaged time-of-flight.
Also, the time-of-flight lifetime is only true if polaritons propagate without colli-
sions. As we have thick samples, elastic collisions may dominate the polariton
lifetime. Assuming that the polariton lifetime near the bottleneck in AlN is close to
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that calculated for GaN being a few picosecond [72], the measured lifetime of
approximately 10 ps may reflect whole processes. Nevertheless, AlN has the
shortest τR,eff at LT among the semiconductors displayed in Fig. 5.4, indicating that
the material itself is quite radiative in nature.

Different from such HTG samples, TRPL signals of LTG samples at LT com-
monly exhibited a stretched exponential decay with slower lifetimes, as shown in
Fig. 5.5a, which is characteristic of the emission processes in amorphous or
defective semiconductors [73]. To confirm if TRCL gives similar data as TRPL,
temperature variations of the those signals for an LTG sample A5 are compared in
Fig. 5.5. As shown, the data are quite similar. To systematically compare τR and τNR
for various quality AlN, effective PL (CL) lifetime τPL(CL),eff was defined [10] as the
time after excitation when

R sPL CLð Þ;eff
0 I tð Þdt= R tlim

0 I tð Þdt becomes 1–1/e, where I(t) is
the intensity at time t and tlim is defined as the time when I(tlim) becomes 0.01I(0).
The effective lifetimes τR,eff and τNR,eff were deduced from ηint = (1 + τR,eff/τNR,eff)

−1

and τPL(CL),eff
−1 = τR,eff

−1 +τNR,eff
−1 , where ηint was approximated [10] as the spectrally

integrated PL (CL) intensity at given temperature T over that at around 10 K.
Because donor doping such as Si (and O) increases VAl concentration through the
Fermi-level effect [18], S of A4–A6 (>0.463) were higher than the HTG series
(<0.462). Low temperature τR,eff for the NBE emission are plotted as a function of
S in Fig. 5.6, in which characteristic S for AlN having VAl concentration lower than
the detection limit (<1015 cm−3) is shown by the arrow on the horizontal axis
(Sfree = 0.458 [32]). Considering the fact that VAl(ON)x complexes exhibit smaller
characteristic S than isolated VAl [32], the result shown in Fig. 5.6 indicates that
τR,eff of excitons bound to neutral donors (A4) and e–h pairs bound in
impurity-induced band tail (A5 and A6) are much longer than intrinsic τR,eff of free
excitons (FX) in HTG AlN (A1–A3) being 10 ps [34]. However, TD itself (NE)
showed negligible influence on τR,eff (and τNR,eff).
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Temperature variations of τR,eff and τNR,eff of A1 and A5 are compared in
Fig. 5.7. For A1, τR,eff monotonically increased according to approximately T1.5

above 130 K, reflecting the characteristic of quantum particles in three-dimensional
(3D) free space [74]. The τR,eff value reaches 183 ps at 300 K, which is still the
shortest among the semiconductors shown in Fig. 5.4. Conversely, τNR,eff decreases
with T due to the thermal activation of NRCs. On the other hand, τR,eff of A5 first
decreased with T up to 200 K. The result may reflect the recovery of oscillator
strength of e–h pairs, which were spatially separated in conduction band minima
and valence band maxima formed due to charged impurities and counter-charged
point defects at LT, as shown schematically in Fig. 5.7b. As T was increased, the
carriers may be released to 3D space to gain the wave function overlap, and finally,
τR,eff increased with T1.5 above 230 K. The decrease in τNR,eff with T due to the
activation of NRCs for A5 was much remarkable than A1, reflecting enhanced
carrier capture by NRCs due to the carrier release. Because τNR,eff at 300 K showed
little decrease from 10 to 7 ps with the increase in S, which are close to the
resolution, assertive conclusion cannot be drawn on the relation between τNR,eff and
VAl concentration at this stage. However, similar to GaN [9, 10] and ZnO [61],
identification of NRCs in AlN may be VAl-complexes.

5.4 Effective Radiative Lifetime of the Near-Band-Edge
Emission in AlxGa1−xN Films

Steady-state PL or CL spectra of (0001) AlxGa1−xN epilayers of high x measured at
LT are shown in Fig. 5.8. They were grown at 1200 °C on an AlN epitaxial
template [6] and are classified as LTG samples (A4 in the case of AlN) because Tg
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was far lower than what is appropriate for high-quality AlN film growth [34–39].
The spectra for good quality end-point compounds, namely, GaN and HTG AlN
(A1), are characterized by the NBE excitonic lines originating from neutral-donor
bound excitons (I2), FXA, and their LO phonon replicas. The spectra for the alloys
exhibited a broad but reasonably intense NBE emission peak. The peak energies
were lower by approximately 200 meV than the bandgap energies, similar to the
previous reports [13, 75, 76]. Different from LTG AlN, peak intensities for the
deep-state emission bands below 4.4 eV were two or three orders of magnitude
weaker than the NBE peak, although the samples must contain high-concentration
C, O, and Si impurities [35] and VIII-defects [35, 36]. As the formation energy of
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VAl in AlN is far lower than that of VGa in GaN and even negative in n-type sample
[16–22], major VIII-defect in AlxGa1−xN is assigned to VAl.

As τR,eff at RT reflects the radiative performance of a material, τR,eff values for
the NBE emission in AlxGa1−xN alloys at 300 K are plotted as a function of x in
Fig. 5.9. We note that the samples of x < 0.64 were grown at 1150 °C on a (0001)
Al2O3 substrate [13]. The τR,eff value slightly increased with x for x < 0.5, then had a
maximum of a few tens of ns at around x = 0.5, and decreased to approximately
200 ps at x = 1. This result is consistent with the fact that f for 3D e–h pairs
(excitons) in AlN is approximately 4–10 times that of GaN [34, 35, 77]. As a matter
of fact, τR,eff values for the HTG AlN are as short as 10 ps at 8 K and 180 ps at
300 K [34, 35]. Therefore, τR,eff at RT being in the order of a few ns for the present
AlxGa1−xN alloys of high x is reasonably short, being comparable to or even shorter
than that of GaN and InGaN films [10].

5.5 Impacts of Si-Doping and Resultant Cation Vacancy
Formation on the Luminescence Dynamics
of the Near-Band-Edge Emission in Al0.6Ga0.4N Films
Grown on AlN Templates

Figure 5.10a shows a representative temperature dependency of the CL spectra for
the Al0.6Ga0.4N:Si film, of which [Si] is 1.9 × 1017 cm−3. The spectra are charac-
terized by a predominant NBE peak at around 5 eV and recognizable but very weak
deep-state emission band ranging from 3 to 4 eV. In contrast, as shown in
Fig. 5.10b, CL spectra at elevated temperatures of heavily Si-doped ([Si] = 4 × 1018

cm−3), overcompensated film exhibited a predominant deep-state emission band in
the green color region at around 2.4 eV, in addition to the NBE emission peak. The
result implies that the heavily doped sample contains high-density VIII, because
these deep-state emission centers have been ascribed to contain VIII with deferent
charge states [9, 11–13, 26–28, 32].
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Figure 5.10c, d shows the temperature dependencies for the ratios of spectrally
integrated CL intensities at given T [ICL(T)] to those at 12 K [ICL(12 K)] for the
NBE emission, which are used as the equivalent values for ηint(T) ½geqint Tð Þ� in this
article. For the films with [Si] = 1.9 × 1017 and 4.0 × 1018 cm−3, geqint (300 K) were
11 and 0.015 %, respectively. The former value was the highest among the present
samples.

Room temperature PL spectra and the PL decay signals for the NBE emission of
the Al0.6Ga0.4N films are shown as a function of [Si] in Fig. 5.11a, b, respectively.
The signal decay is seen to be abruptly shortened when [Si] exceeds 1018 cm−3 at
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which concentration of the relative intensity of the green CL band increased. We fit
the decay curves by a double exponential function to extract the characteristic
lifetimes of the fast decay components (τ1), because this value essentially deter-
mines the NBE emission intensity at elevated temperatures. The results are shown
in Fig. 5.12d.

Figure 5.12a–c summarize room temperature values of n, S, and Ideep/INBE for
the Al0.6Ga0.4N:Si films, respectively, as a function of [Si]. The values of τ1 and geqint
for the NBE emission are plotted in Fig. 5.12d, e, respectively. The values of n and
S are taken from [24, 29], respectively. As shown in Fig. 5.12b, S for the films of
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[Si] < 1017 cm−3 was larger than that for the smallest S being 0.457 at
[Si] = 1.9 × 1017 cm−3. The result means that the presence of certain amount of Si
suppresses the introduction of vacancy-type defects, possibly at the growing sur-
face. There are several plausible explanations for this. One is that Si acts as a
surfactant and provides wetting conditions to improve the surface morphology of
the epilayer [78], which reduces [VIII], although n-type doping decreases EForm of
VGa and VAl in the bulk. Another explanation is the presence of doping reactants
that give lower surface and internal energies when incorporated on the growing
surface. It is well known for MOVPE of Si-doped GaAs (GaAs:Si) using TMGa–
AsH3–SiH4 and TMGa–C4H9AsH2–SiH4 systems that the reaction between SiH4

and AsH3 or C4H9AsH2 forms H3SiAsH2 in the gas phase (boundary layer), and
H3SiAsH2 acts as the major doping reactant [79, 80]. In the present TMGa–TMAl–
NH3–CH3SiH3 system, H3SiNH2 is most likely effective on Si-doping, because
CH3SiH3 decomposes into SiH3 faster than SiH4 does and reacts with NH3 to form
H3SiNH2 [81]. Then, Si is expected to be incorporated in a form of metastable N–Si
bond, which decreases the internal energy of isolated SiIII donor [43] forming

Siðþ Þ
Ga � Nð0Þ

N (or Siðþ Þ
Al � Nð0Þ

N ) and a free e− at the surface and in the bulk. We note
that the N–Si bond would give less chance for Si to occupy N sites forming a SiN
acceptor. Under the presence of N–Si bond, [VIII] could be lower than the UID case,
although EForm of isolated VAl in AlN is very low and even negative in n-type
materials [31]. On the other hand, the increase in S with further increase in
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[Si] (>1017 cm−3) is most likely due to the decrease in EForm of VIII due to the
Fermi-level effect [16–22, 31].

As shown in Fig. 5.12a, n increased linearly with [Si] up to approximately 1018

cm−3. However, n saturated to increase for higher [Si] and then decreased to
5 × 1017 cm−3 for further increase in [Si] to 4.0 × 1018 cm−3; i.e., electrical
overcompensation is significant. The results shown in Fig. 5.12a, b are similar to
what were observed for MOVPE of heavily Si-doped GaAs [80] in which the
overcompensation of Si and steep increase in S were significant for [Si] > 1019

cm−3. It is apparent that Ideep/INBE abruptly increased while τ1 and geqint rapidly
decreased for [Si] > 1018 cm−3 in the present case, as shown in Fig. 5.12c–e,
respectively. Because NE for all the Al0.6Ga0.4N films have been confirmed to be
nearly the same [24, 29], the changes in Ideep/INBE; τ1, and geqint are purely correlated
with the increase in S, namely the increase in [VIII] and the concentration of VIII-
complexes. Consistently, deep-state emission bands commonly observed in GaN
(2.2 eV), AlN (3.1 eV), and AlGaN (between 2.2 and 3.1 eV) have been assigned to
originate from VIII or VIII–ON complexes [9, 29, 32]. In the case of GaAs:Si, such an
overcompensation due to heavy doping has been attributed to the formation of
defect complexes such as VGa–SiGa ([41–43]. By analogy, complex defects such as
VIII–SiIII (VAl–SiAl, VAl–SiGa, etc.) are major culprits for the present Al0.6Ga0.4N:Si
films.

It is noteworthy that significant correlations between τ1 and S (τ1–S relation) and
between ICL(300 K)/ICL(12 K) and τ1 (g

eq
int � s1 relation) seen in GaN [9, 10, 82–84]

are also remarkable in the Al0.6Ga0.4N:Si films, as shown in Fig. 5.13a, b,
respectively. Almost linear τ1–S relation indicates that the major NRCs in the
Al0.6Ga0.4N:Si films are most likely [9, 10, 82–84] composed of defect complexes
incorporated with VIII, such as VAl–X (and VGa–X), because τ1 at RT is generally
dominated by τNR that decreases with increasing the concentration of NRCs. As
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shown in Fig. 5.13b, geqint increases linearly with increasing τ1. The result is quite

reasonable because geqint ¼ ð1þ sR=sNRÞ�1, τR is an intrinsic value to a particular
material, and τ1 is dominated by τNR at room temperature with the relation
s�1
1 ¼ s�1

R þ s�1
NR. Very similar trends have been found in GaN and ZnO [9, 10, 61,

82–86].
By measuring τ1 and geqint for the NBE emission of the Al0.6Ga0.4N:Si films as a

function of T, τR and τNR are derived. Representative data for the films of
[Si] = 1.9 × 1017 and 1.5 × 1018 cm−3 are plotted in Fig. 5.14a, b, respectively.
Corresponding geqint (300 K) were 11 and 0.07 %, respectively. The value of τ1 at low
T, which mostly represents τR, for the former lightly doped sample (150 ps) was
shorter than that for the latter highly doped sample (*300 ps), reflecting better
overlapping of electron and hole wavefunctions due most likely to the small
potential inhomogeneity; i.e., shallower band tail [36]. The values of τR increase
with T for both the samples, reflecting the decrease in the oscillator strengths of
excitons. Because of the larger potential inhomogeneity (deeper band tail), τR of the
latter highly doped sample shows small change with T, being about 1 ns at 300 K.
However, absolute τR values for both the samples are similar, and distinct difference
between the two is the change in τNR with the increase in T: i.e., τNR of the latter
sample decreases really rapidly than the former does due to the presence of
high-concentration NRCs (VIII–complexes).

We mention here that the Fermi-level control method [87] using an UV light
irradiation during MOVPE growth gave rise to higher maximum electron con-
centration in Al0.65Ga0.35N:Si epitaxial films. The concept was to modify the
locations of quasi Fermi-levels during doping, in order to increase EForm of VAl

defects. They finally obtained n approximately 4 × 1018 cm−3 [87], which is twice
that obtained in this work.
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function of T for the Al0.6Ga0.4N:Si films with [Si] of a 1.9 × 1017 and b 1.5 × 1018 cm−3.
Corresponding geqint (300 K) were 11 and 0.07 %, respectively (after [38]. Copyright 2013, AIP
Publishing LLC
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5.6 Summary

The role of point defects on the emission dynamics of the NBE excitonic lumi-
nescence in AlN and high AlN mole fraction AlxGa1−xN alloy films has been
studied using DUV-TRPL and TRCL measurements and comparing it with the
results of PAS measurements. The extreme radiative nature of excitons in
high-quality AlN was identified, as τR for a free excitonic emission was determined
to be as short as 11 ps at 7 K and 180 ps at 300 K, which are the shortest values as
the spontaneous emission in bulk semiconductors. However, apparent τR increased
with the increase in impurity and VAl concentrations up to 530 ps at 7 K, irre-
spective of the TD density. The result reflects the contribution of bound exciton
components. Continuous decrease in τR with temperature rise up to 200 K of
heavily impurity-doped samples reflects a carrier release from the band-tail states.
The τR values at RT of AlxGa1−xN alloys of high x were as short as a few ns at
300 K. The results essentially indicate an excellent radiative performance of the
present wide bandgap AlGaN alloys. Finally, the impact of Si-doping and the
resulting VIII formation on τNR of the NBE emission in Al0.6Ga0.4N films was
shown. Therefore, controlling the concentration of point defects is a key instrument
to increase the quantum efficiencies and to improve the device performance.
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Chapter 6
Optical Polarization and Light Extraction
from UV LEDs

Jens Rass and Neysha Lobo-Ploch

Abstract In solid-state devices, light is generated by radiative transitions between
the lowest conduction band and the highest valence subband. In wurtzite group
III-nitride compound materials, the valence band is split into three subbands (heavy
hole band, light hole band, and crystal field split-off band) each having a unique
polarization state for electronic transitions. The ordering of these bands and hence
the optical polarization is determined by the strain state, the aluminum mole fraction
x of the AlxGa1−xN alloy, and the quantum confinement. This has consequences for
the optical polarization properties and for the extraction efficiency of the sponta-
neously emitted light generated in light-emitting diodes (LEDs). Furthermore, the
high refractive index of the semiconductor material and the presence of absorbing
metal contacts and p-semiconductor layers result in UV LEDs having a low
extraction efficiency. In this chapter, the basic mechanisms of light extraction and the
generation of polarized light in UV LEDs are discussed. Different concepts for
improving the light extraction efficiency are presented. This includes reflective
contacts, contact design, surface patterning and surface roughening, photonic
crystals, plasmonics, and encapsulation techniques.
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6.1 Light Extraction from UV LEDs

In order to maximize the external quantum efficiency gEQE of light-emitting diodes,
three key parameters have to be taken into account namely the internal quantum
efficiency, the injection efficiency, and the light extraction efficiency.

The internal quantum efficiency gIQE, also known as IQE, is the ratio of
generated photons per charge carrier pair in the active region. It is mainly governed
by the ratio between nonradiative and radiative recombination processes and it is
therefore strongly related to the defect density in the semiconductor device.
A typical loss mechanism that reduces the IQE is electrons overshooting the
quantum well active region and recombining nonradioactively in the Mg-doped
layers of the LED heterostructure. The injection efficiency, ginj, is the ratio between
the carriers injected into the active region and the carriers injected into the device.
Concepts such as Mg-doped AlGaN electron blocking layers help to improve the
injection efficiency. The extraction efficiency gextr describes the ratio between the
number of extracted photons from the device and the number of photons generated
in the active region. The overall efficiency is the product of the three parameters
described above:

gEQE ¼ gIQEginjgextr ð6:1Þ

In this chapter, we will focus on the extraction efficiency since this parameter
strongly affects the overall device performance. Light extraction is a major chal-
lenge due to the high refractive index of the semiconductor/substrate which results
in total internal reflection of the light at the semiconductor–air or substrate–air
interface. The critical angle for total internal reflection (#crit) can be determined
from Snell’s law and is given by (6.2), where ns is the refractive index of the
semiconductor and n0 is the refractive index of air or the surrounding medium. Only
light incident on the surface at an angle, w.r.t. the normal, smaller than the critical
angle can escape thus defining a light escape cone (see Fig. 6.1).

Fig. 6.1 Refraction and total internal reflection at interfaces in semiconductors, light escape cone,
and polarization modes

138 J. Rass and N. Lobo-Ploch



#crit ¼ arcsin
n0
ns

ð6:2Þ

In order to understand the difficulty in extracting light from an LED, we consider
the fraction of light that is extracted into the escape cone. Assuming isotropic
emission from the active region (which is strictly true only in devices with fully
degenerated valence subbands as group III-arsenide or III-phosphide-based emit-
ters, see Sect. 6.2), the fraction of light which is emitted into the escape cone and
hence can be extracted is given by

gextr ¼
R #crit

0

R 2p
0 sinð#Þd#d/R p

0

R 2p
0 sinð#Þd#d/

¼ 1
2

1� cosð#critÞð Þ ð6:3Þ

Assuming an emission wavelength of 300 nm, the refractive index nAl2O3 ¼ 1:81
of sapphire [1] leads to a maximum critical angle of #crit ¼ 33:5� and hence to
an extraction efficiency of gextr ¼ 8:3%. In case of AlN with a refractive index
nAlN ¼ 2:28 [2], the maximum critical angle is #crit ¼ 26:0� and the extraction
efficiency is gextr ¼ 5:1%.

LED structures are conventionally quadrangular parallelepipeds which have six
light escape cones, two perpendicular and four parallel to the plane of the active
layer. In the case of rectangular parallelepiped nitride LEDs grown heteroepitaxially
on sapphire substrates, the photons will be outcoupled based on their angle of
emission (θ) from the active region with respect to the normal to the plane of the
active region. The emission can be divided into various zones [3]:

1. Surface emission zone: 0� h\h1 ¼ sin�1ðn0=nsÞ
The photons emitted within this zone will be extracted if the cladding layers and
substrate are transparent and the ohmic contacts are transparent or reflective. For
a GaN-based LED, h1 � 23�.

2. No escape zone: h1 � h\h2 ¼ sin�1 nsub cos½sin�1ðn0=nsubÞ�
ns

where nsub is the refractive index of the substrate. These photons are totally
internally reflected at both the surface and the edge of the LED. For GaN LEDs
grown on sapphire substrates h2 � 35�.

3. Substrate edge emission zone: h2 � h\h3 ¼ sin�1ðnsub=nsÞ
Photons emitted within this angular region can be coupled out from the side
walls of the substrate. For GaN LEDs grown on sapphire substrates h3 � 44�.
The light needs to undergo a number of reflections to reach the edge of the
structure before being extracted.

4. Waveguide zone: h3 � h\90�. These photons are waveguided in the cladding
layers and may be collected at the edge of the LED structure after multiple
reflections.

The light which is guided within the LED structure may be reabsorbed by
defects, contacts, the active region, or other absorbing layers (see Fig. 6.2). In UV
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LEDs, the p-GaN contact layer and usually also the p-AlGaN layers are absorbing.
‘Photon recycling,’ i.e., the re-emission of photons absorbed in the active region,
may occur which results in the randomization of angular distribution of the photons.
However, the probability of re-emission is dependent on the IQE of the device, and
hence is not a viable method to improve the outcoupling of light. Therefore, to
increase the efficiency of the LEDs, it is necessary to suitably modify the geometry
of the LED to outcouple the light which is guided within the structure.

6.2 Optical Polarization

Almost all visible and UV LEDs and optoelectronic devices are grown in the
wurtzite (WZ) phase of the III-nitride crystal structure, and this is also the thermally
stable form of the III-nitride crystals. Hence, in this section the band structure of the
WZ phase of AlInGaN emitters will be discussed. The electrical and optical
properties of WZ group III-nitrides are mainly determined by the band structure
near the Brillouin zone center (wave vector k � 0). At the Γ point, GaN and AlN
have one conduction band (CB), C7, with states having atomic s-orbital character.
The valence band (VB) states have atomic px, py, and pz characters where the
z-direction is defined parallel to the c-axis of the crystal. Transitions between the
s and px-, py-, and pz-like states involve x-, y-, and z-polarized light, respectively.
Due to the reduced symmetry of the wurtzite crystal structure, III-nitride materials
are anisotropic along and perpendicular to the direction of the c-axis. This aniso-
tropy results in a crystal field splitting (DCF) of the VBs. The top of the VB is split

Fig. 6.2 Schematic of the propagation of the light emitted from a rectangular parallelepiped
nitride LED. Based on the angle of emission (θ) from the active region with respect to the normal
to the plane of the active region the four emission zones are depicted in the figure, namely, the
surface emission zone (1), the no escape zone (2), the substrate edge emission zone (3), and the
waveguide zone (4)
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into twofold and single degenerate states [4]. The twofold degenerate state has
atomic px- and py-like character (wave form X � iYj i like), while the single
degenerate state has a predominant atomic pz-like character (wave form Zj i like).
The order of the two energy levels depends on the kind of materials, the c=a ratio of
the lattice constants and the relative displacement of the N sublattice with respect to
the Al or Ga sublattice along the c-direction. If spin–orbit interaction DSO is
introduced, the degeneracy of the twofold degenerate state is lifted resulting in C9

and C7 states which are known as the heavy hole (HH) and light hole (LH) bands,
respectively. The single degenerate state (C7) is called the crystal field split-off hole
band (CH).

Based on the quasi-cubic model [5], at the C point, the energetic position of the
C9 band with respect to the two (C7) bands is given by

C9 � C7� ¼ DCF þDSO

2
� 1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDCF þDSOÞ2 � 8

3
DCFDSO

r
ð6:4Þ

The spin–orbit splitting energies are positive for both GaN (17 meV) [6–8] and
AlN (20 meV) [9]. However, the more ionic nature of AlN results in a crystal field
splitting DCF which is negative (−206 meV) instead of positive as in the case of
GaN (10 meV) [6–9]. Due to the difference in the crystal field splitting, the order of
the valence subbands at the Γ point in AlN is different from that in GaN (see
Fig. 6.3). For GaN, the HH (C9) band is the topmost valence subband closely
followed in energy by the LH (C7) band and CH (C7) band [10]. On the other hand,
in AlN, the topmost valence subband is the CH band (C7) followed by the HH band
(C9) and the LH band (C7). The valence subbands are named A, B, and C according
to the order of their energetic positions from the highest to the lowest.

Chen et al. [10] and Li et al. [13] calculated the square of the transition matrix
element (IV ) for the band-to-band transition involving the three valence subbands,
in GaN and AlN, respectively, using the quasi-cubic model (see Table 6.1). The

(a) (b) (c)

Fig. 6.3 a Schematic of the band structure of WZ GaN at the Γ point [6, 7, 11]. b Relative valence
band energies at the Γ point as a function of the crystal field for a spin–orbit energy of 18 meV.
Reprinted with permission from [12]. c Schematic of the band structure of WZ AlN at the Γ point
[9, 11]
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square of the transition matrix element (IV ) determines the polarization selection
rules and is given by

IV ¼ WV Hdipole
�� ��WC

� ��� ��2 ð6:5Þ

where WV and WC are the hole and electron wave functions.
The dipole transition matrix calculations show that the recombination between

the conduction band and the holes in the topmost valence subband C7 in the case of
AlN is almost prohibited for E?c [13], i.e., the emitted light is TM polarized. On
the other hand for GaN, with the topmost valence subband C9, the recombination is
almost forbidden for Ejjc [10], i.e., the emitted light is strongly TE polarized.

In AlGaN alloys, as the concentration of Al increases, DCF changes from positive
to negative. Neuschl et al. [14] proposed a crystal field bowing between 0 and
−0.18 eV for AlGaN alloys while Coughlan et al. [15] proposed a crystal field
bowing of −23 meV. As DCF decreases, the energy separation between the three
valence bands is reduced until the C7 band becomes the uppermost band when DCF

becomes negative. Goldhahn et al. [12] calculated the relative positions of the three
valence bands as a function of DCF for DSO ¼ 18meV (see Fig. 6.3b). Assuming a
linear dependence of DCF on the Al concentration in the alloy, a band crossing at 5 %
Al concentration was predicted for strain-free AlGaN layers. Due to the dependence
of the valence subband order on the Al concentration, the degree of polarization of
light emitted from AlGaN layers is related to the composition of the alloy. The
degree of polarization of the emitted light ρ (also denoted P) is defined as

q ¼ ITE � ITM
ITE þ ITM

ð6:6Þ

where ITE and ITM are the integrated intensities of the in-plane emitted TE- and
TM-polarized light, respectively. At a critical Al concentration, the optical polar-
ization of the emitted light from AlGaN layers will switch from predominant TE
polarization (E?c) to predominant TM (Ejjc) polarization. Light emitted from UV
LEDs grown along the c-axis, which is polarized with the electric field vector lying
in the quantum well plane (E?c), can be efficiently extracted from an LED, while
the polarized light emitted with the electric field vector perpendicular to the plane of
the quantum well (Ejjc) propagates within the LED and may be extracted or

Table 6.1 Calculated values for the square of the transition matrix element (IV ) of WZ GaN [10]
and WZ AlN [13] for light-polarized parallel and perpendicular to the c-axis

GaN AlN

Transition Ejjc E?c Transition Ejjc E?c

EAðC7C $ C9V Þ 0 1 EAðC7C $ C7V Þ 0.4580 0.0004

EBðC7C $ C7V Þ 0.053 0.974 EBðC7C $ C9V Þ 0 0.2315

ECðC7C $ C7V Þ 1.947 0.026 EcðC7C $ C7V Þ 0.0007 0.2310

For WZ GaN, the values relative to EA are listed
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reabsorbed in the LED structure. The value of the critical Al concentration is
therefore important for the extraction of the spontaneously emitted light in UV
LEDs and hence has been widely investigated.

6.2.1 Factors Influencing the Light Polarization Switching
in AlGaN Layers

In literature, a large variation in the Al concentration, at which switching of
polarization characteristics of light emitted from AlxGa1�xN layers occurs, has been
reported. Nam et al. [11] measured the change in the degree of polarization of the
light emitted from 1-μm-thick undoped AlxGa1�xN layers grown on sapphire
templates. The emitted light was found to switch from mainly TE polarized, for low
values of x (x\0:25), to dominantly TM polarized for higher values of x (see
Fig. 6.4). At x ¼ 0:25, the degree of polarization was found to be zero as the three
valence subbands become degenerate at the Γ point. Kolbe et al. [16] showed that
for UV LEDs, the in-plane electroluminescence is polarized with the intensity ratio
of TE-polarized light to TM-polarized light reducing with decreasing wavelength.
The cross-over from mainly TE-polarized light to dominantly TM-polarized light
was found to be near 300 nm (see Fig. 6.5). Banal et al. [17] reported polarization
switching at an Al composition x � 0:83 for AlxGa1�xN/AlN multiple quantum
wells (MQWs) grown on sapphire (0001) substrates. For AlGaN MQW lasers built
on free-standing AlN template grown on SiC substrates, Kawanishi et al. [18]
estimated a change in the lasing polarization from the TM mode to the TE mode at
an Al concentration x � 0:36� 0:41 based on experimental results. Netzel et al.
[19] reported an optical polarization switching at an Al concentration of 8 % for
AlGaN layers grown pseudomorphically on top of 4.4 μm GaN buffer layers on
c-plane sapphire substrates.

To understand the discrepancies in the reported values of the critical Al con-
centration, i.e., the wavelength at which the polarization switching of the emitted

Fig. 6.4 Dependence of the
degree of polarization of the
emitted light on the Al
concentration (x) for 1-
μm-thick undoped AlxGa1�xN
layers grown on sapphire
templates measured by
photoluminescence
spectroscopy. Based on [11]
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light takes place, the influences of many factors such as the strain in the quantum
well, quantum well thickness, and the internal electric fields have been investigated.

6.2.1.1 Strain State of the AlGaN Layers

The strain state of the quantum well strongly influences the Al concentration, i.e.,
the wavelength, at which the polarization switching of the emitted light takes place
[17, 20, 21]. The strain in the AlxGa1�xN quantum well layers grown epitaxially on
substrates such as SiC, sapphire, GaN, and AlN is dependent on the substrate or the
underlying AlyGa1�yN template (x\y).

In strained layers due to the deformation of the crystal, the crystal field splitting
differs from that in an unstrained bulk crystal. Chuang et al. [22] derived analytical
expressions for the ordering of the valence subbands in strained wurtzite semi-
conductors using the k � p approach with the cubic approximation. In the case of
strained AlxGa1�xN layers, with isotropic in-plane strain, the energetic position of
the C9 band with respect to the C7 band is given by

C9 � C7 ¼ �D0 þDSO

2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D0 þDSO

2

� �2

� 2
3
D0DSO

s

D0 ¼ DCF þ D3 � D4 C33=C13ð Þ½ �ezz

Fig. 6.5 Degree of polarization ρ of emission from LEDs fabricated on sapphire or AlN substrates.
Device 1, in the upper left hand corner, was grown on AlN and emits highly polarized TE light at
253 nm. The quantum wells in devices 2, 3, and 4 are identical in design to device 1 but are grown
on sapphire. The dashed line illustrates the trend for LEDs grown on sapphire. Based on [20]
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where DSO is the split-off energy, DCF is the crystal field splitting energy, Di are the
deformation potentials, Cij are the elastic stiffness constants, and ezz is the strain
tensor element along the c-direction [17, 22].

The polarization switching of the light emitted from AlxGa1�xN layers occurs at
the Al concentration at which D0 ¼ 0. Hence, the Al concentration at which
polarization switching occurs can be shifted to higher or lower values depending on
the strain in the layer. Theoretical calculations reveal that for AlGaN layers grown
along the c-direction, compressive in-plane strain pushes the X � iYj i-like bands
(C9 and C7) upward and tensile strain along the c-direction pushes the Zj i-like band
(C7) downward [17, 20, 23]. Hence, compressive in-plane strain moves the Al
concentration at which polarization switching occurs to higher values, while tensile
in-plane strain moves the Al concentration to lower values. Sharma et al. [21]
calculated the relative oscillator strength of the lowest excitonic transition under
strain for light polarized along the z direction in AlxGa1�xN layers grown on
AlyGa1�yN templates (x\y) (see Fig. 6.6). The critical Al concentration at which
polarization switching occurs was found to increase linearly with the Al content in
the AlyGa1�yN template or substrate. Northrup et al. [20] have shown that the
critical Al concentration can be controlled by changing the strain in the quantum
well. Using this method, 253 nm LEDs with dominant TE emission have been
demonstrated (see Fig. 6.5). Kolbe et al. [24] demonstrated a dependence of the
in-plane light polarization of 380 nm LEDs on the in-plane strain of the active

Fig. 6.6 Relative oscillator strength of the lowest excitonic transition, C7c ! C9v(T1) or
C7c ! C7v(T3), under strain for light polarized along the z-direction plotted as functions of Al
compositions of AlxGa1�xN layers grown on AlyGa1�yN templates. The dashed line defines the
critical Al composition at which polarization switching occurs. The residual strain in Al0:50Ga0:50N
templates is considered to be d ¼ 0:4 %. The interpolated values of the crystal field splitting of the
AlxGa1�xN layers are also shown in the same graph (right axis). Reprinted figure with permission
from [21], Copyright (2011) by the American Physical Society
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region. The TM-polarized part of the in-plane emitted light was found to become
more dominant as compared to the TE-polarized part for MQWs with decreasing
tensile in-plane strain of the MQW barriers.

6.2.1.2 Quantum Confinement

Quantum confinement in AlxGa1�xN/AlyGa1�yN MQWs affects the ordering of the
valence subbands in the quantum well and hence the optical polarization of the
emitted light [17, 20, 21, 25]. The quantum well thickness, the barrier composition,
and the internal electric fields (due to spontaneous and piezoelectric polarization)
influence the quantum confinement of the carriers in the QW. Banal et al. [17]
proposed a simple qualitative model to describe the effect of quantum confinement
on the ordering of the valence subbands in AlxGa1�xN/AlN single quantum wells.
Since the hole effective mass in the top most Zj i-like band (C7) is much lighter than
that in the X � iYj i-like bands (C9 and C7), the quantum confinement lowers the
energy of the Zj i-like band (C7) in the AlxGa1�xN layer. Under sufficiently strong
quantum confinement, cross-over of the C7 and the C9 bands will occur causing a
switch in the optical polarization. For thin quantum wells (<3 nm), the well width
dominates the quantum confinement effect and the critical Al concentration at
which polarization switching of the emitted light takes place is shifted to higher
values as the well width decreases (see Fig. 6.7). For thick quantum wells (>3 nm),
the critical Al concentration is dependent on the internal electric field and is inde-
pendent of the well width. Sharma et al. [21] reported that the switching of the
valence subbands due to quantum confinement only occurs when the three valence
subbands are in close proximity. Al Tahtamouni et al. [26] investigated the optical

Fig. 6.7 Contour plot of the
calculated energy difference
of E(C7) − E(C9) in the unit
of electron volts for
AlxGa1�xN/AlN single
quantum wells grown on
unstrained AlN.
Red/gray-dotted thick line is
the E(C7) − E(C9) = 0 line for
flat-band QWs without a
polarization field, while
(black) thick and thin lines are
for QWs with polarization
fields. The assumed
spontaneous polarization was
−0.040 C/m2. Reprinted
figure with permission from
[17], Copyright (2009) by the
American Physical Society
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polarization of Al0:65Ga0:35N/AlN single quantum wells using photoluminescence
spectroscopy. At a well width of 2 nm, the dominant polarization component of the
band-edge emission switched from Ejjc to E?c. Wierer et al. [27] reported a
decrease in the degree of polarization with increasing quantum well thickness for
UV LEDs with AlxGa1�xN/AlyGa1�yN MQWs.

Northrup et al. [20] investigated the influence of the barrier composition on
critical Al concentration for AlxGa1�xN/AlyGa1�yN MQWs. Due to the lighter
effective mass in the CH band, as compared to the HH band, the hole wavefunction
is less localized than that for the HH state. The energy of the CH band is thus more
sensitive to the barrier potential as compared to the HH band. For a fixed quantum
well thickness of 3 nm, the critical wavelength, at which polarization switching of
the emitted light takes place, could be shifted by 15 nm by increasing the Al
concentration in the barrier from y ¼ 0:7 to y ¼ 1:0.

The critical Al concentration, at which polarization switching of the emitted light
takes place, decreases gradually with increasing carrier density [27–29]. This can be
explained by the fact that at high carrier densities, carriers will occupy higher states
above k ¼ 0 in the conduction and valence subbands which allows more transitions
to the second and third highest valence subbands. The light emission characteristics
will thus be affected by transition matrix elements far from k ¼ 0. The matrix
elements for TM polarization above the band edge are much larger than those for
TE polarization. Hence, the light emission for TM polarization becomes larger than
that for TE polarization at higher carrier densities.

6.2.2 Optical Polarization Dependence on Substrate
Orientation

The optical polarization properties of the spontaneous light emitted from AlGaN
quantum wells grown on semipolar and nonpolar substrates have been investigated
to improve the performance of UV LEDs [25, 30–32]. Using a 6 × 6 k·p
Hamiltonian under the quasi-cubic approximation, Yamaguchi [30] calculated the
transition matrix elements for light polarized in the substrate plane and perpen-
dicular to the substrate plane in the case of 1.5-nm-thick AlxGa1�xN/AlN quantum
wells grown on AlN substrates with orientation θ with respect to the c-plane (see
Fig. 6.8). In the c-plane case due to the sixfold symmetry, there is only a minor
interaction between the three valence subbands through the spin–orbit interaction.
Hence, an abrupt change from TE to TM polarization is observed at an Al con-
centration of 76 % (6.8a). Additionally, the in-plane optical properties are isotropic.
For substrates with orientation h[ 0, the symmetry in the quantum wells is broken
resulting in a mixing of the three valence subbands. Hence, a gradual polarization
switching occurs as the Al concentration increases. Furthermore, a large in-plane
optical anisotropy appears due to the break-down of the sixfold symmetry and the
presence of anisotropic in-plane strain.
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In the case of AlxGa1�xN thin films grown on m-plane AlN substrates (h ¼ 90�),
the valence band ordering is affected by the in-plane strain which is compressive
and anisotropic [31]. Transition matrix calculations show that the emitted light is
mainly polarized in the z-direction (Ejjc) which lies in the plane of the substrate,
and hence can be easily extracted from the top/bottom surface [31, 32]. LEDs
grown on m-plane AlN can thus be used for the fabrication of efficient
surface-emitting LEDs. Banal et al. [33] showed experimentally that the band-edge
photoluminescence from m-plane AlGaN quantum wells grown on partially relaxed
AlGaN templates has a strong polarization in the direction Ejjc (see Fig. 6.9).
Theoretical investigations reveal that although semipolar AlGaN quantum wells
show stronger in-plane polarization of the emitted light as compared to c-plane
AlGaN quantum wells, they show weaker in-plane polarization as compared to the
nonpolar case [30, 32]. Wang et al. [32] reported that (1122)-plane AlGaN quantum
wells grown on AlN substrates show a weaker in-plane polarization of the emitted
light as compared to (2021)-plane AlGaN quantum wells.

Fig. 6.8 Al composition dependence of the optical matrix elements for a single quantum well
layer for X1, X2, and X3 polarization (solid lines) and Y and Z polarization (broken line) in 1.5-nm
AlGaN quantum wells on a exact, b 5°-misoriented, and c 10°-misoriented c-plane AlN substrates.
Reprinted with permission from [30], Copyright 2010, AIP Publishing LLC
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For the InGaN material system, Schade et al. conducted both experimental
studies and analytical calculations on polarization properties of InGaN layers and
LEDs on polar, semipolar, and nonpolar crystal orientations. It was confirmed that
both the inclination angle between the c-plane and the plane of growth as well as
the indium composition and thus the anisotropic strain state influence the transition
point between dominant optical polarization states [34, 35]. While the main dif-
ference of the InGaN system in comparison to AlGaN is the negative crystal field
splitting DCF, the model itself is valid for the entire AlInGaN system.

6.2.3 Influence of the Optical Polarization on the Light
Extraction Efficiency

The polarization of the emitted light is an important issue for the extraction of light
from UV LEDs grown along the c-axis since the angular distribution of the light
emitted from the active region in the LED is dependent on the degree of polar-
ization. Here, we will use a qualitative approach to estimate the angular emission
distribution from a III-nitride semiconductor using a simplified model based on the
basis states for a bulk Hamiltonian system according to [34, 36].

In the first approximation, all emitters can be regarded as dipoles. The orien-
tation of the dipole then describes the polarization state and the direction of
emission. The electric field vector E of the emitted wave lies in the plane defined
by the orientation of the dipole and the photon vector k. The photon vector k is
perpendicular to E.

In III-nitride semiconductors, the conduction band is an s-orbital which is fully
symmetric while the valence subbands are formed by p-orbitals. The three valence
subbands in an unstrained system have the dipole distribution according to pj i

Fig. 6.9 Polarization PL spectra from a m- and b c-plane AlGaN MQWs with quantum well width
(Lw) = 4 nm. c Polarization degree (ρ) of the PL from the m- and c-plane AlGaN MQWs as a
function of Lw. The wavelength of the LEDs varied from 225 to 250 nm. All data were measured at
9 K. Reprinted with permission from [33], Copyright 2014, AIP Publishing LLC
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orbitals aligned along the x-, y-, and z-axis. The pxj i and the py
�� �

orbital combine
and form the HH and LH hole valence bands (wave form X � iYj i like), which have
a rotational symmetric distribution around the c [0001] axis (see Fig. 6.10).
Emission into this subband results in TE-polarized radiation inside the crystal. The
pzj i orbital forms the CH band (wave form Zj i like) which is aligned along the
c-axis. Transitions into this band result in the emission of photons that are polarized
parallel to c and are emitted perpendicular to c.

In spherical coordinates, the angular dependence of the wavefunctions of the
p-orbitals can be described as follows:

pxj i ¼ sin# cos/

py
�� � ¼ sin# sin/

pzj i ¼ cos#

ð6:7Þ

Since E? k is required, the intensity distribution for the emitted radiation from a
single dipole has a doughnut shape. The intensity I is then given by

Ix ¼ Ix0 sin2 # sin2 /þ cos2 #
� 	

Iy ¼ Iy0 sin2 # cos2 /þ cos2 #
� 	

Iz ¼ Iz0 sin2 #

ð6:8Þ

In reality, emission from all subbands occurs and therefore the light is not 100 %
polarized. The ratio of contributions from each valence band is governed by the
separation of the bands and the thermal occupation according to the Fermi–Dirac
distribution and expressed in the terms Ix0, Iy0, and Iz0. In the case of emitters on the
rotational symmetric (0001) c-plane, Ix0 ¼ Iy0.

In Fig. 6.11, the angular distribution of the emitted light with a certain mix of
TE–TM polarization is displayed and the overall emission is normalized to
Ix0 þ Iy0 þ Iz0 ¼ 1.

In the case of mainly TE-polarized light, most of the light is emitted at small
angles with respect to the c-axis, i.e., more light is emitted within the top surface
and bottom substrate light escape cones. This results in a high gextr of the device. As
the degree of polarization decreases, the light emitted at higher angles increases and

c-axis

|X Y|px |py |pz

Fig. 6.10 Orientation of the pxj i; py
�� �

; pzj i, and the X � iYj i orbitals
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at zero polarization the light emission is isotropic. Further decrease in the degree of
polarization results in the emission being mainly TM polarized with most of the
light emitted at large angles w.r.t. the c-axis. As described in Sect. 6.1, photons
emitted at these large angles are trapped and finally absorbed in the LED structure
resulting in devices with low gextr values.

In Fig. 6.12, the simulated dependence of the gextr of a 320 nm AlInGaN LED on
the polarization degree of the light emitted from the active region is shown. For
TE-polarized emission, 12 % of the emitted light is outcoupled from the LED (see
Fig. 6.12a). The gextr was found to decrease as the light emission from the active
region becomes more TM polarized. For completely TM-polarized emission, only
3 % of the emitted light can be outcoupled. The rest of the light is lost due to
absorption in the LED. The degree of polarization of the light emitted from the
active region of the LED also impacts the far-field radiation pattern of the device
(see Fig. 6.12b). As the polarization switches from predominantly TE polarization
to predominantly TM polarization, the emergence of rabbit ears is seen due to
outcoupling of light from the sidewalls of the sapphire substrate. In applications
where the production of directional light is necessary, this dependence of the

c-axis

fully TM
polarized

fully TE
polarizedunpolarized

Fig. 6.11 Calculated emission distribution inside the semiconductor of polarized light with
different polarization states from fully TM to fully TE polarized

Fig. 6.12 Simulated dependence of the a light extraction efficiency from a 320 nm UV LED chip
and b far-field radiation pattern of a 320 nm UV LED chip on the degree of polarization P of the
light emitted from the active region
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far-field radiation pattern of UV LEDs on the polarization degree is an important
issue.

Hence, to achieve highly efficient UV LEDs, it is necessary to either shift the
wavelength at which switching of the polarization occurs to shorter wavelengths,
grow on nonpolar substrates, or to develop novel methods to extract the light
emitted at large angles with respect to the c-axis.

6.3 Concepts for Improved Light Extraction

The design of an LED is a complex and challenging task since many aspects and
boundary conditions need to be considered which often lead to conflicting
requirements. The contact metallization for the p-contact needs to be large and
homogeneous since it usually defines the emitting area of the diode. On the other
hand, the n-contact must not be placed too far from the center of the p-contact since
the lateral current transport is limited and hence current crowding effects will play a
large role in diminishing the device performance. In order to dissipate the heat
generated in the LED, efficient heat sinking needs to be included which might also
conflict with the contact design. In the case of bottom emitter LEDs, the metal for
the p-contact should ideally be UV-reflective in order to improve the light
extraction while it is also required to possess a high work function to achieve low
contact resistivities and low operating voltages. The surface, the backside, and the
interfaces of the LED can be patterned or modified to allow efficient light extrac-
tion, while other parameters must not be deteriorated. In the following sections,
various design considerations and requirements for metal contacts, surface pat-
terning, and the subsequent packaging of LEDs are presented and discussed.

6.3.1 Contact Materials and Design

The design of the metal contacts of UV LEDs has a large influence on the light
extraction efficiency. As explained in Sect. 6.1, only light that is emitted in a narrow
angle with respect to the wafer surface can be extracted. Usually, the transparent
substrate, typically sapphire, is used for light extraction. Therefore, light that is
emitted in the opposite directions toward the epitaxial layer and p-metal contact is
normally lost. By employing UV-reflective metal contacts and UV-transparent
p-layer materials, part of the emitted light can be reflected back and the chances for
light extraction through the substrate are enhanced. Overall, an increase of the
extraction efficiency by a factor of two seems possible. In addition, if the surface of
the wafer is not flat but patterned, the escape angle is changed and after (multiple)
reflections at interfaces or contacts light rays can be extracted that did not have the
correct angle for extraction in the beginning.
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In order to increase the light extraction efficiency through reflective contacts,
several boundary conditions have to be met: First, the semiconductor layer structure
must not absorb the photons. Typically, the top contact layer is made of Mg-doped
p-type GaN or p-type AlGaN with a bandgap smaller than the quantum well
bandgap, and hence absorption occurs. Also, acceptor-related deep-level transitions,
which originate from the high magnesium doping levels in p-type materials, can
significantly increase the UV absorption. This problem can be heightened by
multiple reflections within the LED that extend the path of the photon inside the
absorbing structure. To avoid absorption, the thickness of the p-type layers should
be as small as possible without deterioration of the current spreading properties.
Using slanted or structured surfaces or edge emission, the extraction efficiency can
be increased and the optical path reduced.

Another important aspect is the choice of reflective materials for the metal
contacts. When choosing a material or a material system for the p-type contact, not
only the reflectivity but also the metal work function and hence the ability to form
an ohmic contact needs to be taken into consideration.

6.3.1.1 Ohmic Contacts for UV LEDs

The barrier /B for carriers at the interface between semiconductor and metal is a
function of the bandgap Eg, the metal work function /m, the semiconductor work
function /s, and the electron affinity vs of the semiconductor:

q/B ¼ q /m � vsð Þ n� semiconductor
¼ Eg � q /m � vsð Þ p� semiconductor

ð6:9Þ

In order to allow carrier injection into the semiconductor by thermionic trans-
port, the barrier /B needs to be zero. This is easy for the case of Si-doped n-type
GaN, since metals such as titanium (/m = 4.33 eV) or aluminum (/m = 4.28 eV)
[37] have similar work function as the electron affinity of n-GaN (vs ¼ 4:1 eV)
[38]. With increasing aluminum content in AlGaN-based structures, vs and /s
increase and hence metals with a larger work function /m are needed. Recently,
vanadium-based contacts on ICP-etched UV-B transparent Al0:4Ga0:6N were
demonstrated with contact resistivities as low as qc ¼ 2:3	 10�6 X cm2 [39].

For metal contacts to p-type semiconductor materials, the formation of ohmic
contacts is much more challenging: Since the bandgap Eg of GaN is large, a metal
with a work function of approximately 7.2 eV would ideally be required, which,
however, does not exist. Ohmic metal contacts to Mg-doped p-AlGaN would be
even more challenging due to the increased values for vs, /s, and Eg. In order to
reduce the p-contact resistance in UV LEDs, typically a thin highly Mg-doped
p-GaN contact layer is placed on top of the p-AlGaN. Even though p-GaN is still far
from ideal considering its high work function, the high Mg-doping levels can
facilitate tunnel injection and consequently low resistance ohmic p-contacts.
Nevertheless, as discussed above the Mg-doped GaN contact layer should be as thin
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as possible to avoid absorption. For example, a 50-nm-thick p-GaN contact layer
would absorb more than 81 % of the UV light on a roundtrip from (UV-reflective)
metal contacts (assuming an emission peak near 275 nm). By reducing the p-GaN
thickness to 5 nm, the absorption loss per roundtrip can be reduced to 16 %.

The formation of p-type contacts to p-GaN is usually achieved by depositing
palladium, platinum, nickel, or nickel–gold metal layers and the subsequent
annealing in oxygen or nitrogen atmosphere in order to form ohmic contacts.
However, the work function of all these metals is considerably smaller than the
ideal value according to (6.9), with the highest value for platinum (5.65 eV), fol-
lowed by palladium (5.12 eV) and nickel–gold (Ni: 5.15 eV), where in the latter
case the nickel is oxidized to the p-semiconductor NiO under oxygen ambient
[37, 40]. Also, silver has been used (/m ¼ 4:26 eV) [37].

Despite the fact that the condition for /B is in general not met for these metals,
ohmic contacts have been realized on p-GaN. This is aided by the fact that the
experimentally determined Schottky barrier height for the metal contacts on p-GaN
was found to be in the range of 0.5 bis 0.65 eV for platinum, nickel, gold, and titanium.
This is much lower than the theoretical values according to (6.9) which predicts
Schottky barrier heights near 2 eV. Also, /B was found to only weakly depend on /m
[41, 42]. This deviation can be explained by the presence of surface states and
Fermi-level pinning. Furthermore, the metal contacts on highly doped GaN layers
often employ tunneling transport instead of thermionic emission [43–47].

While the metals mentioned above are suitable for visible LEDs due to their high
reflectivity or the possibility to make them transparent (NiO) and combine them
with additional reflective layers, this is not true anymore for deep UV emission.
Most metals become highly absorbing at shorter wavelengths, making them
unsuitable for reflective contacts. In the following section, the optical properties of
various metals will be discussed.

6.3.1.2 Reflectivity of Contact Metals

The optical reflectivity R for light with normal incidence is a function of the
complex refractive index n ¼ n� ik where n is the real refractive index and k is
the extinction coefficient. Both the real and the imaginary parts of n are functions of
the frequency ω or wavelength λ.

R �hxð Þ ¼ n� 1
nþ 1

����
����
2

¼ n2 � 2nþ k2 þ 1
n2 þ 2nþ k2 þ 1

ð6:10Þ

The reflectivity is therefore strongly dependent on the wavelength of the incident
light and can become small at shorter wavelength due to transitions in the band
structure which lead to strong absorption. Figure 6.13 shows the reflectivity R and
the real refractive index n of various metals that are mostly used for semiconductor

154 J. Rass and N. Lobo-Ploch



contacts. While many metals have a sufficiently high reflectivity in the visible range
allowing the formation of reflective ohmic contacts, this is not true for the UV
spectral range. Silver, palladium, and other metals become highly absorbing,
making new concepts for the formation of reflective contacts necessary. Aluminum,
which is highly reflective even at wavelength shorter than 200 nm, is known to
exhibit Schottky behavior when deposited on p-type GaN or p-AlGaN, leading to
high contact resistivities, voltage drops at the metal-semiconductor interface and
therefore to heating, lifetime degradation, and ultimately device failure.

A novel concept that combines high work function metals for good ohmic
contacts with UV-reflective metals for a high extraction efficiency is based on the
so-called nanopixel contact design. The nanopixel LED geometry consists of small
(less than one micrometer wide) laterally distributed ohmic metal contacts (e.g.,
palladium, nickel) and an UV-reflective aluminum layer, which covers most of the
semiconductor surface and reflects the light back into the LED. This design has
been shown to work best when the contact spacing is smaller or at least in the same
range as the current spreading length in order to allow homogeneous current
injection [48]. Therefore, the nanopixel contact spacing is typically in the order of

Fig. 6.13 Real part of the refractive index n (left) and calculated reflectivities R of various metals,
usually calculated at an interface between the metal and air/vacuum. Based on [1]

Fig. 6.14 Left Schematic of a UV LED with nanopixel p-contacts made of palladium with
additional aluminum reflector. Right Violet LED with aluminum-based (a) or silver-based
(c) omnidirectional reflector with micro-contacts, b silver-based standard reflector. Reprinted with
permission from [49], Copyright 2006, AIP Publishing LLC
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few hundred nm to a few microns. Figure 6.14 shows a schematic illustrating this
design. The size of the nanopixel contacts, the spacing, and the thickness of the
p-(Al)GaN current spreading layer have to be carefully adjusted in order to achieve
a homogeneous lateral current distribution as well as a high coverage of the surface
area with UV-reflective aluminum metal compared to low-reflectance ohmic pal-
ladium contacts.

A similar concept was applied by Kim et al. for near-UV LEDs with 400 nm
wavelength. While most metals still show acceptable reflectivities at this wave-
length, an increased extraction efficiency could still be achieved using the so-called
aluminum-based omnidirectional reflectors with micro-contacts [49]. For this
design, silver contacts (partly with an additional thin NiZn layer) where used in a
micro-contact geometry and a SiO2 insulation layer was deposited between the
contacts. A large area aluminum or silver reflecting layer was deposited on top of
this structure, increasing the light output by 38 % (Al) and 16 % (Ag), respectively,
in comparison to standard large area silver contacts. A distributed Bragg reflector
(DBR) consisting of 11 layers of alternating quarter-wave thick Ti3O5 and Al2O3

layers was used, by Jeong et al. [50], along with a p-ohmic contact ITO interlayer to
increase the output power of 385 nm LEDs by 15 % compared to LEDs with a Ag
reflector.

6.3.1.3 Thermal Management and Current Crowding

One of the most important challenges for high-power LEDs is efficient heat
extraction from the active region of the device. Especially, LEDs with a single large
area p-contact will suffer from inhomogeneous heat distribution and
temperature-driven droop of the internal and external quantum efficiency. Various
groups investigated and applied different concepts for efficient heat extraction such
as micro-pixel contact arrays [51, 52] and multi-finger contacts [53, 54]. In all
cases, the goal is to spread the heat more evenly over the semiconductor chip and to
efficiently extract it from the device. Adivarahan et al. employed a micro-LEDs
design where an array of 10 × 10 columns of 26 μm diameter mesas was etched into
the semiconductor heterostructure [51]. The n-contact filled the whole area between
these columns which reduces current crowding effects and helps to extract the heat
from the active region. After planarization, a large area p-contact was deposited. It
was shown that the output power can be increased by 50 % due to thermal man-
agement and reduced current crowding. A similar design for InGaN visible LEDs
was employed by Choi et al. [55]. Here, micro-LEDs with diameters of 8–20 μm
were etched into the semiconductor surface and metal interconnects were processed.
A smaller size of those pixels led to an increase of the operation voltage of up to
4 V (a factor of two) and an increase by a factor of 1.5–4 in the emitted power per
unit active area. This is mostly attributed to an improved thermal management and
an improved light extraction efficiency due to scattering of emitted light at the
etched side walls as well as a shorter photon flight distance to the side walls,
reducing the likelihood of reabsorption.
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In a later study, the influence of the geometry and pixel size of micro-LEDs on
output power and efficiency was studied in detail by Lobo et al. [56]. Different
concepts such as micro-pixels, interdigitated finger contacts, and large area contacts
were compared, and the influence of pixel size and their spacing was analyzed. It
was shown in this study that micro-pixel LEDs with 10 lm	 10 lm contact size
could increase the output power of UV-B LEDs by more than a factor of two as
compared to conventional large area contacts. The series resistance and operation
voltages also reduced and flip chip mounting was successfully demonstrated.

The concept of interdigitated finger contacts was further studied by Rodriguez
et al. showing that devices with smaller finger width and the same p-contact area
exhibited higher output power levels, improved external quantum efficiencies,
lower operation voltage, and a thermal roll over at higher dc currents [53].
A detailed study of heat distribution, thermal resistance, and output power of blue
and ultraviolet LEDs with multi-finger contacts by Chakraborty et al. showed that
devices with an effective contact area of 300 lm	 300 lm can be driven at dc
currents as high as 3 A without thermal rollover [54].

6.3.2 Surface Preparation

In this section, various concepts are discussed which are employed to improve the
light extraction from the semiconductor. The general concept in most cases is
the variation of the angle θ between the emitted photon from the active region and
the normal to the interface between semiconductor and air or the substrate and air.
As explained in Sect. 6.1, only photons emitted within the light extraction cone can
escape from the semiconductor. Thus concepts to increase the critical extraction
angle are employed.

6.3.2.1 Surface Patterning

In the past, many technological concepts have been developed in order to increase
gextr by changing θ. These include encapsulation (see Sect. 6.3.3) as well as
roughening of the front side, back side, using slanted side walls, and employing
techniques such as photonic crystals and plasmonic.

One of the most promising approaches to vary the angle θ between the photon
and the surface normal in UV LEDs is based on shaped semiconductor chips. In the
case of visible LEDs, a truncated inverted pyramide (TIP) geometry has been
successfully applied [57] to improve the light extraction efficiency. Here, the side
walls of the semiconductor chip are slanted in a way that leads to a redirection of
the light beams after internal reflection, allowing the beam to leave the LED
through the surface (see Fig. 6.15). These concepts work most efficiently if the
thickness of the LED chip is close to its lateral dimensions. While this can be easily
achieved for LEDs in the visible range, e.g., utilizing thick GaP substrates, this is
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not possible for UV LEDs consisting of only a few microns thick Al(Ga)N layer
grown on top of a foreign substrates like sapphire or silicon.

Wierer et al. [58] used deep etched angled mesa sidewalls along with an Al
reflector to outcouple the UV LED light emitted in-plane, due to TM polarization of
the light, through the sapphire substrate. The light extraction efficiency was found
to increase as the average distance to the mesa side wall decreased. A fourfold
increase in the output power was achieved for �270 nm LEDs using such reflecting
structures, with sidewall angle of �70��80� with respect to the epitaxial plane, as
compared to standard LEDs at low polarization degrees.

Another approach to increase the likelihood for photon escape by changing the
angle θ is to roughen the surface of the emitting interface. This technique not only
increases the one bounce extraction efficiency but also randomizes the angular
distribution of the photons in the LED, allowing photons to find the light escape
cone after multiple reflections. This can be done by treatment with a rough pol-
ishing paste, wet chemical, or dry chemical etching [60, 61] or by other patterning
techniques. By removing the substrate using laser lift-off [62] or sacrificial layers
[63, 64], thin-film LEDs can be created and patterning of the remaining layer is
simplified. Fujii et al. applied a combined method of laser lift-off to remove the
sapphire substrate and subsequent photo-electrochemical (PEC) etching of the
exposed semiconductor surface using KOH [59]. This lead to a rough backside of
the GaN layer with a cone-like surface structure (see Fig. 6.15). Using this approach
for 410 nm LEDs, a threefold increase in output power has been achieved. A similar
approach has been successfully demonstrated by Zhou et al. [65], showing
enhanced light extraction from surface roughened AlGaN-based thin-film deep UV
LEDs (see Fig. 6.16). Using a low-temperature metamorphic AlN strain-relief
interlayer for the growth on GaN/sapphire templates, the sapphire substrate could
be removed by excimer laser lift-off. The roughening of the n-AlGaN layers was
achieved through photo-electrochemical etching in KOH yielding an increase in
light extraction efficiency by a factor of 4.6 and 2.5 for 280 and 325 nm LEDs,
respectively.

For GaAs-based LEDs, another surface patterning technique was used
employing randomly distributed polystyrene spheres that act as a mask for the

Fig. 6.15 Left Trunkated inverted pyramid design in a AlInGaP LED, reprinted with permission
from [57], Copyright 1999, AIP Publishing LLC. Right N-side of a GaN-based 410 nm LED
etched by PEC, reprinted with permission from [59], Copyright 2004, AIP Publishing LLC
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subsequent dry etching process [66]. The result is a surface covered with cylindrical
pillars that change the angle of the emitted light cone. Using 300-μm-thick spheres,
an increase of angular integrated light extraction by a factor of two at a wavelength
of 910 nm was shown. It can be expected that for UV LEDs with considerably
shorter wavelength a smaller diameter of spheres will be most efficient.

Using these methods of surface patterning does not only increase the light
extraction efficiency but in addition leads to a change in the emission profile. This
can be beneficial if the light needs to be focused onto a certain spot area or into a
fiber. One technique to achieve this goal is to cover the surface of the LED with an
array of microlenses. These can be formed by various methods and are usually
fabricated by standard lithography techniques and a subsequent plasma dry etching
step in order to transfer the pattern into the semiconductor or the sapphire substrate.
One method that was shown to be very efficient is the formation of microlenses
using a reflow technique to shape the photo resist. In their approach, Khizar et al.
patterned a photoresist array on the polished backside of the sapphire substrate of
280 nm LEDs into cylinders [67]. Upon heating, the resist flows into a hemi-
spherical shape which is subsequently transferred into the sapphire by an ICP
plasma etching process. Using this approach, an increase in output power of 55 %
was achieved with microlenses of 12 μm diameter and 1 μm height.

One of the disadvantages of the reflow method is that the resulting shape of the
lenses is relatively sensitive to process parameters, and hence the final result may
vary strongly. A more stable method was developed by Lobo et al. where instead of
lenses an array of micro-frustrums in a hexagonal array was formed on the polished
sapphire substrate. After photolithography, a dry etching process was used to
transfer the cylindrical photoresist pattern into the substrate. The dry etching pro-
cess parameters were optimized in order to modify the slope angle of the etched
sidewalls. This led to the formation of frustrums and increase of the light extraction
efficiency. The magnitude of this increase depends on the slope angle and was also
simulated using ray tracing analysis. Figure 6.17 shows the resulting pattern and the
increase in output power. Using this method, an increase of output power by 68 %

Fig. 6.16 Left Layer structure of a UV flip chip LED with roughened AlGaN surface, Center
SEM image of the N-polar n-AlGaN surface, Right Emission pattern of a 325 nm LED under
current injection. Reprinted with permission from [65], Copyright 2006, AIP Publishing LLC
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for an etching angle of around 59° was achieved for 386 nm LEDs grown on GaN
substrates and a 27 % increase in the output power was achieved for 323 nm LED
grown on sapphire substrates.

A technologically challenging but very promising approach is the application of
photonic crystals (PCs) to suppress or enhance the propagation of certain optical
modes. Using two-dimensional arrays of holes etched into the semiconductor,
photonic band gaps are created that prevent light from traveling in the in-plane
direction. The spacing and size of the holes has to be adjusted to the emission
wavelength. This makes the realization of PCs very challenging for UV LEDs. Oder
et al. presented results of LEDs emitting in the blue (460 nm) and UV-A region
(340 nm) [68]. The photonic crystal with diameters of 300 nm and a periodicity of
700 nm was formed by electron beam lithography and subsequent 250 nm deep
etching by ICP into the p-side of the LEDs. This leads to an increase of the emitted
power by 63 % (visible) and 95 % (UV-A), respectively. By careful adjustment of
the PC spacing, size, and etch depth, a further increase seems probable. Wierer et al.
reported on 460 nm LEDs with PCs etched into the surface layer [69]. Hole
diameters between 200 and 250 nm with lattice constants of 270–340 nm were used
in a hexagonal pattern. In their InGaN-based LEDs, a tunnel junction was
embedded in order to be able to place the PC close to the QW while keeping the
absorbing contacts at a large distance. The emission pattern was significantly
altered and an increase of light extraction by �50% was achieved. Shakya et al.
[70] developed a design in which the light generation region of the LED was
separated from the light extraction region where 2-D PCs were fabricated in the
p-GaN layer (see Fig. 6.18). The light output from LEDs is increased by extracting
the lateral guided modes of light in the vertical direction with the help of the PCs.
A 2.5-fold increase in the output power of 333 nm LEDs was demonstrated with the
use of PCs with triangular lattice patterns of circular holes with diameter of 200 nm
and lattice constant of 600 nm.

Fig. 6.17 Left SEM image of micro-frustrums etched into sapphire with residual photo resist on
top. Right Calculated increase in extraction efficiency as function of slope angle and etch depth
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6.3.2.2 Patterned Substrates

Since nitride-based light-emitting devices grown epitaxially on foreign substrates
such as sapphire, silicon carbide, or silicon suffer from a high density of threading
dislocations, various concepts have been developed to reduce the defect density.
The most often used among these is the epitaxial lateral overgrowth (ELO) [71–73].
Here, a part of the GaN or sapphire surface is covered by SiO, preventing GaN
growth on this area. By applying the correct growth conditions, lateral growth of
GaN is encouraged and the SiO-covered area is overgrown. After coalescence of the
epitaxial layer, the defect density in the overgrown area is drastically reduced.
While this technique works very well for GaN, it is rather difficult for AlN due to
the very small lateral to vertical growth rate ratio. Nonetheless, coalescence of
AlN layers on sapphire was achieved (see Fig. 6.19a) and UV LEDs grown on
this template showed increased output power by more than a factor of two [74].

Fig. 6.18 a Schematic diagram of a 333 nm UV LED structure, with 2-D PCs etched into the
p-GaN layer, showing mesa and contact pads. b AFM image of the PCs on a UV LED with lattice
constant a =600 nm and hole diameter d =200 nm. The etch depth is *190 nm. c SEM image of
the PCs on a UV LED with a = 300 nm d = 100 nm. Reprinted with permission from [70],
Copyright 2004, AIP Publishing LLC
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While this improvement is mostly due to the improved internal quantum efficiency
resulting from the reduced defect density in the ELO structure, the light extraction
efficiency can also be enhanced by the appropriate design of the ELO pattern.

Since a strong change in the refractive index is present at the interfaces of the
ELO stripes to the air voids, light scattering and refraction occur, leading to a
redirection of the photons and hence to a potential increase in light extraction
efficiency.

Figure 6.20 shows the angular-resolved emission pattern from flip chip mounted
235 nm LEDs grown on AlN ELO-patterned substrates. While light emitted along
the stripes shows a regular isotropic distribution, the light emitted perpendicular to
the stripes is diffracted at the air–AlN interfaces and a rabbit ear pattern is observed
with a maximum at �27� emission angle [77].

A study on blue InGaN-based LEDs with ELO structure showed a strong
increase in output power in dependence on the size and shape of the air gaps above
the SiO stripes [76]. In their study, Kang et al. grew LEDs on a SiO-masked
sapphire wafer. After regrowth, the SiO was removed using HF, and diluted KOH
was applied to etch triangular air voids with f1011g sidewalls into the N-face of the
GaN (see Fig. 6.19b). This leads to an increase of light output by up to 117 % as
compared to a conventional planar LED. Furthermore, the light output angle and
emission profile were altered depending on the stripe spacings.

Fig. 6.19 a Coalesced ELO stripes of AlN on a patterned sapphire substrate [75]. b Etched air
voids in GaN formed by ELOG and subsequent KOH etching, reprinted with permission from
[76], Copyright 2012, the Optical Society

Fig. 6.20 Angular emission pattern from a 235-nm flip chip mounted LED grown on an ELO–
sapphire template measured at 20 mA. The air voids in the AlN strongly influence the angular
emission
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A study using hexagonal patterned sapphire substrates for blue and near-UV
LEDs near 400 nm in combination with a mesh-shaped rhodium-based p-contact
showed increased emission power due to light scattering at the interface between
the GaN buffer and the honeycomb-shaped sapphire structures [78]. Compared to a
non-patterned sapphire substrate, an output power increase of 29 % was observed.
The aperture size of the contact mesh also influenced the output power which
indicates that absorption in the p-metal played a significant role. Using an aperture
ratio of 70 %, an increase of output power by more than 40 % was obtained.

6.3.2.3 Plasmonics

An entirely different approach to increase the output power of light-emitting diodes
is the use of metal layers and the utilization of surface plasmonic effects. A plasmon
is a quasi-particle describing the collective oscillation of a free electron gas in
highly conductive media, in particular metals [79]. At the interface between a
dielectric material (i.e., a material where the real part of the dielectric function is
positive) and a metal (i.e., a material where the real part of the dielectric function is
negative), a surface plasmon (SP) can be excited. SPs are coherent electron oscil-
lations generating an electromagnetic field that fluctuates with the plasma frequency
xsp. The electromagnetic field intensity associated with the SP oscillations decays
exponentially within the metal as well as the dielectric material. When the SP
couples to the electromagnetic wave of a photon, a so-called surface plasmon
polariton (SPP) is created. Due to its unique properties, the SPP can only propagate
along the interface and hence will be strongly attenuated after traveling some
distance within the metal. In order to induce light extraction, surface modifications
such as roughening or patterning need to be applied to allow for scattering pro-
cesses to occur. The advantage of the use of SPPs in semiconductor light emitters is
the much shorter lifetime and therefore the higher recombination rate of SPPs as
compared to radiative and nonradiative recombination processes in LEDs.
Therefore, higher values of internal quantum efficiency can be achieved, provided
that the light is coupled out from the interface. Okamoto et al. studied SPP pro-
cesses on InGaN–GaN quantum wells using photoluminescence spectroscopy
(PL) [80]. They could show an increase in PL intensity by a factor of 14 using a
silver layer deposited 10 nm above the quantum well emitting at 470 nm. If alu-
minum was used, the increase was sevenfold, while gold did not show any
improved emission properties. The plasmon frequencies for these materials were
given as xsp Agð Þ ¼ 2:84 eV, xsp Alð Þ ¼ 5:5 eV, and xsp Auð Þ ¼ 2:46 eV, respec-
tively. It appears that aluminum is ideally suited for ultraviolet applications. In the
same paper, it was shown that due to the exponential decay of the evanescent SPP
field the metal layer has to be situated closely to the quantum well. The enhance-
ment factor for the silver layer reduced from 14 (10 nm distance) to 4 (40 nm) and
no enhancement was shown for larger spacings.
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This poses large technological challenges for the fabrication of LEDs with
plasmonic enhancement since the p-layer normally is much thicker to allow proper
current injection. Two main methods have been used to integrate SPP features into
LEDs. Yeh et al. used a conventional design with 88 nm spacing between a silver
layer and the InGaN quantum well [81]. Due to this large spacing, the coupling
efficiency of the SPP was relatively weak, but nonetheless an 25–50 % output
power enhancement was achieved for a 440 nm LED. In order to allow efficient
coupling, Kwon et al. used a buried silver layer between the n-GaN and the InGaN
quantum well which was overgrown and afterward processed into an LED [82].
After thermal annealing in the MOVPE system, the remaining Ag coverage was
only about 3 %, most likely due to Ostwald ripening and evaporation, reducing the
coupling efficiency. The LEDs had a wavelength of approximately 450 nm and by
comparison of LEDs with and without silver nanoparticles a significant change in
the effective exciton lifetime was observed. At 300 K, the lifetime was 80 ps for the
SPP LED as compared to 140 ps to the conventional LED. This leads to an
increased radiative recombination rate, resulting in an output power enhancement
by 32 %. Gao et al. [83] demonstrated a 217 % enhancement in peak photolumi-
nescence intensity at 294 nm for AlGaN-based LEDs using the metal aluminum
(Al) for SP coupling. Although no enhancement of the internal quantum efficiency
was observed due to SP–QW coupling, the extraction efficiency of the LEDs was
enhanced by the SP-transverse magnetic wave coupling. This technique of
increasing the extraction efficiency becomes increasing useful in the case of deep
UV LEDs which mainly have TM-polarized light emission.

Due to the technological challenges, it remains doubtful if the application of
surface plasmon polaritons for an increased LED efficiency is the best way to
increase the overall device performance.

6.3.3 Packaging

Almost all light-emitting diodes are capped and encapsulated today. This has
several reasons: An encapsulant protects the semiconductor chip and especially the
fragile bond wires from mechanical damages. Also, oxidation of the contacts or
other parts is prevented in a sealed encapsulant. Another important feature of an
encapsulant is the increased extraction efficiency due to a wider light extraction
cone and the possibility to shape the beam and integrate optical elements directly
into the package. While common packages like TO cans provide only mechanical
protection, direct integration of transparent-shaped dielectric materials is also
adding the advantage of optical improvements. In the visible wavelength range,
LEDs are usually placed inside a hemispherical dome of epoxy or silicone with a
refractive index close to or similar to the encapsulated semiconductor materials. As
described above, the light extraction angle is defined by the refractive index contrast
between two media. Therefore, the encapsulating material should have a refractive
index as close to the semiconductor as possible. If perfect matching is achieved, all
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light from the LED is coupled into the encapsulant. If now the capsule is shaped
into a sphere with the semiconductor at the center, all light beams meet the interface
between air and encapsulant at normal incidence, avoiding total internal reflexion
completely. Therefore, encapsulation with epoxy or silicone normally leads to a
significant increase in the extraction efficiency.

This ideal case, however, is not easily achieved. Manufacturing demands make it
necessary that the material for encapsulating the LED is cheap, can be easily formed
by flow, stamping or molding, and it has of course to be transparent for the desired
wavelength. Furthermore, bleaching and oxidation of the material have to be
avoided since this would degrade the LED output power. The only suitable material
that meets most of these requirements is the polymer. They have usually refractive
indices between 1.4 and 1.6 and make therefore additional light extraction tech-
niques necessary, as mentioned above. In the visible wavelength range, poly-
methylmethacrylate (PMMA) is widely used as a cheap and easily usable
transparent substance. However, it absorbs strongly in the UV range.

The application of polymers for encapsulation of LEDs is not easily transferable
to UV, since many epoxy and silicone materials start to absorb at near-UV
wavelength, leading to reduced UV transmission and degradation of the package.
Therefore, the search for UV-transparent, long-term stable, and high index
encapsulation materials will be critical to enhance the light extraction and output
power of UV LEDs.

Recently, polymers based on dimethyl chains have been used more and more for
UV applications such as UV lithography, optical interconnects, and LED encap-
sulants [84]. One of the most promising materials of this group is polydimethyl-
siloxane (PDMS). The absorption was to be reported to be as low as 0.09 dB/cm at
a wavelength of 300 nm [84].

Fig. 6.21 Schematic of a
UV LED flip chip mounted on
a submount. The light is
collected from the transparent
substrate [86]
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Recent experiments by Lobo et al. have shown that polydimethylsiloxane
(PDMS) might be a good candidate as encapsulant for UV LEDs. PDMS is highly
transparent in the UV-A, UV-B, and large parts of the UV-C spectral range and is
also fairly stable under UV light exposure. Ray tracing analysis of UVC LEDs with
a PDMS encapsulant shows that the light extraction efficiency from the LED chip
can be increased by a factor of 2–3 using this approach.

Yamada et al. presented results on 265 and 285 nm UVC LEDs encapsulated
with polymerized perfluoro(4-vinyloxy-1-butene) [85]. Two versions of this
encapsulant with a stable end (called S-type) and with an acid end (A-type) were
compared. The S-type material has a transparency level above 90 % down to
200 nm and no visible aging or degradation was found after more than 3,000 h of
operation.

Another method to increase the extraction efficiency is the flip chip bonding of an
LED [87] in which the LED die is inverted and mounted on a submount with the
epitaxial side down (see Fig. 6.21). In the case of flip chip UV LEDs grown on
sapphire, the light is extracted from the transparent sapphire substrate avoiding
absorption at the ohmic p-contact, bonding pads, and the bonding wires.
Furthermore, if the contacts are replaced by highly reflective mirrors, light propa-
gating downward can be redirected up and extracted through the substrate increasing
the extraction efficiency. Other advantages of flip chip bonding includes reduced
thermal resistance of the device due to efficient transfer of heat through the metal
bonding pads and subsequently increased lifetimes, no distortion of the radiation
pattern due to the absence of bonding wires, and compatibility with wafer scale
packaging.
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Chapter 7
Fabrication of High Performance UVC
LEDs on Aluminum-Nitride
Semiconductor Substrates and Their
Potential Application in Point-of-Use
Water Disinfection Systems

James R. Grandusky, Rajul V. Randive, Therese C. Jordan
and Leo J. Schowalter

Abstract Water disinfection has always been a focal point of public discourse due to
both the shortage of water and the abundance of water-transmitted diseases.
According to the World Health Organization (WHO), there are over 3.4 million
reported deaths annually due to water, sanitation, and hygiene-related issues [1].
There are a number of technologies being developed to fight against issues related to
waterborne diseases. The use of UV light is gaining popularity over chlorine disin-
fection due to a lack of aftertaste and harmful by-products after treatment.
Specifically, UV radiation in the wavelength range of 250–280 nm (UVC) has been
shown to effectively disinfect water. Current UVC technology, which uses low and
medium pressure mercury lamps, is hampered by the use of fragile quartz housings,
long warm up times, and the toxicity of mercury [2]. There is tremendous develop-
ment happening in the field of semiconductor-based UVC LED technology. This
technology can be efficient, cost-effective, and an environmentally friendlier alter-
native to traditional UVC technology. Emerging AlxGa1−xN and AlN-based UVC
light-emitting diodes (LEDs) provide many advantages over mercury lamps—
including design flexibility, low power consumption, and environmentally friendly
construction [3]. Unlike low-pressure mercury lamp technology, which is limited to
an emission wavelength near 254 nm, LEDs can be tailored to specific wavelengths
throughout the UVC range. UVC LEDs are being developed for disinfection in the
265 nm wavelength range and are showing tremendous progress in power output and
device lifetime [4]. This progress has been driven by the relatively recent develop-
ment of high quality, single-crystal AlN substrates. These AlN substrates allow the
growth of pseudomorphic AlxGa1−xN device layers with very low defect densities.
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These low defect densities have resulted in improvements in efficiency and power as
discussed in this chapter. In addition, UVC LEDs emit radiation in a very different
pattern than mercury lamps or other UVC sources that they are replacing. For
instance, the LEDs can be designed to emit in a “Lambertian” pattern, allowing the
LED to be imaged as a near point source. Using UVC LEDs in water disinfection
requires substantial rethinking in the arrangement of UVC radiation sources to
achieve an efficient system. In this chapter, we will discuss some of the important
parameters necessary for successfulflow cell design. The chapterwill show the design
flexibility offered by UVC LEDs, with some examples of potential designs examined
through optical modeling. We will also review some of the recent progress in
improving UVC LEDs through pseudomorphic growth of AlxGa1−xN on single
crystal AlN substrates.

7.1 Introduction

LEDs have entered mainstream lighting due to their significant benefits. Compared
to traditional lighting sources, such as incandescent light bulbs and fluorescent light
tubes, LEDs are environmentally friendly, wavelength specific and provide high
optical output, long lifetime, low power consumption, and low maintenance costs.

Similarly, UVC LEDs are poised to begin replacing mercury lamps and other
sources of UVC radiation. The UVC radiation is used either in combination with
traditional chemical treatment with chlorine to disinfect drinking water, or instead
of chemical treatment, because of the formation of chemical by-products and some
chlorine resistant microorganisms.

7.1.1 Types of UVC Light Sources

In general, UVC light can be produced by the following variety of lamps:

• Low-pressure (LP) mercury vapor lamps
• Medium pressure (MP) mercury vapor lamps
• Metal Halide lamps
• Xenon Lamps (pulsed UV)
• Deuterium Lamps
• UVC LEDs

UVC LEDs, as semiconductor light sources, are an emerging technology and
their use in large-scale manufacturing is new. Their benefits, including environ-
mentally friendly construction, low power consumption, low maintenance costs, and
wavelength specificity, are driving an increased focus on this new technology [5].
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Advantages of using UVC over chlorine disinfection:

• UVC cannot be overdosed
• No by-products or toxins
• No volatile organic compound (VOC) emissions or toxic air emissions
• Does not require storage of hazardous material
• Requires minimal space for equipment and contact chamber
• Does not affect the smell, taste, or minerals in the water

7.1.2 What Is UVC Light?

Ultraviolet (UV) light, the wavelength range of 100–400 nm, is a component of
sunlight that falls in the region between visible light and X-rays of the electro-
magnetic spectrum (Fig. 7.1). The UV light can further be categorized into separate
regions as follows [6]:

• Far UV (or “vacuum”) 100–220 nm
• UVC 220–280 nm
• UVB 280–315 nm
• UVA 315–400 nm

Of these UV regions, UVC has significant germicidal properties; however it is
almost entirely filtered out by the Earth’s atmosphere. Therefore, to utilize the
germicidal properties of UVC light, it must be artificially generated using manu-
factured light sources.

Fig. 7.1 Electromagnetic spectrum
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Although UVC LED technology is new, it holds many benefits over the existing
UVC technologies (Table 7.1).

UVC LEDs have many advantages over other technologies that produce UVC
light. UVC LEDs come on instantaneously and are well suited for situations where
the radiation can advantageously be switched on and off quickly. Also, the lifetime
of the LEDs are not degraded by multiple on and off cycles, unlike mercury lamps
where the lifetimes decrease with frequent on/off cycles. Another significant benefit
for using LEDs is the simplified drive electronics needed to operate them compared
to other UVC sources.

Some applications, such as analysis of heat-sensitive samples, also benefit from
the lack of forward heat radiation from LEDs. Backside waste heat from LEDs is
removed by thermal conduction, typically from the backside, unlike other UVC
light sources where it is radiated forward with the UVC light.

7.1.3 How Does Germicidal UV Work

The UVC wavelength range deactivates bacteria, viruses, and other pathogens by
attacking their DNA. UVC light is able to penetrate the cells of microorganisms and
disrupt the structure of their DNA molecules (Fig. 7.2) [7]. In doing so, the
microorganism is prohibited from surviving and/or reproducing, thereby, rendering
it inactive and no longer pathogenic.

Table 7.1 Comparison of UVC LEDs with other UV technologies

UVC LED Deuterium
lamp

Xenon flash
lamp

Mercury lamp

Spectrum Single peak Broad
spectrum

Broad
spectrum

Broad spectrum

Stability of light
output

Excellent Good Relatively
poor

Relatively poor

Warm up time Instantaneous 20–30 min Instantaneous 1–15 min

Forward heat
radiation

No Yes No Yes

Overall cost of
ownership

Lowa High High Low

Drive electronics Simple Complex Complex Complex

Environmentally
friendly

Yes No No No

Safety Low voltage, cold
light source with
shock resistant
construction

Hot bulb
surface with
high voltage
power supply

High voltage
supply with
ignition and
sparking risk

High voltage
supply and contains
mercury in fragile
quartz envelope

aLowered cost of ownership due to cost savings on power supply and housing
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Mercury lamps, both low pressure and medium pressure, are currently widely
used for disinfection. However, in point-of-use (POU) water disinfection,
UVC LED technology has become more interesting as output powers and wall plug
efficiencies have improved over the last few years. Also, UVC LEDs can be tuned
to a desired wavelength, allowing them to provide maximum power at 265 nm—the
ideal wavelength for disinfection of most pathogens.

Given the potential advantages of UVC LEDs, it is not surprising that there is an
international development effort based on the AlN/GaN compound semiconductor
system, more commonly referred to as the III-nitride semiconductors. The majority
of this work has involved heteroepitaxial growth of alloys of these semiconductors
grown on sapphire substrates by either organometallic vapor phase epitaxy
(OMVPE) or molecular beam epitaxy (MBE). While sapphire substrates are capable
of meeting the temperature and chemical compatibility requirements for
heteroepitaxial growth of the III-nitride semiconductors (and is described elsewhere
in this book), the large lattice and thermal expansion mismatch results in a high
defect density, which lowers the performance of the resulting UVC LEDs. The
number of defects in the heteroepitaxial layers can be dramatically reduced through
special epitaxial growth techniques (also described elsewhere in this book).
However, higher quality layers of high aluminum content III-nitride semiconduc-
tors can be grown pseudomorphically on AlN substrates.

7.2 Fabrication of UVC LEDs on AlN Substrates

Pseudomorphic growth of AlGaN structures on AlN substrates has produced LEDs
with dislocation densities much lower than achievable with conventional
heteroepitaxy on sapphire or SiC [8]. In order to define a pseudomorphic limit,
various growths were carried out with different compositions and thicknesses [9].
This included n-type AlxGa1−xN with x from 0.45 up to 0.75 and thickness values

Fig. 7.2 UVC Radiation
disrupts DNA (from [7] by
David Herring, NASA, open
source)
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from 0.5 to 1.3 µm thick. In this range, layers found were nearly completely relaxed
to completely strained. A plot of the data is shown in Fig. 7.3. As it can be seen,
layers of *60 % Al can be grown fully pseudomorphic up to a thickness of 0.5 µm
while layers of *70 % Al can be grown nearly pseudomorphic up to a thickness of
1 µm. There is a considerable spread in the data, which could be due to the
properties of the AlN substrates, such as surface miscut.

The main advantage to the pseudomorphic growth is that, since no misfit dis-
locations are generated, no new threading dislocations will need to be generated.
Additionally, it is possible to grow thick layers with a threading dislocation density
(TDD) comparable to the starting substrate. X-ray rocking curves are shown in
Fig. 7.4a for a pseudomorphic layer and in Fig. 7.4b for a relaxed layer. These
rocking curves are normalized and plotted with the omega axis shifted to allow for
overlaying the AlxGa1−xN peak over the AlN peak. For the pseudomorphic sample,
the (0 0 0 2) rocking curve width increases from 64 s for the AlN to 81 s for the
AlxGa1−xN layer while the (10 �1 2) rocking curve width increases from 89 to 104 s.

This is in sharp contrast to the relaxed sample in which the (0 0 0 2) rocking
curve width increases from 49 s for the AlN to 239 s for the AlxGa1−xN layer while
for the (10 �1 2) rocking curve width increases from 30 to 302 s. From these scans, it
can be seen that by appropriately controlling the Al composition and thickness, very
few dislocations are generated during the heteroepitaxy. By keeping the Al com-
position fixed at 70 % and between 0.5 and 1.0 µm thick, layers can routinely be
grown with both symmetric and asymmetric rocking curves less than 100 arc sec. In
addition to the narrow rocking curves, it is also important for the n-type AlxGa1−xN

Fig. 7.3 Percent of maximum (pseudomorphic) strain versus Al composition for different
thickness layers. The lines are guides to the eye for each thickness (dashed line is 0.5 µm and solid
line is 1.0 µm) [8]
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Fig. 7.4 X-ray rocking curves of the AlN substrates and AlxGa1−xN epitaxial layers for
a pseudomorphic layer and b relaxed layer. The data is normalized and the X-axis is plotted in
relative degrees to allow for the overlaying of the symmetric and asymmetric peaks for AlN and
AlxGa1−xN [8]
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to have smooth surfaces in order to provide sharp interfaces in the p–n junction and
thin active region. It was found that layers begin relaxing by a surface roughening
mechanism. Initially, the surface appears to buckle to reduce the compressive strain
in the layers. Upon continued growth, very rough surfaces were obtained for the
AlxGa1−xN layers with 60 % Al at 0.5 µm thick. This is similar to what was seen
previously in the growth of lower composition AlxGa1−xN on low dislocation
density bulk AlN substrates in which plateaus develop on the surface [10].
However, the AlxGa1−xN layers with 70 % Al can be grown with very smooth
surfaces as seen in Fig. 7.5.

This step flow growth pattern with atomically smooth surfaces is typical over
large areas with 20 × 20 µm2 scans showing similar Z-range and RMS values (not
shown). One challenge of incorporating this 70 % Al AlxGa1−xN layer into an LED
structure is the conductivity. As the Al concentration is increased, the conductivity
is typically decreased, due mainly to the reduced mobilities [11] and deeper level of
the donor in the conduction band [12]. Hall measurements were performed in the
Van der Pauw geometry and gave conductivity values suitable for an LED struc-
ture, a resistivity of 0.0437 Ω cm with a mobility of 62 cm2/V s at a carrier
concentration of 2.4E18 cm3. These values were obtained without any optimization
of the doping levels or growth conditions and it is expected that improved con-
ductivity can be obtained.

The next step in obtaining a full LED structure is the growth of the Multiple
QuantumWells (MQW) [13]. This was carried out on the smooth 70%Al AlxGa1−xN
layer. The step flow growth mode and atomically smooth surfaces continued during
growth of the MQW and the surface roughness was similar to that of the 70 % Al

Fig. 7.5 A 2 × 2 µm2 AFM
scan showing the step flow
growth of the pseudomorphic
n-type AlxGa1−xN layer with a
composition of 70 % Al.
The RMS roughness is 0.1 nm
and the Z-range is 1.7 nm (for
a 20 × 20 µm2 scan the RMS
roughness is 0.4 nm and the
Z-range is 2.1 nm) [8]
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AlxGa1−xN layer. XRD was carried out on this structure and is shown in Fig. 7.6. In
addition to the sharp peaks coming from the AlN substrate and the 70 % Al AlxGa1
−xN layer, interference fringes are observed from theMQWallowing measurement of
the compositions and thickness of the well and barrier layers which matched very
well to the desired structure. Finally, a full LED structure was grown consisting of a
high Al-content electron blocking layer, a p-type AlxGa1−xN hole injection layer and
a p-type GaN contact layer. The device structure was grown on c-plane AlN sub-
strates using conventional metal organic chemical vapor deposition. It consists of an
Al0.7Ga0.3N:Si layer, a five period multiple quantum well (MQW) layer consisting of
n-Al0.7Ga0.3N barriers and Al0.55Ga0.45N wells, an Al0.8Ga0.2N electron blocking
layer (EBL), and a p-GaN contact layer [14]. Again, step flow growth continued as
can be seen in Fig. 7.7. XRD (not shown) also showed narrow GaN peaks indicating
that the low defect density is carried throughout the entire structure. This improve-
ment in both defect density and surface roughness is expected to lead to dramatic
improvements in device structures fabricated into UVC LEDs.

While the epitaxial material quality is improved due to the low dislocation
density, one issue with the use of AlN substrates prepared from bulk crystals is
absorption of the UV light generated even though the crystal quality is very high.
While intrinsically transparent at these wavelengths, point defects in the bulk sub-
strates can result in absorption, many times resulting in opaque substrates. One
technique that has been used to achieve substrates with high transparency is HVPE
AlN growth on PVT grown AlN substrates. HVPE growth can achieve low impurity
incorporation and is able to closely replicate the underlying high quality substrate
with low dislocation density. This technique was demonstrated successfully with a

Fig. 7.6 Omega-2 theta scan of the MQW structure showing the sharp AlN and 70 % AlxGa1−xN
layer as well as the interference fringes from the MQW [8]
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28 mW measurement from a 268 nm LED [15] after removing the PVT substrate
with an applied current of 300 mA.

Recently, it has been demonstrated that pseudomorphic growth of UVC LEDs
gives improved reliability. The LED structures were grown by metal organic
chemical-vapor deposition (MOCVD) on free standing AlN substrates as described
above [16]. Devices were fabricated via standard lateral LED processing, with a
final die size of 820 µm by 820 µm. Interdigitated mesas were used to improve
current spreading, and the emitting area was approximately 0.37 µm2. Following
contact metallization, but prior to singulation, the substrate was thinned to 200 µm.
After flip-chip bonding, some LEDs were further thinned to approximately 20 µm.
One of two packaging options was used depending on the LEDs eventual use, either
a lead frame package for high-power measurements or a hermetically sealed TO-39
package with a ball lens to provide a nearly collimated beam for instrumentation
applications. Lead frame devices were encapsulated to improve extraction effi-
ciency [17]. All devices were mounted to heat sinks for optimal thermal dissipation.

Figure 7.8 shows recent L-I results for two LEDs with peak wavelengths of 266
and 278 nm, as independently measured by the US Army Research Laboratory
(ARL) [18]. The LEDs were driven in both continuous wave and pulsed modes.
The two current input methods diverge only slightly beginning above 150 mA as
device self-heating begins to limit the output power of the continuously driven
LED. In pulsed operation, there is a minimal drop in external quantum efficiency up
to current densities of 120 A/cm2.

Fig. 7.7 A 2 × 2 µm2 AFM
scan showing the step flow
growth of the full LED
structure (p-type GaN contact
layer). The RMS roughness is
0.2 nm and the Z-range is
1.6 nm (for a 20 × 20 µm2

scan the RMS roughness is
0.2 nm and the Z-range is
2.0 nm) [8]
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Absorption of ultraviolet light in the substrate remains a source of concern.
Though the larger band gap of AlN should allow for transmission of UV down to
205 nm, defects and impurities introduced in the bulk crystal growth process can
produce significant substrate absorption. We observe an absorption peak centered
around 265 nm, with a peak value ranging from 20 to 85 cm−1 for the substrates

Fig. 7.8 L-I curves for 266 a and 278 nm; b LEDs under CW and pulsed conditions as measured
by the U.S. Army Research Laboratory [18]
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used in this work. Thinning of the substrate to 200 µm increases the measured
output power by roughly 2×, while further thinning to 20 µm increases light
extraction by another 2×.

In spectroscopic applications, the ratio of peak wavelength emission to light at
longer wavelengths impacts measurement quality. Many biological compounds
measured in these applications are excited by UVC wavelengths and produce light
in the longer wavelengths. Autofluorescence describes the phenomena of light
absorption and reemission by the LED substrate. Stray peaks emitted by the LED at
these longer wavelengths can diminish accuracy in absorption and fluorescence
spectroscopy. High quality UVC LEDs with a lower absorbing substrate will reduce
the magnitude of this auto fluorescence.

The autofluorescence ratio was measured on a sample of UVC LEDs where the
substrate had been thinned to 20 µm. For the devices displayed in Fig. 7.8 measured
at ARL, the peak-to-325 nm emission ratio was 1,000, and the peak-to-400 nm
emission was 2,000 at 10 mA drive current. When measured at Crystal IS, the same
devices showed ratios of 3,000 at 100 mA (a difference seen due to signal-to-noise
ratios). A sample of 721 diodes with thicker substrates, where the chance of
re-emission is increased, showed peak-to-visible emission ratios greater than 100.

Pseudomorphic growth results in improvements to reliability. Figure 7.9 shows a
histogram of the relative output power of 170 lead frame packaged LEDs after
1,000 h of CW operation at 100 mA. The median LED emits 97.2 % of its initial
output power. Twenty-one devices (12.4 %) emit less than 40 % of their initial
output power. The latter devices are primarily clustered around 0, indicating
catastrophic failures due to a malfunction of the contact metallization or packaging.
Analysis of the failed devices showed corrosion and metal migration, often exac-
erbated by environmental conditions. A sample of 40 devices in a hermetically
sealed TO-39 package showed no failures of this nature.

In conclusion, improvements in device design have produced UVC diodes with
more consistent emitting wavelength, reliability, and emission peak fidelity without
sacrificing efficiency gains. AlN substrate absorption has a significant effect on

Fig. 7.9 Histogram of relative output power after 1,000 h operation at 100 mA for LEDs in an
SMD (left) and hermetically sealed TO-39 package (right)
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on-wafer results, but can be mitigated in the final device with advanced manu-
facturing techniques. Packaging improvements can also eliminate catastrophic
failures in devices and allow for consistent device lifetimes with L50 values in
excess of 1,000 h.

7.3 Leveraging Performance Gains in UVC LEDs
for POU Water Disinfection

The performance gains in recent UVC LEDs have increased the interest in using
these light sources for point-of-use (POU) water disinfection systems. In designing
these systems, consider the following factors:

(a) Water Quality
(b) Flow cell dimension
(c) Dosage
(d) Material of construction
(e) Pathogen(s) to be inactivated
(f) Thermal management

What follows is a discussion on guiding principles for each of these factors.

(a) Water Quality

Water quality is critical in determining the amount of UVC light needed for
disinfection. Of all water quality parameters, ultraviolet transmissivity (UVT) is the
most important. The UVT of the water determines how well the UVC light will
penetrate into the water, ensuring pathogens in the water are exposed to sufficient
UVC light to be inactivated. Particles can reduce UVC disinfection capability by
shielding microbes and absorbing UVC light. The use of filters will remove these
suspended particles prior to UVC treatment.

As a general rule, a UVC unit would be installed in series following a filtration
unit. If the reverse were implemented—that is, UVC unit then filter—higher UVC
doses would be required to achieve the same level of inactivation, due to higher
levels of Natural Organic Matter (NOM) turbidity and particulate matter.

7.3.1 Effect of UVT

UVT describes the amount of UV light passing through water according to the
following:

%UVT ¼ 100� 10ð�A254� dÞ
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where:
UVT UV transmittance at a 254 nm and a 1 cm path length
A254 UV absorbance at 254 nm based on a 1 cm path length
d distance from UV lamp (cm)

Turbidity, particulate matters, and organic matter in the water affect the UVT. As
the turbidity increases, UVT decreases and as UVT decreases, UV intensity
delivered to the microorganism decreases [19].

(b) Flow Cell Dimension

The efficiency of a UVC disinfection system depends on the size of the flow cell.
The size is often dictated by the space available in a particular design and the
amount of water requiring disinfection. These dimensions determine the amount of
optical power required for disinfection.

The tube dimension and flow rate are used to calculate the residence time of the
microbe(s) in the flow cell. Typical flow rates for point-of-use application are about
1 gallon per minute and point-of-entry systems can have flow rates between 1 and 8
gallons per minute.

(c) Dosage

A key factor in determining how effective UVC light will be in deactivating a
given pathogen is the dosage that the pathogen in the water receives. The dosage is
defined as the intensity of the UV light times the residence time:

UV Dose = Intensity (I) × Residence time (t)
where Intensity (I) is measured in milliwatts per cm2 (mW/cm2) and Exposure

time (t) is measured in seconds (s).
The longer the residence or exposure time, the more UVC radiation will pene-

trate the pathogen’s cells, and therefore, the more effective the inactivation process
will be. The slower the flow rate of the water through the UVC system, the longer
the UVC exposure time, and vice versa. Therefore, considering the maximum
necessary and minimum allowable flow rate of the water in a particular system is a
determining factor for setting the power requirement for the application.

(d) Material of Construction

The material used for the flow cell will impact the system efficacy. For example,
materials with highly reflective properties for the UVC light will enhance its
effectiveness. A list of materials with varying reflectance of UVC light, specifically
around 250 nm, is available from the International Ultraviolet Association (IUVA)
[20].

The most common material currently used in mercury lamp-based systems is
stainless steel, although it only has 28–33 % reflectance [20]. Considering materials
containing e-Polytetraflouroethylene [20], which has over 90 % reflectance in the
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UVC range, may create a much more effective system. Polished aluminum also has
high UVC reflectance. It is, however, sometimes unacceptable for reactor designs
due to leaching of Al ions.

(e) Pathogen(s) to be inactivated

Another factor to consider is the type of microorganism that needs to be inac-
tivated. Different pathogens have differing resistance to UV; some are more sus-
ceptible than others and so require different amounts of exposure to inactivate them.
In order to correctly size and select a UV system, it is generally recommended to
establish which pathogen(s) are to be targeted.

It is common for microbe inactivation to be measure on a logarithmic scale.
Thus, a “one log,” or 1 log, reduction describes pathogen reduction of 90 % from
the influent level. A 2 log reduction describes a 99 % reduction, 3 log by 99.9 %,
and so on. The dosage required for the inactivation has historically been measured
only for low or medium pressure mercury lamps. Achieving the same log reduction
using UVC LEDs requires proper testing.

Scientists have calculated the amount of UV exposure required to inactivate a
whole range of different pathogens by various log reductions. NSF 55 standard
describes requirements for meeting point-of-use and/or point-of-entry water disin-
fection specifications [21]. Class A requirements, which corresponds to 6 log
reduction of bacteria, 4 log for virus and 3 log for Giardia, specifies a dosage of
40 mJ/cm2 based on the spectrum of the standard mercury lamp. Class B, which
corresponds to reduction of most all nuisance microbes, specifies a 16 mJ/cm2.

(f) Thermal Management

When voltage or current is applied across the junction of an LED, the input
electrical energy is converted into light and the rest into heat. The cooler the LED is
kept, the better the performance—as seen in Fig. 7.10 for light output versus
temperature. Managing the heat conduction path from the backside of an LED will
promote optimal performance in LED-based applications.

Fig. 7.10 Effect of light output as a function of junction temperature
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The amount of electrical energy that is converted to heat (PD) can be estimated
by using the parameters, forward voltage (Vf), applied current (If), and the LED wall
plug efficiency (WPE), and it is represented in the equation below.

PD ¼ Vf � If � 1�WPEð Þ

This means that if the Wall Plug Efficiency is 1 % for UVC LEDs, then 99 % of
the input electrical power needs to be removed as heat.

Figure 7.10 shows the impact on optical power output if the junction temperature
of the LED is allowed to increase due to heat that is generated from the operation of
the LED. The junction temperature can be maintained by having an appropriate heat
sink. If operating conditions call for further improvement of the thermal transfer
beyond this simple passive heat sink-to-air interface, then fans may be added to the
system to force convection and move cooler air between the fins. Other such active
cooling techniques include the treated water from the flow cell and heat pipes to
enhance thermal transfer [22].

7.3.2 Design Flexibility

Once the key application requirements are known, a system can be considered to
achieve a targeted level of UVC disinfection. As extremely compact light sources, a
major advantage of LEDs is that they can be incorporated into almost any design,
theme, or object. Unlike traditional UVC sources, such as mercury lamps that only
offer a single tube format, LEDs are a point source and can be used in applications
in a variety of ways. The small size, scalability of arrays, and directional light
emission of LEDs can be easily and ideally suited for use in linear, flat, or round
area applications. For example, a traditional flow cell system for water disinfection
places a mercury lamp in the center of a stainless steel tube with a quartz tube
around the bulb as shown in the Fig. 7.11a. In the case of LEDs, there are number
of different possibilities for mounting depending on the flow rate. Figure 7.11b–d
illustrates varied placements for LEDs in end caps of the tube, on the outside of the
flow cell, or as vertical arrays on the inside of the tube.

7.3.3 Modeling Flow Cells

It is generally desirable to maximize the water residence time in a flow cell.
Computational fluid dynamics (CFD) is a useful tool to understand the flow con-
straints of a particular design. Optical modeling may also be used to examine
various arrangement and location possibilities for LEDs in a given system. An
optical model can be a guide for proper arrangement of diodes to have the flow cell
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completely illuminated with maximum uniformity and determine the minimum and
maximum irradiance values experienced.

7.3.4 Example Flow Analysis

The following example outlines a process for developing a flow cell for UVC
disinfection using UVC LEDs. The process starts with a flow analysis for the given
application.

The calculations for the flow pattern were carried out using open CFD software
called OpenFOAM [23]. The flow pattern will help determine the shortest and the
mean time it takes for a microbe to pass through the flow cell. This provides the
amount of irradiance needed to meet the NSF 55 requirement of 6 log reduction for
bacteria, 4 log for Virus, and 3 log for protozoa.

This example evaluates three different flow cells (Fig. 7.12) with the same
dimensions, but different internal designs to increase the residence time of the
microbe in the flow cell.

These flow cell designs were modeled to determine the shortest and mean flow
once the water entered into flow cell to its exit point. This provides the time the
typical microbe stays in the flow cell and determines the appropriate amount of
UVC light required to inactivate the microbe. The streamlines for possible flow
paths can be modeled for each flow cell. The total residence time is calculated based
on these streamlines. Figure 7.13a-1, b-1, c-1 show the streamlines for of the three
different flow cells from Fig. 7.12. The single streamline shown in Fig. 7.13a-2, b-2,
c-2 illustrate the direct path for water to flow from inlet to outlet.

Fig. 7.11 a Flow Cell with center-mounted mercury lamp; b flow cell with LEDs mounted in end
caps; c flow cell with LEDs positioned outside UV transparent tube; d flow cell with LEDs array
mounted inside
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The modeling suggests a mean path of a target microbe in different flow cell
designs. The table below shows calculations for the minimum and mean hold up
times compared to the ideal flow time for the three concepts (Table 7.2).

The minimum hold up time is similar across all three flow cell concept designs.
However there is variation in the mean hold up time. In this example, concepts B and
C appear more desirable as they maximize the residence time of water in the flow cell.

Further analysis through Zemax® optical modeling helps to predict the pattern of
light emission in the flow cell. Figure 7.14 shows the optical model for Fig. 7.11b
with the lowest mean holdup time. Using the arrangement of LEDs placed in end
caps on the flow cell, the model was used to predict the irradiation pattern on the

Fig. 7.12 Different flow cell conceptual designs with same volume

Fig. 7.13 The models show the streamline for water flow using OpenFOAM software for the
three different flow cells
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flow cell. Figure 7.15a, b shows the slice view of the optical model—both near the
end cap and in the center of the flow cell.

Once the optical modeling was complete, the flow cell and circuitry was man-
ufactured. The circuit boards were mounted to the proper heat sink to maintain the
thermal management of the system. Once completely assembled, biological testing
was performed based on EPA (Environmental Protection Agency) protocol [24].

Based on the CFD modeling for the water flow pattern and the optical modeling
it was decided to manufacture two flow cells, the best case and worst case—
Concept A and Concept C. Comparing these extremes shows the importance of
residence time. Tests were performed at three flow rates with a UVT of 90 % and a
single power input (100 %). Each test used samples taken of the influent and
effluent. The influent was seeded with T1 and MS2 coliphage, and the bench test
influent and effluent samples were analyzed for each phage surrogate.

The resulting data is represented in Fig. 7.16 for MS2 and T1 bacteriophage.
The data shows that Concept C has higher log reduction for both MS2 and T1.

Based on the CFD modeling, it was predicted that Concept C would have a higher
mean hold up time compared to Concept A. The optical model showed the amount
of light in the flow cell and the optical power was consistent for both flow cells.
Thus, the data reveals that the main parameter for increased log reduction was the
holdup time—or rather the residence time. If the flow cell with a longer residence
time is designed, the disinfection of the water is maximized.

7.3.5 Working with UVC Light

This chapter has discussed some of the design principles to take into account while
designing a flow cell for POU water disinfection using LEDs, as well as illustrating

Table 7.2 Calculations for the minimum and mean hold up times compared to the ideal flow time
for the three flow cell concepts

Model Minimum holdup (s) Ratio (to ideala flow) Mean holdup (s) Ratio (to ideala flow)

Concept A 1.16 0.39 3.09 1.03
Concept B 1.19 0.40 3.84 1.27
Concept C 1.12 0.37 3.76 1.25
aWater flow time in flow cell based on theoretical calculations of 3 s

Fig. 7.14 Location of diodes mounted in the end cap and the optical model for light in the flow
cell with the lowest mean hold up time
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how modeling and testing can be performed to validate these principles.
Additionally, there are precautions that need to be taken with an operational unit.

(a) Fouling of quartz window in front of UVC source

A quartz window allows the UVC light to reach the water while protecting the
LEDs and circuitry from water damage. Fouling of this quartz window, also known

Fig. 7.15 Shows the slice view of the optical model. a Near the end cap and b in center of the
flow cell

Fig. 7.16 Comparison for concept A and concept C for flow cell for MS2 and T1 reductions
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as lamp jacket fouling, could occur due to the hardness of the water and/or presence
of iron in the water. If this occurs, the amount of UVC light getting into the system
is reduced and would potentially reduce disinfection.

Surface fouling is problematic because it absorbs UVC irradiation, reducing the
dose applied to the water treated, and is most significant in waters with high
concentrations of dissolved metals. One suspected precursor to lamp jacket fouling
is aqueous phosphate [25]. Phosphates are often added to drinking water to aid in
sequestering dissolved metals and prevent distribution network corrosion.
However, orthophosphate and condensed phosphates have the potential to speed
lamp jacket fouling by combining with dissolved metals and precipitating onto
lamp jacket surfaces.

(b) Monitoring UVC light output

Monitoring UV light ensures that the right dosage for meeting desired disin-
fection requirements is occurring. A UVC monitor will detect the levels of light
output in the system and let the end user know the unit is operating efficiently. The
design can incorporate some existing optometer that measures in the UVC range, or
create an additional circuit using a silicon-based pin diode.

(c) Safety

Depending on the length of exposure, UVC light can have adverse effects on
human skin and eyes. UVC light exposure can be easily prevented during devel-
opment, testing, and operation if proper precautions are put in place. The American
Conference of Governmental Industrial Hygienist (ACGIH) [26] provides guide-
lines on use of proper PPE and permissible limits for exposure for individuals.

Including safety design controls for the equipment in-use is almost always a key
aspect of design. Likewise, performing routine maintenance of the equipment and
providing the proper training when working with UVC light is advisable.
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Chapter 8
AlGaN-Based Ultraviolet Laser Diodes

Thomas Wunderer, John E. Northrup and Noble M. Johnson

Abstract The current status of UV lasers and laser diodes (LDs) based on group
III-nitrides is reviewed. The focus is on the design, fabrication, and performance of
AlGa(In)N laser heterostructures grown by metal–organic vapor phase epitaxy
(MOVPE) on high-quality bulk AlN substrates. The review begins with the fun-
damentals of laser diode operation and identifies the challenges to realize
short-wavelength devices with wide band gap materials. In particular, simultane-
ously achieving high material quality and good p-type conductivity becomes
increasingly challenging with higher aluminum concentrations in the epitaxial
films. Using low defect density bulk AlN substrates is a good strategy to realize
high internal quantum efficiencies and, ultimately, high gain within the active zone.
Polarization-assisted hole generation with a short-period superlattice for the clad-
ding layer is a viable approach to overcome the limitations of thermally activated
p-type doping. Topics include LD processing considerations that are relevant for the
high band gap materials, issues related to efficient carrier injection at the high
current densities required for LD operation, and specific approaches to improve the
functionality of the electron blocking layer. Next, results are presented for optically
pumped UV lasers, with wavelengths down to λ = 237 nm and low lasing
thresholds, and design options are described to manipulate the polarization of the
emitted laser light. The review concludes with a discussion of alternative laser
designs to realize deep-UV laser emission with nitride semiconductors.

T. Wunderer (&) � J.E. Northrup � N.M. Johnson
PARC Palo Alto Research Center, Inc., 3333 Coyote Hill Road,
Palo Alto, CA 94304, USA
e-mail: Thomas.Wunderer@parc.com

N.M. Johnson
e-mail: noble.johnson@parc.com

© Springer International Publishing Switzerland 2016
M. Kneissl and J. Rass (eds.), III-Nitride Ultraviolet Emitters,
Springer Series in Materials Science 227, DOI 10.1007/978-3-319-24100-5_8

193



8.1 Introduction

Since the invention of the laser by A.L. Schawlow and C.H. Townes in 1958 [1],
the sophisticated devices have continued to revolutionize our lives. They have
generated an enormous list of new applications in the fields of telecommunication,
data storage, consumer electronics, spectroscopy, materials processing, biopho-
tonics, and life sciences. The unique properties of laser light with its high spatial
and temporal coherence are particularly enabling in areas where light has to be
focused to tiny spots allowing extremely high power densities or where the spectral
quality and/or modulation speed of the emission is important.

Semiconductor lasers are often realized as edge-type emitting laser diodes
(Fig. 8.1). The heterostructure is epitaxially grown by using either metal-organic
vapor phase epitaxy (MOVPE) or molecular beam epitaxy (MBE). The active zone
typically consists of several quantum wells (QWs) and is embedded in waveguide
layers that are surrounded by p- and n-type cladding layers that confine the optical
mode in transversal direction. For the electrically driven devices, electrons and
holes are injected from opposite sides into the active region where they recombine
to generate the desired photons. To achieve current densities of several kA/cm2 and
to confine the optical mode in lateral direction, the current is typically imposed
through a narrow ridge that is only several microns wide and etched into the
semiconductor material. A Fabry–Perot resonator with a typical length of 400 µm to
about 2000 µm is formed by cleaved or etched mirror facets and provides feedback
of photons through reflections at the semiconductor/air interfaces. Additionally,
mirror coatings can be deposited to change the reflectivity properties for high-power
or low-threshold devices.

Laser diodes in the group III-nitride material system were first realized by
Nakamura and coworkers in 1996 [2] and have since then been commercialized
with up to several Watts of output power in the wavelength regime between about
400 and 500 nm [3, 4]. For longer wavelength emitters the laser performance
typically degrades significantly, which is commonly referred to as the “green gap”

Fig. 8.1 Schematic of a laser diode device layout with lateral current injection
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and arises due to difficulties in growing high-quality InGaN layers with high
in-concentrations and strong built-in electrical fields within the QWs that lower the
radiative recombination probability. With availability of low defect density GaN
substrates, low threshold, continuous-wave (cw) laser diodes with lifetimes of
several thousand hours have been demonstrated [5].

Whereas GaN substrates are a good choice for lasers emitting at wavelengths
longer than about 370 nm, the lattice mismatch between the epitaxial layers and the
substrate becomes increasingly large for devices emitting at shorter wavelength.
The higher aluminum compositions that are needed for the shorter emission
wavelengths induce a significant amount of stress into the crystal. If the critical
thickness is exceeded [6], crystal defects in the form of threading dislocations are
created. Even worse, AlGaN layers on a GaN substrates are under tensile stress and
can be rendered useless by forming extended cracks within the heterostructure. No
functional laser device can be fabricated with such material. In addition to the lack
of a suitable substrate, the growth of high aluminum-containing layers becomes
increasingly difficult due to the low mobility of the Al-species. A more serious
issue, however, arises from the fact that as the band gap increases the thermally
activated carrier concentration significantly drops [7]. This is particularly chal-
lenging for p-type AlGaInN where Mg is used as p-type dopant. High doping
concentrations are needed to compensate for the inefficient holes activation process.
This typically degrades the material quality, increases the absorption losses, and
increases lasing threshold properties. Difficulties in p-type doping are also prob-
lematic for efficient injection of carriers into the active zone. A p-doped electron
blocking layer (EBL) is typically inserted between the multiple quantum wells
(MQWs) and the p-waveguide or p-cladding layer. The EBL is designed to hinder
electrons from overshooting into the p-region where they recombine nonradiatively.
However, it is not trivial to realize an EBL that simultaneously provides both good
hole injection and electron blocking capability for high drive currents in the high
band gap materials. Unlike the case for UV-LEDs, where satisfactory performance
can be realized with the p-side fully or partly absorptive for the emission wave-
length, the p-side of a laser diode must be highly transparent. Waveguiding of the
laser mode can only be achieved with the cladding layers having a lower refractive
index than the active zone and its surrounding waveguide layers. I.e., high band gap
materials are mandatory for the p-side waveguide and cladding layers. Absorption
levels of below about 100 cm−1 in the p-layers are typically acceptable.

Figure 8.2 shows a collection of measured current-injected laser diode perfor-
mance metrics [8]. To date, the laser diode with the shortest emission wavelength
was demonstrated by Hamamatsu in 2008 [9]. The group used a specifically pre-
pared thick Al0.3Ga0.7N template based on selective area epitaxy to improve the
threading dislocation density and the strain situation within the heterostructure.
Lasing was achieved at a wavelength of λ = 336 nm and a threshold current density
of 17.6 kA/cm2 under pulsed current injection (10 ns, 5 kHz). The output power
level reached about 3 mW per facet [9].

8 AlGaN-Based Ultraviolet Laser Diodes 195



8.2 Growth on Bulk AlN for Highest Material Quality

Due to the above described difficulties of using GaN as the base layer for UV lasers
at short emission wavelengths, bulk AlN has been considered as an alternative
substrate source. The AlGa(In)N-based epitaxial heterostructures can be grown
compressively strained on AlN. But even if the critical thickness is exceeded and
the layers start to (partly) relax, with formation of new threading dislocations,
functional devices can still be realized because the layers do not necessarily crack,
as opposed to the case for relaxed AlGaN films on GaN substrate. The first elec-
trically driven laser diode on a bulk AlN substrate was demonstrated at PARC in
2007 [10]. Although the AlGaN layers were fully relaxed, threshold current den-
sities of 13 kA/cm2 were achieved for laser emission wavelengths as short as
368 nm. The maximum light output power under pulsed conditions was near
300 mW with a differential quantum efficiency of gd ¼ 6:7% . In the intervening
years significant progress has been made in AlN boule growth and fabricating
high-quality AlN substrates [11–13]. Here, we will discuss the use of AlN sub-
strates for realizing AlGaN laser diode heterostructures for target emission wave-
lengths shorter than 300 nm.

8.2.1 Bulk AlN Substrate

The single-crystal AlN substrates for this work were fabricated by HexaTech, Inc.
The AlN boules were grown by physical vapor transport (PVT). Typical growth
conditions include high growth temperatures of T = 2200–2300 °C and N2 pres-
sures of 600–800 Torr. Further details on the substrate fabrication procedure can be

Fig. 8.2 Collection of
measured current-injected UV
laser diode performance
metrics. Reproduced with
permission from [8].
Copyright 2011 Optical
Society of America
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found elsewhere [14]. Figure 8.3 shows a picture of one of HexaTech’s
single-crystal AlN boules. After slicing, the substrates were chemomechanically
polished (CMP) and feature a typical root mean square (rms) surface roughness of
about 0.1 nm measured by atomic force microscopy (AFM) [15]. The dislocation
density is typically <105 cm2 [14]. Prior to the growth of the laser structure, the
substrates were chemically cleaned in an etching solution of H3PO4 : H2SO4 : H2O
(1 : 1 : 1) [15].

8.2.2 Homoepitaxial AlN

The epitaxial growth of PARC’s laser heterostructures was conducted in
metal-organic vapor phase reactors with conventional precursors for group
III-nitride growth. These included trimethyl-aluminum (TMA), trimethyl-gallium
(TMG), and trimethyl-indium (TMI) as the group III sources, and NH3 as the group
V source. The growth of a laser diode heterostructures typically starts with an AlN
homoepitaxial layer before the transition to the AlGa(In)N layers is initiated.

Figure 8.4 shows an AFM image of a homoepitaxially grown AlN film with a
thickness of about 500 nm on bulk AlN substrate. The layer is atomically smooth
with an rms roughness <0.15 nm. The excellent material quality was also confirmed
with X-ray diffraction and low temperature photoluminescence (PL) measurements,
respectively. Figure 8.5 shows the PL near-band edge emission recorded at
T = 10 K when excited by an ArF (193 nm) excimer laser. The measurements were
conducted by B. Neuschl et al. at the Institute of Quantum Matter/Semiconductor
Physics Group at the University of Ulm, Germany [17]. The exceptionally narrow
linewidth of the Si0X transition of only 500 µeV is a clear indication of the very
high material quality of the layer.

Fig. 8.3 Single crystal AlN boule grown by HexaTech, Inc. using physical vapor transport
(PVT) growth technique. Reproduced with permission from [16]. Copyright 2012 Wiley-VCH
Verlag GmbH & Co. KGaA
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8.2.3 AlGaN Laser Heterostructure

After growth of the AlN base layer, the heterostructure is continued with the
transition to AlxGa1−xN. The laser heterostructure typically consists of n- and p-type
AlGaN cladding layers, n- and p-type waveguide layers, and a MQW active zone
that is embedded therein. Ideally, to maintain the low defect density material of the
initial high-quality substrate the Al-composition should not be too low and the
layers not too thick to avoid formation of extended defects in the form of threading
dislocations. On the other hand, all the layers fulfill a specific function that

Fig. 8.4 AFM image of homoepitaxially grown AlN film on bulk AlN substrate. The rms surface
roughness of a 5 µm × 5 µm scan is <0.15 nm

Fig. 8.5 Low-T PL measurement of homoepitaxially grown AlN on bulk AlN substrate. The very
narrow linewidth of the Si0X transition of only 500 µeV is a clear indication of the high material
quality of the film. The measurements were performed by B. Neuschl from the University of Ulm,
Germany [17]
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determines specific boundary conditions. For example, both the n- and p-type
cladding layers must provide a certain thickness to effectively suppress the electric
field extension and allow for proper wave guiding of the lasing mode featuring a
good confinement factor. At the same time, the conductivity of the layers has to be
sufficiently high to sustain current densities of several tens of kA/cm2, which
typically requires lower Al-compositions. The proper design of the heterostructure
is essential to achieve high-performance devices.

Fully strained n-type AlxGa1−xN (x = 74 %) films with a thickness of 1 µm can
be grown on bulk AlN substrate as shown in Fig. 8.6 with the X-ray reciprocal
space map. In addition, the layer is highly transparent for wavelengths longer than
about λ = 250 nm (transmission curve not shown), and Hall effect measurements of
the sample reveal good electrical performance with an n-type carrier concentration
of n = 4 × 1018 cm−3 and a carrier mobility of µ = 32 cm2/Vs [18]. These are
satisfactory properties for an n-type cladding layer for UV lasers.

8.2.4 Multiple Quantum Well Active Zone

The next layer in the laser heterostructure is the multi-quantum wells active zone
that is embedded in the waveguide layers. This is shown in Fig. 8.7 with a scanning
transmission electron microscopy (STEM) image. Very sharp and abrupt interfaces
can be achieved within the active layer, which reflects the high structural material
quality of the heterostructure.

The optical properties of the laser heterostructures were evaluated with excita-
tion power variable, time-resolved photoluminescence measurements. The inves-
tigations were performed by G. Garrett at the Army Research Laboratory, Adelphi,
MD, USA [19]. Figure 8.8 shows the initial effective PL lifetimes as a function of
pump fluence at 14 and 295 K. At low temperature, the PL transient exhibits a

Fig. 8.6 X-ray reciprocal
space map of 1 µm thick n-
AlxGa1−xN (x = 74 %) on AlN
substrate with AlGaN
transition layers. The layers
are fully strained with respect
to the substrate
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stretched behavior with an initial effective decay time that becomes progressively
shorter with increasing pump fluence, reaching 528 ps at the highest fluence of
525 µJ/cm2. This is to be expected from QWs within the nitride material system
where the band structure is strongly tilted due to high internal electrical fields [20].
Values of the internal field in an AlGaN quantum well depend on the material
compositions of the well and surrounding barriers. Typical values of the average
field vary from about 0.1 to 0.05 eV/nm depending on the carrier concentration in
the well. With nonradiative recombination largely frozen out at the low tempera-
ture, the decrease in lifetime with increasing pump fluence can be associated with
the modification of the wave function overlap by carrier-density-dependent partial
screening of the polarization field in the QWs. At room temperature, we observed

Fig. 8.7 STEM image of the
active zone of an
AlGaN-based laser
heterostructure with emission
wavelength at λ = 267 nm

Fig. 8.8 Initial effective PL
lifetime as a function of pump
fluence at 14 and 295 K along
with recorded time-resolved
PL traces. Reproduced with
permission from [19].
Copyright 2011 The Japan
Society of Applied Physics
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longer lifetimes with increasing fluence, reaching a peak of about 900 ps at
10 µJ/cm2, before decreasing when the fluence is raised by another order of
magnitude. The initial increase in PL lifetime is consistent with saturation of
non-radiative centers at higher pump fluence. The subsequent drop in the PL life-
time at the highest fluence may be related to the onset of nonlinear radiative
recombination approaching stimulated emission. Later, it will be shown that similar
samples display very low lasing threshold power densities when operated as laser
devices, which is consistent with the observations from the TR-PL investigation.

8.3 High Current Capability in High Band Gap AlGaN
Materials

One of the biggest challenges in realizing UV laser diodes is the fact that the doping
efficiency significantly drops with increasing the band gap of the semiconductor.
This is especially relevant for p-type III-N materials. Unlike in UV LEDs, it is
essential that the p-side layers of the laser diode heterostructure possess low
absorption and provide efficient modal confinement at the wavelength of interest.
This means that for a conventional LD design, the p-cladding layer should have an
Al-composition similar to that of the n-side cladding and a higher composition than
used for the waveguide layers. Dependent on the specific wavelength of interest,
achieving the desired electrical performance and providing low absorption can be
quite challenging. This is in particular true for lasers designed for wavelengths
shorter than about 300 nm.

The issue is well illustrated by the work of Nakarmi et al. [21]. They deposited
p-type AlxGa1−xN:Mg on an AlN/sapphire template with an Al-composition of
x = 70 % and measured the electrical properties. They determined a thermal acti-
vation energy for holes of about 400 meV and measured a layer resistivity as high
as 105 Ω cm [21]. This is five orders of magnitude above what is achievable with
p-type GaN:Mg. Such a layer is inadequate as a p-cladding layer in a UV laser
diode.

Needed is an AlGaN-based p-type heterostructure that does not rely (only) on
thermally activated hole generation. Detailed first principles calculations suggested
that a short-period AlxGa1−xN/AlyGa1−yN superlattice (SPSL) heterostructure with
extremely thin layer pairs could be an alternative for overcoming the limitations of
thermally activated hole generation [22]. The strong piezoelectric and spontaneous
polarization fields within the nitride materials system together with the band offset
at the alternating layer interfaces can be utilized to effectively ionize Mg dopant
atoms without additional thermal assistance. The design allows both high vertical
and lateral hole transport, provided the layers are sufficiently thin. We have fab-
ricated superlattices in which each AlGaN layer is in the order of 1 nm in thickness.
In calculations we have examined Al0.75Ga0.25N/Al0.5Ga0.5N superlattices of vari-
ous periods. The tunneling rate of holes in the vertical direction is expected to vary
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inversely with the effective mass along the c-axis. Our density functional calcula-
tions indicate that the effective mass, along the c-axis, of the topmost valence band
is reduced by a factor of about 5 in going from a 1 nm by 1 nm superlattice to a
0.75 nm by 0.75 nm superlattice. Figure 8.9 shows a STEM image of PARC’s
p-type AlGaN SPSL with an average Al-composition of about 60 % [22].

High-energy spectroscopic ellipsometry measurements were performed to
determine the optical properties of the p-type SPSL [23]. With a sophisticated
model, the collected ellipsometry data was analyzed to obtain accurate values for
the refractive index n and the extinction coefficient k, as shown in Fig. 8.10. The
values are particularly useful as input parameters for laser waveguide simulations.

To evaluate the electrical properties of the p-type SPSL, planar test devices were
used to measure the lateral conductivity and full LD test devices for vertical carrier
transport. Figure 8.11 shows the temperature-dependent resistivity of the p-type
SPSL with an average Al-composition of 60 %. For comparison the resistivity curves
of homogeneous GaN and Al0.7Ga0.3N are also shown [21, 24]. At room tempera-
ture, the resistivity of the SPSL is only 9.6 Ω cm, which is within about 10× of
reported values for p-type GaN and orders of magnitude better than for homogeneous
AlGaN with similar Al-composition. The results indicate that a substantial number of
holes are activated even at room temperature. The weak temperature dependence
provides further evidence for polarization-activated holes that are immune to carrier
freeze-out at 100 K. The effective activation energy EA can be extracted from the
measured curve by employing an Arrhenius equation with the approximation that the
mobility is comparatively weakly dependent on temperature. Our SPSL shows an
effective EA value of only 17 meV, much lower than the values of 146 and 323 meV
for homogeneous p-type GaN and Al0.7Ga0.3N, respectively [22].

Vertical carrier transport of the p-type SPSL was evaluated with full LD test
devices that were designed for emission at about λ = 295 nm and included the
MQW active zone and electron blocking layer (EBL). Figure 8.12 shows the IV
characteristic of a fully processed LD test device. Under DC conditions the device
sustained up to 11 kA/cm2, which was the limit of the power supply. Under pulsed

Fig. 8.9 STEM image of
p-type AlGaN-based SPSL
grown on bulk AlN substrate
with average Al-composition
of 60 %. Reproduced with
permission from [22].
Copyright 2013 AIP
Publishing LLC
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current injection current density levels as high as 21 kA/cm2 were achieved. The
voltage of the full LD was about 25 V at the highest current density of 21 kA/cm2.
As can be seen in Fig. 8.12, this is significantly better than the electrical perfor-
mance of the LD with the shortest emission wavelength to date from Hamamatsu, in
which the Al-composition of their n- and p-claddings was only 30 % [9]. The lower
limit of the vertical conductivity of the p-SPSL at high current density was esti-
mated under the approximation that the resistivity of the p-SPSL was the dominant

Fig. 8.10 Experimentally determined values for the refractive index and extinction coefficient of
p-type AlGaN-based SPSL. The measurements were performed by M. Feneberg and R. Goldhahn,
University of Magdeburg, Germany [23]

Fig. 8.11 Temperature-dependent resistivity values for p-type SPSL with average Al-composition
of about 60 % (open triangles). The solid squares correspond to a reported resistivity for
homogeneous p-type GaN [24]. The solid line corresponds to resistivity values reported for p-type
Al0.7Ga0.3N [21]
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component in the diode heterostructure. With this assumption, the differential
resistance of the IV curve above turn-on approximates the resistance from the
p-SPSL. The vertical conductivity was 7 × 10−5 S/cm for a current density of
20 A/cm2, increased to about 0.01 S/cm at a current density of 1 kA/cm2, and
reached 0.1 S/cm for the highest current density of 11 kA/cm2.

The magnitude of the vertical conductivity at high current densities approaches
that for the lateral conductivity determined with the Hall effect measurements
described above. Carrier transport in the vertical direction relies on tunneling
processes via the higher band gap layers in the SL and might vary with changes in
the applied voltage and temperature during operation. Monitoring the QW emission
wavelength for different currents indicated a temperature change within the device.
Specifically, we observed a blue shift of the QW emission for current densities up to
0.5 kA/cm2. For higher drive current densities, the emission shifted to longer
wavelengths. The shift to higher energies can be explained by a reduced influence
of the quantum confined Stark effect by screening the internal field with injected
carriers, whereas the shift to lower energies is related to an increase in temperature
within the active zone. This suggests that the strong increase in vertical conductivity
at low current levels might result from band bending effects, whereas, for current
densities greater than about 0.5 kA/cm2, heating might additionally contribute to the
increased vertical conductivity at high current levels. The actual vertical conduc-
tivity of the p-layer may be even higher than the estimated values because the
potential differences across the several contributing resistive components in series
were all attributed to only the p-layer for the estimation [22]. The p-type
AlGaN SPSL appears to be a viable candidate for p-type cladding layers in
UV LDs.

Fig. 8.12 IV characteristic of full LD test device with implemented thick p-type AlGaN SPSL
cladding layer (average Al-composition of 60 %). Current densities of 11 kA/cm2 under DC
conditions (power supply limit) and up to 21 kA/cm2 under pulsed conditions could be achieved.
Inset Electroluminescence emission spectra of LD test device
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8.4 High Injection Efficiency at High Current Levels

The difficulties in achieving high electrical (p-type) conductivity in high band gap
materials have consequences not only for the maximal current levels that can be
reached and its contribution to the series resistance of the device. It also strongly
influences how efficiently carriers can be injected into the active zone to produce
the desired photons. It is well known that within the nitride material system strong
internal spontaneous and piezoelectric polarization fields alter the band structure of
the laser heterostructure [20]. For example, the strong internal fields tilt the con-
duction and valence bands of the active zone so that electrons and holes accumulate
at opposite regions within the QWs. This significantly reduces the radiative
recombination probability and, as a consequence, the internal quantum efficiency.
The internal fields in combination with the strong asymmetry between electron and
hole mobility and effective carrier concentration lead to a situation where electrons
from the n-side can easily reach the p-side of the diode without recombining
radiatively within the active zone [25]. This is why a so-called electron blocking
layer (EBL) is typically inserted between the active zone and the p-side layers.
A conventional EBL is about 10–30 nm thick with a band gap that is noticeable
higher than the MQW barrier composition and typically also significantly higher
than the p-cladding layer. This reduces the probability that electrons will overshoot
into the p-region of the device. However, the higher band gap material of the EBL
also hinders holes from the p-side to easily enter the active zone. This is why it is
meaningful to p-type dope the EBL. This will reduce the barrier height for holes in
the valence band. However, as we have seen above, realizing effective p-type
doping in AlGaN with high Al-compositions is quite challenging. As a conse-
quence, we have to deal with an asymmetry of the pn junction, specifically, the
disparity between electron and hole concentrations and mobilities. This can lead to
carrier leakage out of the active zone despite the use of an EBL [25].

Figure 8.13 shows the LI (left) and the efficiency (normalized external quantum
efficiency, right) characteristic of a test device with conventional EBL emitting at
λ = 295 nm. Often the so-called ABC model is used to describe the recombination
process R = An + Bn2 + Cn3 + f(n) in optical emitters, where n, A, B, and
C represent carrier concentration, Shockley–Read–Hall (SRH) recombination,
radiative recombination, and Auger recombination coefficient, respectively and f
(n) represents carrier leakage out of the active region [25]. As can be seen in
Fig. 8.13, even at low injection levels of only a few hundred µA the emission
output rises with a slope of 1 in the double-logarithmic plot. This means that
radiative recombination is the dominating contribution even at very low injection
levels. This is a direct confirmation of the very high material quality of the devices
when grown on high-quality bulk AlN substrate. However, the emission output
drops from the linear increase at around 1 mA and continues with a slope of 2/3
before thermal effects further reduce the output power. Although there is ongoing
discussion about the origin of the so-called droop phenomenon in visible III-nitride
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LEDs [26], we believe that in the case of UV LD heterostructures a serious limi-
tation is inefficient carrier injection.

We modeled the injection efficiency of our laser heterostructures using the
commercial software package SiLENSe from the STR group. Figure 8.14 shows the
calculated injection efficiency of a UV LD with target emission wavelength at
λ = 295 nm for different injection levels. The LD design includes a standard EBL
with Al-composition of 85 % and a thickness of 10 nm. Simulation results at
10 kA/cm2 are also shown for an EBL thickness of 5 and 15 nm. As can be seen, the
efficiency drops monotonically from close to 100 % to values of only about 40 %
(for the 10 nm thick EBL) at current densities that are relevant for laser operation
(>1 kA/cm2). According to the simulation, both the thinner (5 nm) and thicker
(15 nm) EBL would perform even worse. The right side of Fig. 8.14 shows the band
diagram and position-dependent electron and hole currents in the vicinity of the
active zone. The light green segments highlight the position of the QWs, the dark
green section represents the EBL. As can be seen, a significant portion of the total
current within the p-region (right side in diagram) can be attributed to current
carried by electrons rather than by holes. This means that despite the EBL a sig-
nificant portion of electrons (here: *60 %) overshoots over the barrier into the
p-region. Or in other words, the limited capability of the EBL to effectively allow
holes to penetrate through the EBL into the active zone is responsible for the drop
in efficiency at high drive currents.

To improve the issues described above, we evaluated the use of specifically
designed EBLs that provide both good electron blocking and good hole injection
capability at the same time. As an alternative to solely thermally activated hole
generation in high band gap materials Simon et al. developed polarization-induced
3D hole generation with composition-graded AlGaN:Mg [24]. When grown on the
nitrogen-face of a GaN crystal, the Al-composition has to be ramped from low to
high values to achieve the effect [24]. Following this idea, Zhang et al. later realized

Fig. 8.13 Experimentally determined LI and efficiency characteristic of LD test device with
conventional EBL emitting at λ = 295 nm plotted in double-logarithmic chart. The different slopes
(1, 2/3) identify the dominant recombination process from the ABC model at different injection
levels
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conductive p-type materials on Al-face AlN where the Al-composition is ramped
from high to low [27]. The idea of polarization-induced 3D hole generation via
composition-graded AlGaN is quite attractive as EBL element in UV light emitters.
We evaluated the concept of a composition-graded AlGaN EBL in UV emitters by
simulating the injection efficiency. Our UV LDs are grown on Al-face AlN sub-
strates. This is why the Al-composition of the EBL should be graded from high to
low (Fig. 8.15, left). On the right side of Fig. 8.15, we show the band diagram of the
modeled device including position-dependent electron and hole concentrations. As
can be seen, within the composition-graded EBL a strong enhancement of the hole
concentration can be achieved that will facilitate hole injection into the active zone.
At the same time, electrons are efficiently blocked due to the fact that the band
offset at the EBL/last QW barrier interface preliminary appears in the conduction
band. Our simulations show that a significant improvement in injection efficiency
can be expected by incorporation of the novel EBL design.

We experimentally implemented the graded-composition EBL designs into full
LD test devices and compared them to LDs with conventional EBL designs. As can
be seen in Fig. 8.16, a significant improvement in performance could be achieved
with the novel design. While further optimization of the heterostructure is required,
it is evident that efficient carrier injection is essential for high-performance UV LDs
and that the proposed concept is a viable means to meeting this requirement.

Fig. 8.14 Calculated injection efficiency of UV LD (target emission wavelength λ = 295 nm) with
standard EBL and Al-composition of 85 % for 10, 5, and 15 nm for different current injection
levels (left). Band diagram and position-dependent electron and hole currents in the vicinity of the
active zone. The light green segments are the QWs, the dark green section represents the EBL
(right)
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8.5 Optically Pumped UV Lasers

In this section we present and discuss experimental results for optically pumped UV
lasers grown on bulk AlN substrate. Studying the laser performance via optical
excitation is an excellent tool for optimizing the material quality and device
heterostructure design including the active zone, waveguide, and cladding layers.
These experiments provide very valuable information for the development of full
LDs, because the laser heterostructure can be very similar to the electrically injected
devices. Our long experience in developing semiconductor lasers gives us a good
database and metric of how to relatively compare optically and electrically pumped

Fig. 8.15 Composition-graded EBL design to improve carrier injection efficiency. The EBL
provides good electron blocking (band offset mainly appears in conduction band) and good hole
injection capability (polarization-induced 3D hole gas)

Fig. 8.16 Experimental
evaluation of different EBL
designs in UV LD test
devices. Not fully optimized
graded EBL design shows
significant improvement in
performance in comparison to
standard EBLs
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lasers. The laser resonators with a length of about 1 mm were prepared by cleaving
the semiconductor crystal to form m-plane mirror facets. No mirror coatings were
used. To pump our sub-300 nm UV lasers we used either a KrF (λ = 248 nm) or ArF
(λ = 193 nm) excimer laser as excitation source. The stripe width was in the order of
about 100 μm. Figure 8.17 shows the laser spectra of selected sub-300 nm UV
lasers that were grown on bulk AlN substrate. We successfully demonstrated
optically pumped lasers over a range of wavelengths down to the shortest attempted
wavelength at λ = 237 nm. To the best of our knowledge, this is the shortest
emission wavelength yet demonstrated for a semiconductor laser heterostructure
(Fig. 8.17). All of our sub-300 nm lasers showed laser threshold power densities
below 200 kW/cm2 [16, 19]. This is significantly better than what has been
achieved on SiC or sapphire substrates [28, 29]. More recently, other groups have
also successfully demonstrated optically pumped lasers on bulk AlN [30–32]. Our
best device showed a laser threshold power density of only 41 kW/cm2 at an
emission wavelength of λ = 266 nm (Fig. 8.18). This value compares favorably with
our very best results for lasers emitting in the blue-violet spectral regime based on
GaN with InGaN QWs, for which the IQE values approach 90 %.

An important materials aspect of AlGaN-based devices is the fact that GaN and
AlN feature a different sign in the crystal field splitting. Whereas it is negative for
AlN (Δcr = −217 meV), it is positive for GaN (Δcr = +10 meV) [33]. As a
consequence, the order of the valence bands differs between AlN and GaN (Γ7 vs.
Γ9). This means that light that is generated within a GaN layer is predominantly TE
polarized with the electric field vector E ⊥ c-direction. The light emission is mainly
TM polarized when emitted in AlN with E || c. For ternary AlGaN materials as used
in UV light emitters we can expect a transition from TE to TM as the
Al-concentration increases within the active zone [34]. This physical fact is another
reason why the performance of UV LEDs typically degrades as the wavelength
decreases. TM polarized light cannot be extracted parallel to the c-direction, which
is the most commonly used growth direction for III-N materials (Fig. 8.19) [35].

Fig. 8.17 Lasing spectra of
PARC’s optically pumped
sub-300 nm UV AlGaN lasers
on bulk AlN substrate.
Optical excitation was
performed with either a KrF
(λ = 248 nm) or ArF
(λ = 193 nm) excimer laser
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For edge-type emitting lasers the polarization is also an important aspect. Although
it should be possible to realize lasers independent of the light polarization in this
case, TE polarized emission is preferable. For the electrical field distribution of the
guided modes in edge-type emitting lasers the TE modes do not expand as deeply
into the p-region of the laser heterostructure as TM modes would do. Due to the fact
that the heavily doped p-region significantly contributes to intrinsic losses in the
device [36], TE polarization should provide lower threshold lasers.

In UV LED and LD heterostructures it is not only the composition of the AlGaN
materials, in which the photons are generated, that determines the polarization of
the emitted light. Other parameters such as the quantization within the QWs and the
strain state of the layers play an important role too. This means that the design of
the active zone including QW thickness and barrier composition and the substrate
choice are considerable design parameters. Kolbe et al. investigated the degree of
polarization for UV LEDs grown on sapphire substrates with the heterostructure
being fully relaxed. At a wavelength of about 300 nm the transition from mainly TE
polarized light to TM polarized light is observed [34]. However, for heterostruc-
tures that are pseudomorphically grown on bulk AlN substrate, where the AlGaN
layers are highly compressively strained, the transition can be shifted to much lower
wavelengths. For our UV-C lasers on bulk AlN substrates we observed the

Fig. 8.18 Output power versus pump power density of AlGaN-based optically pumped laser at
λ = 266 nm (left). Lasing spectra recorded at different excitation levels at room temperature (right)

Fig. 8.19 Schematic of light polarization in AlGaN materials grown in the commonly used
c-direction of the crystal
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following. For the devices emitting at λ = 253, 261 nm and at longer wavelength the
laser emission is still highly TE polarized, whereas the laser device emitting at
λ = 237 nm is highly TM polarized (Fig. 8.20, left). We performed model calcu-
lations for the transition wavelength between TE and TM polarization for different
active zone designs using k·p theory to better understand the underlying mecha-
nism. The results are shown in Fig. 8.20 (right), which includes the experimentally
determined values for our UV lasers measured at room temperature. The x-axis of
the diagram in the figure represents the difference of the a-lattice constant of the
QW aQW in comparison to the one of the AlN substrate aAlN. Or in other words, it
represents the strain within the QWs. The y-axis shows the crossover wavelength
between TE and TM polarization. For this case, calculations were performed for a
QW thickness of 3 nm. The black and red lines show the transition wavelengths for
an aluminum barrier composition of 70 and 80 %, respectively. For all device
parameters that fall above the applicable line the emission is TE polarized, for all
that fall below it is TM polarized. Looking at our 253 nm device with an aluminum
barrier composition of 70 % and being fully strained to the substrate (aQW −
aAlN = 0) TE polarization dominates for wavelength longer than about 245 nm. Our
237 nm device had a barrier composition of 80 % and was fully strained to the
substrate. Because it falls below the red line, TM polarization is expected. The
actual experimental results are in full agreement with the k·p calculations [33].

8.6 Alternative Concepts for Compact Deep-UV III-N
Lasers

The previous sections demonstrate that high-quality III-N heterostructures can be
grown on low dislocation density bulk AlN substrates and enable high-performance
optically pumped UV lasers, with emission wavelengths down to λ = 237 nm.

Fig. 8.20 Polarization-resolved laser spectra of optically pumped PARC UV-C lasers (left).
Calculated crossover wavelength between TE and TM polarization versus relaxation degree for
different active zone designs (right)
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However, realizing electrically pumped LDs remains problematic. The shortest
wavelength demonstrated to date for a nitride LD is 336 nm. This suggests that at
shorter wavelengths the achievable optical gain is not sufficiently high to overcome
the intrinsic material and mirror losses. To a large degree this is attributable to the
high doping concentration in the p-type layers that is necessary to compensate for
the inefficient hole activation process and to optimize carrier injection efficiency
into the active zone.

The question naturally arises as to whether there are alternative pump concepts
other than carrier injection via a pn-junction that can be utilized to realize compact,
high-performance UV lasers. In other words, is it possible to build a compact
high-power UV laser source without using p-type materials? Indeed, two potential
candidate approaches appear particularly interesting and will be briefly discussed in
the following.

8.6.1 Electron-Beam Pumped Laser

The first alternative approach is based on electron-beam pumping of a semicon-
ductor laser heterostructure. Electron–hole pairs can be generated by ballistic en-
ergy transfer of high-energy electrons impinging on the material. An electron from
the valence band is promoted to the conduction band leaving behind a hole. About
1/3 of the beam energy is typically converted into electron hole pairs. Subsequent
radiative recombination can then be used to create the desired photons. This phe-
nomenon is well known and used in applications such as cathode ray tube television
where the e-beam excites phosphors that emit visible light as a response to the
excitation. The location of carrier generation and their desired radiative recombi-
nation cannot be as precisely manipulated through the heterostructure design as it is
the case in a pn-diode. It is mainly dominated by the energy of the incident elec-
trons and the materials used within the devices. These parameters determine the
energy deposition volume, which approximates the location of electron-hole-pair
generation.

Lasing in the group III-nitride material system with an electron-beam as exci-
tation source was first demonstrated by Kozlovsky et al. in 1997 [37]. The device
was grown on a sapphire substrate and operated as an edge-type emitter. Lasing was
reported at λ = 409 nm and room temperature under short pulse operation (1 ns).
The threshold current density was 200–300 A/cm2 at an electron energy of
150 keV. Lasing of II–VI semiconductor materials was also demonstrated in a
vertical cavity configuration [38]. High optical output power of up to 10 W was
achieved for a large-area device in scanning e-beam mode. In addition, e-beam
excitation was used for spontaneous emission at λ = 240 nm from an AlGaN
heterostructure [39]. The optical output power reached 100 mW at a current level of
45 µA and a voltage of 8 keV. This corresponds to a power-to-power conversion
efficiency of *30 % with a peak efficiency of 40 % at lower operation conditions.
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This value is orders of magnitude higher than what can be achieved today with a
conventional LED at these wavelengths.

To realize a compact UV laser source that is based on electron-beam excitation
significant challenges still have to be mastered. These include operation in vacuum,
development of laser-grade gain chips at the wavelength of interest, laser mirror
implementation, and thermal management. Despite these challenges, avoiding the
need of high band gap p-type materials is particularly attractive. Direct laser
emission from a semiconductor material at wavelengths in the deep-UV spectral
regime is completely feasible by this approach.

8.6.2 InGaN-Based VECSEL + Second Harmonic
Generation

Another alternative approach to realizing a compact deep-UV laser source is based
on second harmonic generation (SHG) of a laser emitting in the visible spectral
range. Efficient SHG with a nonlinear crystal (e.g., BBO) relies on high electric
field intensities and requires a narrow fundamental laser emission line width with an
excellent beam profile. In our opinion, the best solution for efficient SHG is to place
the nonlinear crystal within the cavity of a vertical emitting laser. The so-called
Vertical-External-Cavity Surface-Emitting Laser (VECSEL), also known as
Optically Pumped Semiconductor Laser (OPSL) or Thin Disk Laser, provides these
desirable laser features. High optical output power with a nearly diffraction limited
beam profile and narrow emission line width can be simultaneously achieved [40].
High-performance VECSELs, with and without frequency multiplication, have
been demonstrated in the group III-arsenide and -phosphide material systems [40]
and are commercially available. GaN-based VECSELs are still at an early stage of
development [41–44]. However, there are no fundamental limitations that would
preclude GaN materials for high-power cw VECSEL operation. With continuing
progress in the performance of violet-blue LD, which can be used as pump lasers,
and advances in the design and development of gain chip heterostructures,
high-performance cw GaN-based VECSELs can be anticipated in the near future.
This will allow the realization of cw, compact, high-power UV-C lasers emitting in
the range of λ = 200–265 nm with excellent spatial and spectral beam properties.
With such laser sources in hand, new applications in the scientific, commercial and
military fields will be enabled and applications such as Raman spectroscopy will
experience a significant boost in system features and performance.
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8.7 Summary and Conclusion

This chapter has reviewed the current status and issues in the development of
AlGaInN-based UV laser diodes. Materials challenges and laser design consider-
ations were discussed with strong emphasis on the practical implementation for UV
emitters. It was shown that by using low defect density bulk AlN substrates
high-performance optically pumped lasers can be fabricated with emission wave-
length as short as λ = 237 nm and threshold power densities that are comparable to
the best InGaN-based counterparts (Pth = 41 kW/cm2 @ 266 nm). Furthermore, it
was demonstrated that the limitation of thermally activated hole generation can be
overcome by utilizing p-type AlGaN-based SPSL with the strong built-in polar-
ization fields of the nitride material system. Novel heterostructure device concepts
were discussed to improve the carrier injection efficiency. A composition-graded
electron blocking layer can enable both good electron blocking and efficient hole
injection at the same time. However, despite the significant progress for sub-300 nm
laser test devices, the achievable optical gain that can be generated through direct
current injection does not yet exceed the intrinsic and mirror losses. Alternative
laser concepts were briefly discussed that offer the advantage of not requiring high
band gap p-type layers, which are a major hurdle to realizing deep-UV LDs. These
included AlGaN-based laser heterostructures that are pumped by a high-energy
electron-beam source and InGaN-based vertical emitting lasers combined with
frequency doubling. These approaches are particularly attractive for sub-250 nm
emission.

Wide band gap semiconductors based on the AlGaInN materials system offer the
greatest promise for realizing compact and efficient laser sources in the UV spectral
regime. It remains an open question as to which combination of alloy constituents,
laser device type, device architecture, and laser system will deliver most fully and
expeditiously on the requirements of UV laser applications. Each of the alternative
approaches bypasses the most serious difficulties confronting deep-UV nitride laser
diodes, but each has its own set of unique materials, device, or system challenges.
Interesting developments and breakthroughs are anticipated within the next few
years.
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Chapter 9
Solar- and Visible-Blind AlGaN
Photodetectors

Moritz Brendel, Enrico Pertzsch, Vera Abrosimova, Torsten Trenkler
and Markus Weyers

Abstract This chapter presents an overview on UV photodetectors based on the
AlxGa1−xN material system. After an introduction into the field of UV photode-
tection and material-related issues, the main physics, the operation principles, and
characteristic parameters of the most popular photodetector device types will be
briefly addressed including the photoconductor, the Schottky barrier diode, the
metal–semiconductor–metal structure, the p-i-n diode, the avalanche detector as
well as the phototube and the photomultiplier tube. Further, scientific results on
AlxGa1−xN-based photodetectors are compiled in order to illustrate the potential of
the different photodetector device types for a wide range of UV applications. And
finally, the state-of-the-art of commercially available photodetectors for UV
detection and monitoring is discussed.

9.1 Introduction

The ultraviolet (UV) portion of the electromagnetic spectrum, i.e., electromagnetic
radiation in the wavelength range between 400 and 10 nm, is divided into several
subranges, e.g., UV-A (380–315 nm), UV-B (315–280 nm), UV-C (280–200 nm),
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and VUV (200–10 nm),1 which help to classify optoelectronic devices, i.e., emitters
and detectors, by their operational range. A photodetector (PD)2 sensitive only in
the UV range thus can be visible-blind or even solar-blind whenever detection
capability is limited to wavelengths below 380 or 280 nm, respectively. Application
fields for such devices in industry, military, medicine, and science include UV
dosimetry, flame sensing, non-line-of-sight communication and biological as well
as chemical sensing. Some specific examples are

• UV lithography (193 nm)
• UV curing of paints, adhesives, compounds, and polyester plastics (e.g.,

365 nm)
• Disinfection of water, air, and surfaces (240–290 nm)
• Detection of corona discharges (<280 nm)
• Missile plume detection and combustion engine control
• Chemical and biological threat detection
• UV spectroscopy
• UV astronomy.

As an example, UV-C lamps for water and air disinfection have to be monitored
in order to detect failure and to ensure the required UV-C dose. As long as mercury
medium pressure lamps are used in such systems,3 for an accurate measurement of
the UV-C dose of the 254 nm line, the parasitic UV-A and UV-B emission has to be
excluded. Similar examples are the imaging of corona discharges at broken trans-
mission lines or of missile plume and other launching actions, which are usually
against a daylight background within the earth’s atmosphere. III–V semiconductor
materials bearing the possibility to design the spectral properties of a PD accord-
ingly, without the use of an external spectral filter, that is costly and tends to age
under UV radiation, are favorable in such applications.

The ternary AlxGa1−xN material system spans a range of bandgap energies
between those values for the binaries GaN with 3.5 eV and AlN with 6.2 eV [1],
covering band edge cut-offs between about 360 and 200 nm, respectively.
AlGaN-based PDs are visible-blind and solar blindness can be tuned via the Al
mole fraction with xAl � 0:45, where alternative materials, such as Si, GaAs, GaP,
and SiC are not intrinsically blind to visible portions of the spectrum. Radiation
hardness and the capability to withstand high-thermal stress due to the wide direct
energy gap put the AlGaN system in favor for its usage in a number of UV
applications. High values for spontaneous polarization along the c-axis of the
wurtzite cell as well as a strain-dependent piezoelectric polarization have to be
considered, since both affect the optical and electrical properties of III-nitride
devices consisting of heterojunctions [1]. However, with increasing Al content

1VUV: vacuum UV.
2The abbreviation PD will be used for photodetector and photodiode throughout the text.
3Hg-lamps deliver the required intensities between 10−4 to 0.1 W cm−2, where UVC-LEDs with an
output of 10−4 W cm−2 are commercially available but are still too weak for water disinfection.
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several difficulties had to be dealt with during the past two decades of UV pho-
todetector development.

• First of all, due to the tensile strain resulting from lattice and thermal mismatch,
the heteroepitaxial growth of an AlxGa1−xN layer of a certain thickness directly
on a GaN/sapphire template is limited to AlN mole fractions below about 30 %
before cracking of the layers occurs (see e.g., [2] and references therein).
Material defects, such as stacking faults, threading dislocations and grain
boundaries are usually known to deteriorate the performance of any optoelec-
tronic device. Several approaches to grow high-quality AlxGa1−xN material have
been reported, e.g., the use of low-temperature (LT) AlN buffer layers [3],
superlattices of GaN/AlN [4], GaN/AlGaN, and AlN/AlGaN [5] layers and
different epitaxial lateral overgrowth techniques [6–8]. Anyway, in terms of
back-illuminated PDs, the substrate as well as the buffer layers may limit the
short-wavelength performance due to the onset of absorption, hence the material
should be chosen reasonably.

• Another major issue is the p-type conductivity of AlxGa1−xN layers. Doping of
GaN with Mg introduces a shallow acceptor level of the substitutional mag-
nesium on a gallium lattice site MgGa with an ionization energy of 200 meV [9].
But due to the passivation of incorporated Mg by hydrogen, a post-growth
annealing step at temperature above 600 °C is necessary to obtain conductive
p-type GaN:Mg [10, 11]. Maximum hole concentration of about 1018 cm3 for
Mg concentration of about 3.3 × 1019 cm3 can be achieved [12], and a further
increase of the Mg concentration leads to a subsequent decrease of the free-hole
concentration since the MgGa acceptor is expected to self-compensate via the
nitrogen vacancy V3þ

N [13, 14]. With increasing xAl, the ionization energy of the
magnesium acceptor level also increases up to 0.51 eV in AlN [15, 16] resulting
in a strongly reduced concentration of free holes in AlN:Mg compared to GaN:
Mg for the same net acceptor concentration.

• Last but not least, the development of proper ohmic contacts to both n- and
p-type AlxGa1−xN layers as well as the formation of non-leaky Schottky-type
metal-AlxGa1−xN junctions are not straight forward. The main issue concerning
ohmic contacts is the absence of a metal with sufficient work function, so that a
thermal annealing step after the metallization is necessary to obtain ohmic
behavior of the respective metal-AlxGa1−xN junction. For an n-GaN layer, this
can be done using Ti/Al layers annealed at 900 °C for 20–30 s and for a p-GaN
layer by annealing Ni/Au for 30 s at 700 °C [17, 18]. These examples illustrate
that devices with n-type as well as p-type ohmic contacts need two different
process steps for contact formation due to the differences in annealing temper-
ature and time. From the above–mentioned, it seems that Schottky barriers to the
AlxGa1−xN material—with barrier heights between 0.1 eV using Ti and more
than 1.1 eV for Pt—would be easily produced by just leaving out the annealing
step. But also a proper surface treatment prior to metallization, e.g., removing
native oxides by Nþ

2 ion sputtering [19] or HCl wet etching [20], has to be
ensured for the desired metal-AlxGa1−xN combination. Dependent on the metal
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used the thermal stability of Schottky contacts is limited since above where
annealing effects set in the electrical behavior of the contact changes. Thus, it is
necessary to arrange the process flow accordingly, i.e., any ohmic formation
needs to be done prior to a Schottky metallization and the thermal range of device
operation must be chosen reasonably. Since a number of metals have already
been used to process the ohmic as well as the Schottky contacts, the interested
reader is referred to the comprehensive review article of Pearton et al. [21].

However, during the last two decades, many research groups have developed
different strategies to deal with those difficulties. Although a number of review
articles on III-Nitride UV photodetectors have already been published (e.g., [22–28]),
a summarized view on the development of some device types will be presented and
various approaches to achieve high-performance devices will be addressed in this
chapter.

9.2 Basics of Photodetectors

In this section, the relevant basics about photodetectors will be introduced. After a
part covering physical essentials of photodetection, the structural and operational
principles of certain photodetector types are presented. We emphasize here that this
collection is based on several contributions from the literature to which the reader is
referred for deeper insights into the matter, e.g., [29–35]. A complete coverage is
not possible here due to the limited space. Nevertheless, a sufficient backbone
should be available after the study of this section, in order to handle the more
material and research-related parts that follow in Sect. 9.3.

9.2.1 Characteristic Parameters and Phenomena

The main physical parameters that determine the properties of a photodetector (PD),
such as optical properties, quantum efficiency and responsivity, rise and fall times,
linearity as well as noise properties, will be introduced.

9.2.1.1 Optical Properties of Semiconductors

The dielectric function of a solid determines its optical constants, i.e., its refractive
index nref and extinction coefficient j. On the one hand, these quantities define the
reflected portion Rji (see Fig. 9.1a) of an optical signal of power PjðkÞ incident on a
material i with ni and ji within a medium j with nj and jj ¼ 0 [36]
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Rji ¼ ðni � njÞ2 þ j2i
ðni þ njÞ2 þ j2i

; ð9:1Þ

where all quantities depend on the optical wavelength k of the incident photons.4

Thus, only the portion Tji ¼ 1� Rji of Pj is transmitted into the medium i. On the
other hand, the optical absorption coefficient aopt;iðkÞ ¼ 4pjiðkÞ=k determines the
number of photogenerated free charges—i.e., electron–hole pairs—and gives a
measure of attenuation of the optical power P along the distance x according to
Lambert-Beers law PðxÞ/ exp �axð Þ. Considering the fundamental band-to-band
absorption process, shown in the bottom image of Fig. 9.1a, i.e., intrinsic excitation
of electrons from the filled valence band states with energies Einitial �EV to the
empty conduction band states with Efinal �EC, a threshold wavelength
kthr � hc=Egap for photoabsorption can be derived, where h is Plancks constant, c is
the vacuum velocity for electromagnetic radiation and Egap ¼ EC � EV is the direct
or indirect bandgap energy of the material. By further neglecting absorption pro-
cesses from or to energy levels within the bandgap, kthr therefore defines the
wavelength range of the material suitable for photodetection. Figure 9.1b sum-
marizes spectra of aopt at about room temperature for various indirect (Si, GaP, SiC,

(a) (b)

Fig. 9.1 a (Top) Beam propagates through medium j, impinges on surface of material i and is
attenuated within material i due to absorption, (bottom) schematic of fundamental band-to-band
absorption process. b Optical absorption coefficient aopt for various semiconductors (Si: dashed
[35] full [37], GaAs: dashed [38] full [37], GaP [37], 4H–SiC [39], ZnO [40], AlGaN [41],
diamond [42, 43])—for further explanation see text and footnote 5

4This (k)-dependence will sometimes be omitted for the sake of clarity.
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and diamond) as well as direct (GaAs, ZnO, and AlGaN) semiconductor materials
suitable to fabricate photodetectors with kthr ranging from the near infra-red
(NIR) to the UV-C region.5 Si, GaAs, and GaP show relatively high values of
aopt � 103 cm−1 for wavelengths above 380 nm, unlike the wide bandgap materials
ZnO, SiC, AlxGa1−xN, and diamond, which thus are attractive alternatives for
visible-blind or solar-blind photodetection.

9.2.1.2 Quantum Efficiency and Responsivity

The quantum efficiency (QE) of a photodetector, also called the external quantum
efficiency (EQE), is an experimentally accessible quantity. It is given by the ratio of
electric charge measured in an external circuit and the number of incident photons
upon illumination on the active area. Thus, it can directly be determined via
measurement of the device photocurrent IphotoðkÞ when the optical power PoptðkÞ of
the incident photons with energy EoptðkÞ is known [31]

gextðkÞ ¼
# chargemeasured
# photons incident

¼ IphotoðkÞ=q
PoptðkÞ=EoptðkÞ ; ð9:2Þ

where q is the elementary charge. In order to relate gext to the underlying physical
processes in a device, the theoretical approach put forward by Geist in [33] is
helpful, where the EQE for normal incidence is given by

gextðkÞ ¼ ToptðkÞ � YðkÞ � CEðkÞ ¼ Topt � gint ð9:3Þ

with Topt the fraction of power transmitted into the photodetector, Y the quantum
yield, CE the collection efficiency, and gint the internal quantum efficiency (IQE),
accounting for the recombination losses only by giving the ratio of electron–hole
pairs created and photons absorbed within the device. As long as free-carrier
absorption or impact ionization is negligible, the quantum yield is Y � 1. The
collection efficiency CE accounts for structural and electrical properties (carrier
sweep-out) as well as for optical properties (optical absorption) of a certain pho-
todetector device and it can be calculated by integration of

CE ¼
Z

aopt � exp �aopt � x
� � � PðxÞdx ð9:4Þ

over the whole device along x (c.f. Fig. 9.2a). P(x) describes the carrier collection
probability and can be approximated by drift-diffusion modeling [33]. As a rule of
thumb, P(x) is high (→ 1) where photogenerated carriers are either drifting or are

5Data of aopt was either directly extracted from the literature (tabular: Si, GaAs, GaP [37] or
plot-digitized: Si [35], SiC [39], diamond [42], GaAs [38], ZnO [40]) or calculated from the
dielectric function (all digitized: diamond [43], AlGaN [41]).
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subject to diffusion into field regions, and it is low (→ 0) where recombination
losses become dominant.

Referring to the cross-section of a simplified Pt/n-Al0.5Ga0.5N Schottky barrier
photodetector6 irradiated from the Pt-side, as shown in Fig. 9.2a, the EQE can be
estimated utilizing (9.3) and (9.4) as follows:

1. When the optical constants nref and j of all materials involved are known,7 the
optical transmission in (9.3) can be estimated by

Topt ¼ ð1� Rair�PtÞ � exp �aPt � tPtð Þ � ð1� RPt�AlGaNÞ; ð9:5Þ
where the Rji are calculated from (9.1) and the exponential factor accounts for
attenuation within the Pt-layer of tPt ¼ 5 nm thickness. Multiple reflections in
any layer are neglected.

2. Assuming, that the photogenerated carriers within the space charge region
(SCR) of width wSCR ¼ 250 nm in the n-type Al0.5Ga0.5N-layer will all be
collected, the carrier collection probability writes

PðxÞ ¼ 1 withinwSCR

0 elsewhere:

�
ð9:6Þ

This is illustrated in the bottom image of Fig. 9.2a.

(a) (b)

Fig. 9.2 a Cross-sectional schematic (top) of a Pt/n-Al0.5Ga0.5N Schottky barrier PD as well as a
possible collection efficiency probability P(x) (bottom) within the device. b The calculated EQE
(blue) and responsivity (red) for finite (full) and zero (dashed) Pt-layer thickness

6A more detailed description of that type of PD will be given below.
7Data for n and j in this example are taken from [44] for Pt and have been derived from the
dielectric function given in [41] for Al0.5Ga0.5N.
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3. The resulting spectral shape of the EQE for the example PD can be calculated as

gext ¼ Topt � 1� expð�aopt � wSCRÞ
� �

; ð9:7Þ

which is plotted in Fig. 9.2b (blue lines, left axis).

The onset of absorption results in an increase in EQE for wavelengths below
about 270 nm. The influence of the optical properties of the Pt-layer, especially its
reflectance, on the EQE is evident when comparing the strongly reduced EQE (full
line) with that for the hypothetical case without the Pt-layer (dashed line), where
Rair�Pt; tPt ! 0 and RPt�AlGaN ! Rair�AlGaN. Further, recombination losses at the
surface, in the bulk, and at the contacts may reduce CE and thus lower the EQE
significantly. Anyway, the main restriction to the validity of (9.2) is a linear rela-
tionship between the photocurrent Iphoto and the optical power Popt

Iphoto ¼ Rsp � Popt , RspðkÞ ¼ IphotoðkÞ
PoptðkÞ ð9:8Þ

with RspðkÞ the responsivity, which is the most fundamental figure-of-merit in
practice to describe a detectors capability to convert an optical signal measured in
Watt into an electric current signal measured in Ampère. When combining (9.2) and
(9.8), the responsivity is related to the EQE via

RspðkÞ ¼ gextðkÞ �
q

EphotðkÞ : ð9:9Þ

The resulting responsivity of the example PD is also plotted in Fig. 9.2b (red
lines, right axis) and the explanations made above for the EQE translate into this
responsivity spectrum, accordingly. But concerning the optical properties of the
Pt-layer, besides a reduction of the absolute Rsp, it can be seen that the presence of
the semitransparent Pt-layer alters the spectral shape from rather flat to increasing
with wavelength, until the Rsp suddenly drops for k[ 255 nm (the RspðEQE ¼ 1Þ
line has been introduced for comparison).

A cut-off wavelength kco is often defined to serve as a spectral measure indi-
cating the operation wavelength range of a photodetector. This spectral cut-off is
defined as the wavelength where the responsivity drops to a certain value, e.g., 50
or 10 %, of its maximum value toward long wavelengths. Just as the threshold
wavelength kthr, it directly corresponds to the onset of absorption and is thus related
to the bandgap energy. The 50 % cut-off wavelength in Fig. 9.2 is 263 nm, indi-
cating a solar-blind operation range for this Pt/Al0.5Ga0.5N Schottky barrier PD.
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9.2.1.3 Rise and Fall Times

The response time for a certain change in measured electrical signal—current or
voltage—upon a change in the incident optical signal intensity is of importance for
photodetection applications. Practically, the rise time srise from the dark signal to
90 % of maximum signal upon illumination and the fall time sfall to 10 %, as shown
in Fig. 9.3a, are the common parameters used for device specification. These time
constants are influenced by several factors which are related to the material prop-
erties, the photodetector structure, and the output circuitry. To illustrate these
relations, we refer to the p-i-n diode structure shown in Fig. 9.3a.8 The equivalent
circuit parameters of a photodiode are illustrated in Fig. 9.3b. According to (9.2),
the static response of a photodiode can be viewed as a photocurrent Ip generated
upon illumination due to the optical signal of power Popt. This current source is in
parallel with the rectifying diode junction and the reverse bias-dependent diode
capacitance CD of the junction. A series resistance RS, in the order of a few Ohms,
accounts for the resistance due to ohmic contacts and the bulk material. Parasitic
inductances in series to RS, e.g., due to wire lines, and parasitic capacitors in
parallel to CD, e.g., due to bond pads, as well as the parallel shunt resistance of the
junction, which is usually >107, are neglected. From that, a low-pass filter behavior
of the photodiode response—current or voltage—upon a modulated incident signal
can be expected. Hence, the dependence of the responsivity Rsp on the signal
modulation frequency f is approximated by [31]

Rspðf Þ ¼ Rsp0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þðf =fcoÞ2

q ; where fco ¼ 1
2psr

ð9:10Þ

with Rsp0 the static responsivity and fco the cut-off frequency, also referred to as the
bandwidth of the photodiode. This behavior is shown in Fig. 9.3c for the case of
fco ¼ 3 MHz. The cut-off frequency measures the capability of the photodetector to
follow a frequency-modulated input signal,9 and it is determined by the response
time sr, which depends on different contributions:

• The drift of photo-excited carriers in high-field regions, i.e., the i-layer, of the
device. The respective response time str is set by the field-dependent carrier
transit time ttr and can be approximated by [31]

str � 0:36 � ttr; where ttr ¼ wSCR=ðl � FÞ ð9:11Þ

8A more detailed description of that type of PD will be given below.
9After (9.10) the responsivity drops by a factor of 1=

ffiffiffi
2

p
at the bandwidth fco, which corresponds

to a decrease in power level of −3 dB (*−1/2). Therefore, fco is also called the 3 dB-bandwidth
f3dB.
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with wSCR the width of the space charge region, l the mobility of the traveling
carriers and F the electric field strength. Thus this contribution can be adjusted
by the depletion layer width and the applied bias.

• Diffusion of photo-excited minority carriers in field-free regions, i.e., the p- and
n-regions: The diffusion time before recombination sdiff is given by the minority
carrier lifetime srec via [31]

sdiff � w2

2D
; where D ¼ L2=srec ð9:12Þ

with w the length of the field-free region, D the diffusion constant, and L the
corresponding diffusion length.10 This contribution to the response time is
reduced when w is as small as possible and D is sufficiently large.

• The combination of the load resistance RL to read out the detector signal, the
diode series resistance RS, and the junction capacitance CD leads to a RC-time
constant sRC given by

sRC ¼ ðRS þRLÞ � CD ð9:13Þ

that limits the bandwidth. A reduction of RS and of CD lowers this contribution.
Since CD �A=wSCR with A the junction area, the diode capacitance is lowered
for a small junction area and a wide space charge region.

(a) (b) (c)

8

Fig. 9.3 a The schematic layer structure (top) of a p-i-n diode, rise time srise and fall time sfall
(bottom) of the system response upon signal change. b Equivalent circuit of a photodiode with
readout (simplified, see text). c Low-pass output characteristics of a photodiode response upon a
frequency-modulated input light signal—inset shows dependency of the response time (left axis)
and thus the cut-off frequency (right axis) on the load resistance

10D and L refer to minority carrier values, e.g., electrons with Dn and Ln in a p-type region of
width wp.
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The total response time sr, i.e., rise or fall time, is then estimated as

sr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2tr þ s2diff þ s2RC

q
; ð9:14Þ

where the contributions of str and sdiff , and sRC can be altered by device geometry
and material properties to match the application requirements. In the inset of
Fig. 9.3c, the dependence of the response time sr on the load resistance RL is
shown for 5 Ω series resistance, 1 nF junction capacitance, and vanishing contri-
butions of str and sdiff . The cut-off fco ¼ 3 MHz can be achieved with a load
resistance of 50 Ω and a further reduction in sr is possible for even smaller RL.

A closer look on the recombination lifetime srec of excess carriers, which con-
tributes to the response time sr, is possible by a simple theoretical analysis of tem-
poral changes in the photo-induced free-carrier enhancementDnðtÞ [29]. Considering
mono-molecular recombination processes only, exponential terms of the form
DnðtÞ� 1� expð�t=sgrowthÞ

� �
for signal growth and DnðtÞ� expð�t=sdecayÞ for

signal decay result, which are easy to interpret by means of the respective time
constants11 [29, 32]. When regarding trapping processes in such an analysis, more
complex terms for DnðtÞ then can be approximated which may be used to fit
experimental data—see e.g., the summarizing table given in Sect. 9.2 in Bube [29].
Generally, deep centers with certain capture cross sections for mobile carriers have
been found to cause long lifetimes in transient processes—see also the following
paragraph. Additionally, carrier trapping processes are dependent on external or
internal electrical fields and on temperature. Therefore, unpredictable instabilities
may occur during operation, deteriorating the performance of a photodetector in
applications utilizing modulated radiation sources.

9.2.1.4 Persistent Photoconductivity (PPC)

Rise and fall times of an optically excited system in excess of several 1000 s have
been reported for many different poly- and single-crystalline semiconductor
materials as well as alloys since Kohlrausch examined the residual discharge of a
Leyden jar in 1854 [45]. This phenomenon is commonly termed persistent pho-
toconductivity (PPC) and manifests itself in the transient build-up and decay of a
photo-induced current, which is often found to be well described by a stretched

exponential of the form IðtÞ� exp ð�t=sÞb
h i

, where s is a constant with the

dimensions of time and 0\b� 1 is the Kohlrausch stretching parameter, which
accounts for the microscopic nature of the electronic and atomic relaxation pro-
cesses underlying the non-exponential change in measured conductivity [46, 47].
However, a large amount of literature dealing with PPC in III-Nitrides has been

11The time constants sgrowth and sdecay describe the corresponding change in signal as either an
increase to ð1� 1=eÞ � 64% or a decrease to 1=e � 37% of the maximum signal.
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published so far, and many different models have been proposed to explain the
origin of PPC. An example transient build-up and decay curve of photocurrent in a
GaN MSM photodetector sample is shown in Fig. 9.4. It can be seen that the
photocurrent steadily increases during illumination at a constant optical power.
After removing the light source, several processes are visible during the decay
transient. The multi-exponential function (parameters given in the inset table)
reproduces this switch-off behavior very well. However, there have been theoretical
and experimental investigations considering macroscopic potential barriers at sur-
faces, interfaces, grain boundaries, and doping or material inhomogeneities that
hinder the recombination process, in order to explain the long-decay constants
s� 103 s in conjunction with the huge photoconductive gains *103 observed in
GaN photoconductors [49]. But most of the research reported refers to processes on
the microscopic level, i.e., the trapping of free carriers at localized defects. Park
et al. proposed that PPC in p-type GaN:Mg arises from the bi-stability of a nitrogen
vacancy VN accompanied by a change in the charge state [50]. Ursaki et al. reported
for n-type GaN:Si that their measurements of photoconductivity reveal a mecha-
nism associated with a broad distribution of electron traps located 2.2 eV below the
conduction band [51]. They also concluded that rather the gallium vacancy VGa or
the nitrogen antisite NGa may be the possible cause of PPC. Katz et al. proposed a
model for PPC in n-GaN-based Schottky barrier PDs that considers the electron
re-occupation of the filled hole traps at the semiconductor–metal interface after
switching off the illumination, which then leads to a gradual recovery of the
Schottky barrier [52].

Fig. 9.4 Transient build-up (left) and decay curve (right) of photocurrent in a GaN MSM PD at
5 V bias upon 360 nm illumination. The decay transient can be modeled with a sum of stretched
exponential functions; table lists the relevant parameters used for each contribution (unpublished
data [48])
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However, although the controversy about the origin of the PPC has not come to
an end yet, many AlGaN-based photodetecting devices have been reported that do
not show this unwanted effect. A deeper discussion of PPC is beyond the scope of
this chapter and the reader is referred to the cited work and references therein.

9.2.1.5 Linearity

The linearity between Iphoto and Popt of a photoconducting device plays an
important role, not only to define a power-independent responsivity Rsp as
described in (9.8), but also to achieve reliable device operation. As mentioned for
the rise and fall times, also the linearity is affected by the carrier recombination
kinetics in the absorber material and the equivalent electrical circuit of the pho-
todetector as well as the readout circuit.

Considering trap-free semiconductor material with a dark carrier density n0 and
an enhancement in carrier density Dn upon illumination at an optical generation rate
Gopt (�Popt), the mono-molecular recombination via a single center may be
investigated simply by arguing with rate equations for steady-state conditions [29].
For the insulator case (n0 � Dn), it is found that a square root dependence
Dn� ffiffiffiffiffiffiffiffi

Gopt
p

holds, whereas for the semiconductor case (n0 	 Dn), a linear
dependence Dn�Gopt is valid. Including trapping centers, the situation becomes
more complicated, but it can be summarized to depend on the energetic distribution
of trap states. First of all, a uniform distribution of the density of traps, e.g., below
the conduction band, can change the root dependence for the insulator into a linear
relation. But also an exponential distribution of traps in the insulator case can
change the power of Gopt from 1/2 to 1, when the incident power allows the
light-induced free–carrier density Dn to stay below the density of trapped carriers
DNt. When for high intensity Dn becomes higher than DNt, bimolecular recombi-
nation may dominate and thus Dn� ffiffiffiffiffiffiffiffi

Gopt
p

will be possible—even with trapping.
Any trap-related non-linearities may change certain device properties in an
uncontrollable way and thus are to be avoided.

Even if the material itself responds linearly to an incident photon flux, the
connection to an external circuit causes limitations in the low and high power
regimes. At the low end, the noise-equivalent-power, introduced further below,
limits the photocurrent signal of any type of device. The saturation of photocurrent,
e.g., in a p-i-n PD, at high power levels sets in above a value of about [53]

Popt;sat ¼ q/bi � Ubias

ðRS þRLÞ � RspðkÞ ; ð9:15Þ

where q/bi is the built-in voltage drop across the p-i-n junction at zero bias and
Ubias is the applied bias. Hence, this upper limit can be enhanced by applying a
higher reverse bias (Ubias\0) or utilizing a smaller load resistance. Note also the
dependence on the responsivity.
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9.2.1.6 Detection Capability

The minimum detectable optical power of a photodetector is limited by different
sources of noise. Noise arises either from certain detector properties and the readout
setup, e.g., the noise in an amplifying transistor, or from the statistical fluctuations
of the radiation signal and any significant background radiation during the detection
process. For detailed description of noise sources, the reader is referred to the
literature [31, 32, 54]. A very useful measure to compare the radiation-induced
signal to the total noise of a detection system is the signal-to-noise ratio S/N. When
the noise level in a detection system has been experimentally determined, the
minimum detectable power, the noise-equivalent-power (NEP), can be estimated
from S=N ¼ 1. To compare the performance of different detection systems, the
specific detectivity D
 ¼ ffiffiffiffiffiffi

AB
p

=NEP, with the detector area A and the bandwidth B,
is commonly used. It is clear that the expressions for noise sources and conse-
quently for D* depend not only on the detector type and its design but also on the
readout circuit components used. Thus, when designing the detector and readout for
applications relying on high speed and precision, any noise from the electronic
circuitry must be reduced below the detector noise level.

9.2.2 Various Types of Semiconductor Photodetectors

In this chapter, the principles of design and operation of the most common types of
semiconductor photodetectors will be summarized. This includes the photocon-
ductor, Schottky barrier photodiode (Schottky PD), metal–semiconductor–metal
photodetector (MSM PD), p-i-n PD, and the avalanche photodiode (APD). Due to
increasing interest in the development of wide bandgap semiconductor cathodes for
efficient electron emitters also the phototube (PT) as well as the photomultiplier
tube (PMT) and related issues will also be introduced.

9.2.2.1 Photoconductor

A photoconductive detector, also termed photoconductor, usually consists of a pair of
ohmic electrodes processed on the semiconductor surface (see Fig. 9.5a). A large
detection area can be realized utilizing an inter-digital arrangement ofmultiple pairs of
electrodes. But this planar design also leads to a loss of optical signal due to the
shadowing effect of electrodes. The current in the device is driven by the electric field
between a pair of electrodes, which is adjusted by an externally applied bias Ubias. In
the dark, i.e., when no radiation is absorbed, the dark current Idark is given by Idark ¼
Ubias=Rdark withRdark the resistance givenby the dark resistivity of thematerial (dashed
line in Fig. 9.5b).When the biased photoconductor is illuminatedwith photons having
sufficient photon energy to create free carriers, i.e., Eopt �Egap, the resistivity
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decreases to a value Rillum\Rdark. The photocurrent is then Iphoto ¼ Ubias � ðR�1
illum �

R�1
darkÞ (full line in Fig. 9.5b). When a photoconductor, working in series on a load

resistance Rload, is homogeneously illuminated with photons of optical power Popt

between its electrodes, at Rload ¼ 0 the short-circuit photocurrent Iscphoto is given
by [31]:

Iscphoto ¼
qPopt

Eopt
� gext � g ð9:16Þ

with the elementary charge q, the external quantum efficiency gext, and the gain
factor g. Since electron and hole mobilities usually are different, e.g., le [ lh in
n-type material, the gain factor can be written as:

g ¼ srec;h
ttr;e

; ð9:17Þ

where srec;h is the hole recombination lifetime and ttr;e the electron transit time. Thus,
in photoconductors a photoconductive gain mechanism occurs for certain values of
srec;h and ttr;e ¼ d2=leUbias, since the latter depends on the electrode spacing d, the
electron mobility le, and on the bias voltage Ubias. In a simplified picture, as illus-
trated in Fig. 9.5c, the photo-excited electron will reach the anode earlier than the
hole—indicated by the different arrow lengths—and due to the requirement of
charge neutrality an additional electron has to be injected at the cathode. This
feedback lasts until a trapped hole captures a free electron. Thus, the number of
electron loops increases g. It should be emphasized, that this gain does not refer to
multiple carriers being generated by the absorption process of a single photon, but
rather to the number of loops the faster sort of carriers can traverse the semicon-
ductor before recombining with the slower (or trapped) carriers.

When scaling a photoconductor for an application, the limitations to the pho-
tocurrent due to electric field effects, such as space charge limited current, ava-
lanche and dielectric breakdown come into play. Furthermore, a trade-off between a
high gain factor and a fast response has to be found, since the device becomes slow
when srec is long. The main drawback of a photoconductor is the neccessity of a

(a) (b) (c)

Fig. 9.5 a Cross-sectional schematic of a photoconductor. b Schematic I–V characteristics of a
photoconductor in the dark (dashed) and under illumination (solid) (after [34]). c Schematic band
diagram of the photoconductor biased under illumination
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non-zero bias operation because the dark current levels give rise to additional noise
and thus decrease the detectivity of the device. However, when a metal is available
to form electrodes with ohmic behavior on the semiconductor, the fabrication of
photoconductor devices is rather simple, compared to devices with several epitaxial
layers, e.g., the p-i-n PD or an APD.

9.2.2.2 Schottky Barrier Photodiode

The Schottky barrier photodiode is based on the Schottky-type
metal-semiconductor junction with rectifying current–voltage characteristics. As
shown in Fig. 9.6a, a metal is deposited onto the optically active semiconductor
layer that can be n- or p-type or even undoped. Prior to the moderately doped n-type
(or p-type) absorber layer, a highly doped n+-layer (or p+-layer) is grown to reduce
the contact resistance at the ohmic contact. In the following, a brief description of
the n-type Schottky barrier diode and its characteristics will be given. For a deeper
study on metal–semiconductor contacts, we refer the reader to the detailed mono-
graph of Rhoderick and Williams [55] as well as to a recently published review on
the physics and chemistry of the Schottky barrier by Tung [56]. The left image in
Fig. 9.6b illustrates that for a Schottky barrier contact to be formed, the relation
between metal work function /m, which is measured from the Fermi level EF;m to
the vacuum level Evac, and the semiconductor electron affinity vs, which measured
from the conduction band minimum EC to the vacuum level, is essential. Within the
concept of the Schottky-Mott theory, an ideal Schottky barrier of height /b ¼
/m � vs will be present for electrons facing the junction from the metal side if
vs\/m. Below the metal electrode, a space charge region (SCR) is formed, being
depleted of free electrons. This leads to an increasing electric field toward the

(a) (b)

Fig. 9.6 a Cross-sectional schematic of a Schottky PD. b Band diagram of the
metal/n-semiconductor junction under illumination at zero bias (left), and in the dark reversely
biased Urev\0 V (right top) as well as at forward bias Ufwd [ 0 V (right bottom)
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metal–semiconductor junction due to an approximately constant density of posi-
tively charged ionized donors. This electric field causes an upward bending of the
energy bands toward the surface, such that free electrons in the semiconductor have
to overcome the built-in potential /bi to reach the metal contact. Biasing the
Schottky contact negatively, as depicted in the top right image of Fig. 9.6b,
enhances the potential barrier according to /bi � qUrev, with q the elementary
charge and Urev\0 V the reverse bias. The resulting net thermionic electron
emission from the metal can be expressed as the saturation current density [55]

J0 ¼ A

T2 exp � /b � D/bð Þ=kTf g ð9:18Þ

with Boltzmann’s constant k, Richardson’s constant A

, the absolute temperature T,
and the bias-dependent lowering D/bðUÞ of the Schottky barrier height due to image
forces and dipole interactions at the metal/semiconductor interface. At very
high-reverse bias conditions, band-to-band Zener tunneling or avalanche effects
enhance the free-carrier density very rapidly resulting in the dielectric breakdown.
Contrary, the bottom right image of Fig. 9.6b illustrates a barrier reduction due to
forward bias conditions (Ufwd [ 0V). This leads to an enhanced injection of electrons
into themetal,12 causing thecurrent to increaseexponentially.Thus, the currentdensity
of an ideal Schottky diode in the dark obeys a diode characteristics of the form [55]

Jdark ¼ J0 exp qU=kTð Þ � 1f g ð9:19Þ

with J0 given by (9.18). This relationship is further altered due to trap-assisted or
phonon-assisted tunneling processes through the Schottky barrier, i.e., thermionic
field emission or even field emission, all increasing with electric field strength close
to the junction and thus with reverse bias Urev. Further, shallow as well as deep
energy levels, which can be induced by defects and impurities, may affect the
charge distribution across the SCR and thus lead to a modification of the dark
current characteristics discussed so far (see e.g., [57]).

For a Schottky diode operating as a radiation detector, the bias-dependent
modulation of the depletion region characteristics, i.e., width and electric field
distribution, is essential since photogenerated carriers in the SCR are separated and
swept out by the electric field to contribute a drift current. Excess minority carriers
in the field-free contact layer contribute a diffusion current, if generated within a
diffusion length from the SCR. Thus, on the one hand, the resulting photocurrent
signal Iphoto depends on carrier transport mechanisms, such as the transit time of
excess carriers and the minority carrier diffusion length. On the other hand, the
incident photon flux, absorption coefficient, and minority carrier lifetime determine
photogeneration and recombination processes. The I–V characteristics of a
Schottky PD is very similar to that of other photodiode structures and for brevity,
we refer to that depicted for the p-i-n PD shown in Fig. 9.8b. Accordingly, an

12Electrons are delivered by the ohmic contact.
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unbiased Schottky PD already induces a short-circuit current upon illumination.
This makes the Schottky PD an attractive alternative to the photoconductor that
requires an external voltage.

Considering the design of a Schottky PD for front illumination, semitransparent
metal layers have to be deposited for optimal photogeneration within the SCR near
the Schottky junction, where the field is the highest. Furthermore, to minimize
optical reflection losses, the top metal layer has to be very thin (<10 nm) and
additionally an antireflection coating, optimized to a certain wavelength range, can
be used.

9.2.2.3 Metal–Semiconductor–Metal Photodetector

A metal–semiconductor–metal (MSM) photodetector consists of two Schottky
barrier junctions connected “back-to-back,” as depicted in Fig. 9.7a. It means,
separated metal electrodes are placed in the planar inter-digital arrangement
side-by-side, on the surface of an optically active semiconductor absorber layer. As
the device operation relies on the variation of the SCR regions near the metal
electrodes, as in a Schottky PD, we distinguish the MSM PD from the photocon-
ductor, which has two ohmic contacts and—ideally—no depletion region to sep-
arate photogenerated charges.

Due to the Schottky barrier contacts, the dark current flow is governed by either
thermionic emission, thermionic field-emission or field-emission from the metal
into the semiconductor and the barrier-lowering effects, as mentioned above for the
Schottky PD [55]. But for the MSM device saturation currents for both, electrons at
the cathode and holes at the anode, have to be considered [58]. Bias of any polarity
reverses one electrode and forwards the other (see Fig. 9.7b) resulting in symmetric
I–V characteristics in the dark as well as under illumination conditions (see
Fig. 9.7c). By utilizing analytic expressions for the photocurrent in a simplified
1D-Structure, Sarto et al. found that recombination of photo-excited carriers almost

(a) (b) (c)

Fig. 9.7 a Cross-sectional schematic of an MSM photodetector. b Schematic band diagram of the
MSM biased under illumination. c Schematic I–V characterisitcs of an MSM PD in the dark
(dashed) and under illumination (solid)
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has no effect on the dc characteristics and pulse response of a fully depleted
absorber layer [59].

Due to the lack of a photovoltaic mode for an MSM, additional noise due to the
bias applied has to be considered. However, the small contact area reduces the
device capacitance leading to short RC time constants. Utilizing electrode spacings
of several 10 nm enables for high-speed operation even in the THz range [60, 61].

9.2.2.4 p-i-n Photodiode

The p-i-n photodiode consists of an n-type layer, an undoped i-layer (i = intrinsic),
and a p-type layer. As shown in Fig. 9.8a, additional p+ and n+ layers are used to
form proper ohmic contacts with low contact resistances. In contrast to a
pn-junction, the depletion region of a p-i-n diode is given by the i-layer and can be
chosen to be much wider in order to allow for more efficient absorption as well as
offering a lower junction capacitance, which is useful for high-frequency operation.
Due to an almost constant electric field within the i-layer, the width of the SCR is
nearly independent of the applied bias voltage resulting in a stable operation as well
as increased breakdown voltage Ubr:

Neglecting generation and recombination in the neutral i-region, the dark current
of a p-i-n diode shows a diode behavior similar to (9.19), but with the saturation
current density J0 determined by minority carrier diffusion terms [34]

J0 ¼ qn2i
Dp

LpND
þ Dn

LnNA

� 	
: ð9:20Þ

Here Dj with j ¼ n for electrons and j ¼ p for holes are the diffusion constants as
well as Lj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Djsrec;j

p
the diffusion lengths of the respective minority carriers, with

the carrier lifetime srec;j. Further, ni is the intrinsic carrier concentration, and ND and
NA are the donor and acceptor concentrations, respectively. The dashed line in
Fig. 9.8b illustrates the dark current characteristics of a p-i-n diode. At high-forward

(a) (b) (c)

Fig. 9.8 a Cross-sectional schematic of a p-i-n PD. b Current–voltage characteristics of the p-i-n
photodiode. c Band diagram of the p-i-n junction under illumination at zero bias
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bias, the current will be limited due to the series resistance (not shown in the image)
and at large reverse bias the breakdown due to avalanche effects and band-to-band
Zener tunneling occurs. As illustrated in Fig. 9.8c, photogenerated excess charge
carriers within the i-layer are swept out by the electric field even at zero bias and
contribute a drift current, which is slightly enhanced by applying a reverse bias.
Minority carriers being photogenerated within their respective diffusion length Lj
from the depletion region are also swept across the field region and thus make up a
current related to diffusion. The total photocurrent adds to the dark current as
depicted by the solid line in Fig. 9.8b. However, depending on the illumination
scenario (front or back), special care has to be taken in order to avoid absorption
losses of the incident signal in these field-free layers before entering the absorber
layer. Such absorption losses may be reduced and the diffusion tail in the temporal
current signal can be suppressed, e.g., using very thin p- or n-type layers. Also
appropriate heterojunctions can be used to reduce the diffusion tail: when choosing a
wider bandgap for the doped entrance layer in comparison to the absorbing i-layer,
the radiation within a certain spectral range can reach the i-layer. However, this
approach is challenging in terms of fabrication, regarding the issues with doping and
ohmic contact formation in the III-Nitrides, as will be discussed further below.

9.2.2.5 Avalanche Photodiode

An avalanche photodiode (APD) can be designed in several ways, since its oper-
ation principle is based on a carrier multiplication mechanism by impact ionization
processes at high electric fields near breakdown. Regions of high electric field are
generally the depletion regions that have different field distribution depending on
the device structure and are present below and especially near the edges of a
Schottky-type contact (MSM and Schottky PD) and at the p-n junction or within the
i-layer of the p-i-n PD at a sufficient reverse bias. When a free-carrier gains suffi-
cient kinetic energy ([Egap), i.e., negligible energy loss due to collisions with
the lattice occuring during its travel, the excitation of additional e–h pairs can be
initiated—(1), (2), (1′), and (2′) in Fig. 9.9a—and these impact ionization processes
consequently lead to carrier multiplication. In general, the probabilities of impact
ionization are different for electrons and holes and are described per unit length
(cm−1) via the respective ionization coefficients an and ap, which have a depen-
dence on the electric field strength F as [31]:

ai ¼ ai;0 � exp �Fi=Fð Þc; ð9:21Þ

where i ¼ n; p for electrons and holes, and c, ai;0 as well as Fi are the fitting
parameters to experimental results or calculations. The inset in Fig. 9.9b shows
impact ionization coefficients as a function of the inverse electric field as calculated
by Oguzman et al., for electrons (black squares) and holes (red squares) in wurtzite
phase GaN [62] and fits to these data with (9.21) for c ¼ 1 (full lines). According to
these results, the ionization coefficient for holes is larger than for electrons in GaN
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for electric fields below 3.7 MV cm−1, indicating hole-initiated avalanche processes
to occur at a higher rate. Thus, while the p-i-n I–V characteristics at low fields are as
described above for the other PD types, at high fields the carrier multiplication due
to impact ionization increases the current in the device by the multiplication factor
Mi. These multiplication factors can be derived for any particular PD type. In a p+-
π-n+ diode (π = very low p-type) with constant electric field in the π-region of width
w the multiplication factors can be written as [31]:

Mi ¼ ð1� kiÞ � exp ai � w � ð1� kiÞ½ �
1� ki � exp ai � w � ð1� kiÞ½ � ði ¼ n; pÞ; ð9:22Þ

where kn :¼ ap=an is the ionization ratio, and kp ¼ 1=kn. Multiplication factors
calculated with (9.22) for electron (black) and hole (red) multiplication in Si, GaAs,
and GaN are shown in Fig. 9.9b for an i-layer thicknesses of wSCR ¼ 0:5, where ai
values for Si and GaAs have been calculated after [31] and those for GaN are
shown in the inset of Fig. 9.9b. Thus, for GaN the multiplication of carriers is
expected to set in at electric fields an order of magnitude higher, than for Si and
GaAs. However, since ai as well as the ki are exponential functions of the inverse
electric field, small changes in F cause a very steep increase in Mi near the
breakdown field for kn [ 1. In this case, the stable operation of such a p+-π-n+

diode becomes critical, whenever electrons and holes are injected simultaneously in
the same high-field region. Due to spatial inhomogeneities in either the doping
profile or the width wSCR of the space charge region the electric field strength varies
locally, so that, if an\ap holds, a sudden multiplication of electrons can deteriorate
the device performance or even cause local breakdown effects.

(a) (b)

Fig. 9.9 a Schematic of carrier multiplication in a highly reverse-biased p-i-n structure: Impact
ionization occurs upon electron injection at the p-side. bMultiplication factors calculated after (9.22)
for pure electron (black) or hole (red) injection into the multiplication region of a reverse-biased p+-
π-n+ photodiode based on either Si, GaAs or GaN; the inset shows data (from [62]) for electron and
hole ionization coefficients in GaN with a fit of (9.21) (further explanation in text)
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Thus, it is preferred to separate the absorption region, an i-layer for electron and
hole photogeneration, from the multiplication region, another i-layer, where ideally
one type of carriers is injected to initiate multiplication. The resulting separate
absorption and multiplication (SAM) APD structures are manifold, e.g., the p+-n-v-
n+ (v = very low n-type) or p+-n−-n-v-n+ (lo-hi-lo) structure, and thus, the target
spectral range, the temporal behavior as well as the prevailing carrier type for impact
ionization have to be considered for their design. Experimentally, the multiplication
factor for the photocurrent signal at a fixed bias can be deduced using [31]

Mphoto ¼ IM;photo � IM;dark

Ipr;photo � Ipr;dark
; ð9:23Þ

where IM and Ipr are the multiplied and the primary (unmultiplied) current signals,
respectively. For the detection of modulated radiation, the limitations to device
performance due to a constant product of multiplication factor M and bandwidth
fc�o as well as the influence of noise, measured by the effective excess noise factor,
have to be considered for optimal operation (see e.g., [31, 63]). Finally, it should be
noted, that the breakdown voltage due to avalanche processes increases for
increasing temperature (positive temperature coefficient), since the lattice vibrations
cool down the hot carriers. Zener-tunneling causes opposite behavior (negative
temperature coefficient), since the bound carriers gain energy to overcome the
tunneling barrier at a smaller voltage. Therefore, these processes can be distin-
guished by their temperature dependence.

9.2.2.6 Phototube and Photomultiplier Tube

The phototube is a gas filled or vacuum tube containing an element being sensitive
to radiation due to the external photoelectric effect. Such a tube consists of two
opposite electrodes, cathode and anode, in a sealed glass tube. The cathode, located
at an entrance window either in transmissive or reflective mode, is coated with a
photo-emissive material sensitive to a desired wavelength range. Photons entering
the entrance window hit the photocathode material and excite electrons that may be
released from the cathode surface, if the excess kinetic energy delivered by the

Fig. 9.10 Cross-sectional
schematic of a
photomultiplier tube (PMT)
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photons is sufficiently large, as will be discussed below. The electrons freed at the
cathode are then accelerated toward the positively biased anode and cause an
electric current of a few microamperes in an external circuit. A photomultiplier tube
(PMT) is a modification of the vacuum phototube, where the primary photocurrent
emitted from the cathode is multiplied at subsequent electrodes, the dynode stages
as shown in Fig. 9.10. When every dynode is held at a more positive potential
compared to its prior electrode, electrons in the vacuum gain a corresponding
kinetic energy. Depending on the dynode material, the applied voltage has to be
chosen accordingly, to create secondary electrons at every stage. Thus, an electron
emitted at the cathode hits the first dynode stage and generates secondary electrons
that are accelerated toward the second dynode, and so on, until an increased number
of electrons reaches the anode and causes a current signal that is proportional to the
amount of incident photons. The multiplied current produced by incident radiation
can be enhanced by factors of up to 107 depending on the number of dynode stages.
This enables a PMT for applications where single photons have to be detected.

A PMT can be designed, like the simple phototube, by choosing the suitable
photo-emissive cathode material to meet different wavelength ranges in the UV, the
visible, and the NIR spectral regions. Due to its high sensitivity, a PMT has to be
protected from radiation that may irreversibly harm the dynode coating due to
excessive current levels. As for any photodetector type, the transmission of the
window material limits the spectral bandwidth and height of the device respon-
sivity. The physical processes occuring in the cathode material upon illumination
can be understood utilizing the simple three-step model of photoemission which
was developed by Spicer and Berglund for alkali-antimonides [65–67]. As illus-
trated in Fig. 9.11a, these steps—(1) optical excitation, (2) electron transport in the
p-type solid and (3) carrier escape accross the surface—can be treated separately
[64]. The electron emission efficiency ge of a photocathode is approximated by

ge ¼ ð1� RoptÞ a
y
a

Pe

1þ 1=aLn

� 

ð9:24Þ

with Ropt the optical reflection, a the optical absorption coefficient, ay the
absorption coefficient for excitation into states above the vacuum level, Pe the
probability of electron escape into the vacuum, and Ln the electron diffusion length
in p-type material. Neglecting band bending effects due to Fermi level pinning,
which is caused by a high density of defect levels at the surface, from (9.24) it is
clear that the spectral shape of ge is governed by a threshold energy Ethr ¼ Egap þ v,
where v is the electron affinity of the material defined as the energy distance
between the vacuum level and the bottom of the conduction band right at the
surface (c.f. Fig. 9.10a). Since a modification of electronic surface properties by
adsorbate-induced surface dipoles and surface states—e.g., due to the formation of
a Cs, Cs2O, Li or NF3 adlayer with rather n-type properties on the surface of
p-GaAs [68, 69]—can result in a band bending at the surface below the conduction
band minimum in the bulk material, it is possible to obtain a negative electron
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affinity (NEA), as shown in Fig. 9.11b. The semiconductor NEA may be effective,
corresponding to Evac below the bulk conduction band minimum Eb

C, or true, when
Evac is below the surface conduction band minimum Es

C. For effective NEA, the
affinity v is positive but small and the energy bands are bent downward at the
surface, as it may occur for a p-type semiconductor. If electrons, excited in the bulk,
thermalize to Eb

C and further travel ballistically across the depletion region toward
the surface, they have sufficient kinetic energy to escape from the semiconductor. In
the case of true NEA, electrons thermalized even at the surface have sufficient
energy to escape from the solid. Consequently, in NEA semiconductors the cathode
threshold energy for electron emission is reduced and an enhancement of ge is
achievable. This makes such materials attractive for efficient electron emitters for
the use in phototubes or PMTs.

9.3 III-Nitrides for Solid-State UV Photodetection

The ability to directly tune the detector cut-off wavelength via the Al mole fraction
xAl of the active layer is one of the main advantages of the AlxGa1−xN material
system compared to e.g., SiC, diamond or other elemental materials. This enables
the blocking of unwanted signals with wavelengths above 365–200 nm, depending
on xAl, and thus the exploration of the UV-A, UV-B, and the UV-C spectral region
without the use of additional filters. A comparison of typical responsivity spectra of
Schottky (GaP, GaN, AlGaN) as well as p-i-n (SiC) photodiodes is shown in
Fig. 9.12 (unpublished data [70]). The GaP photodiode EPD-150 covers a wide
range of wavelengths from 150 nm up to the VIS spectral range with EQE levels
between about 8 % at 150 nm and 30 % at 410 nm. In combination with an external
low-pass filter for a cut-off at 365 nm, the spectrum of the photodiode EPD-365
(GaP + Filter) shows cut-offs in the UV-C at about 260 nm and in the UV-A

(a) (b)

Fig. 9.11 a Schematic band diagram of semiconductor/vacuum junction showing three steps of
photoemission of electrons: 1 excitation, 2 transport, and 3 escape (after [64]). b Schematic band
diagram for effective negative electron affinity (NEA) assisted by Cs2O adlayer on the p-type
semiconductors surface
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at about 380 nm. But due to the high-absorption values for GaP for k� 360 nm
(c.f. Fig. 9.1b), the UV-A cut-off results in a rather weak rejection of signals up to
400 nm: The responsivity of 70 mA W−1 at 380 nm corresponds to a quite high
EQE of about 22 %. A similar situation can be observed for a SiC photodiode. Due
to its indirect bandgap, the EPD-280 (SiC) without external filter covers the range
from 200 to 400 nm not showing a sharp cut-off but a peak responsivity of about
100 mA W−1 at 280 nm. An external filter for UV-C limits the detection range from
220 to 315 nm, as it is shown for the SiC EPD-270 (SiC + Filter). So it is possible
to tune a photodetectors spectral range of responsivity using external filters but in
conjunction with the optical properties of the semiconductor used, the spectral
performance is often limited. However, the main drawbacks to be mentioned are the
commercial availability, the price, and the degradation of the filter characteristics.
Whenever precise requirements for a specific UV application rely on the filter
characteristics, the AlxGa1−xN material with its tunable intrinsic cut-off promises
true visible-blind or solar-blind operation, as it is shown in Fig. 9.12 for the GaN
photodiode EPD-365 as well as for the Al0.45Ga0.55N photodiode EPD-280.

Despite the difficulties in AlGaN epitaxy and processing mentioned in the
introduction, the first report on photoconductivity measurements in GaN samples
was by Pankove and Berkeyheiser in 1974. In this early work, the near-gap pho-
toconductivity edge was attributed to the fundamental absorption edge of GaN:Zn
crystals grown by hydride vapor phase epitaxy (HVPE) [71]. The samples were
prepared with soldered indium contacts in order to study the photoconductive
properties of the material as a function of Zn doping. Where as-grown HVPE GaN
films at those times were usually found intrinsically n-type due to very high con-
centrations of nitrogen vacancies [72], an abrupt transition of the electrical prop-
erties from conducting to insulating as well as an enhancement of material quality

Fig. 9.12 Comparison of responsivity spectra for different types of photodetectors (unpublished
data [70])
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was observed as the Zn concentration was increased. From these findings, it was
concluded that Zn atoms would occupy the vacant N sites, and thus reduce the dark
conductivity.

About two decades later, in 1992, Khan et al. utilized a low pressure metal organic
chemical vapor deposition (MOCVD)-based growth technique, called switched
atomic layer epitaxy (SALE), in order to obtain insulating GaN films [3] and shortly
after that they also showed characterisation results of the first UV photodetectors
fabricated on such GaN layers grown on an AlN/sapphire template [73]. The
GaN photoconductors processed had an inter-digital arrangement of Au-electrodes.
The I–V characteristics of those sensors were linear with dark current level as low
as 2 nA at 200 V. At 5 V applied bias, a rather flat responsivity spectrum of 1000 to
2000 A W−1 between 200 to 365 nm was obtained with an abrupt drop in signal by
three orders of magnitude within 10 nm of the band edge (see Fig. 9.13). Despite the
presence of a very high photocurrent gain of 6 × 103 at 365 nm, the response of those
devices at 254 nm was found to be linear over five orders of incident optical power
and the bandwidth was in excess of 2 kHz. In summary, those first results illustrated a
very high potential of GaN material for UV sensing applications.

In the following, many other research groups also succeeded in developing
AlGaN-based UV photosensitive devices such as photoconductors, phototransis-
tors, MSM detectors, Schottky barrier photodiodes, MIS diodes as well as p-n and
p-i-n diodes. Even the integration of AlGaN-based focal-plane arrays to silicon
read-out circuits was achieved and thus the applicability of the III-Nitrides on a
rather complex level of technology was demonstrated [74].

9.3.1 AlGaN-Based Photoconductor

First studies on AlGaN-based photoconductors indicated the potential of
III-Nitrides, despite some findings that might also hamper device operation in
several applications. The high photoconductive gain levels reported led to

Fig. 9.13 Responsivity spectrum of the first MOCVD grown GaN-based photoconductor device
at 5 V bias. Reprinted with permission from [73], Copyright 1992, AIP Publishing LLC
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long-decay times in the ms range and thus device operation was usually limited to
kHz-bandwidths. The gain mechanism was attributed to either the trapping of
photogenerated holes and the resulting enhanced effective electron lifetime [75] or
the light-induced modulation of the conductive volume [49, 76]. Furthermore,
photoconductor devices require biasing, which leads to additional dark current
noise. Thus, specific detectivities reported were as low as 107–109 cm Hz1/2 W−1

[73, 77]. With increasing Al content in the AlxGa1−xN layers, the free carrier
lifetime was found to decrease as the material becomes more insulating. This result
was attributed to an exponential distribution of band-tail states due to the potential
fluctuations which arise from an increasing density of defects [78]. Linear
photocurrent-power dependencies, even over a wide range of power levels [79] as
well as sublinear responses and excitation-dependent response times were observed
[80]. Additionally, metastability and persistent photoconductivity (PPC) effects,
which can lead to decay times in the order of several 1000 s, were observed in
p-type [81] as well as n-type [82] material.

In conclusion, despite the high photocurrents achieved in GaN photoconductors,
the gain-related issues, such as device bandwidth and linearity, restrict that type of
PD to low frequency applications. In addition to that, the difficulties in processing
proper ohmic contacts with increasing xAl impede the development of AlGaN-based
photoconductors for the UV-C range.

9.3.2 AlGaN-Based MSM Photodetector

Metal–semiconductor–metal (MSM) photodetectors based on AlGaN offer some
advantages over other device types considering their simple fabrication process,
since no p- or n-type doping is required and they are easy to integrate in planar
process technology. But as well as the photoconductors, metal–semiconductor–
metal PDs need an external bias to be driven. This complicates the evaluation of
scientific reports, since there is no standard for the bias voltage at which an
MSM PD needs is operated.

However, first GaN MSM PDs were demonstrated with an EQE of about 50 % at
6 V, 350 nm cut-off wavelength, a high rejection to visible-light, and low dark
current of 800 fA at 10 V [83]. MSM PDs are capable of very high-speed operation,
when fully depleted. GaN MSM devices, having 2 μm electrode spacing, with a rise
time of 23 ps and a 3 dB cut-off frequency of 16 GHz have been shown [84]. An
analysis of the MSM PD performance considering bias and electrode spacing
indicates a transit time-limited operation and the modeling of the temporal response
reveals the slower holes, compared to electrons in GaN, to be responsible for a slow
tail measured experimentally (see Fig. 9.14). However, MSM PDs have been
subject to a huge number of publications. In the year 2000, back-illuminated
solar-blind AlxGa1−xN MSM PDs with 260 nm peak wavelength have been pre-
sented [85]. As shown in [86], a significant overlap between the depletion region
below the biased contacts on the front surface and the photon absorption depth at
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the backside of the device has to be created either by increasing the bias voltage or
decreasing the absorber layer thickness sufficiently. For this reason, the EQE found
in [85] increases from about 4.7 % at 4 V to about 48 % at 100 V. The dark current
level in this device stayed below the experimental detection limit of 20 fA.
Operation of solar-blind MSM PDs under 150 °C temperature has been demon-
strated recently [87]. The Al0.4Ga0.6N MSM PD with semitransparent Ni/Au con-
tact electrodes showed a low-dark current in the fA-range at elevated temperature
up to 20 V bias and a breakdown voltage higher than 300 V. At 10 V bias, the peak
EQE of about 64 % at 275 nm and room temperature and was decreased by only
20–40 % with increasing temperature, possibly due to enhanced carrier recombi-
nation losses at elevated temperatures. Pt-AlN MSM detectors with a very low dark
current below 100 fA up to 200 V and a very sharp cut-off at 207 nm showed a peak
responsivity of 0.4 A W−1 at 200 nm for 100 V bias. The reported data (EQE* 2.4
at about 200 nm) indicate a bias-dependent gain. Nevertheless, these results
demonstrate AlN MSMs as suitable candidates for DUV device applications [88].

Al0.4Ga0.6N layers grown on laterally overgrown AlN on stripe-patterned
AlN/sapphire templates turned out to exhibit anisotropic compositional fluctuations
throughout the epilayer [89]. At elevated bias, the solar-blind MSM PDs on this
material operated linearly with incident optical power but with anisotropic char-
acteristics. Devices with electrodes oriented perpendicular to the underlying stripe
pattern showed photoconductive gain (EQE * 77 at 30 V) which was absent in
devices with parallel electrode orientation. An exponential quenching of this ani-
sotropic EQE with temperature increased from room temperature to about 150 °C
was observed and it was suggested that the gain has to be due to a carrier accu-
mulation mechanism at the interfaces between the matrix material with high
Al-content and the Ga-rich stripes with a smaller bandgap [90]. This allows not
only for highly sensitive devices but also for different detector characteristics
integrated on the same wafer.

Fig. 9.14 Measured photo-response transients (scatter) of a GaN MSM PD with 10 electrode
spacing upon pulsed excitation at 267 nm under 25 V. For the modeled data (lines) contributions
of fast electrons and slow holes have been assumed (data taken from [84])
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In summary, a high detection capability achieved by the electrode geometry, the
processing of Schottky-type electrodes as well as the epitaxy of non-intentionally
doped AlxGa1−xN layers within the whole composition range make
the AlGaN-based MSM PD an easy-to-fabricate device. Moreover, by backside
illumination of properly designed MSM PDs, the optical loss due to electrode
shading can be circumvented.

9.3.3 AlGaN-Based Schottky Barrier Photodiode

The first AlGaN-based Schottky-type PD was a back-illuminated 1 mm2 Ti/Au
p-type GaN:Mg device with a zero bias EQE of 50 % at 320 nm
(Rsp� 0:13A.W�1) and a response time of 1 μs [91]. On n-type GaN material
Schottky barrier heights of 0.88, 0.92, 0.99, and 1.08 eV were obtained for Au, Pd,
Ni, and Pt, respectively [92]. A front-illuminated device consisting of a semi-
transparent Pd layer on n-GaN was fabricated and characterized with
Rsp� 0:18A.W and a RC-limited decay time of 118 ps [93]. Dominant leakage
current mechanisms through GaN—as well as AlGaN-Schottky interfaces were
recently found to be well described by donor-like surface states which reduce the
depletion width and enhance tunneling transport processes [94]. Photoconductive
gain mechanisms were attributed to the trapping of minority carriers at the
semiconductor/metal interface in conjunction with a subsequent reduction of the
Schottky barrier height, such that electron tunneling processes through the barrier
are enhanced [52]. UV-B photodetectors with an active Al0.25Ga0.75N layer grown
on an Al0.2Ga0.8N/GaN superlattice layer (SL) stack showed superior device per-
formance compared to those PDs without SL [95]: Dark current as low as 100pA at
−5 V, zero bias responsivity of 97 mA W−1 and specific detectivity of 8 × 1013

cm Hz1/2 W−1 at 290 nm were reported. Solar-blind AlGaN Schottky photodetec-
tors with a diameter of 800 have been fabricated [96]. These devices on
AlN/sapphire templates consisted of a semitransparent Ni/Au contact on 200 nm
undoped i-Al0.5Ga0.5N deposited on a doped n-AlGaN layer contacted with Ti/Al
ohmic contacts. These devices showed responsivity in the range between
100–265 nm under front illumination. High-quality AlN Schottky PDs on an n-type
SiC substrate showed a cut-off at 210 nm and a zero bias peak responsivity of
0.12 A W−1 at 200 nm corresponding to an EQE of about 74 % (Fig. 9.15). The
very low dark current levels of below 1 pA up to 150 V reverse bias as well as
the zero bias detectivity of about 1015 cm Hz1/2 W−1, which is comparable to the
detectivity of conventional PMTs, demonstrate the potential of AlN Schottky
diodes for DUV optoelectronic device applications [97].

The AlGaN-based Schottky-type photodetectors developed so far show low dark
currents due to the blocking Schottky contact, and despite the use of semitrans-
parent metals, high values for the zero bias EQE could be achieved. In comparison
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to the MSM PD, the difficulties of doping and ohmic contact formation with
increasing xAl remain an issue for that type of PD.

9.3.4 AlGaN-Based p-i-n Photodiode

The device structure of a visible-blind GaN based p-i-n photodiode usually consists
of an n-type GaN:Si layer with a free-electron concentration of n * 1019 cm−3

followed by an intrinsic GaN region with a background concentration of n * 1016

cm−3 and a top p-type GaN:Mg layer with a hole concentration ranging between
1017 to 1018 cm−3 (see e.g., [98]). Additionally, highly doped n+- and p+-type layers
are utilized to lower the contact resistance at the device terminals. After
mesa-etching down to the n-layer region, proper ohmic contacts with low contact
resistances need to be processed on both of the doped layers. An entrance area for
the device can now be realized for front- or backside illumination. In both cases,
optical losses due to reflection at interfaces as well as due to absorption need to be
minimized. For front-illuminated PDs, meshed contacts on the p-layer can be used
to reduce electrode shading losses [99]. GaN devices with a semitransparent
p-Al0.13Ga0.87N entrance window on top of the photoactive intrinsic GaN region
have been reported [100]. An ohmic Ni/Au contact ring on an etched p+-GaN cap
layer defines the entrance window to the absorber layer, which was passivated by a
SiO2 layer. The EQE spectrum at 1 V is flat on a level of about 45 % in the band
between 365 to 330 nm and then decreases toward short wavelength due to the
onset of absorption in the p-AlGaN layer. For back-illuminated GaN p-i-n devices,
an n-Al0.28Ga0.72N layer/i-GaN heterojunction was used and a zero bias EQE of
75 % at 355 nm could be obtained [101]. To achieve solar-blind operation in
back-illuminated devices, all layers below the active AlxGa1−xN layer with

Fig. 9.15 External quantum
efficiency of a hybrid
Pt-AlN/4H-SiC Schottky PD
biased at −10 V; the inset
shows the device structure
with SiO2 passivation layers
(EQE calculated from [97])
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xAl � 0:45 have to be transparent for the incident radiation. Hence, either substrates
opaque to UV-C radiation (Si, SiC) have to be removed or sapphire has to be used.
Using this approach, the responsivity of a back-illuminated device is spectrally
limited to a narrow wavelength band, which is defined by the different bandgap
energies in the layer stack. Besides a sufficient optical transparency, the electronic
properties of the n- and the n+-AlxGa1−xN layers have to be properly optimized in
order to achieve low-series resistance, i.e., high mobility and electron concentration.
At xAl of about 60 % an electron mobility of 20 cm2 V−1 s−1 and electron con-
centration of 1 × 1019 cm−3 could be achieved at room temperature, which resulted
in a zero bias EQE of 58 % at 274 nm for solar-blind p-i-n PDs [102]. The
minimization of any voltage drop across the p- or the n-layers is necessary in order
to confine the depletion region to the i-layer and also to enhance the carrier col-
lection efficiency CE due to reduced minority carrier losses [103]. Record high zero
bias EQE values of about 80 % at 275 nm have been reported recently for the
back-illuminated solar-blind diodes (see Fig. 9.16) [104]. The high quality of a
Si-In co-doped n+-type Al0.5Ga0.5N window layer with resistivity, mobility, and
carrier concentrations of 1.55 × 10−2 Ω cm, 74 cm2 V−1 s−1, and 4.41 × 1018 cm−3,
respectively, is claimed to significantly contribute to these results.

Since specific detectivities in the range between 1013 and 1015 cm Hz1/2 W−1

have been reported during the last two decades for p-i-n-type PDs [99, 105–107], it
is an attractive alternative device to the PMT whenever low intensity signals have to
be detected. Even flame luminescence detection between 250 to 280 nm in the nW
cm−2 range was demonstrated under fluorescent room light with a front-illuminated
n-Al0.44Ga0.56N/i-Al0.44Ga0.56N/p-GaN/p-mesh heterojunction photodiode [108].

Due to the heterojunctions in a p-i-n sample stack, the effects of piezoelectric
polarization (in combination with the spontaneous polarization of the absorber
layer) have to be considered. According to modeling results of Kuek et al., dealing

Fig. 9.16 Responsivity spectra of back-illuminated solar-blind p-i-n PDs biased up to −5 V, the
maximum peak responsivity at −5 V of about 200 mA/W corresponds to 89 % external quantum
efficiency. Reprinted with permission from [104], Copyright 2013, AIP Publishing LLC

9 Solar- and Visible-Blind AlGaN Photodetectors 249



with the effect of polarization charges in a UV-B p-GaN/i-Al0.33Ga0.67N/n-GaN PD
[109], the polarization-induced interface charges increase the barrier to carriers
photogenerated within the GaN regions resulting in an enhanced rejection of UV-A
radiation.

The development of p-i-n PD profits from the advancing development of
AlGaN-based emitting devices, such as LEDs and laser diodes, and vice versa.
However, the uniformity of the high electric field and its confinement to the i-layer
both play key roles concerning device stability and reliability. A broad range of the
UV-region could be covered by the utilization of heterojunction devices as well as
the backside illumination approach. The doping and contact formation issues are
usually handled by utilizing a sophisticated layer structure including heterojunc-
tions. Therefore, any progress in the fabrication of AlGaN-based p-i-n PDs supports
the development of AlGaN-based avalanche photodetectors, discussed in the next
paragraph.

9.3.5 AlGaN-Based Avalanche Photodetector

An avalanche photodiode (APD) is usually realized utilizing carrier multiplication
in an optimized structure of the p-i-n diode type or the SAM photodiode introduced
in Sect. 9.2. However, avalanche multiplication due to soft breakdown character-
istics is also found for many of the conventional AlGaN-based devices. These
results will be discussed first.

A visible-blind MSM structure with its planar rectifying electrodes is subject to
enhanced electric fields within the semiconductor at the metal contact edges.
A maximum field strength of 3.5 MV cm−1 at a bias of 134 V was estimated by
simulating the electrical properties of such a device. These fields are high enough to
initiate impact ionization, such that an avalanche gain of more than 1188 at 145 V
was measured [110]. For a solar-blind p-i-n structure, a maximum optical gain of
700 at a reverse bias of 60 V was achieved without evidence of abrupt breakdown
[111]. The electric field strength at the onset of impact ionization was estimated to
be about 1.7 MV cm−1. A solar-blind Schottky PD was reported with 1560 gain at
68 V and a detectivity as high as 1.4 × 1014 cm Hz1/2 W−1. For the Pt/AlN
Schottky PD on an n-SiC substrate a gain as high as 1200 at 250 V reverse bias was
obtained [112]. In all cases mentioned, the bias- and temperature-dependencies
have been investigated in order to rule out Zener-tunneling or photoconductive gain
as dominant mechanisms for the breakdown process.

Homoepitaxial GaN APDs, illuminated from the top-side, have been reported by
Dupuis et al. [113]. As shown in Fig. 9.17, an almost constant and low-leakage
current level of 5 × 10−9 A cm−2 below 20 V as well as an avalanche gain
exceeding 100 have been achieved.

GaN p-i-n APDs fabricated on bulk GaN substrates have been demonstrated
with an optical gain of 104 at 280 nm under front illumination, dark current den-
sities below 10−7 A cm−2 up to 45 V, and breakdown voltage of about 92 V, which
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corresponds to 2.6 MV cm−2 for this structure [111]. For a number of AlGaN
APDs, a broadening of the responsivity edge near cut-off was found at elevated
reverse bias voltage [112, 114, 115]. This can be attributed to the Franz–
Keldysh-Effect, but also an impurity-related absorption band located in the depleted
part of the p-GaN at the p-i junction is suggested to be involved in such behavior.

For stable operation of APDs in Geiger-mode—i.e., at a certain over-voltage
above breakdown—spatially uniform multiplication regions, free of microplasmas
due to defects in the material, are essential. An APD then can be temporarily
over-biased with μs-pulses to avoid a large multiplication of the dark current [116].
This enables photon-counting measurements with sufficient gain, where usually
PMTs are used. In such experiments, instead of EQE and dark current, the photon
detection efficiency (PDE), which is determined by the ratio between recorded and
incident pulses, and the dark count rate, i.e., the average number of counts per
second, give the significant figures-of-merit. In the year 2000, HVPE grown GaN
π-i-n APDs have been demonstrated at 300 K with a PDE of 13 % at 325 nm and a
dark count rate of 400 kHz [117]. Also solar-blind AlGaN-based p-i-n APDs have
been fabricated and a multiplication gain of 700 at 60 V reverse bias was obtained
[118].

Recent results on the performance of back-illuminated separate absorption and
multiplication (SAM) AlGaN solar-blind APDs of p-i-n-i-n structure showed a low
dark current density of 1.06 × 10−8 A cm−2 at 20 V reverse bias and a multiplication
gain of about 3000 at 91 V [115]. An even higher gain of 1.2 × 104 at 84 V reverse
bias was realized recently by Zhen et al. exploiting the higher ionization coefficient
for holes along the (0001) direction of wurtzite GaN mentioned above, in a SAM
structure (p-i-n-i-n) in the back-illuminated configuration [119]. Although these and
comparable results promise AlGaN-based APDs to be superior to PMTs or Si-based
photon-counting units, besides the AlGaN APD also the readout electronics have to

Fig. 9.17 I–V characteristics
of a front-illuminated
homoepitaxial GaN APD
(p-i-n) in the dark and under
illumination; the
multiplication gain is also
shown on the right axis.
Reprinted from [113],
Copyright (2008), with
permission from Elsevier
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be considered. It means, even if the background noise is low for a wide-bandgap
detector, the readout circuit noise may limit the measurement of single photons in a
given sampling time. Hence, rather than the NEP, the number of rms noise
equivalent electrons with no signal incident is considered as figure-of-merit to
properly design a photon-counting sensor [120].

The effects of polarization on the device characteristics of a back-illuminated
AlGaN SAM PD have been modeled by Dong et al. [121]. According to their
analysis, an increase in Al mole fraction of the p-AlGaN layer results in a signif-
icant reduction of avalanche breakdown voltage of the APDs. Moreover, the
introduction of a polarization-induced electric field in the multiplication region
leads to an increase in multiplication gain. Finally, by utilizing the
polarization-doping effect in the p-type AlGaN layer, the simulated maximum gain
of the APDs could further be increased.

As pointed out above, the p-i-n PD is the basis of the APD or the SAM PD. In
order to meet the conditions of photon-counting applications, due to the structural
complexity on the one hand, and the requirement of well-defined as well as
homogeneous high-field regions on the other hand, the highest level of device
reliability has to be achieved. However, the scientific results presented clearly prove
the possibility to obtain outstanding performance utilizing AlGaN-based APDs—
even in a wide range of the UV.

9.3.6 AlGaN-Based Photocathode

For clean n- and p-GaN(0001) surfaces Eyckeler et al. experimentally derived work
functions of 3.88 and 3.6 eV and revealed the existence of depletion and inversion
layers, respectively [122]. An exposure of p-GaN to oxygen followed by Cs
deposition was found to lower the vacuum level to about 0.7 eV below the bulk
conduction band minimum—i.e., a negative electron affinity (NEA) results [123].

Machuca et al. investigated the oxygen species in Cs/O activated p-type
GaN NEA photocathodes utilizing synchrotron radiation photoemission spec-
troscopy to monitor the oxygen during the activation of NEA as well as during
operation of the photocathode under UHV conditions [124]. An ion of molecular
oxygen was found to be the dominant chemical species of oxygen in the thin Cs/O
adlayer that activates the GaN surface. After about 10 h of UV illumination, a decay
of the QE from *20 % to less than 10 % within further 7.5 h was observed. An
analysis of the valence band and core level states revealed a physical alteration of
the Cs/O layer causing a change in the electronic structure of the initial di-oxygen
from a −2 charge state to the −1 charge state during the QE shift.

Siegmund et al. reported about the stability of their p-GaN (Cs) photocathodes
[125]. The QE has not vanished after an atmospheric pressure N2 exposure and can
be recovered to >50 % of the initial QE by a vacuum bakeout at 200 °C. Only the
long wavelength QE near cut-off is found to be significantly changed, as assumed
from electron surface escape characteristics. A photocathode in a sealed tube was
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found to be stable over 3 years, as shown in Fig. 9.18, and samples measured in a
process tank at 10−9 Torr did not degrade over a 6-month period. They also pointed
out that this level of stability is better in comparison to that of common cathode
materials, e.g., made of CsI or CsTe.

Visible-blind phototubes based on cesiated p-GaN photocathodes have been
fabricated [126]. The NEA cathode sample of 0.5 × 0.3 cm2 area was placed
opposed to a 1-mm-thick wire loop anode in a sealed glass tube of 2 cm diameter
and 7 cm length. In this configuration, a QE of 30 % at 200 nm wavelength and
VIS/UV rejection of up to four orders of magnitude have been measured. The
authors also claimed a long-term stability of their cesiated cathodes, since the
measured QE changed less than 1 % within a storage duration of two months. In
addition, an increase in QE with p-type conductivity of the material was reported.
This indicates difficulties for material with high Al content, since the higher
acceptor ionization energy then causes the QE to be reduced, accordingly.

The electron affinity of a clean AlN surface was found to be vAlN � 1:9 eV and
Cs adsorption then led to a true NEA with vCs=AlN � �0:7 eV [123, 127, 128], but
no data on the performance of AlN photocathodes has been reported so far.

In conclusion, the QE values of p-GaN photocathodes range from about 10 % at
the threshold wavelength [125] to about 72 % at 230 nm [129]. For the p-type
AlGaN-based photocathode, the doping issues hold, as for the Schottky and p-i-n
PD. Finally, the chemical instability of the Cs adlayer remains the main obstacle
that needs to be solved in the future, especially in terms of device degradation.
However, the integration in an electron-multiplying setup can be done straight
forward, based on mature technologies.

Fig. 9.18 Spectra of external
quantum efficiency for a
photocathode device taken
over a 3 year period, no
significant aging is observed.
Reprinted from [125],
Copyright (2006), with
permission from Elsevier

9 Solar- and Visible-Blind AlGaN Photodetectors 253



9.3.7 III-Nitride-Based Devices of High Integration Level

Since the first report on visible-blind GaN-based 32 × 32 pixel focal-plane-array
(FPA) cameras, consisting of GaN/AlGaN p-i-n photodiodes hybridized to silicon
readout integrated circuits (ROICs) [130, 131], further GaN or AlGaN FPAs in
linear [132, 133] and two-dimensional arrangement have been realized. The main
detector types, such as Schottky diodes [132, 134], MSM detectors [132] and p-i-n
diodes [74, 135] were fabricated and the standard characterization results, similar to
those of the single devices mentioned above, showed that visible-blind as well as
solar-blind 2D-imaging with 8 × 8 [136], 128 × 128 [137], 256 × 256 [74] or even
320 × 256 [104, 137–140] pixels is possible (see Fig. 9.19).

However, lattice mismatch and defects are a challenge to such large-area devi-
ces. Recently, Cicek et al. reported on an effective approach to reduce the number
of cracks in solar-blind p-i-n based FPA imaging strucures by utilizing reduced area
epitaxy [141]. With this approach, 97 % of the pixels were obtained crack-free and
showed an enhancement of about 10 % in the peak EQE compared to devices on a
conventionally grown reference sample. However, the prepatterning procedure of
the AlN template prior to device growth led to a reduction of the pixel fill-factor to
about 48 % (22 μm × 22 μm total device at 30 μm × 30 μm periodicity) compared to
73 % achievable by conventional mesa-structuring the whole p-i-n device [104].

In the design of such FPA systems, flip-chip mounting is usually utilized to
integrate the AlGaN photodetector via In-bump technology with a Si readout
integrated circuit (ROIC) chip. As already mentioned, back-illumination of a PD
results in the limitation of the response to wavelengths above the respective cut-off
from any radiation filtering layers, such as substrates, which is crucial for the
detection of VUV radiation below about 140 nm. The removal of a sapphire sub-
strate requires high mechanical stresses and may cause harmful damage of the thin
remaining device layers. To overcome these difficulties, Malinowski et al.

Fig. 9.19 Electric arc recorded with a solar-blind FPA camera with 320 × 256 pixels. Reprinted
with permission from [138], Copyright 2005, AIP Publishing LLC
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fabricated 400-nm-thick AlGaN membranes by locally etching away the Si(111)
substrate after face-down integration to a Si-ROIC [134]. The individual solar-blind
Schottky PDs of the 7 × 3 array showed the capability for solar-blind detection with
high VIS/UV rejection.

In conclusion, the integration of AlGaN-based photodetectors to ROICs has
already been realized at a comparably early stage in III-Nitride photodetector re-
search. Useful processing steps and techniques have been successfully employed in
order to enhance the yield of individual PDs making up such large-scale devices.

9.4 Present Status of Wide Bandgap Photodetectors

During the 1980’s, there have been developments in GaN and AlGaN growth that
led to different patents mainly on the epitaxy of single layers [142–151]. Although,
subsequently more patents on complete photodetector structures were released
[152–154] and new materials—such as several oxides like TiO2, SnO2, ZrO2, or
ZnO—emerged [155, 156], the work on improvement of material quality is a key
issue in the field of UV photodetectors up to now [157, 158]. This incomplete
listing is meant to give a brief overview of the companies dealing with UV pho-
todiodes.13 In 1993 APA OPTICS Inc. filed a patent on GaN and AlGaN-based
photoconductors [159]. In 2000, there have been patents by SANYO on a
Pd-Schottky electrode on an n-SiC substrate [160] and by APA OPTICS Inc. on a
8 × 8 Schottky-type photodetector array based on GaN with a pixel size of 200 μm
by 200 μm [161]. The next year, General Electric patented a photodetector based on
homoepitaxial GaN having a dislocation density below 105 cm−2 [162]. In 2002, a
Schottky PD based on metal-oxides—TiO2, ZnO, SnO2, SiO2, ZrO2, PbO, MnO,
Fe2O3, or In2O3—with a Schottky contact made of Pt, Pd, Ni, Au, or Ag was
claimed by the company sglux [155]. In 2005, Hamamatsu filed a patent on a
back-illuminated photodiode array for computed tomography [163] and
OSAKA GAS CO. LTD. filed a patent on a flame sensor based on an AlGaN p-i-n
photodiode using a GaN-layer process with ELO [164]. In 2007, Iwate Information
System Corp. filed a patent on a UV PD based on ZnO substrate and AlGaN active
layer [156]. Also in 2008, Canon filed a patent on a Schottky photodiode with a
periodic concavo-convex structured surface for higher efficiency [165] and NEC
filed a patent on a back-illuminated Schottky photodiode with a surface plasmon
periodic structure to combine sensitivity and speed [166]. In July 2010, Hamamatsu
released the first GaN-based transmission photocathode for the UV range [167,
168]. In 2012, Lai et al. released a paper and a patent on a solar-blind Schottky
diode based on Au/wurzite MgS/n+-GaAs (111) substrate [169, 170]. This detector
has a cut-off at 240 nm and shows an EQE of 10 % at a peak wavelength of 225 nm.

13Companies like: Kyosemi Corporation, Hamamatsu Photonics K.K., SANYO Electric Co. Ltd.,
General Electric Company, Cree Inc., and others.
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In 2013, NEC filed a patent on a waveguide-coupled MSM photodetector based on
GaN. The reduced light reflection at the MSM electrode improves the efficiency, so
that the bias voltage can be reduced [171].

In Table 9.1 different types of UV photodetectors are listed, which are based on
several material systems and have an active area between 0.031 and 78.5 mm2.
Except for the GaP Schottky PD, all PDs operate solely in the UV, showing peak
wavelengths between 370 and 240 nm, and thus are suitable for applications
requiring visible-blind or even solar-blind detection capabilities. For the PDs based
on AlxGa1−xN, that can be operated at zero bias, the responsivities range between
60 to 150 mA W−1, which is competitive to SiC-based p-i-n PDs having about
80 mA W−1. Except the GaN as well as the ZnO photoconductor with their
enhanced responsivities at 10 V bias, values below 28 mA W−1 are achieved with
GaP Schottky PDs, and TiO2 Schottky PD at a small bias voltage. In comparison to
that, the CsTe PMT requires a high voltage of 1 kV in order to operate at a
responsivity of 1.4 × 107 mA W−1 at 254 nm due to the gain of 5 × 105 at this bias.
The dark current level of 300 pA for this PMT has been obtained after storing the
device for 30 min in the dark. But the very short rise and fall times as well as the
low device capacitance for the PMT are remarkable in comparison to all other
devices. However, given values for the NEP range between 10−16 and 10−14

cm Hz1/2 W−1 for the SiC p-i-n PD, the GaP and the AlxGa1−xN Schottky PDs
promising high performance in detecting low power levels.

We conclude, that in comparison to rather mature technologies in SiC or GaP
device fabrication, the AlxGa1−xN-based UV PDs are definitely competitive today,
and outstanding performance can be achieved, regardless of the device type.

9.5 Summary and Conclusions

This overview on AlGaN-based UV photodetectors (PDs) covers the simple device
types, such as the photoconductor, the metal–semiconductor–metal (MSM) PD and
the Schottky PD as well as rather complex p-i-n PDs, avalanche PDs (APDs),
separate absorption multiplication PDs (SAM PDs), their integration as 1D- or even
2D-arrays, and AlGaN photocathode material for photomultiplier tubes (PMTs),
which were developed within the last two decades. According to the different
device structures and designs on the one hand, and the challenges in the epitaxy of
AlxGa1−xN layer structures as well as related processing issues on the other hand, a
variety of performance data was reported.

The high photocurrents observed for GaN photoconductors with ohmic contacts
usually correlate with photoconductive gain which results in a low frequency
bandwidth, whereas the easy-to-fabricate MSM PD with two blocking contacts on
an non-intentionally doped AlGaN layer can achieve low dark current levels and
also high detection capability by utilizing a suitable electrode geometry. Since these
devices rely on an applied bias voltage, the Schottky PD as well as the p-i-n PD
constitute very attractive alternatives, because they can be operated in zero bias
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mode. In general the p-i-n design offers a potentially higher stability compared to
the Schottky PD, since electric fields can be controlled by the properties of the
i-layer. But in order to tailor, the whole UV range from the UV-A to the UV-C or
even the VUV with the p-i-n design, p- or n-type AlxGa1−xN material with arbitrary
Al mole fraction xAl of high quality is required. However, even today the doping of
AlGaN and the processing of ohmic contacts to AlGaN layers are not straight
forward, especially with rising xAl. Therefore, only the MSM PD and the
Schottky PD could be fabricated on AlN layers with a corresponding cut-off
wavelength kc of about 200 nm (VUV). Nevertheless, very efficient solar-blind
(kc ¼ 280 nm) p-i-n PDs were obtained by utilizing complex heterostructure
designs and the concept of backside illumination. For all these device types, typical
values for the external quantum efficiency (EQE) range between several 10 % and
about 90 % below breakdown without the indication of any gain mechanism.
Moreover, AlGaN-based APDs and even SAM PDs were realized enabling
photon-counting measurements that prove competitive performance of
AlGaN-based APDs to conventional PMTs. Also the successful processing of
Schottky PDs and p-i-n PDs on the wafer-level to form 1D or 2D focal-plane arrays
integrated into read-out circuits was demonstrated. Although, the p-GaN photo-
cathode material developed may suffer from chemical alterations of the cesiated
surface under UV illumination, and a decreasing EQE for higher xAl (supposed to
correlate to the increasing acceptor ionization energy), the overall performance of
photocathodes obtained shows very promising results.

In conclusion, AlxGa1−xN-based photodetectors have been realized in a variety of
device types which for some applications offer advantages over devices made from
other materials, such as Si, SiC, and GaP. Although there is still room for
improvement concerning material quality and process technology, AlxGa1−xN-based
PDs are already commercially available. Especially the large and tunable band gap
energies, resulting in high radiation hardness and enabling custom-made cut-off
wavelengths, make AlxGa1−xN-based photodetectors promising candidates for
solar-blind and visible-blind photodetection in UV applications.
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Chapter 10
Ultraviolet Light-Emitting Diodes
for Water Disinfection

Marlene A. Lange, Tim Kolbe and Martin Jekel

Abstract This chapter presents basic principles of water disinfection using UV
light. It provides a comparison of conventional UV light sources and UV LEDs.
Additionally, based on a detailed case study, the potential of UV LEDs for water
disinfection systems is discussed. This study presents results of static and
flow-through tests conducted with UV LEDs of different emission wavelengths.

10.1 Introduction

In the modern world, more than ever, potable water quality is an issue of global
concern, particularly with regard to health care and health protection. This is
reflected above all in the fact that 2.2 million people die every year from diarrhea
associated with pathogens transmitted by drinking water [52].

As a measure to reduce the risk of infections associated with high levels of
microorganisms, water disinfection methods have been developed using physical or
chemical disinfection techniques [23].
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A proven physical disinfection method in drinking water purification is the use of
ultraviolet (UV) light with wavelengths between approximately 200–300 nm to
inactivate microorganisms [5, 17]. The wavelength of the applied UV light depends
on the implemented UV emitter. Conventionally low- and medium-pressure mercury
lamps are used; their application for water disinfection of stationary water systems
is well investigated (e.g., [3, 27, 32]). More recently, UV light-emitting diodes
(LEDs)—for which the emitted wavelength can be adjusted to the target wavelength
—are of great interest for water disinfection.

Compared to other techniques, UV disinfection is relatively inexpensive with
low capital and operating costs. A UV reactor has a low weight, small footprint and
is easy to operate [5]. Owing to these properties, UV disinfection is a promising
technique to ensure safe potable water quality. However, UV disinfection is highly
dependent on electrical power, since no UV light is produced during power supply
interruptions. Moreover, some microorganisms are able to reactivate after UV
exposure (cp., e.g., review of [22]). Finally, UV light has no residual disinfection
capacity and regrowth may deteriorate water quality after UV disinfection [5].

In water purification applications, particularly in discontinuously operated,
decentralized, and mobile water systems, UV LEDs have some advantages compared
to conventional UV emitters: LEDs do not contain mercury and the overall system
architecture does not need counteractive measures for the breakage of a mercury UV
lamp during operation which may contaminate the water, nor is a disposal problem
given. LEDs have a compact and robust design without glass or filaments and are
therefore more durable in transit and during handling. LEDs have low electrical
power requirements and need lower voltages than conventional mercury lamps
therefore offering the option to be operated with solar cells or rechargeable batteries.
They are more suitable for just-in-time applications because no warm-up time is
needed and high frequencies of activation and deactivation are possible without
reducing their efficiency [10, 48]. However, at this state of development, UV LEDs
suffer from high costs, low output powers, and high initial degradation [32, 53].

10.2 Basic Principles of UV Disinfection

Based on the ability of UV light—produced from conventional or innovative light
sources—to function as a broad-spectrum antimicrobial agent with short contact times
and minimal disinfection by-product formation, it is a viable alternative to chemical
disinfectants. UV light at the proper wavelength and fluence inactivates microor-
ganisms [20] by disrupting their DNA or RNA, rendering them unable to reproduce.

Wavelength In water purification, wavelengths below 230 nm are absorbed by
water molecules. Therefore only UV wavelengths between 230 and 300 nm are
available for disinfection. Within this wavelength range, DNA and RNA are the
components of microorganisms, which mostly absorb UV light. Proteins, which
also absorb UV light, need high fluences at wavelengths below 230 nm (not applied
in water disinfection) to be destroyed. Therefore disinfection is mainly achieved by
DNA/RNA disruption (e.g., [3, 17, 21, 27]).
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DNA and RNA are built up by nucleotides forming polynucleotides. These
nucleotides are composed of a backbone made of alternating sugars and phosphate
groups; and nucleobases—guanine (G), adenine (A), thymine (T) or uracil in RNA,
and cytosine (C)—attached to the sugars. The specific sequence of the DNA/RNA
is determined by the order of the nucleobases [31].

UV light is absorbed by all nucleobases. However, UV light may induce
dimerization of adjacent thymine/uracil bases causing a chemical bond between
these bases (cp. Fig. 10.1). These dimers disrupt the structure of the DNA/RNA and
above a critical number of dimers impede the DNA/RNA replication. The
microorganism may still be metabolically active, but infections are prevented since
reproduction is hindered [5].

Maximum UV light absorption through DNA is typically reached at a wave-
length of around 260 nm, but the peak wavelength distribution depends on the
target organism [5, 11, 15]. For example Bacillus subtilis spores—which are often
applied as surrogate organism for protozoan oocysts [22] and in UV reactor cer-
tification [17, 38, 47]—have two absorption maxima: one below 240 nm and one
around 270 nm [7, 11, 33]. Chen et al. [11] also demonstrated that B. subtilis spores
have similar fluence–inactivation response curves for 254 and 279 nm wavelengths
(cp. Fig. 10.2).1

Fluence The term fluence is used in UV disinfection to describe the applied UV
“dose”. Dose is a term that relates to the total absorbed energy. Since microor-
ganisms only absorb a few percent of the UV light, while the rest of the light passes
through the organism, the term fluence is more appropriate for UV disinfection than
the term dose. Fluence relates to the incident UV energy, rather than the absorbed
UV energy [5].

Fluence (J/m2) is defined as the total amount of radiant energy from all directions
passing through an infinitesimally small sphere of cross-sectional area (dA) divided
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Fig. 10.1 Disruption of DNA
structure caused by
UV-light-induced thymine
dimer formation (A adenine,
G guanine, T thymine,
C cytosine)

1The same fluence is needed at both wavelengths to obtain a comparable inactivation result.
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by dA. It is calculated as the product of incident irradiance (or fluence rate) (W/m2)
and exposure time (s) (10.1) [6]:

H0 ¼ E0 � t ð10:1Þ

H0 fluence (J/m2)
E0 incident irradiance (W/m2)
t exposure time (s).

Irradiance is the appropriate term when a surface is irradiated by UV light coming
from all directions above the surface. In a well-designed bench-scale setup—as e.g.,
a “collimated beam device” (CBD) which delivers a highly uniform beam of UV
light to a water sample in a Petri dish—the fluence rate and the irradiance are nearly
the same. Fluence rate, instead of irradiance or intensity, is the appropriate term for
UV disinfection in a UV reactor, since UV light can penetrate the microorganism
from any direction [4]. The fluence rate then is the radiant power passing from all
directions through an infinitesimally small sphere of cross-sectional area dA divided
by dA (SI unit: W/m2) [6].

To achieve an optimum disinfection, it is crucial to accurately determine the
fluence. Since various factors have been found to have an impact on the applied
fluence in UV reactors, it is important to understand these factors (cp. Sect. 10.2.1)
and use appropriate modeling and validation tools for UV reactor performance
(cp. Sect. 10.2.2), taking these influencing factors into account.

Fig. 10.2 Inactivation rate constant (k) (cp. Sect. 10.3.2.2) of decoated B. subtilis spores, DNA
isolated from B. subtilis spores, and B. subtilis spores at different wavelengths [11]
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10.2.1 Factors Influencing UV Fluence

A great deal of research has been undertaken to investigate the factors impacting on
UV fluence. Researchers have found that factors like lamp performance, water
quality, and exposure time influence the delivered fluence (cp., e.g. [8, 9, 46]).

Lamp PerformanceVarious wavelengths are emitted, depending on the UV light
source (cp. Fig. 10.3). Conventionally, UV light is generated from mercury-vapor
lamps. Low-pressure (LP) and low-pressure high output (LPHO) lamps emit nearly
monochromatic UV light at a wavelength of 254 nm, whereas medium-pressure
lamps emit a polychromatic spectrum with various wavelengths [5].

Low-pressure mercury lamps have a higher germicidal efficiency, but lower
output powers. They are therefore more suitable for smaller applications. The
optimum operation temperature of their lamp bulbs is commonly 40 °C. With
increasing or decreasing temperatures, the lamp performance is reduced [5].

Medium-pressure lamps have a lower germicidal efficiency, however, they are
installed in applications with high flow rates because they have higher output
powers and a smaller number of lamps are needed, thus reducing maintenance
costs. They operate at temperatures between 600 to 900 °C and are therefore less
sensitive to temperature changes [5].

A relatively new method to generate UV light is by means of LEDs [48]. UV
LEDs offer the possibility to apply the optimal disinfection wavelength of targeted
microorganisms by manipulating the base materials/composition of the alloy
(aluminum gallium nitride, AlGaN), instead of using the 254 nm wavelength
emitted by low-pressure mercury lamps [48].

However, at this state of development UV LEDs suffer from low output powers
and high initial degradation. Even the best UV LEDs exhibit external quantum
efficiencies2 of around 10 % [42].3 The reasons for the initial degradation are not

Fig. 10.3 Emission spectra of a typical low-pressure and amedium-pressure UV lamp (Copyrighted
work of Pentair Aquatic Eco-Systems, Inc. Used by permission of owner. All rights reserved.)

2External quantum efficiencies: number of photons emitted into free space per second divided by
the number of electrons injected into LED per second.
3Typical external quantum efficiencies of LEDs used for lightning applications are in the range of
60–70 % [34].
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completely understood but most likely related to high defect densities4 in the
AlGaN materials [26]. Several researchers predict a high physical improvement
potential for UV LEDs with regard to the reduction of defect densities and the
increase of the output efficiency by increasing the heat extraction [1, 24, 25]. For
example, Adivarahan et al. [1] presented an output power of 42 mW for a 4 × 4
LED array lamp (approximately 2.6 mW/LED)5 emitting at 280 nm.

Since the performance of the UV light source changes over its life time, lamp
performance is monitored using a UV sensor. This sensor measures the irradiance at
a specific position in the UV reactor. The result of the measurement depends on the
UV lamp output, the transmittance of the sensor window, the transmittance of the
quartz sleeve, and the transmittance of the water. Besides having a direct impact on
the transmittance of UV light, the water quality may also influence the transmit-
tance of the sensor window and quartz sleeve by scaling (or inorganic fouling).
Temperature induced scaling is more relevant for conventional mercury lamp UV
emitters (due to their higher surface temperatures) than for UV LEDs. However,
temperature-independent scaling processes may also affect UV LEDs. The water
quality therefore has a significant impact on the disinfection result [6].

Physicochemical Water Quality The presence of dissolved and fine-dispersed
water constituents absorbing UV light—measured using the spectral absorption
coefficient (a) of the filtered and unfiltered water at the target wavelength (con-
ventionally 254 nm)—reduces the UV light available for microorganism inactiva-
tion. It is therefore an important design criterion for UV disinfection. The UV
transmittance6 (UVT) can be calculated from the spectral absorption coefficient [5]:

UVTcm ¼ 100� 10�a � 0:01m ð10:2Þ

Suspended particles causing turbidity may affect UV disinfection by scattering
or absorbing UV light or by shielding microorganisms from UV irradiation.
Scattering only redirects UV light and the impact on UV disinfection is minimal,
whereas absorption and shielding reduces the UV disinfection efficiency [8, 9, 46].

Scaling deposits on the UV light source reduce the irradiation passing through
the scaling layer, reducing the UV light available for microorganism inactivation.
Especially iron and manganese and also calcium may scale the quartz sleeve
[29, 43, 49]. To restore the transmittance of the sleeve, regular, manual cleaning or
cleaning using automatic devices is necessary. It was reported that mechanical
cleaning devices were effective in removing scaling deposits [37]. However, it was
also reported that mechanical cleaning devices may scratch the surface of the quartz

4Defect density: number of local faults originating from the production of semiconductors per
surface unit.
5For comparison: the 282 nm LEDs applied during this study had an output power of 0.65 mW at
20 mA.
6UVTcm (%): percent transmittance in the medium when the path length is 1 cm and the wave-
length is 254 nm; a (1/m): spectral absorption coefficient at a specific wavelength; relates to a 1 m
path length.
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sleeve, promoting irreversible scaling [39]. Balancing the need for restoring UV
transmittance by cleaning and the impact of irreversible scaling may limit the
frequency of mechanical cleaning [50]. Since there are no methods available to
predict the scaling potential of water [49], pilot testing using the target water was
recommended [47, 50].

Exposure Time In contrast to collimated beam devices (CBDs) or chemical
disinfection systems, the exposure time of a microorganism in a flow-through UV
reactor does not equal the time in which the sample is irradiated. Exposure time has to
be derived from the flow rate and hydrodynamics in the UV reactor and can therefore
not be monitored directly. Flow rate and hydrodynamics determine the specific path
of an organism through the reactor and the time during which the organism is irra-
diated [3, 15]. On their way through the UV reactor some microorganisms receive
more, some less than the average fluence, whereby the microorganisms receiving the
lower fluence will determine the performance of the UV reactor [5].

Since the fluence applied on a microorganism in a UV reactor depends on these
various factors, fluence calculation has to be carried out with care. The method-
ology implemented for modeling and validation of the UV reactor performance is
described in the following section.

10.2.2 Modeling and Validation of UV Reactor
Performance

The complex interplay of factors discussed above, which influence the UV disin-
fection performance in flow-through reactors, led to the development of a method to
calibrate the expected performance of full-scale reactors using collimated beam
devices (CBDs). This experimental method called biodosimetry was originally
proposed by Qualls and Johnson [40]. It includes the following protocol:

In a first step the test suspension including the test organism is sequentially
irradiated in a Petri dish. After every irradiation step, a sample is taken and the
number of colony forming units (cfu) of the test organism is determined. By
comparison of the number of cfu at the different irradiation steps, an inactivation–
response curve is derived. In the second step, the inactivation of the applied test
organism is determined in the full-scale UV reactor, varying water quality and flow
rate. The determined inactivation rate is assigned according to the fluence obtained
on bench-scale. This fluence is called the reduction equivalent fluence (REF).
A detailed description of the procedure can be found in [6, 28, 45].

In addition to these extensive biodosimetric tests of UV disinfection reactors the
REF can be determined using mathematical models7 [41]. To calculate the REF
with a mathematical model, it is necessary to know the path that a microorganism
takes through the reactor and the distribution of the radiation in the UV reactor.

7The REF may also be determined using dyed microsphere actinometry cp. e.g., [3].
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When the residence time of the organism and the fluence rate is known for every
infinitesimally small element of the UV reactor, the fluence can be determined by
integration along the path of the microorganism. The path of the microorganism is
determined by modeling the momentum and mass transfer in the turbulent current.
For the determination of the radiation distribution in the UV reactor varying models
are used, which differ in their assumptions and restrictions. An often used calcu-
lation approach for UV reactors is the Point Source Summation (PSS) model. More
details about turbulence and radiation distribution models are presented by [30].

To investigate UV disinfection on bench-scale for conventional mercury lamps,
researchers have made considerable headway in standardizing experimental
protocols. There are, for example, standards in Europe and the US that specify pro-
tocols for performing microorganism inactivation versus fluence for mercury-lamp-
based measurements using, e.g., B. subtilis spores [18, 47]. However, a standardized
protocol to test UV LEDs has not yet been proposed. An adaptation of the protocol
for UVLEDs is needed because of the conventional design,whereby thewater sample
irradiated from the top down is not applicable to UV LEDs: Top-down methods need
high power output sources to compensate for losses (e.g., absorption or scattering)
between the UV light source and the water sample which cannot be provided
by LEDs. According to Bolton and Linden [6], it is not necessary to completely
standardize a bench-scale apparatus, but basic guidelines should be considered when
designing a modified apparatus for a specific application. Among other aspects, the
design has to ensure that the beam irradiating the water sample is reasonably uniform
and the divergence is small enough to ensure accurate sensor readings. The fluence
for all microorganisms in the suspension has to be kept equal by carefully controlled
stirring without vortex [6].

10.3 Case Study

Over the past few years, various researchers have tested UV LEDs for water dis-
infection applications (cp., e.g. [2, 12, 14, 35, 36, 48, 51, 53]). These studies
investigated LEDs with emission wavelengths between 255 and 405 nm. The
experiments were mainly conducted in top-down irradiation geometry irradiating
water sample volumes between 190 µl and 100 ml.

Most studies applied UV-sensitive microorganisms as E. coli as test organism
due to the low output power and high costs of LEDs at this stage of development. In
the following case study an experimental setup is presented that allows testing of
less sensitive organisms as B. subtilis spores which are often used as organism in
UV unit certification. Batch and flow-through tests are discussed for two different
emission wavelengths of the LED array.

274 M.A. Lange et al.



10.3.1 Proposal for an Experimental Setup to Test UV
LEDs

Two UV LED disinfection modules were designed by the Institute of Solid State
Physics in cooperation with the Chair of Water Quality Control of TU Berlin and
constructed by the Ferdinand-Braun-Institut in order to perform biodosimetry trials
with AlGaN-based UV LEDs emitting at 269 and 282 nm. LEDs were placed on the
base of two different test modules to conduct static and flow-through tests. Module I
was designed for static tests only. Module II was designed for static and flow-
through tests. Schematic diagrams of the experimental setups are shown in Fig. 10.4
(a) static and (b) flow-through.

For static tests (Fig. 10.4a) a Petri dish with a diameter of 6 cm and a 2 mm thick
Suprasil® base was placed on top of the UV LED array. The Suprasil® base allows
over 90 % of the deep UV light to be transmitted. Homogeneous irradiation of the
entire water volume was furthermore ensured by an electrically driven stirrer,
installed at the top of the Petri dish. The output power of the LEDs was measured
with a UV-sensitive silicon photodiode, ensuring constant irradiation during all
microbiological tests.

For conducting flow-through tests (Fig. 10.4b) the Petri dish was replaced by a
flow-through reactor. The flow-through reactor body was made of aluminum to
increase UV reflection. 6 mm wide and 5 mm deep water channels were milled into
the aluminum and the reactor body was then covered with a 2 mm thick Suprasil®

window to enable UV exposure of the water channels. The test water flowed from
the feed reservoir through the flow-through reactor and was collected in the
catchment tank.

Fig. 10.4 Schematic diagram of the experimental setup for a static tests and b flow-through tests
(according to [53])
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The incident irradiance was calculated from (10.3) [6] (UV absorption by the
Suprasil® window was neglected):

E0 ¼ PLED

Apetri
�#LED ð10:3Þ

E0 incident irradiance (W/m2)
PLED power output of one LED (W)
Apetri area of irradiated Petri dish (m2)
#LED number of active LEDs (–).

Test module I was only designed for static disinfection tests and equipped with
269 nm LEDs. Therefore 33 LEDs were arranged in a hexagonal grid of one
LED/cm2. Owing to the LED array design, only 28.5 of the LEDs were overlapping
with the footprint of the Petri dish.

In test module II 35 LEDs with an emission wavelength of 282 nm were posi-
tioned in three concentric circles with diameters of 1.8, 3.5, and 5.2 cm. The LEDs
were placed on the base of the water disinfection module at a distance of 1 cm in
order to obtain a sufficiently high power density and a nearly homogeneous UV light
distribution. This test unit was used in the static configuration (Fig. 10.5a) and with
the flow-through reactor (Fig. 10.5b) with a maximum flow rate of *12 ml/min.

A series of the applied UV LEDs was characterized in order to investigate the
optimum operating conditions for the water disinfection modules. The module
characteristics are summarized in Table 10.1.

LEDs were characterized with respect to their emission spectra, current–voltage
and power–current properties, and their development of emission power over time,
to select LEDs with similar characteristics.

Spectra were measured under continuous wave (cw) conditions at 20 mA with an
optical fiber spectrometer. No variation in the peak wavelength was observed for
the different 269 nm LEDs. UV LEDs emitting at 282 nm showed a difference less

sti rrer

Petri dish

UV 
LED 

water in

water out

(a) (b)

Fig. 10.5 Test module II; a LED array with stirrer unit; b flow-through reactor (according to [53])
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than 1 nm between different LEDs. A typical emission spectrum for both wave-
lengths is shown in Fig. 10.6a.

The current–voltage characteristics of the UV LEDs were measured at 20 mA
under continuous wave (cw) conditions. All LEDs had very similar current–voltage
characteristics with typical operating voltages around 5.8 V (269 nm LEDs) and
6.3 V (282 nm LEDs). All LEDs exhibited similar power–current characteristics.
The emission power was measured using a calibrated silicon photodiode having a
detector area of 100 mm2. At a current of 20 mA an emission power of 0.33 mW
was observed for the 269 nm LEDs and an emission power of 0.65 mW was
observed for the 282 nm LEDs (cp. Fig. 10.6b).

The development of emission power over time was monitored for 269 and
282 nm LEDs. In both cases the emission power decreased by around 30–40 %
after 100 h of operation at a constant current of 20 mA. The measurement of the
current voltage characteristic showed only insignificant differences before and after
100 h of operation time for the 269 and 282 nm LEDs. Additionally, no changes in
the emission spectra were observed over time. After the initial drop the emission
power nearly stabilized at operating times longer than 100 h. Since maintaining a
constant output power is crucial for a water disinfection module, the strong

Table 10.1 LED parameters (mean values) during stationary tests of the disinfection modules

Module LED
wavelength
(nm)

LED output
power (mW)

Number
of LEDs

Number of
active LEDs

LED
configuration

Module output
power (mW)

I 269 0.16 33 28.5 1/cm2

(hexagonal
grid)

4.56

II 282 0.19 35 35 3 circles 6.65
Module II was constructed to also perform flow-through tests (according to [53])

Fig. 10.6 Typical electrical and optical characteristics of 269 and 282 nm LEDs. a Emission
spectra, b current–voltage and current–emission power characteristic
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degradation of the emission power requires active monitoring of the light output
during testing and adjustment of the drive current in order to maintain a constant
optical power density and fluence.

10.3.2 Test Conditions

10.3.2.1 Disinfection Tests Conducted with UV LEDs

A UV fluence–inactivation response curve of B. subtilis ATCC 6633 spores was
generated with a laboratory apparatus especially designed for UV LEDs. The test
organism was obtained from the Institute of Hygiene and Public Health (University
of Bonn, Germany), where it was cultivated and characterized according to the
German standard DVGW [18] with monochromatic low-pressure UV lamps [18].

For the exposure tests the applied test organism was suspended in the test water
according to DVGW [18] to obtain a concentration of 106–107 cfu/ml. Tests were
conducted at room temperature (23 ± 2 °C). They were performed with stationary
samples of 30 ml, and exposed to decreasing fluences.

The fluence was corrected for UV absorbance considering the water factor as
presented in (10.4),

H0 ¼ E0 �WF � t ð10:4Þ

H0 fluence (J/m2)
E0 incident irradiance (W/m2)
WF water factor (–)
t exposure time (s).

The water factor was derived from integrating the Beer–Lambert Law (10.6)
over the sample depth of a completely mixed sample according to [6] as presented
in (10.5):

WF ¼ 1� 10�a�d

a � d � lnð10Þ ð10:5Þ

WF water factor (–)
a spectral absorption coefficient (1/m)
d depths of the suspension (m)
t exposure time (s).

278 M.A. Lange et al.



Beer–Lambert Law is

a ¼ log
E0

Et
ð10:6Þ

a spectral absorption coefficient (1/m)
E0 incident irradiance (W/m2)
Et transmitted irradiance (W/m2).

To avoid contamination due to microorganism carryover, disinfection tests were
conducted starting with the highest fluence.

During static tests with the 269 nm LEDs, samples of 1.5 ml were taken after
372, 248, 155, 62, and 0 s. Samples of the tests conducted with the 282 nm LEDs
were taken after 255, 170, 106, 43, and 0 s to achieve comparable fluences (approx.
600, 400, 250, 100, 0 J/m2).

Flow-through tests were performed with the 282 nm LEDs in a single pass
operation mode. Different fluences were obtained by varying the flow rate and
optical output power of the LEDs. Flow rates were chosen based on limitations of
the module design and the available light output power from the UV LEDs resulting
in laminar conditions. Table 10.2 summarizes the test conditions of the flow-
through tests.

The experiments were performed based on DVGW [18] starting with the highest
fluence. The following test protocol was applied:

1. initializing the system (adjustment of flow rate and UV power)
2. sampling in reservoir, before UV exposure
3. turning on UV light
4. starting flow, discarding five test cell volumes
5. sampling after UV exposure (after 1, 2, 3, and 4 min)
6. repeated sampling in feed reservoir, before UV exposure.

The concentration of B. subtilis spores determined before UV disinfection was
calculated by averaging the test results of the samples taken from the reservoir prior
to UV exposure.

Table 10.2 Test conditions
applied during flow-through
tests with 282 nm UV LEDs

Flow rate (ml/min) Residence time (s) LED power (mW)

10.8 ± 0.4 45.8 0.50; 0.70

7.8 ± 0.4 63.5 0.35; 0.49
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10.3.2.2 Microbial Data Analysis

The inactivation of B. subtilis spores, presented as the decimal reduction factor
(RF), was calculated based on (10.7)

RF ¼ log
N0

N
ð10:7Þ

RF decimal reduction factor
N0 cfu concentration determined before UV
N cfu concentration determined after UV.

The RF was plotted against fluence to derive a fluence–inactivation relation. The
fluence–inactivation response curve of B. subtilis spores can be described by three
phases [22]: a shoulder phase, a log-linear phase, and a tailing phase. When low
fluences are applied the RF changes only slightly with increasing fluence.
Researchers attributed this phase to DNA repair or the requirement of several DNA
damage sites [33, 44]. After an offset fluence, inactivation starts in a log-linear
relationship, followed by an occasionally existing tailing phase, in which the RF
again changes slowly with fluence. Causes for the tailing phase are still under
discussion; possible causes could be microorganism clumping or association with
particles, experimental bias or hydraulic effects [13]. This curve progression, not
considering the tailing phase, was described by a shoulder model [22]:

RF ¼ k � Fluence� b ð10:8Þ

RF decimal reduction factor
k inactivation rate constant (m2/J)
b offset value (crosses the fluence axis at the fluence, where log-linear relation

ship starts).

The sensitivity of B. subtilis spores was determined from linear regression of the
RF between fluences presenting a log-linear relationship. The goodness of fit of
the linear regression was analyzed with the coefficient of determination (r2) and the
standard error (StE; the StE measures the error in predicting f(x) = y for an indi-
vidual x in the regression).

The error of the mean value was calculated according to the following equation
[19]:

r�l ¼ �
ffiffiffi

�l
p
ffiffiffi

n
p ð10:9Þ

r�l error of the mean value
�l standard deviation
n number of measurements.
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10.3.2.3 Physicochemical Water Quality

Tests were performed with different water qualities: deionized water (DI), tap water
(TW), surface water (SW), and secondary effluent (SE). Water samples were taken
in Berlin, Germany. Tap water was obtained from the local water supply of the city
of Berlin. Surface water samples were taken at the Landwehrkanal and secondary
effluent was provided by the waste water treatment plant Ruhleben.8

Table 10.3 summarizes the measured and calculated water absorption parameters
for wavelength of a conventional low-pressure mercury lamp (254 nm) and a
UV LED with an emission of 282 nm. The UV absorption (a) was measured with a
two beam spectrometer in a 5 cm quartz cuvette. Afterwards the UV transmittance
(UVT) was calculated from (10.2).

The high turbidity of the B. subtilis suspension reduced UVT (254) of the
unfiltered deionized water samples. Higher absorption of the test waters used in
experiments with the 282 nm LEDs was caused by a higher initial spore concen-
tration. The tap water of the city of Berlin contains a high amount of UV active
dissolved organic matter, resulting in a high UV absorbance of the tap water test
samples.

Table 10.3 Water quality parameters (mean values) of the applied test waters

Parameter Unit DI TW SW SE

Test waters for tests conducted with 269 nm LEDs

Unfiltered a (254) (1/m) 1.1 – – –

UVT (254) (%) 97.5 – – –

Filtered a (254) (1/m) 0.8 – – –

UVT (254) (%) 98.2 – – –

Test waters for tests conducted with 282 nm LEDs

Unfiltered a (254) (1/m) 2.7 10.8 18.4 28.7

UVT (254) (%) 94.1 78.0 65.5 51.7

a (282) (1/m) 2.3 8.2 13.4 22.1

UVT (282) (%) 94.8 82.8 73.5 60.1

Filtered a (254) (1/m) 0.7 7.9 15.9 23.6

UVT (254) (%) 98.4 83.4 69.3 58.1

a (282) (1/m) 0.4 5.4 11.0 17.6

UVT (282) (%) 99.0 88.3 77.6 66.7

DI deionized water, TW tap water, SW surface water, SE secondary effluent

8The waste water treatment plant Ruhleben treats combined municipal waste water with parts of
rainwater by mechanical separation, activated sludge process with nitrification, post-denitrification,
and biological phosphorus removal.
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10.3.3 Results of Tests Conducted with UV LEDs

The potential of UV LEDs for mobile water disinfection was investigated in three
steps: First, a UV LED module was constructed, tested with various water qualities,
and the results were compared to results obtained with a conventional standardized
mercury lamp system (cp. Sect. 10.3.3.1). Then, the influence of two different LED
wavelengths on the disinfection of B. subtilis spores was compared based on their
disinfection capacity and power consumption (cp. Sect. 10.3.3.2). Finally, real
water disinfection applications were simulated with a bench-scale flow-through
reactor (cp. Sect. 10.3.3.3).

10.3.3.1 Module Development and Validation

The test modules were developed based on the low output power of the UV LEDs
causing long irradiation times and low flow rates. The design consisted of a LED
array, irradiating the water sample from the bottom up, in contrast to the conven-
tional collimated beam device (CBD), in which the mercury lamp is located on top
of the water sample. The inhomogeneous light emission was addressed by constant
stirring during static tests. Validation tests were performed with arrays of UV LEDs
emitting at 282 nm. B. subtilis spores were used as test organism and exposed
successively to UV light.

In the first step of the validation process, the reproducibility of test results
obtained with the designed module was evaluated by the error of mean value of
repeated tests and by applying various water qualities. In the second step of the
validation, test results were compared to disinfection tests conducted on a stan-
dardized mercury lamp CBD.

The inactivation results to evaluate the reproducibility of the test module with
different water qualities are presented in Fig. 10.7. Increasing UVT was considered
in fluence calculation causing lower applied fluences at the same exposure time for
waters containing higher amounts of UV absorbing compounds (cp. Equation 10.4).

Linear regression was performed for all data points between 97 and 581 J/m2

with a high goodness of fit (StE = 0.44; r2 = 0.94). Data points beneath 97 J/m2

were not included for data analysis due to a non-log-linear relationship (shoulder
effect; cp. Sect. 10.3.2.2).

The maximum error of mean value of the RF in DI water tests was the same as
the maximum error of mean value of the triplicate analysis (both 1.5; n = 3). This
comparison indicates that the test setup generates reproducible results which are in
the range of the triplicate analysis. Reproducibility of the tests conducted with the
UV LED test module was also underlined by a highest error of mean value of 0.9
(n = 9) between all conducted experiments.

In a second validation step, B. subtilis spores were used under different exper-
imental conditions: in the 282 nm LED module and in a 254 nm mercury lamp
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CBD.9 According to literature data, the fluence–inactivation response curve of
B. subtilis spores should be comparable at wavelengths of 254 and 279 nm
(Fig. 10.2, [11]), and therefore the sensitivity of the surrogate spores should be
comparable in both experimental setups.

RF = 0.0118 x - 0.735
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Fig. 10.7 Fluence–inactivation response and curve derived by linear regression of B. subtilis
spores in different waters (DI deionized water, TW tap water, SW surface water, SE secondary
effluent) with different qualities (UVT254 as representative parameter) for 282 nm LEDs; in
parentheses are the numbers of test batches. Presented data are geometric mean values ± error of
mean value of three test rows. Test rows were cultivated in triplicates

RF282 = 0.0132 x - 0.720
StE = 0.28; r² = 0.99
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Fig. 10.8 Fluence–inactivation response and curves derived by linear regression of B. subtilis
spores irradiated with UV light in deionized water for 282 nm LEDs and a mercury
lamp. Presented data are geometric mean values ± error of mean value of three test rows. Test
rows were cultivated in triplicates

9These CBD tests conducted with a mercury lamp was performed by an external laboratory
(Institute of Hygiene and Public Health, University of Bonn).
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The UV sensitivity of a microorganism is described by the inactivation rate
constant k (m2/J) and the offset value—b (cp. Sect. 10.3.2.2) derived from linear
regression of the reduction factor (RF) over fluence plot. Spore inactivation results
in DI water obtained with 282 nm LEDs and a conventional mercury lamp are
presented in Fig. 10.8.

Linear regression was performed for fluences above 100 J/m2, due to a missing
log-linear relation ship (offset value). For the 282 nm LEDs a shoulder effect at low
fluences was observed (negative offset value). Tailing was neither observed for the
282 nm LEDs nor for the mercury lamp at the investigated fluences. A linear flu-
ence–inactivation relationship was observed in both experimental setups between
100 and 600 J/m2. Regression analysis led to low StE and r2 values for the 282 nm
LEDs (StE = 0.28, r2 = 0.99) and the mercury lamp (StE 0.19, r2 = 0.98).

A comparison of the inactivation rate constants k of the 282 nm LEDs
(0.0132 J/m2) and the mercury lamp (0.0056 J/m2) indicated a two times higher
sensitivity of the B. subtilis spores in the LED module. The difference of spore
reduction between the 282 nm LEDs and the mercury lamp therefore increased with
higher fluences. Based on the assumption that the different wavelengths should
result in the same sensitivity (according to [11]), the difference of the disinfection
kinetics may have to be attributed to the different experimental setups. Various
factors, such as the condition of the test suspension, the fluence calculation, and/or
the different constructions of the LED apparatus and the CBD, might have influ-
enced the test results. At this stage, a clear explanation for this higher disinfection
capacity at higher fluences compared to the conventional UV source needs further
investigation.

However, as the LED system generated reproducible results, the inactivation
results obtained for different wavelengths on the same experimental setup are
comparable. The influence of different UV LED wavelengths on the disinfection of
B. subtilis spores is discussed in the following section.

10.3.3.2 Comparison of LEDs Emitting at 282 nm and 269 nm

The disinfection capacity of 269 and 282 nm emitting LEDs was investigated by
running disinfection tests with deionized water. According to previous research, the
269 nm wavelength corresponds to the absorption maximum of the B. subtilis
spores [7, 11, 33] and should therefore show a greater inactivation than the 282 nm
LEDs. On the other hand, the 282 nm LEDs have a higher optical power output.
The consequences are discussed in the following. Figure 10.9 presents the inacti-
vation curves derived from the results obtained with different UV LED wavelengths
in the static apparatus configuration.

Deduced from linear regression, B. subtilis was equally sensitive to both
wavelengths above 100 J/m2 (k282 = 0.0132; k269 = 0.0133). The offset value for
the 282 nm LEDs was negative, indicating a shoulder effect, as discussed above.
The offset value for the 269 nm LEDs was positive and therefore no shoulder effect
existed. As the 269 nm LEDs showed no shoulder effect, the absolute difference of
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more than one log in the investigated fluence range demonstrated a higher absolute
disinfection using 269 nm LEDs. This enhanced disinfection capacity could be
attributed to the higher germicidal efficiency at a wavelength of 269 nm.

In a next step, the 269 and 282 nm LEDs were compared, based on a model
calculation considering the same input power and time, which resulted in different
fluence. A model calculation was conducted, based on a nominal drive current of
20 mA, at which the 269 nm LEDs have an optical power output of 0.33 mW,
whereas the 282 nm LEDs have an optical power output of 0.65 mW. Various
resulting fluences were calculated according to (10.3). The resulting inactivation
was calculated from the inactivation curves derived in Fig. 10.9. The results of the
model calculation are summarized in Table 10.4.

Although the 269 nm LEDs exhibit a higher germicidal efficiency, the spore
inactivation caused by the 282 nm LEDs is higher than for the 269 nm LEDs during
the same time span and at the same input power. Irradiation for a period of 300 s,

RF269 = 0.0133 x + 0.5547
StE = 0.26; r² = 0.99

RF282 = 0.0132 x - 0.720
StE = 0.28; r² = 0.99
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Fig. 10.9 Comparison of fluence–inactivation response and curves derived by linear regression
for B. subtilis spores in deionized water, obtained with UV LEDs of 269 and 282 nm in the static
apparatus. Presented data are geometric mean values ± error of mean value

Table 10.4 Summary of model calculation for the comparison of power consumption and
inactivation performance of the 269 and 282 nm LEDs; boundary conditions: input current of
20 mA and a total of five LEDs

269 nm
Output: 0.33 mW

282 nm
Output: 0.65 mW

Difference

Time (s) Fluence (J/m2) RF269
(log N0/N)

Fluence (J/m2) RF282
(log N0/N)

RF282 − RF269
(log N0/N)

200 117 1.9 230 2.4 0.5

250 146 2.3 287 3.0 0.7

300 175 2.7 345 3.7 1.0

350 204 3.1 402 4.4 1.3

400 233 3.6 460 5.1 1.5

Reduction factor: RF269 = 0.01133 x + 0.5547; RF282 = 0.0132 x – 0.720
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for example, led to an applied fluence of 175 J/m2 for the 269 nm LEDs and an
applied fluence of 345 J/m2 for the 282 nm LEDs. At this fluence value the
reduction factor for the 269 nm LEDs is 1.0 log lower than for the 282 nm LEDs.
This is due to the higher output power (at the same current) of the 282 nm LEDs.
The higher disinfection capacity of the 269 nm LEDs, which is due to an output
wavelength close to the absorption maximum (around 270 nm) of the B. subtilis
spores, is compensated by a higher output power of the 282 nm LEDs. As a
consequence, the use of 282 nm LEDs is preferable for the overall performance of
the UV purification module, as long as the performance of the LEDs at the shorter
wavelength is not improved. In the future, with increasing output power of the
LEDs available for both wavelengths, the trend may be different. The optimum
wavelength will have to be chosen based on a comparison between the UV output
power and the reduction factor applying the same fluence.

10.3.3.3 Flow-Through Tests

During this study flow-through tests were conducted with the higher output power
282 nm LEDs. Flow-through tests were performed with a flow-through reactor to
obtain first results for the applicability of UV LEDs under real conditions. Differing
fluences were obtained by varying the flow rate and optical power output of the
282 nm LEDs (cp. Sect. 10.3.2). The flow rate was adjusted to (10.8 ± 0.4) ml/min
and (7.8 ± 0.4) ml/min, resulting in laminar conditions. The results are presented in
Fig. 10.10.

Linear regression was performed, including all data obtained with a flow rate of
(10.8 ± 0.4) ml/min and (7.8 ± 0.4) ml/min, to investigate whether the flow rates
have an influence on the spore inactivation. The low StE of 0.20 and a goodness of

RF = 0.0051x + 0.7294
StE = 0.20; r² = 0.91
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Fig. 10.10 Fluence–inactivation response and the curves derived by linear regression of
B. subtilis spores in deionized (DI) water, obtained with the apparatus designed for 282 nm UV
LEDs in static tests (regression analysis of static tests in DI water) compared to results obtained
during flow-through tests. Presented data are geometric mean values ± error of mean value
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fit of r2 = 0.91 indicated that—applying laminar conditions—the flow rate has no
significant influence on the spore reduction. Therefore, the fluence–inactivation
response curve—including data of differing flow rates—was used for further
evaluation. With regard to this curve, the sensitivity (inactivation rate constant k) of
the B. subtilis spores was more than halved in flow-through tests compared to static
test results (represented in Fig. 10.10 as regression analysis of static tests).
Although nominally the same fluence was applied, the inactivation of B. subtilis in
the flow-through test reactor was reduced compared to static tests. This is a com-
mon phenomenon when scaling up UV reactors and constructing flow-through
reactors instead of static reactors. These results indicate that the flow conditions
lead to areas of lower UV irradiation by incomplete illumination and
short-circuiting by shadowing effects within the flow-through test reactor, reducing
the overall disinfection efficiency. Nevertheless, an increase in the applied fluence
leads to a higher inactivation, indicating a promising design of the UV LED con-
figuration in the flow-through reactor.

In the German procedure of UV reactor certification for potable water produc-
tion, a target fluence of 400 J/m2 is set [16]. Based on the sensitivity of the applied
test organism in CBD tests, 400 J/m2 are achieved when the spores are reduced by
three log (cp. Sect. 10.3.2). However, even with a lower sensitivity of the applied
test spores in flow-through tests a 3-log reduction in B. subtilis spore count was
demonstrated, applying only a minimally higher fluence of approx. 450 J/m2 than
needed in CBD tests.

10.4 Potential of UV LEDs for Water Disinfection

The objective of this chapter was to evaluate the suitability of AlGaN-based UV
LEDs for water disinfection. Therefore published investigations using UV LEDs
were reviewed and results of a case study were summarized.

The case study included the evaluation of the performance characteristics of UV
LEDs at different operating conditions as well as the design and development of a
UV LED module in view of the requirements for water treatment applications.
Bioanalytical testing was conducted using B. subtilis spores as test organism and
UV LEDs with emission wavelengths of 269 and 282 nm.

Test results indicated an effective inactivation of B. subtilis spores through UV
LEDs at emitting wavelengths of 269 and 282 nm and therefore a basic applicability
of UV LEDs for water disinfection. The higher disinfection efficiency of the 269 nm
LEDs than the 282 nm LEDs was compensated by the higher optical output power
of the 282 nm LEDs.

In general, the optical output power of the UV LEDs is still very low and needs
further improvement in order to make them suitable for real-world applications.
Water purification applications where water has to be disinfected within a few
seconds are still limited by long exposure times when using UV LEDs. As a
consequence, the reactor design would have to be reduced to small diameters.
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UV LEDs might therefore only be applicable at the tap outlet, where water flows
are lower. On the one hand, this UV disinfection system design would reduce the
impact of microbial regrowth in the piping system on the extracted water and
increase water quality at the point of use. On the other hand, the installation of
various UV light point sources requires the development of a completely new
monitoring system. Special attention would have to be paid to UV light emission
monitoring for each single UV LED to avoid unperceived UV LED failure and loss
of disinfection efficiency.

However, due to the big advantages of UV LEDs—like the tunable emission
wavelength, the low voltages, the immediate availability of UV radiation, their
robust and compact design, and predicted longer life times—UV LEDs will be
promising candidates to realize new disinfection applications in the area of mobile
disinfection systems. Additionally, they will be also good candidates for replacing
conventional UV disinfection systems especially for applications where only low
flow rates are needed. This process will be supported in the future by the contin-
uously increasing development in the UV LED area and the expected reduction of
the LED costs through production scale-up due to the increasing demand for such
devices.
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Chapter 11
Application of UV Emitters
in Dermatological Phototherapy

Uwe Wollina, Bernd Seme, Armin Scheibe and Emmanuel Gutmann

Abstract UV phototherapy is a highly effective therapy option for the treatment of
skin diseases. In this chapter light sources for and variants of dermatological
phototherapy are introduced together with their indications and mechanisms of
action. Moreover, the outcomes of clinical studies using novel UV emitters
including UV-LEDs are discussed.

11.1 Introduction

The skin is the largest organ of the human body and represents a biological barrier
between ourselves and the environment. Impairments of the skin functions are very
common. They are usually associated with distress for the patient and can result in
acute or chronic diseases which sometimes even require inpatient treatment. The
objective of phototherapy is to use light to cure or ease skin diseases while mini-
mizing adverse effects on non-affected skin.

Phototherapy has a long history in medicine going back to ancient Egypt. In
1903 Niels Ryberg Finsen won a Nobel Prize for the use of phototherapy to treat
lupus vulgaris. This can be regarded as the birthplace of modern phototherapy
which is based on artificial light sources. In 1926 William Goeckerman at Mayo
Clinic invented the combined crude tar phototherapy, later named after him as
Goeckerman regimen. PUVA therapy, that is Psoralen plus UVA (320–400 nm)
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radiation, was initiated in the early 1970s and in 1984 Phillips TL-01 lamps allowed
narrowband UVB (280–320 nm) phototherapy with a wavelength of 311 nm ±
2 nm. Starting from here, in the last decades another type of light sources emitting
at around 308 nm, namely excimer lamps and lasers, have been developed and
successfully applied in phototherapy [1]. Finally, devices utilizing solid state UV
light emitting diodes (UV-LEDs) begin to find their way into the clinical practice.
The different light sources used in UV phototherapy are introduced in Sect. 11.2.

Nowadays both the UVB and the UVA spectrum are used therapeutically. The
irradiation can be applied as a single or monotherapy, but quite often it is used in
combination with drugs like in PUVA therapy [2]. Due to optical characteristics of
human skin, UVB penetrates only to the epidermis and the most superficial parts of
rete ridges, whereas UVA goes deeper reaching the vascular bed. This of course has
some consequences on the applicability of different variants of phototherapy, which
is issued in Sect. 11.3.

There are several photobiological mechanisms of action on which phototherapy
is based on. In Sect. 11.4 these are specified for the majority of indications. A short
introduction to mechanisms having adverse effects on the organism is given as well.
Subsequently, recent studies applying phototherapeutic demonstrator devices with
newly developed electrodeless excimer lamps or UV-LEDs as light sources are
reviewed and an outlook on future directions in phototherapy is given.

11.2 Sources for UV Phototherapy

UV sources for dermatological phototherapy can be divided into two main groups:
luminescence and incandescence emitters. Incandescence emitters are thermal
radiation sources that emit a continuous spectrum according to Planck’s law. Niels
Ryberg Finsen, the father of modern phototherapy, applied a carbon arc incan-
descence lamp to mimic natural sunlight and to cure lupus vulgaris [2, 3]. The
problem with incandescence sources is that they are inefficient UV sources because
a lot of unwanted radiation is produced in the infrared (IR) and visible
(VIS) spectral range. Thus, the only incandescence emitter used for UV pho-
totherapeutic purposes today is the sun. Artificial therapeutic UV emitters in current
dermatology are solely luminescence emitters. These are nonthermal sources that
generate UV photons by de-excitation of energy states in atoms, molecules, or
solids. The associated transitions result in a discontinuous line spectrum.
Depending on the type of source used, the line spectrum may be broadened or
superimposed by a continuum due to different physical processes like Doppler
effect, Bremsstrahlung, recombination radiation, or thermal emission. Gas discharge
lamps and excimer lasers are well-established UV luminescence emitters in the
modern dermatological practice [4]. UV-LEDs represent solid state luminescence
emitters. In the future, they may more and more become dermatological standard
tools because LEDs are easy to handle, cost-effective, compact, safe, and mercury
free.

294 U. Wollina et al.



11.2.1 Natural Sunlight

The sun is an incandescence emitter with a surface temperature of about 5,800 K.
Its radiation has already been used by ancient healers about 3,500 years ago to treat
skin diseases [2]. Radiation from the sun reaches us through its gas atmosphere and
through the atmosphere of the earth. Consequently, the spectral distribution of
sunlight measured at the surface of the earth deviates from the spectrum of a
blackbody radiator. The UVC radiation (200–280 nm) is mostly blocked by the
earth’s atmosphere and the atmosphere of the sun results in Fraunhofer absorption
lines, Fig. 11.1. Only about 5 % of the sunlight reaching the earth’s ground level is
UV radiation and more than 90 % of that is UVA radiation. The total natural UV
irradiance in summer in central Germany is about 30 W/m2. Of course this value
fluctuates strongly with time, season, clouds, etc. Therefore it is difficult to apply
exact and repeatable doses of natural UV light. Moreover, the spectral distribution
of the UV radiation is always broad and a narrowband exposure would require
additional filtering. However, in certain areas like, for example, the dead sea region
[5], where the UV radiation from the sun is predictable and spectrally beneficial due
to the geographical position below sea level and the climate, natural sunlight is used
successfully for phototherapy.

As sufficient sunlight is not available at all times at all locations artificial UV
sources that mimic the curative effect of the sun have been introduced. These
sources can be optimized for the desired therapeutic effect. They also enable an
exclusive irradiation of affected skin areas and a protection of surrounding, healthy
skin (targeted therapy).

Fig. 11.1 Spectral distribution of natural sunlight in summer in central Germany at ground level
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11.2.2 Gas Discharge Lamps

In gas discharge lamps an electric current is passed through a gas, a vapor or a
mixture of both. That is, free charge carriers are accelerated in an electric field that
penetrates a gaseous medium which is enclosed in a glass vessel. By collisions with
free charge carriers the gas atoms receive energy or they are ionized. The absorbed
energy is emitted again by the gas atoms in form of radiation. Thereby the wave-
lengths and widths of the emitted spectral lines are determined by the type of gas
and the gas pressure. This is an essential difference compared to incandescent
lamps, whose continuous emission spectrum is determined by the temperature of
the hot material only. Because the gas pressure affects the spectral distribution of
the emitted radiation significantly, gas discharge lamps are subdivided into low-,
medium-, and high-pressure lamps.

11.2.2.1 Mercury Discharge Lamps

Low-Pressure Mercury Discharge Fluorescent Lamps

In low-pressure discharge lamps a pressure of up to 10 mbar is applied. Thereby the
most important filling medium used in dermatology is mercury vapor. At the
pressures quoted it gives rise to a dominant UVC spectral line at a wavelength of
254 nm. To transform the shortwave output into the UVB or UVA range the inside
of the lamp’s glass vessel is coated with special fluorophores, typically phosphores.
The exact composition of the fluorophores determines the emission spectrum of the
lamp which then is basically a fluorescent lamp. Lamps with broadband UVA and
UVA-1 (340–400 nm), broadband UVB and narrowband UVB emission around
311 nm are available [6], Fig. 11.2. Low-pressure fluorescent lamps are the most
commonly used sources for UV phototherapy [3]. They allow the irradiation of
large areas by using long discharge tubes (>1 m) with an UV output in the range of
10 W/m, but they are also offered as compact folded fluorescent tubes [6]. These
lamps are very cost-effective and have a durability of about 1,000 h [7].

Medium- and High-Pressure Mercury Discharge Lamps

When mercury vapor discharge lamps are operated at medium (10 mbar–1 bar), high
(1–20 bar), or even maximum (>20 bar) pressures, additional UV emission at
297, 302, 313, 334, and 365 nm is significant [3]. Furthermore, the spectral lines
become broadened and are more and more superimposed by a continuum. High and
maximum pressure discharges in mercury result in short, punctual arcs, compact
lamps, and high radiances [8, 9]. Therefore they are ideally suited for irradiation
devices that require a fiber coupling. For direct phototherapeutic applications metal
halide lamps are more common. These lamps are medium or high-pressure mercury
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discharge sources with metal halide additives, e.g., iron or cobalt halides. Hereby
the spectral gaps between the mercury emission lines are partly filled and a qua-
sicontinuum is generated [6]. Almost any UVA or UVB spectral intensity distri-
bution can be generated by choosing different metal halides and by combining the
lamp with spectral filters. Metal halide lamps are more difficult to operate and more
expensive than low-pressure mercury fluorescent lamps, but allow for higher UV
powers and thus for shorter treatment times [3, 4]. Metal halide lamps have lengths
in the range of 50–200 mm [9]. Thus a uniform whole body irradiation is difficult,
but can be achieved by using multiple lamps in combination with reflectors [4].

11.2.2.2 Dielectric Barrier Discharge Lamps

Dielectric barrier discharge (DBD) UV lamps are special forms of high- or
medium-pressure discharge sources that avoid the use of toxic mercury. They
manage to extract narrowband (full width at half maximum less than 5 nm) UV
radiation from a discharge in rare gas halide mixtures at elevated pressures by
inserting at least one insulating layer (the dielectric) between metal electrodes [10].
The electrodes are supplied with an alternating high voltage. Launched discharges
extinguish themselves continuously within about 10 ns because accumulated
charges in the dielectric built up an electrical field that countervails and weakens the
outer one. That is, the dielectric prevents the lamp from arcing and as a result it
spreads the discharge over the entire electrode area in the form of multiple
microdischarges. Due to the short discharge times only little gas heating appears,
the plasma remains nonthermal [11] and an efficient energy transfer from energetic
electrons to gas atoms can be achieved. Dermatological DBD lamps work with a
mixture of xenon and chlorine gases in a glass vessel. Excited xenon–chlorine

Fig. 11.2 Schematic representation of UV fluorescent lamp spectra

11 Application of UV Emitters in Dermatological Phototherapy 297



molecule complexes (exciplexes) are generated in the microdischarges of the DBD
and the subsequent decomposition of the exciplexes is associated with a narrow-
band UVB emission around 308 nm. Due to the generation of exciplexes these
sources are also referred to as exciplex lamps or excimer lamps. Excimer lamps are
non-laser sources and they may not be confused with excimer lasers. Compared to
fluorescent tubes excimer lamps are more eco-friendly because they avoid the use
of toxic mercury. Devices for the irradiation of surfaces up to 500 cm2 with a
narrowband UVB power of about 50 mW/cm2 are on the market. In dermatology
excimer lamps are currently mostly applied for targeted therapies. The disadvantage
of dermatological DBD lamps is their limited lifetime of about 1,000 h [12, 13] and
the application of high voltages, which may be a safety issue.

11.2.2.3 Electrodeless Excimer Lamps

Electrodeless excimer lamps achieve the formation of xenon–chlorine exciplexes in
a low-pressure gas discharge without the use of a dielectric. This is of interest
because in this case no high voltages are required to drive the discharge and to
generate narrowband UVB radiation around 308 nm by the decomposition of
exciplexes. Moreover, energy is coupled inductively into the low-pressure gas
discharge by using a radio frequency (RF) in the MHz range. Therefore this kind of
lamp is completely electrodeless. Due to the absence of both, a dielectric and
electrodes, the wear of the lamp is minimized and its durability is estimated to be in
the range of about 50,000 h. Up to now, electrodeless dermatological excimer
lamps have only been studied in research projects [14] and they are not commer-
cially available for phototherapeutic use. The reasons for this are the lack of ade-
quate compact, low-cost electronics, the comparatively low narrowband UVB
power of only about 20 mW/cm2 achieved so far, and the small size of the irra-
diatable area of up to now only of some square centimeters.

11.2.3 Lasers

Lasers (=light amplification by stimulated emission of radiation) are luminescence
emitters that are characterized by the fact that they generate radiation via a process
called stimulated emission. That is, if atoms in excited states encounter photons
with energy that exactly matches the energy difference between the excited state
and a lower energy level, the atoms can be stimulated by these photons to change
over to the lower level [8]. Hereby the atoms emit photons that are an identical copy
of the stimulating ones. If the number of atoms in the excited state is higher than the
number of atoms in the lower energy state, radiation of a certain wavelength can be
amplified in the energetic medium by photon multiplication. In a laser device
radiation passes several times through an energetically activated medium by the use
of mirrors. In so doing lasers are able to generate monochromatic radiation of very

298 U. Wollina et al.



high intensities. This requires that energy is permanently pumped into the laser
medium to keep it in the activated state of population inversion.

For UV phototherapeutic purposes in dermatology xenon–chlorine excimer
lasers that emit monochromatic UVB at a wavelength of 308 nm are applied [15,
16]. Just like excimer lamps excimer lasers use the decay of exciplexes to generate
narrowband UVB radiation. However, due to the above-mentioned amplification
principle dermatological excimer lasers deliver UVB intensities that are about 10
times higher than that of excimer lamps [16]. Besides, laser radiation has a narrower
bandwidth than radiation of excimer lamps. The required population inversion
between the bounded XeCl* exciplex state and the free xenon plus chlorine state is
built up via a pulsed high-pressure gas discharge [17]. Consequently, the laser
emission is discontinuous with a typical pulse width of some 10 ns and a frequency
of up to 200 Hz [15, 16]. Excimer lasers deliver small spot sizes of only some
square centimeters and are therefore solely suited for targeted therapies.
Furthermore, dermatological lasers are expensive and bulky devices. Nevertheless,
they offer an effective and economic treatment option for selected patients with
recalcitrant lesions [18].

11.2.4 UV-LEDs

LEDs are solid state luminescence emitters that consist of a junction of n- and
p-doped semiconductors. They generate UV radiation by the transition of electrons
between energy bands in the semiconductor material [19]. Similar to the case of gas
discharge lamps, a current flow through the LED is necessary to run the UV source.
To achieve this, an external low voltage has to be applied in forward direction of the
diode. Photons are generated, when electrons in the conduction band recombine
with positive charge carriers (“holes”) in the energetically lower valence band of the
semiconductor. Although LEDs are available for more than 50 years, UV-LEDs
have evolved only over the past decade [20] and just a few dermatological LED
devices that work in the UVA and even in the UVB spectral range are on the market
today, Table 11.6. In the UVA range around 370 nm devices that generate irradi-
ances of up to about 250 mW/cm2 within an area of 15 cm2 are state of the art.
Current commercial dermatological UVB-LED devices are far less powerful. In
each case, the spectral bandwidth of these sources is narrow and in the range of
10 nm.

Compared to gas discharge sources, LEDs have several significant advantages.
LEDs are very compact and do not require high voltages. They are mercury free,
long lasting, and do not need costly electronics to operate. Currently, from an
economic point of view, they are not the right tool for large area or even whole
body irradiations but they are very interesting for targeted therapies. Because LEDs
are semiconductor devices, it is expected that prizes will decrease and powers will
increase in the future. Thus, UV-LEDs will become more and more interesting for
dermatologists.
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11.3 Variants of Dermatological UV Phototherapy

In clinical practice several technologies for phototherapy have been developed and
are used today. The major field of application is dermatology, but not exclusively.
Oncology, transplantation medicine, pediatrics, vascular medicine, dentistry, and
rheumatology—just to name a few—also use phototherapy.

Dermatological phototherapy is generally contraindicated in patients with a
history of skin cancer or photosensitive diseases that may aggravate during treat-
ment, patients with defective DNA repair mechanisms (like xeroderma pigmento-
sum), patients taking photosensitizing drugs and during pregnancy. The indication
for phototherapy is more critical for children and adolescents. All treatments need
proper equipment, clinical investigations of patients, dosimetry, documentation, and
follow-up.

11.3.1 Psoralen Plus UVA (PUVA) Therapy

PUVA is an acronym for psoralen plus ultraviolet A radiation. The treatment
consists of drug therapy in combination with UVA irradiation. The most commonly
used drug is 8-methoxypsoralen (8-MOP). A less commonly used drug is
5-methoxypsoralen (5-MOP). Trimethylpsoralen (Trioxsalen) is used in
Scandinavia for bath PUVA. Psoralen has to be applied about half an hour before
irradiation and then works as a photosensitizer. Psoralen may be given orally,
topically (ointment) or as PUVA-bath therapy. The initial UVA dosage for oral
PUVA is 75 % of the minimal phototoxic dosage (MPD). In case of bath or cream
PUVA treatment is started with 20–30 % of MPD. Oral 8-MOP is given at a dosage
of 0.6 mg/kg body weight (bw), oral 5-MOP at 1.2 mg/kg bw. For bath PUVA
0.5–1.0 mg/L 8-MOP is used, the concentration for topical use in ointments varies
between 0.0006 and 0.005 %. PUVA therapy is performed two to four times a week
[21]. It is used successfully for a number of skin disorders, Table 11.1. Compared to
narrowband UVB (NB-UVB) PUVA needs fewer sessions and provides a longer
lasting clearance in psoriasis [27].

Potential risks and limitations of PUVA therapy are dependent on the way of
application of psoralen. With oral treatment, nausea and vomiting are not uncom-
mon. Therefore bath or cream PUVA are preferred today to avoid gastrointestinal
adverse effects. Indeed, bath PUVA may achieve systemic psoralen concentrations
comparable to oral application but with shorter half-life [28]. Generally, ocular
protection is recommended to avoid lens opacities and cataracts [29]. There is a
variation of PUVA called PUVAsol, which is used frequently in sun-rich countries
like India. Here, psoralens are combined with natural sunlight. It is very popular for
vitiligo therapy [30].
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Acute adverse effects of PUVA therapy are pruritus and burns (Fig. 11.3). These
patients may develop persistent post-inflammatory hyperpigmentation [31]. The
induction of lentigines is not uncommon [32]. High PUVA exposure with oral
8-MOP bears an increased risk for the development of squamous cell carcinoma of
skin (SCC) as shown by the American PUVA prospective trial [33]. In contrast to
this, no increased cancer risk was documented in a European PUVA follow-up
study [34]. The pharmacokinetic profile of psoralens applied topically suggests a
lower skin cancer risk per se [35]. A large Scandinavian trial with trioxsalen bath
PUVA did not find an increased risk for nonmelanoma skin cancer at all [36].
Nevertheless, genital skin should be protected and patients with a history of drug
therapies or with an increased skin cancer risk should be excluded from PUVA.
Accidental burns are a possible adverse effect in vitiligo. If patients also suffer from
atopic dermatitis, prurigo nodularis may result [37].

Table 11.1 Possible indications for PUVA therapy

Disorder Remarks

Psoriasis, moderate to severe
[21]

PASIa 75–100 after 6 weeks of treatment

Pustular psoriasis [22] Best use in combination with oral retinoids

Cutaneous T-cell lymphomas In particular for large plaque-type and Sezary Syndrome
[23]

Disseminated granuloma
annulare

In combination with fumaric acid esters [24]

Systemic sclerosis, morphoea Improvement of skin sclerosis [25]

Graft-versus-host disease Some improvement in lichenoid type [25]

Atopic dermatitis Uncommonly used in severe forms [26]
aPASI, Psoriasis area and severity index. PASI 75 means a reduction of psoriasis area and severity
by 75 %

Fig. 11.3 Bullous PUVA
burn during treatment of
plantar psoriasis
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11.3.2 Broadband UVB (BB-UVB) Therapy

BB-UVB covers the range of wavelengths from 280 to 320 nm. At least in Europe
bulbs emitting a spectrum of 300–320 nm have been used for therapy. BB-UVB
was a standard phototherapy for mild-to-moderate psoriasis for many decades [38].
The initial dose should be about 70 % of the minimal erythema dose (MED). Dose
increase is monitored by clinical assessment of erythema. When treating
plaque-type psoriasis 50–75 % of patient will reach a PASI 75 (see footnote
Table 11.1) at week six [21]. Spa saltwater baths taken before BB-UVB increase the
short-term clinical response [39]. On the other hand, it is ineffective in pustular
psoriasis [21]. Other possible indications are patch-type mycosis fungoides [23] and
vitiligo [40]. Possible adverse effects include sunburn and keratitis. Protective
goggles are mandatory.

Compared to narrowband UVB (NB-UVB), broadband UVB (BB-UVB) has
several disadvantages. Studies suggest that BB-UVB is less effective in the treat-
ment of psoriasis and the risk of erythema and sunburn of non-affected skin is
higher [21]. Contrary, a study including 12 psoriasis patients compared the ery-
thema dose–response on unaffected skin using either BB-UVB or NB-UVB and
found no significant differences [41]. Moreover, several long-term follow-up
studies of psoriasis patients treated with BB-UVA did not observe an increased risk
for nonmelanoma skin cancer [42] and in a single randomized controlled trial in
patients with vitiligo, BB-UVB was more effective than NB-UVB [43] in contrast
to a recent meta-analysis [44] and a retrospective trial [40].

11.3.3 Narrowband UVB (NB-UVB) Therapy

NB-UVB therapy is performed with lamps that have an emission peak around
311 nm. Initial dose and dose increase are similar to the values used in BB-UVB
therapy. The 311 nm peak emission of the lamps is close to the 313 nm clearance
maximum for psoriasis [45]. After 20 weeks a PASI 75 can be achieved in 40–
100 % of cases depending on the severity of psoriasis and the weekly frequency of
phototherapy [21]. The anti-psoriatic efficacy is increased by saltwater bathing
before irradiation. A randomized controlled trial reported a PASI 75 in 68.1 % of
psoriasis patients with combined modality versus 16.7 % with NB-UVB alone three
times a week [46]. Synergistic effects have also been described for NB-UVB and
tumor necrosis alpha inhibitors [47]. A meta-analysis for vitiligo suggested that
NB-UVB is the most effective treatment with the least adverse effects [44]. Possible
indications for NB-UVB are summarized in Table 11.2.

The rate of acute adverse effects is low. In a multicenter study 8,784 pho-
totherapy treatments were evaluated. NB-UVB showed acute adverse effects in only
0.6 % of the treatments compared to 1.3 % for both oral and bath PUVA [49]. The
most common adverse effect is erythema. Whereas the cancer risk is increased with
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PUVA, there are no data suggesting an increased cancer risk for UVB photother-
apies. Nevertheless, for safety reasons guidelines of the French Society of
Photodermatology set a maximum number of 250 treatment sessions [50].

In several countries like Spain, USA and the Netherlands, home-based pho-
totherapy is performed. Home-based NB-UVB therapy in the Netherlands was
evaluated safe and as effective as in outpatient settings for psoriasis [51, 52].
NB-UVB was evaluated cost-effective and more efficient than biological drugs [53].
It is important to note that ocular protection is necessary to prevent cataract.

11.3.4 UVA-1 Therapy

UVA-1 phototherapy emerged as a specific phototherapeutic modality using the 340–
400 nmwavelength range. Due to the deep penetration into the skin, UVA-1 affects T
lymphocytes and activates endothelial cells, thereby promoting neovascularization
[54]. Furthermore, UVA-1 can induce rapid apoptosis by induction of the Fas-FAAD
(Fas-associating protein with death domain)-caspase 8 death complex [55].

UVA-1 is used in a variety of chronic inflammatory skin diseases. It is con-
sidered the first-line treatment in sclerotic skin diseases like morphoea, granuloma
annulare, and sarcoidosis [56]. In contrast to PUVA and UVB phototherapy large
trials are completely missing, but patients with darker skin types seem to benefit
more than skin types I and II [57]. A selection of possible indications is summarized
in Table 11.3. Acute adverse effects are rare and minimal [21]. Long-term risks
such as skin cancer are unknown [57]. Currently, the major limitation for UVA-1
treatment is the expensive and large equipment [62].

11.3.5 Targeted UV Phototherapy

Targeted phototherapy describes the irradiation of small areas of lesional skin, often
in psoriasis or vitiligo [63]. The concept is to protect uninvolved skin while using
the highest tolerable doses for the target lesions to obtain a reliably and rapid
response. There are several types of targeted phototherapy available:

Table 11.2 Possible indications for NB-UVB

Disorders Remarks

Psoriasis, plaque-type PASI 75 in 40–100 % after 20 weeks [21]

Atopic dermatitis For chronic and severe types [48]

Vitiligo Ca. 44 % improvement after 16 weeks [43]

Cutaneous T-cell lymphoma Patch type [23]

Polymorphic light eruption Performed before sun season for UV hardening [48]
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• Targeted UVB phototherapy
• Monochromatic light targeted therapy (308 nm excimer laser or excimer light)
• Targeted PUVA therapy
• Targeted photodynamic therapy

Targeted UVB phototherapy is also known as localized or focused or
microphototherapy. The targeted NB-UVB device Biopsorin™ demonstrated a
75 % improvement of psoriasis lesions in 64 % of patients after 12 sessions [64].
Comparing different modalities in vitiligo, targeted NB-UVB and topical
bethamethasone ointment were the most effective [65].

The 308 nm excimer laser is used in several skin conditions. A meta-analysis of
excimer laser therapy in psoriasis comes to the conclusion that the laser is not more
effective than NB-UVB, although it spares unaffected skin [66]. On the other hand,
at difficult to treat areas like scalp or palms and soles 308 nm excimer laser seems to
work safe and fast [67]. In an intraindividual comparison 307 nm excimer light was
as effective as topical dithranol but less irritating [68, 69]. In vitiligo excimer laser
and noncoherent excimer lamp seem to be of comparable efficacy [70, 71]. In a
head-to-head comparison 308 nm excimer laser was less effective as targeted
NB-UVB [72]. A list of possible indications is provided in Table 11.4.

11.3.6 Extracorporeal Photochemotherapy (ECP)

Extracorporeal photochemotherapy (ECP) is an apheresis-based immunomodula-
tory treatment targeting primarily circulating blood cells. Autologous peripheral
mononuclear cells harvested by leukapheresis are exposed to the photosensitizer
8-MOP in a soluble form (Uvadex®). These cells are irradiated by UVA light of an
approximate exposure of 1.5 J/cm2. The photoactive blood cells are eventually
reinfused into the patient. The technical equipment developed by Therakos, Inc.
(Westchester, PA, USA) is now available in its third generation called Cellex.
The standard treatment schedule consists of ECP on two consecutive days every
2–4 weeks [78].

Table 11.3 Possible indications for UVA-1 phototherapy

Disorders Remarks

Morphoea Improves skin sclerosis [58]

Atopic dermatitis Severe cases [26]

Subacute cutaneous lupus erythematosus For skin lesions only [59]

Systemic lupus erythematosus Adjuvant for milder cases [60]

Subacute prurigo Mixed response [58]

Cutaneous T-cell lymphoma Plaque and patch types [23]

Graft-versus-host disease [58]

Sarcoidosis [61]
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ECP was approved by the Food and Drug Administration (FDA) in the late
eighties for cutaneous T-cell lymphoma. It can be used as monotherapy or in
combination with interferon or oral systemic retinoids (Fig. 11.4) [23]. Patients who
are responders show a long-term survival [79]. A number of other indications that
have been investigated are summarized in Table 11.5.

Table 11.4 Possible
indications for targeted
phototherapy

Disorders Targeted therapy

Psoriasis Targeted NB-UVB [64]

308 nm excimer laser [66]

Excimer light [68, 69]

Vitiligo Targeted NB-UVB [65]

308 nm excimer laser [71]

Excimer light [71]

Alopecia areata Targeted UVA [73]

Mycosis fungoides 308 nm excimer laser [74]

Chemical leukoderma 308 nm excimer laser [75]

Pityriasis alba 308 nm excimer laser [76]

Lichen planopilaris 308 nm excimer laser [77]

Fig. 11.4 A patient with pre-erythrodermic cutaneous T-cell lymphoma. Left before treatment.
Right with complete remission after a 6 months course with ECP as monotherapy
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11.4 Mechanisms of Action for Major Dermatological
Indications

UV irradiation in general induces a cellular and cytokine response of tissue. UVB
can induce single cell death (apoptosis) of keratinocytes, generally known as
sunburn cells. Furthermore epidermal uric acid becomes isomerized.
Proinflammatory cytokines like interleukin-1, which is responsible for fever reac-
tion after severe sunburn, are released. In addition, UVB has an impact on the
sensory skin function by interacting with transient receptor potential ion channels of
epidermal keratinocytes—a mechanism that is involved in sunburn pain [88].

UVA can aggravate skin aging (extrinsic aging) and potentiate negative effects
on smoking, another extrinsic pro-aging factor. UVA affects in particular the
skin-associated lymphocytic tissue (SALT) and causes molecular injuries of dermal
elastic fibers leading to elastosis. When used in combination with psoralens as in
PUVA therapy, oxygen-dependent and oxygen-independent photoreactions occur.
The latter type of reaction leads to DNA crosslinks and cyclobutane rings. The
oxygen-dependent pathway produces reactive oxygen species that result in mem-
brane damage, protein and lipid oxidation, and mitochondrial disturbances.
Keratinocytes seem to be less sensitive compared to inflammatory cells [89–92].

The major dermatological indications for phototherapy are chronic inflammatory
disorders like psoriasis, autoimmune diseases of skin such as lichen ruber or vitiligo
and selected cutaneous malignancies in particular cutaneous T-cell lymphoma. In
the following section the corresponding photobiological mechanisms of action are
discussed.

Table 11.5 Possible indications for ECP

Disorders Remarks

Cutaneous T-cell lymphoma More effective when combined with interferon
alfa or retinoids [80]

Graft-versus-host disease More data are available for chronic than acute
graft-versus-host disease [81]

Systemic sclerosis Effects on skin sclerosis [82]

Crohn’s disease 50 % response rate [83] and reduction of
steroids [84]

Atopic dermatitis In severe type 73 % response rate [85]

Pemphigus and pemphigoid Steroid-refractory cases [86]

Solid organ transplant rejection Significant reduction of rejection in heart and
lung transplantation [87]
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11.4.1 Psoriasis

Psoriasis is a chronic or chronic relapsing disease of unknown origin.
T lymphocytes and dendritic cells seem to play a major role in psoriasis patho-
genesis. Psoriasis affects about 2–3 % of the world population. It can occur in every
age but is most frequently in adults of younger and middle age. Psoriasis has a
broad variety of cutaneous lesions and severity. Phototherapy is normally applied
together with topical therapy and/or systemic therapies. The goal of the treatment is
complete remission, i.e., PASI 100. The mode of action seems to be the inhibition
of leukocyte and T-lymphocyte proinflammatory activity and apoptosis of inflam-
matory cells. For pustular psoriasis phototherapy is combined with oral retinoids,
i.e., Re-PUVA. Phototherapy has no significant effects on extracutaneous mani-
festations of psoriasis, e.g., arthritis, dactylitis, enthesitis, and iridocyclitis [93].

11.4.2 Atopic Dermatitis

Atopic dermatitis is a common inflammatory disease that belongs to a group of
atopic disorders together with pollinosis and allergic asthma. Its incidence is
increasing and up to 20 % of western population is affected. About two-third of
patients have their first manifestation of atopic dermatitis in preschool age. The
disease is associated with dry and sensitive skin. It can run a limited or a gener-
alized severe course, Fig. 11.5.

For atopic dermatitis UVB, UVA, UVB/UVA mixed spectrum, high intensity
UVA-1, and ECP all have been used as an adjuvant treatment during maintenance.
All UV-based therapies improve the major symptom—pruritus. There is a decrease
of epidermal Langerhans cells, apoptosis of inflammatory cells, reduction of
proinflammatory cytokines, and reduction of bacterial colonization. Another pos-
sible effect is the improvement of vitamin D levels. Phototherapy alone is not
effective in atopic dermatitis. The basis of treatment is skin care with moisturizer to
repair the epidermal barrier function and topical anti-inflammatory drug therapy.

Fig. 11.5 Subacute atopic
eczema of the eyelids. Lid
edema is obvious
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The average broad-spectrum UV/UVB/UVA/PUVA treatment consists of a course
of 2–3 weeks with at least three treatments per week [94, 95].

11.4.3 Vitiligo

Vitiligo is a disorder of pigmentation, known as white spot disease. Although the
disease is not life-threatening, it has a great social and psychological negative
impact. About 2 % of the world population is affected by this disease. There are a
number of hypotheses including autoimmune pathogenesis, but the disease is not
completely understood. There is a loss of pigmentation and a loss of melanocytes in
lesional skin. This leads to an imbalance of reactive oxygen production and oxygen
radical scavengers during UV irradiation. Phototherapy of vitiligo is widely
accepted, but needs many months up to 2 years for a stable response. The response
is often only partial. The mode of action is at least twofold. (a) Resting melanocytes
become stimulated again to produce melanin by UV irradiation. (b) The cellular
inflammatory infiltrate in young lesions is suppressed. A 75 % re-pigmentation is
considered a good outcome. Acral vitiligo of hands and feet is almost unresponsive
to phototherapy. Generalized vitiligo is no indication for phototherapy at all. Due to
the higher risk of sunburn in vitiligo skin, dose increase should be slow and
carefully monitored.

11.4.4 Cutaneous T-Cell Lymphomas

Cutaneous T-cell lymphomas are rare disorders. The most common types are
mycosis fungoides and Sezary syndrome. The patch and plaque type of mycosis
fungoides can be treated by phototherapy. Patches are responsive to UVB, plaques
need PUVA. The efficacy of PUVA can be further increased by combining it with
oral retinoids. This is also known as Re-PUVA. The treatment is focussing on
intraepidermal malignant T lymphocytes and aims to induce apoptosis.

When cutaneous T-cell lymphomas are treated by ECP, the goal is to produce a
higher number of dendritic cells from circulating macrophages acting against
malignant T lymphocytes. The assumed mode of action is immunostimulatory to
target neoplastic T lymphocytes in cutaneous T-cell lymphomas. Apoptotic lym-
phocytes stimulate the differentiation of monocytes into dendritic cells releasing
tumor necrosis factor-alpha and interleukin-6. These cells also produce cytokines
with an immunosuppressive effect like interleukin-10 and interleukin-1Ra [96].

The treatment aims to get a complete remission or at least a partial remission to
control the disease [23].
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11.4.5 Lichen Planus and Alopecia Areata

In lichen planus and alopecia areata, an autoimmune T-cell response against either
basal keratinocytes or hair follicle epithelium is responsible for the clinical symp-
toms. Both disorders are not uncommon. They may affect patients of any age.
Phototherapy is used to interrupt the T-cell reaction and serves as an induction
therapy rather than a maintenance therapy. PUVA seems to work better than UVB
due to the location of the inflammatory infiltrate within the dermis [58].

11.4.6 Systemic Sclerosis and Morphoea

Systemic sclerosis and morphoea are autoimmune connective tissue diseases.
Morphoea usually runs a milder and often self-limiting course, whereas systemic
sclerosis is a multiorgan disease with significant mortality. A major player in skin
fibrosis is tumor necrosis factor-beta. Phototherapy including ECP leads to a
reduction of this cytokine and a partial remission of skin fibrosis. It has no sig-
nificant effects on internal organs. Therefore phototherapy is used as an adjuvant
therapy [58, 82].

11.4.7 Graft-Versus-Host Disease

Graft-versus-host disease (GVHD) is the consequence of infusion of mature donor
T lymphocytes in allogeneic hematopoietic cellular transplantation. Clinically,
GVHD can be separated into an acute and chronic type. The incidence of acute
GVHD varies from 20 to 70 % depending on genetic differences between donor and
patients. The donor T lymphocytes attack skin, gastrointestinal system, and liver.
Patients not responsive to corticosteroids may be candidates for ECP since mortality
rates are up to 70 %. Chronic GVHD affects about 50–70 % of patients after
allogeneic transplantation. Here the skin is the most affected organ but virtually
every organ may be affected. Acute GVHD shows three separate phases. It starts
with liberation of cytokines during the cytotoxic conditioning treatment. During
transplantation allogeneic T lymphocytes are transferred and in the last phase they
expand into cytotoxic T lymphocytes attacking disparate antigens in multiple tis-
sues. The chronic GVHD is less understood. But here the donor T lymphocytes
attack also common antigens of donor and recipient [81].

The mode of action of ECP is apoptosis of inflammatory cells, induction of
dendritic cells of the recipient and development of peripheral tolerance to self [96].
Most data are available from ECP treatment of chronic GVHD [97].
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11.4.8 Polymorphic Light Eruption

Polymorphic light eruption (PLE) is a photosensitive pruritic skin disease. It has a
prevalence of up to 20 % in Central and Northern Europe and the USA. An
impairment of neutrophil responsiveness to leucotriene B4 and
formyl-methionyl-leucyl-phenylalanin has been detected in PLE patients. Diagnosis
is made on clinical presentation of pruritic papules and plaques in sun-exposed
areas during early summertime confirmed by photoprovocation with UVA and
UVB light. In PLE phototherapy is a preventive measure not suitable after clinical
manifestation. It is used before the sunny season to adapt the skin to higher dosages
of light. The therapeutic principle is known as skin hardening. Skin hardening aims
to stimulate the cutaneous protective measures before the skin becomes exposed to
higher intensity sunlight. Such effects include increase of epidermal thickness and
increased pigmentation by melanin. Furthermore, skin hardening restores the
neutrophil responsiveness to leucotriens [98]. Skin hardening is effective with UVA
and/or UVB devices depending on the responsible wavelength. A home-based
UVB device (SunshowerMedical™) was as effective and safe as an office-based
broadband UVB irradiation in a smaller trial from the Netherlands [99].

11.5 Clinical Studies with Novel UV Emitters

The efficacy of dermatological phototherapy has been demonstrated in numerous
clinical studies and NB-UVB is recommended for the treatment of psoriasis in
national guidelines all over the world [21, 50, 100]. One of the major technological
trends that can be identified within this field is represented by the application of
mercury-free UV sources for targeted NB-UVB phototherapy. Examples for this
approach are excimer lamps and UV-LEDs. In this chapter two recent clinical
studies on psoriasis using an electrodeless excimer lamp and UVB-LEDs will be
discussed in detail to illustrate the clinical methodology and to show that an
UVB-LED based phototherapy is a promising and feasible concept, especially for
home therapy purposes.

11.5.1 Study with an Electrodeless Excimer Lamp

The efficacy of UVB excimer lamps for psoriasis phototherapy has been described
in a variety of publications [101–103]. By the authors of this chapter, a clinical
study on psoriasis has been carried out using the unique electrodeless excimer lamp
demonstrator setup described in Sect. 11.2 [14, 68, 69]. The proband collective
consisted of 21 hospitalized patients. 15 patients were male and six female subjects.
The age of the patients was in the range of 26–84 years. During the study two
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dropouts appeared that were not related to the UVB treatment. For this research,
patients with small localized lesions of a size that roughly matches the maximum
irradiatable area of 3 cm2 were selected. All patients were suffering from psoriasis
for many years with a recent acute episode that necessitated a stationary treatment.
15 patients had psoriasis vulgaris, three patients plaque psoriasis and three patients
psoriasis vulgaris of plaque-type. For each patient one selected lesion was irradiated
with UVB and all other lesions, including a comparison lesion, were treated twice
daily with dithranol, a strong anti-psoriatic drug applied topically. Before each
UVB application clinical inspections as well as an objective spectroscopic mea-
surement of the lesions were performed. For almost all patients the UVB appli-
cation has been carried out three times at intervals of approximately a week. The
applied dose was adjusted by means of the irradiation time and dependent on the
skin type of the proband and the type of disease. However, the starting doses were
the minimal erythema dose of the patients in each case. The irradiation periods for
single sessions have been in the range of 10–30 s with an average value of 20 s and
an irradiance of about 20 mW/cm2.

For the clinical diagnosis of the patients the local Psoriasis Severity Index (PSI)
was used. The PSI is a modified PASI index for selected plaques [104]. It describes
erythema, scaling and infiltration as features of local psoriasis intensity. Based on
the PSI score, a successful NB-UVB treatment could be demonstrated, Fig. 11.6.
The total averaged PSI improvement was 3.0 points. This corresponds to a 40 %
enhancement. Moreover, the results demonstrated that NB-UVB irradiation is
equipotent to topical dithranol when the PSI score is considered. But, in total, the
UVB treatment consumes less time and it is not associated with skin staining as in
the case of dithranol. The most common adverse effects of excimer light treatment
were mild-to-moderate erythema and temporary blistering.

Fig. 11.6 Photo documentation of a psoriatic lesion. Left initial state. Right end state of the
irradiated lesion (scale in mm)
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11.5.2 Study with UV-LEDs

Devices for targeted phototherapy using UV-LEDs are still rare. Currently, no more
than three units that have been developed for commercialization could be identified
on the market, Table 11.6. It is expected that the number of dermatological
LED-based irradiation devices will increase with the emergence of more efficient
UV-LEDs. Due to the small number of commercially available irradiation devices
only very few clinical studies that applied UV-LEDs for dermatological pho-
totherapy exist. One of them is a study of Kemény et al. [105, 106] which used an
array of 72 UVB-LEDs for psoriasis treatment with particular reference to a
home-based therapy. The applied LED device was exclusively manufactured for
this research by Allux Medical Inc. and is not yet commercially available. It emits
1 mW/cm2 at a central wavelength of 310 nm with 15 nm bandwidth and a max-
imum irradiatable area of about 100 cm2. Although the delivered irradiance is
comparatively low, the study demonstrates that this device is capable of treating
psoriasis lesions successfully. Twenty subjects with chronic plaque-type psoriasis
were participating in the study. Three of the subjects were female and 17 male. The
age was ranging from 29 to 71 years (average 51.7 years). The dimensions of the
used LED irradiation device were very compact and amounted to only 128 mm ×
90 mm × 38 mm so that the unit could be attached to the patient for treatment,
Fig. 11.7. To protect surrounding healthy skin during delivery of the UVB irradi-
ation an UV-blocking polymer foil was used.

Table 11.6 Devices for UV
phototherapy using UV-LEDs

Device Manufacturer Spectral range

LEDA HP 370 Alma Laser GmbH UVA

Psoria-Light Psoria-Shield Inc. UVA and UVB

Resolve UVB
Phototherapy system

Allux Medical Inc. UVB

Fig. 11.7 UVB-LED
irradiation device attached to
a patient. Reprinted with
permission from [106],
Copyright 2010, John Wiley
& Sons
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For purpose of assessment of the treatment success symmetrical psoriasis lesions
located on extremities or trunk were chosen. One of the lesions was treated with the
LED device, whereas the other one served as an untreated control. Just like
described in Sect. 11.5.1, the PSI was used to evaluate clinical improvements
numerically. UV treatments were performed four times weekly for up to 8 weeks or
until complete clearance has been achieved. Two different irradiation regimens
were used in the study, one with a fast dose increase from session to session
according to the doses typically used for outpatient treatment and one with a slow
increase in dose, similar to regimens used for home-based treatments. In each case,
ten subjects have been treated. The starting dose in the first regime was one MED.
The dose was increased every visit by 20–50 % up to a final maximum dose of five
MED. This maximal dose corresponded to 1.75 J/cm2. In the second regimen (low
dose home therapy range) the starting dose has been only 0.7 MED and the dose
was increased by only 0.1 MED per session up to a maximum value of 3.8 MED.

Patients in both groups responded very well to the UVB therapy. Overall
improvement of PSI at the end of the therapy was 93 and 84 % for the high and the
low dose regimen, respectively. Thus, one important outcome of the study is that
comparable results were achieved in the high and the low dose group. But, in
contrast to the high dose group, in the low dose regime no side effects were
reported. That is, it has been demonstrated that UVB-LEDs are well suited for a
psoriasis home therapy. The safety profile of such a therapy is considered excellent
and the therapy may also be useful for other UV responsive diseases [106].

11.6 Summary and Outlook

UV phototherapy is well established in the treatment of a wide range of photore-
sponsive skin diseases. Historically several variants, benefiting also from techno-
logical innovations in the field of UV light sources, have evolved and now are
routinely applied in the clinical practice. The introduction of UV-LEDs undoubt-
edly is the most recent step in the development of new light sources for pho-
totherapeutic purpose. The combination of these safe and economic light sources
with additional device integrated safety features holds the potential to bring pho-
totherapy out of the clinic and into the patient’s home environment in a larger
extend. Home phototherapy devices have first become available in the 1980s and
since then home phototherapy has been growing steadily, especially for the treat-
ment of psoriasis [107]. In the future also smart textiles equipped with flexible
organic light emitting diodes may be used for home phototherapy [108].
Nevertheless, an adequate therapy management under guidance by professional
dermatologists will stay mandatory in order to ensure the proper application of
phototherapy.
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Chapter 12
UV Emitters in Gas Sensing Applications

Martin Degner and Hartmut Ewald

Abstract The LED-based spectroscope is described. Example measurements using
the gases O3, SO2, and NO2 are given. The unique properties of UV-LEDs are
utilized in combination with standard broadband photodiodes (PD). These low-cost
components can be arranged in a simple design which produces cost-effective but
high-resolution sensors compared with current state-of-the-art measurement sys-
tems. Broad UV absorption lines/bands are well suited for UV emitter-based
sensing.

12.1 Introduction

Optical spectroscopy has been widely used for substance analysis and concentration
measurements such as gas-sensing application for a long time. When light is
propagated through a medium the molecules and atoms in that medium interact with
the photons in a manner which is dependent on their energy, and hence wavelength.
Photon energy can be transferred to the matter. Specific sections of the spectrum of
the incident light are absorbed in a manner which is characteristic for each sub-
stance. This selective light attenuation is utilized in absorption spectroscopy.

The light interaction is based on the spatial distribution of charges in a molecule
that leads to vibrational and rotational excitation as well as valence electron exci-
tation of molecules and atoms by higher energy photons.

The infrared region (IR) typically is the domain for identification and concen-
tration determination of substances. The interaction between the light and mole-
cules create unique and highly resolved signatures for nearly each molecule or
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molecule group in this wavelength range. In particular, the mid-infrared
(MIR) region is the so-called fingerprint region. Overtones of the MIR absorp-
tions appear in the near infrared (NIR) range and often are used for measurements,
because of the good technical access to this range (optics, optoelectronics).
A considerable number of light sources and detectors have been available in the
infrared for a long time. Thus there are a lot of systems on the market based on
thermal light sources such as glow bars or on infrared lasers that already enable
very high precision measurements.

The visible wavelength range is mainly characterized by an absence of strong
absorptions, especially in our ambient surroundings (air, water). Therefore in nat-
ure, this optical window is predominately used for general observation and the
spectral responsiveness of eyes is well known. In the visible range (VIS) only weak
overtones of the infrared molecular light interaction appear. However, electron
excitations of mainly complex linked molecules absorb light in the visible region.

The ultraviolet range is dominated by electron excitation, molecules such as
NH3, NO, O3, SO2, NO2, and some hydrocarbons show strong absorptions here [1].
The absence of absorptions of high concentrated substances in the environment
such as water vapor or CO2 above 200 nm is a big advantage for sensor application
compared with the infrared wavelength range. These substances, as well as oxygen
or nitrogen, absorb mainly in the far UV (100–200 nm). Therefore, the wavelength
region shorter than 200 nm is the so-called vacuum ultraviolet (VUV) range
because the absorption in normal atmospheres is too strong for measurements.

Typically, the ultraviolet was not used for sensing application because of the
lack of easy to use and robust light sources in this wavelength range. Predominately
mechanically fragile short lifetime and costly gas discharge lamps such as the
deuterium lamp had to be used. The development of semiconductor light sources
changed this (see Chap. 1).

The first Light Emitted Diodes (LED) were developed in the red and infrared
region, followed by further visible LEDs. However, because of their low optical
power emissions these LEDs were mainly used as indicator light sources. With the
development of efficient shorter wavelength blue LEDs [2] a range of lighting
application became feasible. In parallel, LEDs for the near and mid-infrared range
have been developed that can also be utilized for spectroscopic application [3].
More important, in the last few years LEDs in the ultraviolet became available.
Pioneering work in AlGaN-based LEDs for the UV wavelength range was done by
companies such as Nichia,1 SETi2 as well as the RIKEN3-research institute [4, 5].
SETi is currently a major commercial supplier of deep ultraviolet LEDs with peak
emissions from 240 to 355 nm [6]. UV-LEDs show a characteristically narrow
emission bandwidth compared to longer wavelength LEDs. In contrast to the
line-structure molecule absorption and the broadband LED emissions in the

1Nichia—Nichia Chemical Industries, Ltd., Japan.
2SETi—Sensor Electronic Technology, Inc., USA.
3RIKEN—Independent Administrative Institution, Japan.
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infrared, the emission bandwidth of the UV-LEDs can be smaller than the band-
width of broad absorption bands in the UV-VIS. Therewith, LEDs are predestinated
to be utilized as wavelength-selective light sources for spectroscopic measurements
[7, 8].

The possibility to generate light by forward biasing a semiconductor p–n
junction creates a new electroluminescent light source. This ‘cold’ light source has
unique properties that can be used for many applications. The ‘color’ or the
wavelength range of the emitted light results from the superposition of the emitted
photons with wavelength kPhoton

kPhoton ¼ hc
DE

ð12:1Þ

c speed of light
h Planck constant

that are determined by the band gap energies DE ¼ E2 � E1 from the recombina-
tion of conduction band electrons with holes in the valence band. The band gap
energy with the highest transition probability in consideration of the number of
possible transitions and the occupation probability defines the peak emission
wavelength of the LED. The relation between the band gap energy (eV) and the
wavelength (μm) of the emitted photons is shown in Fig. 12.1 [9]. The band gap
energies of the different semiconductor materials have a direct influence on the
forward voltages of the LED. The band gap can be controlled and adjusted by the
choice of semiconductor material and its material composition. Therefore, today
LEDs can be created for nearly each wavelength over a very wide spectral range
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Fig. 12.1 Emission wavelength and forward voltages versus the band gap energies of the different
semiconductor materials [9]
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from the deep UV until the mid-infrared. This enables a huge number of applica-
tions for the so-called LED spectroscopy.

The newly developed UV-LEDs are essential for the LED spectroscopy in the
ultraviolet using the strong absorptions of important gases in this wavelength range.
The LED spectroscopy is especially well suited for concentration measurements
with low-cost sensor designs and it enables robust and high resolved concentration
measurements. In a basic measurement principle, unfiltered LEDs are directly used
as wavelength-selective sources.

Due to the limited spectral resolution and the superposition of absorptions of
various substances in the electron excitation range (UV-VIS) this method is not
well suited for selective substance analyses but it can be used very successfully in
applications where the participant substances are well known, such as process
control application. This method will be described in following section. Moreover,
UV-LEDs also can be used as UV light sources in combination with dedicated
spectral selective detector units and optics in spectral highly resolved analyzing
devices to replace commonly used UV light sources.

12.2 Light Absorption Spectroscopy

Light absorptions spectroscopy is based on the wavelength-selective interaction of
light with matter. In opposite to the vibrational or rotational molecule excitation in
the infrared region or the atomic interaction of high-energy radiation such as in the
Röntgen range the dominating absorption mechanism in the UV-VIS range is the
valence electron transition.

The lifetime of electron transitions is several magnitudes shorter than the tran-
sitions of vibrations in the infrared. Therefore, the resulting natural absorption
linewidth is wider in the UV than in the sharp absorption lines in the infrared. Due
to the electron excitation also vibrational and rotational modes are excited. They
appear in the ultraviolet as an additional fine structure next to the electron
absorption lines. The more complex a molecule is, respectively, the more conju-
gated double bonds are present, the more electron energy levels appear also with
smaller gaps. This results in a higher number of possible transitions or absorption
lines and in a red shift of the whole spectrum. The high density and number of
absorption lines in addition with the fine structure and additional line broadening
effects yields to overlapping of the absorption lines. In the UV-VIS range this
superposition often results in broadband absorption spectra, with a high number of
absorption lines overlaid. Figure 12.2 shows typical broadband absorption spectra
of the example gases NO2, SO2, and O3. Molecules with a less complex bonds
show clearly separated absorption bands, such as NO and NH3.

While the magnitude and shape of the absorption lines, and thus the differential
structure of the UV absorption, is affected by ambient parameters such as pressure
and temperature, the overall absorption band is hardly affected [10]. Therefore, the
low spectral resolution of the unfiltered LED measurement is quite robust with
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respect to the ambient influence parameters. Nevertheless, temperature and pressure
have an influence on the gas density and also on a real sensor design, thus it has to
be measured for sensor signal compensation.

In a basic form the light absorption can functionally be described by the
BOUGUER–LAMBERT–BEER’s law: The attenuation of the light intensity (I) passing a
sample cell is wavelength-specific I(λ). The change of intensity dI kð Þ of a light
beam that is passing a media over a path length dx is proportional to the local light
intensity I kð Þ, the path length dx, and the absorbers concentration c (ppm) and its
absorption coefficient a kð Þ (cm−1):

dI kð Þ ¼ �a kð ÞcI kð Þdx ð12:2Þ

By integration of (12.2) over the optical path length x (cm) of a sample cell
the relationship between the measured intensity I kð Þ past the cell in relation to the
incident light I0 kð Þ results with the exponential relation to the concentration c,
the path length x, and the absorption coefficient a kð Þ is obtained:

I kð Þ ¼ I0 kð Þe�a kð Þcx ð12:3Þ

This wavelength-specific absorption is illustrated in Fig. 12.3 at the example of
one absorption line of NO2. This basic absorption law assumes a homogenous
absorber distribution and the absence of scattering and geometrical losses. Further
nonlinearities regarding this law appear for instance at high concentrations.

By measuring the transmission of light of the absorption cell the concentration
can be easily determined taking into account (12.3) and the known absorption
length x as well as the absorption coefficient a kð Þ:
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c ¼ ln T kð Þð Þ
�a kð Þx ; T kð Þ ¼ I kð Þ

I0 kð Þ
� �

ð12:4Þ

Instead of using a length-depending attenuation coefficient the more comparable
absorption cross section r kð Þ per molecule is often used. The volume density of the
molecules can be used to convert between the absorption coefficients.
Equation (12.5) shows the calculation for a gas under standard conditions, using
the Avogadro constant (NA = 6.022136 × 1023 mol−1) and molar volume
(Vm = 22,414 cm3/mol):

r kð Þ � NA

106 � Vm
¼ a kð Þ ð12:5Þ

In practical applications the spectral resolution of a sensor system has to be
considered as well, when the gas absorption within the sensor, respectively, sensor
measurement effect needs to be calculated. In the case of LED spectroscopy of
gases with broad absorptions, typically no additional filters are used. All emitted
wavelength from the LED interact specifically regarding the gas absorption char-
acteristic. Thus the resulting absorption will be smaller than the maximum possible
in this range. It is useful to calculate the effective absorption coefficient �a for the
arrangement to estimate the sensor effect and enable further calculations for sensor
resolution. I0 kð Þ is the spectral distribution of the emitted LED light intensity as it is
detected by the sensor system so it includes the light transmission and (relative)
responsivity of the system. Typically the wavelength dependency of the optical
transmission and the responsivity is nearly constant over the few nanometers of the
LED emission, thus these characteristics can be neglected and the LED emission
can be used as I0 kð Þ.

Fig. 12.3 Principle of wavelength-specific light absorption: the decay of intensity of the incident
light I0 kð Þ for one absorption line of the absorption spectra of NO2

326 M. Degner and H. Ewald



Tges ¼ Iges
I0ges

¼ e��axc ¼
R
I0 kð ÞT kð ÞdkR
I0 kð Þdk

! �a ¼ ln

R
I0 kð ÞT kð ÞdkR
I0 kð Þdk =� xc

ð12:6Þ

In Fig. 12.4 an example calculation for an LED-based SO2 measurement is
shown.

In sensor applications the electronic resolution (signal to noise ratio) of an
optical transmission system can be estimated from the expected optical power at the
receiver. In combination with the effective absorption coefficient the resulting
concentration resolution of the measurement system can be calculated at a given
path length. The relationship between the electronic sensor resolution, the
absorption path length, and the resulting concentration resolution is plotted in
Fig. 12.5. Therefore, the design of a sensor system can be optimized with respect to
the required resolution as well as for the maximum concentration dynamic that is
limited by strong absorptions that lead to nonlinearities and saturation effects. It has
to be considered that the optical path length and its optical design (e.g., reflection
cell, multipath cell) can affect the detectable optical power significantly.

Concentration measurements in practical applications require a high level of
robustness. A high robustness versus wavelength-independent attenuations within
the optical path can be realized by implementing at least a second LED light source
with a different wavelength as a reference. It is explained formally by (12.7),
k is a wavelength-independent disturbance, which influences the transmission
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measurement at a gas absorption wavelength Tkgas and at the reference wavelength
Tkref . The resulting transmission Tres is compensated regarding wavelength-
independent interferences and can be used for concentration calculation:

Tres ¼ Tinterfkgas
Tinterfkref

¼ kTkgas
kTkref

¼ e�xc akgas�akrefð Þ ð12:7Þ

Smooth wavelength-dependent interferences such as temperature caused chan-
ges of dispersion in the optical setup and can be compensated by a further reference
wavelength.

In addition to the interference compensation, (12.7) demonstrates that the ref-
erence wavelength should be placed apart from the gas absorption, otherwise the
resulting absorption coefficient is reduced. TDLAS (tunable diode laser absorption
spectroscopy) systems applied to broadband electron absorption bands such as NO2

are faced with this problem [11]. Because of the small wavelength shift of the laser
only a small absorption change of a ‘needle’ from the absorption structure is used
for the measurement although the integral absorption at the measurement point can
be quite strong.

Spectral highly resolved measurement systems for instance based on spec-
trometer detectors or TDLAS systems use a higher number of spectral reference
points, therefore the absorption shape can be identified and also
wavelength-dependent interferences such as cross-interfering gases can be sup-
pressed effectively.

Fig. 12.5 NO2 gas absorption sensing: relationship between gas concentration (resolution),
absorption path length (related to sensor cell dimensions), and the optical transmission (relates to
the electronic resolution)

328 M. Degner and H. Ewald



In a system with low spectral resolution such as in LED spectroscopy, a
cross-interfering substance can be actively compensated by an additional mea-
surement of this substance with a further LED measurement channel. Sometimes a
passive compensation can be realized by placing the reference wavelength (akref ) at
a point where the interfering substance shows the same absorption as at the position
of (akgas).

12.3 Absorption Spectroscopic Systems

Optical spectroscopy is used in an extremely wide range of application, it is
implemented in harsh industrial application as well as in clean laboratory envi-
ronment; it is also used for long-distance remote sensing as well as in miniature
such as in biological cell analysis. Therefore, a huge number of different spectro-
scopic methods and systems exist.

In general spectroscopic methods can be distinguished in direct and indirect
measurement principles. Direct measurement principles such as photoacoustic or
fluorescence spectroscopy generate a measurement signal when the investigated
substance is present. This is an advantage compared to the indirect methods.
Absorption spectroscopy is an indirect method. The specific attenuation of a
measurement signal is analyzed and correlated with the signature of the investigated
substance to estimate for instance its concentration. A schematic overview of the
general functional principle of absorptions measurement systems is shown in
Fig. 12.6.

Absorption measurement systems require a light source that emits the necessary
wavelength (also systems with a passive optical light source utilizing for instance
the back ground radiation are available). Further optoelectronic detectors and
adequate signal-processing are essential. Either the light source (A) or/and the
detector (E) is optically filtered to utilize the spectral characteristic of the investi-
gated substance for a selective and efficient measurement. Different possibilities for
optical filtering are used such as dichroitic or tuneable filters, diffractive and
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Fig. 12.6 Block diagram/principal of an optical absorption measurement system [12]
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refractive filtering methods (e.g., monochromators, or spectrometers). Instead of a
filtered broadband light source, also lasers are used as a selective light source (C).
The utilized emission wavelength of the laser is shifted (e.g., in TDLAS) to detect
the absorption shape and strength to realize selective concentration measurements
of the investigated substance.

Within the measurement cell (M) or the interaction volume the light absorption
by the substance under investigation takes place. A huge number of different
designs and principles are used here depending on the application requirements and
also on the optical properties of the light source. For instance, free path absorption
cells, reflection or multipath cells, evanescent field or free atmospheric interaction
(e.g., LIDAR—light detection and ranging spectroscopy) zones are used.

Two basic methods in LED-based spectroscopy can be used depending on the
absorption characteristic of the investigated substance:

1. In the case of discrete and narrow linewidth absorption characteristics (e.g., NH3

see Fig. 12.2) the LED emission appears to be broadband. Here it is beneficial to
use optical filters such as dichroitic filters to increase the effective absorption
coefficient and therewith realize high resolved concentration measurements.
The LED is used here as a conventional broadband light source but the limited
emission range leads to much lower requirements to the optical filters compared
to typical broadband sources. Instead of application of optical filters also gas
correlation filter technics can be used with LEDs. The limited LED emission
range is advantageous here as well [13].

2. In a second type of application, the absorption characteristic is dominated by
broad absorption bands as they are typical for the ultraviolet (e.g., O3, SO2 see
Fig. 12.7). The LED emission is narrow band compared to the substance
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absorption. LEDs with different emission spectra are used as selective light
sources to sample the absorption characteristic of the substance and enable a
spectral referenced measurement (see Fig. 12.7) [14, 15].

The following explanations are related to the second type of application because
the properties of LEDs are most beneficial here.

The absorption measurement concept explained in Fig. 12.6 is considerably
simplified in case of LED spectroscopy and therefore very low cost systems can be
realized. The light of LEDs with different emission wavelength is optically coupled
into a measurement cell and detected by a standard photodiode receiver with a
broadband responsivity. To distinguish between the different LEDs, respectively,
different wavelengths the LEDs are modulated electronically and the detector signal
is demodulated. No mechanically moved parts such as optomechanical switches or
shutters are required. Different options for electronically modulation such as time or
frequency multiplex can be used. Which type of electronic modulation is best to use
depends on the measurement time requirements and the needs of the detector
amplifier unit for specific applications.

In opposite to TDLAS or classical broadband light source spectroscopy in this
LED-based arrangement there is no fixed link between the emission power of the
gas and reference wavelengths. Thus this link cannot be utilized to calculate the
optical transmission without knowing the incident light intensity that is principally
essential for the calculation of concentration by the transmission measurement [see,
e.g., (12.4)]. The following equation represents the transmission estimation for light
sources with a fixed ratio (k) between the emission wavelengths:

I0 k ref ¼ kI0 k gas

Tres ¼ Tk gas
Tk ref

¼
Ik gas
I0 k gas
Ik ref
I0 k ref

¼ k
Ik gas
Ik ref

¼ ke�xc a kgasð Þ�a krefð Þð Þ ð12:8Þ

In LED spectroscopy, an optical reference detector is used to determine a signal
that is proportional to the incident optical intensity I0 kð Þ. This enables the calcu-
lation of the transmission of each LED channel and finally the determination of the
substance concentration.

Spectral fluctuation within the emission spectrum of broadband light sources as
well as changing wavelength shift conditions in a TDLAS application often also
requires additional reference measurements for the correction of the intensity ratio
(k) (12.8), respectively, the direct determination of incident light intensity I0 kð Þ via
additional optics to enable high concentration resolutions. In laser application the
monitor diode is well suited for this task.

A time sequence of typical LED spectroscopy signals of one ‘LED channel’
signal (received signal of the photodiode I1 kð Þ in absent of the measured gases) is
shown in Fig. 12.8. The raw data of the measurement and reference signals cor-
respond to the optical light intensities Ik gas and I0 k gas. Based on these raw signals
the transmission Tk gas is calculated. There is no gas absorption present. The
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reduction of fluctuations and the compensation of drift effects are obvious. The
reduction in disturbance noise and drift of the electronic detection unit is important
since it can increase the sensor resolution and the accuracy. Alternatively, the
sensor dimensions (length of absorption cell) can be reduced (see Fig. 12.5).

The LED spectroscopy measurement principle based on UV-LEDs shows
advantages compared to other spectroscopic state-of-the-art methods: The broad-
band absorptions in the UV can be used efficiently for the sensor effect and changes
in the shape of the single lines due to surrounding parameters affecting the integral
measurement only minimally. The absence of strong interfering absorbers such as
water vapor enables much less effort for sensing gas preparation as it is commonly
done in infrared analyzers. Even in situ measurements in harsh environment are
possible in a number of applications such as exhaust gas sensing [12, 14, 15]. In
addition to the strong absorption bands photodetectors in the UV show a much
lower thermal noise than IR detectors. Therefore, high concentration resolutions can
be achieved also with small absorption cells. Further the LED spectroscopy enables
the measurement of more than one gas within one sensor cell. For each additional
substance at least one additional LED channel has to be installed. Dichroitic filters
can realize the optical linkage but since this requires a number of specific adapted
filters the system costs will rise. Therefore, geometric optics can be used to combine
the light output of different LEDs. Hence the light attenuation of each LED channel
increases significantly with each additional LED. Therefore, the number of LEDs in
a sensor system should be as low as possible. Another disadvantage of the UV-LED
spectroscopy is caused by the overlapping of absorption bands of a number of
different substances and the lack in spectral resolution to discriminate between these
absorbers (see Fig. 12.2). Therefore, the sensor design, especially the spectral
ranges of the LEDs, has to be adapted to the application.
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12.4 Light Sources for UV Spectroscopy

In general, light sources can be distinguished in thermal and cold light sources.
Thermal light sources emit a wide continuous radiation spectrum that is dependent
only on the temperature of the emitter and can be described by the PLANCK’s law.
The higher the temperature the more the spectrum is shifted from the IR to the VIS
(see Fig. 12.9). The materials limit the maximum temperature of the emitters and
even at high temperatures, the light emission in the ultraviolet range is quite low.
Therefore thermal light sources are unsuitable for UV sensing. The so-called “cold”
light sources are based on luminescence effects, photons are generated by the
transition from an excited energy state to a lower state. A number of different types
of excitations of luminescence are known. Gas discharge lamps are cold light
sources and still they are the dominant light source for ultraviolet sensing.
Regarding the progress in the last year in development of ultraviolet semiconductor
light sources this will change in near future.

The emission spectrum of gas discharge lamps can be varied by the gas com-
position, its pressure and by adding fluorescence materials. Typically, gas discharge
lamps utilize a mercury base gas mixture but also xenon and deuterium are widely
used.

In Fig. 12.10 the emission spectra of different low-pressure gas discharge lamps
are shown. Narrow emission lines typically dominate the spectrum. The broadband
fluorescence emissions are obvious also in that their different wavelength ranges
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have been chosen with regard to the fluorescence material and to the requirements
of the application.

The emission lines of high-pressure gas discharge lamps are strongly broadened
and result in a continuous emission spectrum that is overlaid with a huge number of
emission lines. Xenon lamps are a typical example, depending on its design they
can show strong emissions in the UV range. The spectral stability often is not
suitable for spectroscopic application.

The deuterium lamp is a clear exception within the ultraviolet gas discharge
lamps. The emission characteristic is very continuous and strong in the deep UV,
only a few emission lines overlap. Due to these properties, the deuterium lamp is
the light source predominantly used in ultraviolet spectroscopy. The emission
spectrum of a deuterium lamp is shown in Fig. 12.9.

The main drawbacks of UV discharge lamps such as xenon or deuterium lamps
are that they require complex control electronics, have a quite limited lifetime, are
mechanically sensitive, often bulky and cost intensive. At certain wavelength lasers
are also available in the ultraviolet range. These are at least frequency-doubled
systems with a complex design and not suited for low-cost sensor application. In
relation with the development of AlGaN-based LEDs [16] in the recent years
research on UV-diode laser has also been undertaken. Especially because of the
limited availability of various wavelengths gas sensing application are often
restricted.

About 10 years ago, first AlGaN-based LEDs emitting in the ultraviolet range
below 370 nm became commercially available by Sensor Electronic Technology,
Inc. Currently, these LEDs are used for disinfection applications and curing of
paints, epoxy resins, and polymers. Today UV-LEDs are commercial available at
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almost any wavelength between 400 and 240 nm [6, 17]. With respect to optical
spectroscopy and sensor application UV-LEDs provide several advantages:

The full width at half maximum of the UV-LED emission spectrum (FWHM) is
quite limited and thus well suited as a wavelength-selective light source. Typically,
the FWHM of UV-LED emission spectra is between 10 and 20 nm. Although the
total emission power of UV-LEDs is quite moderate, their spectral power density is
quite high due to their narrow emission band. Compared to gas discharge lamps the
point like emission area of the LEDs enables an efficient coupling within an optical
system. For instance, fiber optics can be used for combining the light of different
LEDs.

Figure 12.11 shows the spectral power density of five LEDs that are coupled into
one 200 µm step index fiber in comparison to the fiber optical output spectrum of a
commercial deuterium/halogen tungsten lamp (AvaLight-DH-S-DUV, [18]) cou-
pled into the same type of optical fiber.

Although the efficiency of deep UV-LEDs is actually not that high the spectral
power density of the fiber-coupled LEDs is higher than that of the deuterium light
source. The total electrical power consumption of all LEDs in this test is about
750 mW, the overall electrical power consumption of the broadband light source is
about 78 W. Fiber optical coupling enables a dedicated combination of several
LEDs without the use of complex free path optics. Moreover, sensor applications in
harsh environments (e.g., high temperature, strong electromagnetic fields) become
feasible (see Sect. 12.5).

Compared to other light sources the optical output of LEDs can be controlled
electronically very well. For instance the optical power can easily be controlled
from minimum to maximum emission also with high modulation frequencies up to
the MHz range. These are advantages not only compared to discharge lamps but
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also to diode lasers. A good modulation is important in spectroscopic measurements
to combine different sources and realize proper signal detection without interfer-
ences. In LED spectroscopy no mechanically moved parts are required. In addition
LEDs, compared to other light sources, are shock- and vibration proof. In combi-
nation with their small size, very robust and compact sensors can be designed. In
some application it is also important that in case of damage no danger by hazardous
substances rises from the component. This can be guaranteed by LEDs as opposed
to the commonly used discharge lamps. The historical development of light emit-
ting diodes, for instance at blue wavelengths, showed LEDs can be produced in
high quantities for low costs per unit. Today nearly each peak emission wavelength
from the deep UV to the VIS (and also to the IR) range can be realized, see example
emission spectra in Fig. 12.12.

The lifetime of LEDs is strongly dependent on the operation mode in relation to
its efficiency. For instance, due to high efficiency and thus low thermal charge at
high optical output power blue LEDs can have very high lifetime of 100,000 h and
more. Currently, UV-LEDs especially deep ultraviolet emitters have still lower
lifetimes.

However, a lifetime of 10,000 h for a 310 nm LED has been demonstrated [20]
and further improvements can be expected.

The main drawbacks of LEDs are the temperature dependency of emission
power and its spectral characteristic. Especially, for industrial application the lim-
ited upper operation temperature is a restriction. These properties have to be
included and compensated by the sensor design. For high-resolution measurements,
the limited stability of LED light emission has also to be considered.

Under the aspect of spectroscopic applications, a qualitative comparison of the
properties of the above-mentioned light sources is given in Table 12.1 in an
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abstracted form. Important properties for spectroscopic application are listed and
benchmarked.

In compare to commonly used light sources for spectroscopic application (in the
ultraviolet), the properties of LEDs are unique. These devices enable totally new
possibilities in sensing application such as LED spectroscopy. However, the
restrictions especially of low efficient deep UV-LEDs has to be considered.

12.5 Optical and Electrical Properties of the LEDs
for Spectroscopy Application

The light generation within the UV-LED is dominated by spontaneous emission of
photons and therefore the light emission is isotropic in all directions and incoherent.
The efficiency of generating photons within a semiconductor LED is characterized
by the internal quantum efficiency (IQE). Because of photon reabsorption within the
semiconductor heterostructure and reflection of photons at the semiconductor/air
interfaces only a small percentage of photons is able to escape the semiconductor
chip. Therefore, the external quantum efficiency (EQE) is typically much lower than
the IQE.

In Fig. 12.13 an overview about the available wavelength range of the UV-LEDs
is given [20]. Moreover the maximum external quantum efficiency is marked. The
high EQE of LEDs around 400 nm is remarkable but for sensor design it has to be
considered that currently the LEDs at shorter wavelength have an external quantum
efficiency that is a few decades lower. In low effective materials in addition to the

Table 12.1 Comparison of properties of light sources for spectroscopy application

Thermal light
source

Gas discharge lamp Laser LED

Low
pressure

High
pressure

Spectral characteristic

Availability − o o − +

Selectivity −− ++ − ++ o

Power density − + + ++ o

Directional
characteristic

− −− o ++ +

Modulation
capability

o −− −− + ++

Stability + −− − + −

Robustness o − − + +

Structural shape + − − − ++

Life time − + − + +

High quantity costs + o o − ++

−− very negative, − negative, o neutral, + positive, ++ very positive
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band to band luminescence also the deep level luminescence can be significant. The
deep level luminescence is an additional light emission at higher wavelength that
can affect the LED absorption measurement strongly. A reduced effective absorp-
tion coefficient as well as additional cross sensitivities can result.

Thereby currently it is quite difficult to measure gases in the deep UV region
with high concentration resolution.

The schematic shown in Fig. 12.14 visualizes the linkage between electrical
parameter as well as the chip temperature and the optical output parameter such as
optical emission power Popt, peak wavelength λ and the emission bandwidth Δλ
respectively the emission shape. Along each of the dark lines specific curves can be
determined for characterization and optimal LED control. Depending on the
material and design each type of LED will have a different electro-optical behavior
that can be represented by the specific characterization curves. For example the
emission power is strongly depending on the temperature and also the emission
peak wavelength can vary by temperature significantly. It is important to notice,
that the differences between various LED types can be significant (see Fig. 12.16).
Further it has to be considered that during the lifetime of an LED these curves will
change for instance by degradation processes. For example, during degradation the
nonradiative defect densities can rise and the IQE of the LED becomes smaller.
Thus the available light for sensor measurement is decreasing and therewith the

Fig. 12.13 Overview about the UV-LED: reached EQE versus wavelengths from [20]
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sensor resolution. Furthermore the amount of dissipated heat rises and assuming a
constant thermal resistance also the temperature within the LED will increase. As
temperatures rise the efficiency of LEDs is reduced and degradation processes
increase [21, 22, 23].

By controlling the characteristic curves only of the electrical parameters at
certain operating points it is possible to monitor the aging of the semiconductor
emitter. This enables a control of the sensor function that is very important espe-
cially for industrial application with high demands to sensor reliability.

Changes of the electro-optical parameters of different LEDs that are installed in
absorption sensors can result in concentration measurement errors. For instance, a
change of LED chip temperature causes respectively a slight change of the emission
shape and position that can result in a change of the effective absorption coefficient
and therewith in an attenuation error that influences the concentration determina-
tion. The influence of chip temperature and the different behavior of different LED
types on the emitted optical spectrum are shown in Fig. 12.15a, b.

For applications that require high accuracies, the typical behavior of the LEDs
should be considered during the system design and at accuracy estimations.
Linearized temperature dependencies for different LEDs are shown in Fig. 12.16
normalized for the optical output power at 20 °C and change of peak wavelength (at
10 mA cw).

The spatial and angular light emission of an LED is not constant over the time.
Fluctuations appear because of changes in the local current distribution and the
distribution of radiative and nonradiative transition areas. That demands consid-
erations in the design of the (optical) setup for an LED spectroscopy application
[12].

All LEDs are working in forward direction of the p–n junction. The equivalent
electric circuit of an LED at DC or low frequencies can be described in forward

Fig. 12.14 LED light source:
relationship between the
electrical and optical
parameter: forward current
(IF), forward voltage (VF),
LED temperature (#LED),
optical output power (Popt),
peak wavelength (k) and
FWHM wavelength (Dk)
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direction by a serious resistor and a parallel resistor to an ideal rectifier diode, but
all parameter are temperature dependent. The high frequency equivalent circuit
includes capacitances from contacts and the semiconductor structure in forward
regime (distribution of charge) and the series inductance from the connecting lead
[24].

The relationship between the forward current and optical output (radiation) is
just approximately linear for low current operation and is not different between DC
mode and pulsed working regime in millisecond range. With short pulse regimes in
µs-range the peak output power can be increased several times by increasing the
current amplitude. The pulse peak power in relation to the efficiency and the duty
cycle determine the average electrical power losses which heat up the LED.

The chip temperature influences the electrical voltage current characteristic
curve. The forward characteristics of LEDs with different emissions wavelengths
are shown in Fig. 12.17. The relation between the emission wavelength and the
forward voltage (see Fig. 12.1) is obvious. Further the temperature dependency of
the forward voltage is plotted as an example for the 405 nm LED.
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The electronic current, voltage and temperature control of the LED is besides the
optical referencing a key element of any LED-based spectroscopic system. Aging of
the LED (degradation processes) is mainly determined by operation temperature,
forward current and environmental conditions of the LED as well.
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Fig. 12.16 Influence of LED chip temperature onto its optical output power (a), wavelength shift
(b), linewidth (FWHM) (c) (remarks: linearized and normalized plots) [12]

0

5

10

15

20

25

30

35

40

0 2 4 6 8 10

C
ur

re
nt

 I F
[m

A
]

Voltage VF [V]

255 nm LED

285 nm LED

310 nm LED

405 nm LED

525 nm LED

590 nm LED

0

5

10

15

20

25

30

35

40

2 2,5 3 3,5 4

C
ur

re
nt

 I F
[m

A
]

Voltage VF [V]

1 °C

10 °C

20 °C

30 °C

40 °C

Fig. 12.17 Forward characteristics of different UV-VIS LEDs and its influence of temperature
(405 nm LED) [12]

12 UV Emitters in Gas Sensing Applications 341



12.6 Application of UV-LED Absorption Spectroscopy

LED light sources are well suited for applications in absorption spectroscopy as
discussed before. The first LED-based absorption spectroscopic systems were
proposed in early 1980s for ozone measurements using their absorption band in the
VIS around 600 nm utilizing a yellow-orange LED [7, 8]. The availability of LEDs
in further wavelength ranges enabled the detection of additional gases. The
implementation of blue, green, yellow and red LEDs in an analytical device has
been proposed already [8] to detect different gases such as O3, Br2 and NO2 and
experimental results are shown.

An optical fiber-coupled LED-based sensor for in situ detection of hazardous
exhaust gases in the harsh environment of a tailpipe system is proposed in [14].
Also a pure fiber optical internal reference without mechanically moved compo-
nents is demonstrated to enable a high sensor resolution and stability [13].

Two examples of the application of LED spectroscopy based on ultraviolet
emitters are presented: a fiber-coupled optical sensor for ppb range Ozone detection
and sensor for detection of harmful gases SO2 and NO2 using UV-LED spectroscopy.

12.6.1 Ozone Sensor

Ozone is very oxidizing and is a toxic gas. Even concentrations above approx.
100 ppb can lead to irritations at the human body. In nature O3 is generated mainly
by cracking of air oxygen induced by ultraviolet radiation of the sun. Its concen-
tration can affect the human life especially in mountain regions (high natural UV
radiation) and in summer smog situations where the presence of specific pollutants
supports the O3 generation [15]. In industrial applications ozone is utilized in
manifold ways, in chemistry as oxidation partner as well as for bleaching and
disinfection. The unplanned O3 generated by electrical discharges in air can be
utilized as a malfunction or aging indicator in mechanical power electronic switches.

12.6.2 Ozone Sensor Design

The realized sensor design is based on an optical free path reflection sensor cell.
The measurement cell is completely optical fiber coupled. Therefore the sensitive
electronics are spatially separated from the harsh environment at the measurement
position, this is important for instance in application with strong electromagnetic
interferences as it is caused for instance by the electric arc in power electronic
switches. A UV-LED around 255 nm is utilized to measure the ozone at a wave-
length close to its absorption maximum and an additional LED at higher wave-
length aside the O3 absorption is used as spectral reference. The O3 absorption
characteristic as well as the spectral LED emission characteristic is shown in
Fig. 12.18. Two measurement cells with different absorption lengths are realized.
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A digital signal processor (DSP) is used to control the LED modulation, acquire
the detector raw signals and additional sensor signals (e.g., cell temperature).
Further a demodulation, a signal processing and the calculation of gas concentration
is done by the DSP.

12.6.3 Measurement Arrangement

Laboratory tests with a xenon flash lamp based ozone generator and a commercial
electrochemical reference device have been undertaken.

12.6.4 Results

With a 4 cm optical reflection cell an ozone resolution of about 30 ppb results at a
measurement time of 700 ms, the maximum tested O3 concentration was about
100 ppm. A measurement result of the 40 cm reflection cell is shown in Fig. 12.19.

The dark-marked time-shifted signal corresponds to the electrochemical refer-
ence detector. At a measurement time of 1.4 s the concentration resolution of the
sensor is about 3 ppb and the maximum ozone concentration is approximately
10 ppm. Thus a high concentration dynamic of several decades is shown.

12.6.5 SO2 and NO2 Sensor

LED-based sensor for detection of harmful gases SO2 and NO2 is designed for a high
temporal resolution. The high-resolution online detection of harmful exhaust gases
such as SO2 and NO2 is a very important issue with combustion processes such as in
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stationary, ship, lorry, and car engines or at power plants. The measurement results
can be used for emission control. Since the emission of harmful gases can be
controlled by combustion engine and exhaust after treatment parameters the sensor
data can enable a closed loop engine control regarding low emissions.

12.6.6 Sensor Design for SO2/NO2 Exhaust Gas Sensor

The realized sensor is based on three different LED light sources (see Fig. 12.20)
that are optically fiber coupled to a free path measurement cell with an optical
length of 15 cm. The emission wavelength ranges of two LEDs are adjusted to the
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maximum absorptions of SO2 and NO2 around 286 and 405 nm in order to match
the absorption peaks of SO2 and NO2, respectively. A longer wavelength emission
near 590 nm is chosen for the third LED, which is used as the reference as shown in
Fig. 12.20.

For exhaust gas applications also fully fiber-coupled reflection cells can be used
to enable in situ exhaust gas measurements. Robust materials can be utilized to
realize a pure optical sensor cell that can withstand harsh tailpipe conditions such as
high temperatures (i.e., several hundred degree Celsius), vibrations and chemical
aggressive media [13]. Because of smaller cross interferences on the gas concen-
tration measurements in this sensor design a bypass absorption cell is designed. The
measurement time can be varied by the system to adapt it to different application
requirements. Very high sensor resolutions can be achieved by a long measurement
time whereas fast measurements lead to a reduced concentration resolution.

12.6.7 Measurement Setup

Laboratory test measurements are undertaken using precision calibration gases to
evaluate the sensor. The typical result of a calibration gas test with a measurement
repetition time of 50 ms is visualized in Fig. 12.21.
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First the sensor cell was filled with N2, then it was filled with 200 ppm of SO2

that was flushed out by 200 ppm of NO2, a mixture of both gases was applied and
before the cell was filled with N2, again 200 ppm NO2 was applied. The rapid signal
changes reflect the high temporal resolution of the sensor.

The magnified plot for the zero concentration visualizes the high concentration
resolution of the sensor: For SO2 as well as for NO2 the standard deviation for the
concentration resolution is about 0.2 ppm (path length 15 cm) as shown in
Fig. 12.22. The cross interference free detection of NO2 and SO2 can be seen in the
magnified plot too. After the cell is finally flushed with N2 a slow decay of a small
amount of NO2 can be observed. This is caused by a typical behavior of NO2, it
tends to stick to contact surfaces and thus it takes a while until it is flushed out
completely. A typical design of a fiber-based UV-LED SO2/NO2 car exhaust gas
sensor is shown in Fig. 12.23. The reflection cell is constructed for plug-in
mounting on the combustion engine exhaust pipe and has a working temperature
range up to 600 °C depending on outside conditions (air cooling etc.). The realized
effective absorption length x in this sensor is about 10 cm (2 × 5 cm).
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12.7 Conclusion and Outlook

For over 30 years, LEDs have been used as spectrally well-defined radiation
sources in gas absorption sensing application. Initially, LEDs in the visible and near
infrared region were dominant due to their availability or the lack of LEDs at
different wavelengths. Today, LEDs ranging from deep UV up to the infrared are
available nearly at any wavelengths.

UV-LEDs expand the feasibility of LED-based application especially for gas
sensing. In the deep UV range a large number of substances such as the gases SO2,
NO2 and ozone can be measured with a high accuracy with ppm (or lower) reso-
lution. This is because of the existence of the strong absorption bands in the UV
range which additionally do not interfere with other high concentrated environ-
mental gases such as water vapor. Novel deep UV-LEDs will enable cost-effective
spectroscopic sensors and instruments for important industrial and environment
application such as the selective NO/NO2 sensing. The high power densities of the
ultraviolet semiconductor emitter enable a large number of applications in life
science for instance in the field of fluorescence spectroscopy, high performance
liquid chromatography systems as well as in wearable electronics for medical
diagnostics and in therapeutic systems.
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Chapter 13
UV Fluorescence Detection
and Spectroscopy in Chemistry
and Life Sciences

Emmanuel Gutmann, Florian Erfurth, Anke Drewitz, Armin Scheibe
and Martina C. Meinke

Abstract Fluorescence techniques are nondestructive analytical methods used in a
wide range of applications. Since many fluorophores of interest can be excited with
UV light and nowadays compact solid-state UV emitters are available, UV
fluorescence methods are emerging. The chapter will give a survey of both fun-
damentals and applications of fluorescence in chemistry and life sciences empha-
sizing actual and potential applications of solid-state UV emitters. Particular
attention is drawn to the use of autofluorescence spectroscopy for the detection of
microorganisms and as diagnostic method for skin diseases.

13.1 Introduction

Fluorescence techniques, spanning fluorescence spectroscopy, fluorescence sens-
ing, imaging, and microscopy are nondestructive optical, analytical methods. They
are nowadays increasingly used in numerous scientific disciplines such as molec-
ular biology, biophysics and chemistry, clinical diagnosis, and analytical and
environmental chemistry. Besides their widespread use in fundamental and applied
research, substantially efforts have been made in commercializing new
fluorescence-based analytical devices. In the field of genomics, proteomics and
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drug discovery fluorescence detection systems are indispensable tools enabling
high-throughput screenings.

The increased use of fluorescence techniques is greatly enhanced by the com-
mercial availability and further improvement of instrumentation such as compact
(laser) light sources, highly sensitive detector arrays, or increasingly efficient sensor
and imaging electronics.

Due to the strong influence of the surrounding medium on the fluorescence
emission, fluorescent molecules are intensely used as probes for analyte recognition
or investigation of chemical and biological systems. Many new fluorescent probes
and reporters with selectivity for specific microenvironmental properties have been
designed and developed, leading to an enhanced employment of fluorescence
techniques in clinical diagnostics and environmental monitoring. Probing inside
living cells is another broad field of application in the life sciences benefiting from
the availability of novel and highly specialized fluorescent probes.

Besides the development and application of synthetic fluorescent probes specif-
ically labeling (bio-)molecules or biological structures, label-free autofluorescence
spectroscopy, making use of intrinsic fluorescent molecular species, is gaining more
and more importance in biological cell imaging, tissue diagnostics, microorganism
detection, and proteomics. Many of these intrinsic fluorophores, such as aminoacids,
pyridine nucleotides, or collagen can be excited by UV light, making this a
promising field for application of solid-state UV emitters.

Numerous monographs, handbooks, and reviews are available in the field of
fluorescence reflecting its high relevance for a broad field of application (see e.g., [1–
8]). Fluorescence detection and spectroscopy of natural and artificial fluorophores in
general cover the UV, VIS, and IR spectral range. Due to the broad availability of
powerful and compact (laser) light sources in the VIS and NIR, established
fluorescence techniques and probes are still focusing on this spectral range.
Especially in the context of bioimaging and genomics, fluorescence instrumentations
and probes are designed to circumvent short-wavelength light-induced
autofluorescence emission potentially disturbing the fluorescence signal of the
specific probe (usually emitting in the VIS or NIR spectral range). Nevertheless,
many natural and synthetic fluorophores can be excited with UV light. Thus, the
scope and merit of this chapter is a survey of the extremely broad field of fluores-
cence emphasizing actual and potential applications of solid-state UV emitters. It
starts with a short compendium of the basic phenomena and instrumental aspects of
fluorescence techniques as well as an overview of UV excitable fluorophores
(Sect. 13.2). The following Sect. 13.3 covers applications of fluorescence spec-
troscopy as analytical technique in lab-based organic, analytical and environmental
chemistry, and biochemistry. In Sect. 13.4, fluorescent chemical sensing for analyte
recognition and monitoring, imaging and detection of biological molecules, struc-
tures and cell functions as well as genomic and proteomic studies is introduced. The
detection of living microorganisms as special biological analytes of increasing
concern is issued separately in Sect. 13.5. Finally, in Sect. 13.6 fluorescence diag-
nosis of skin and tissue diseases is discussed with special emphasis on multiple
wavelengths autofluorescence spectroscopy for skin cancer diagnosis.
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13.2 Fundamentals and Apparative Aspects
of Fluorescence Detection and Spectroscopy

Luminescence in general is the deactivation of electronically excited states by
emission of light. Photoluminescence as an absorption-induced luminescence is
subdivided into fluorescence and phosphorescence taking into account the spin
multiplicity of the molecule. A molecule that shows fluorescence is called a
fluorophore. A common tool to visualize the different processes and energy levels
involved in the absorption and emission of light is the Jablonski diagram given in
Fig. 13.1 which was first proposed by Professor Alexander Jablonski in 1935 [9]. It
illustrates spectra and kinetics of fluorescence, phosphorescence, and delayed
fluorescence.

In 1852, Sir George Gabriel Stokes coined the term fluorescence for the effect of
UV-induced colored light emission of certain substances and formulated the
so-called Stoke’s law [10]. It says that the wavelength of a fluorescent light is
always greater than the wavelength of the exciting light. This is usually observed
for molecules in solution with one photon absorption. The distance between
absorption and emission maximum is called the Stokes shift and is commonly
expressed in wavenumbers (Fig. 13.2). In general, the Stokes shift is caused by
thermalization of vibrational energy of the excited and the ground state but it is also
influenced by solvent polarity, complex formation, excited-state reactions, and/or
energy transfer. Luminescence whose radiation is located in a spectral region of
shorter wavelengths than that of the exciting radiation is called anti-Stokes lumi-
nescence. In Raman spectroscopy, the appearance of (inelastically scattered)
anti-Stokes radiation is common. In contrast, anti-Stokes luminescence is a less
common effect and can only be observed as a result of sophisticated processes like
multiphoton absorption [11], phonon-assisted photoluminescence upconversion
(e.g., in semiconductor nanostructures) [12], or plasmon enhancement [13].

An important parameter of a photophysical or photochemical process is its
quantum yield or quantum efficiency which is equal to the number of photons
undergoing the process in relation to the total number of photons absorbed. The

Fig. 13.1 Jablonski diagram
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sum of quantum yields of all possible processes is equal 1. The fluorescence
quantum yield ΦF is the ratio between the number of fluorescence photons emitted
and the number of photons absorbed. It provides information of competing non-
radiative processes leading to depletion of the excited singlet state S1 (see
Fig. 13.1), like internal conversion (IC), intersystem crossing (ISC), intramolecular
charge transfer, conformational changes, and interaction in the excited state with
other molecules (electron and proton transfer, energy transfer, excimer, or exciplex
formation). ΦF can be determined experimentally by absolute measurements or
relative to a fluorescent standard with a known ΦF. In [14], different experimental
procedures and techniques for the determination of ΦF are described and compared.
Both ΦF and shape of the emission spectrum are independent of the excitation
wavelength. The natural or intrinsic fluorescence lifetime (τ0) denotes the mean
time a molecule spends in the excited state if fluorescence is the only deactivation
process. It is a theoretical value that cannot be determined experimentally due to
competing processes like IC, ISC, or chemical reactions decreasing the experi-
mentally accessible fluorescence lifetime, the latter referred to as excited-state
fluorescence lifetime (τex).

The interactions of a fluorescent molecule with its local environment (e.g.,
solvent, solid surface, organized media) are usually reflected in the spectral
appearance and shape of the absorption and emission bands, the fluorescence
quantum yield as well as the lifetimes of the excited-state molecules. The
solvent-dependence of the position of emission bands is commonly included in the
term solvatochromism [15] covering physical, chemical, temperature, and surface
effects [16]. Physical effects are caused by dipole–dipole interactions of solute and
solvent. In more polar environments, polar fluorophores will relax to a lower
vibrational energy state before emission, resulting in emission at lower energies,
i.e., longer wavelengths. Chemical effects are intermolecular hydrogen bonding,

Fig. 13.2 Absorption (black) and emission (red) spectra of 9, 10-Diphenylanthracene in
Cyclohexane (color online)
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proton or electron transfer (e.g., pH), external heavy-atom effects, and complex
formation. The temperature of the environment can affect the luminescence
behavior directly through temperature dependence of competing nonradiative
processes and indirectly through temperature-dependent chemical phenomena like
ground state complex formation, hydrogen bonding, or diffusion-controlled reac-
tions (quenching). Further, if two electronically excited states of the solute are of
very similar energy, a thermal promotion of the molecule to the upper state can
occur. Metallic surfaces may induce an increase or decrease of radiative decay and
resonance energy transfer rates of adsorbed fluorophores [1]. In metal or
surface-enhanced fluorescence, near-field coupling between the fluorophore and
surface modes of the metal plays a crucial role [17].

Reactions of a fluorescent molecule from the excited state S1 such as proton or
electron transfer, energy transfer, complex formation, or collisions with other
molecules may lead to a depletion of the excited state by radiationless processes and
thus to a decrease in fluorescence intensity and fluorescence lifetime referred to as
quenching. The formation of nonfluorescent ground state complexes is called static
quenching. For dynamic or collisional quenching, a key requirement is that the
quencher must diffuse to the fluorophore during the lifetime of the excited state in
order to cause a decrease in fluorescence intensity. It does not require spectral
overlap and occurs only when the fluorophore and quencher are in molecular
contact (within *5 Å) [1]. The decrease in fluorescence intensity due to quenching
can be expressed by

F0=F ¼ 1þKSV Q½ �

where F is the fluorescence intensity in the presence of quencher, F0 is the intensity
in the absence of quencher, [Q] is the quencher concentration, and KSV is the Stern–
Volmer quenching constant. KSV is a general term that may refer to either dynamic
or static quenching processes. For static and dynamic quenching, the effect of
quencher concentration on fluorescence lifetime is different. For static quenching,
τ0/τ is equal to 1 and for dynamic quenching τ0/τ = F0/F. Some examples of typical
quenchers are molecular oxygen (quenching almost all fluorophores), aromatic and
aliphatic amines (quenching unsubstituted hydrocarbons), and bromide and iodide
(quenching through spin–orbit interaction).

Resonance energy transfer (RET, also FRET for Förster or fluorescence reso-
nance energy transfer) is a through space transfer of excitation energy from a donor
fluorophore to an acceptor molecule within a distance of 10–100 Å. The donor and
acceptor must be spectrally related (donor emission is absorbed by the acceptor)
and the donor and acceptor transition dipole orientations must be approximately
parallel. By RET to an acceptor (which does not necessarily be fluorescent itself),
the detectable emission of light by the donor fluorophore is quenched. This phe-
nomenon is intensively used in biosensing and bioimaging (see Sect. 13.4).
The distance at which 50 % of excited donors are deactivated by RET is defined as
the Förster radius R0 with its magnitude depending on the spectral properties of the
donor and acceptor dyes.
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The extent to which a fluorophore rotates during the excited-state lifetime τex
determines its polarization or anisotropy. These are both expressions for the same
phenomenon. Fluorescence anisotropy (r) and polarization (P) are defined by

r ¼ Iv�Ihð Þ= Iv þ 2Ihð Þ and P ¼ Iv�Ihð Þ= Iv þ Ihð Þ

where Iv and Ih are the fluorescence intensities of the vertically (v) and horizontally
(h) polarized emission, when the sample is excited with vertically polarized light
[1]. Anisotropy measurements are widely used in biochemical applications (size
and shape of proteins, local viscosity, or rigidity of various molecular
environments).

Luminophores (fluorophores and phosphors) can be found in all kinds of
compounds (inorganic, organic, and organometallic). The class of inorganic lumi-
nophores [4] includes

• transition metal and rare earth cations,
• uranyl ion,
• metal doped glasses,
• crystals and nanocrystals (Quantum dots) of semiconductor materials,
• metal ion doped crystals (e.g., ruby, beryl),
• trapped electron–hole pairs and oxygen-related lattice imperfections in crystals

(e.g., silicates), and
• gases (e.g., SO2, NO).

Organic luminophores are usually divided into natural (intrinsic) and synthetic
fluorophores [18, 19]. Natural fluorophores absorbing in the UV are as follows:

• amino acids (tryptophane, tyrosine, phenylalanine);
• pyridine nucleotides (NADH and NADPH), flavins, and vitamins;
• cellulose, chitin, lignin, sporopollenin, collagen, and elastin;
• suberin and cutin;
• chlorophyll and phaeopigments, flavonoids, and alkaloids; and
• DNA/RNA and humic-like substances.

An overview of natural fluorophores relevant for characterization of human
tissue can be found in Table 13.1 of Sect. 13.6. Synthetic organic luminophores
absorbing in the UV spectral range are as follows:

• aromatic and polycyclic aromatic hydrocarbons (pyrene, anthracene, phenan-
threne, benzene, benzo[a]anthracene, chrysene),

• naphthalene derivatives (dansyl chloride, EDANS), pyrene derivatives (Cascade
Blue, Alexa Fluor 405 Dye, 1-Pyrenesulfonyl Chloride, HPTS),

• coumarines (Alexa Fluor 350 Dye, AMCA-X, DMACA, Marina Blue),
• quinolines (quinine sulfate),
• indoles, imidizoles (DAPI, Hoechst 33342), and
• other small heterocyclic molecules (Bimane, Lumazine, Carbazole, dyes with

diaryloxazole structures).
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Further, another class of fluorophores is the organometallic compounds covering
complexes of ruthenium, rhenium, platinum, rare earth metals, or lanthanide ions,
with most of them absorbing in the UV.

In principle, several parameters of fluorescence can be recorded. These are the
intensity at given excitation and emission wavelengths, in dependence of the
emission (fluorescence emission spectrum) or excitation wavelength (fluorescence
excitation spectrum) or in a scanning mode with constant differences between
excitation and emission wavelength (synchronous spectrum). The fluorescence
intensity can also be recorded at vertical and horizontal polarizations from which
emission anisotropy or polarization can be calculated. The fluorescence intensity

Table 13.1 Fluorophores in
human tissue [141, 142]

Fluorophore Excitation
(nm)

Fluorescence
(nm)

Amino acids

Phenylalanine 260 280

Tyrosine 275 300

Tryptophan 275 350

280 350

Structural proteins

Collagen 340–360 395–450

320–350 400–440

Elastin 360 410

290–325 340, 400

Collagen cross links 380–420 440–500

Elastin cross links 320–360, 400 480–520

Keratin 450–470 500–530

Enzymes and co-enzymes

NADH 350 460

290, 350–370 440–460

NADPH 340 460

FAD, flavins 450 520

450 500–540

Vitamins

Vitamin A 327 510

Vitamin D 390 480

Vitamin K 335 480

Vitamin B6 320–340 400–425

Lipids

Lipofuscin 340–390 430–460, 540

Ceroid 340–395 430–460, 540

Porphyrins

405 630

400–450, 630 635–690, 704
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depends on the absorption coefficient of the system at the excitation wavelength as
well as from the excitation intensity (until saturation). A further parameter is the
fluorescence lifetime. Combining several emission spectra at a range of excitation
wavelength gives a so-called excitation-emission matrix (EEM), fluorescent land-
scape, or total luminescence. An EEM is often used for the characterization of
complex multicomponent fluorescent systems like intact food systems or dissolved
organic matter in natural water (see Sect. 13.3) and may serve as a unique fin-
gerprint for the characterized sample. In most cases, the complex data are analyzed
by multivariate and multiway methods (chemometrics) [20]. Spatial resolution like
in fluorescence imaging microscopy, (microarray) scanners, or multiplate readers
adds another dimension to fluorescence measurements (see Sect. 13.4).

Instrumentation for fluorescence measurement usually requires the selection of
excitation and emission wavelength by monochromators or filters. Usually, the
radiation source is positioned at a 90° angle from the emission detector. In some
cases (highly concentrated, opaque, or solid samples), the excitation light is focused
to the front surface of the sample and then fluorescence emission is collected from
the same region under a 22.5° angle (sometimes also 30° or 60°) to minimize
reflected and scattered light (front face technique). Commonly used radiation
sources in steady-state spectrofluorometers are high-pressure Xenon arc lamps. For
special cases, Mercury lamps, Quartz–Tungsten Halogen lamps, LEDs, Lasers, or
Laser Diodes are also used. A detailed description and evaluation of light sources
and other fluorometer components is given by Lakowicz [1]. Almost all modern
spectrofluorometers use photomultiplier tubes (PMTs) as detectors. Nevertheless,
for spectral ranges where photomultipliers are unavailable or too expensive anal-
ogous detectors like InGaAs, InAs, or InSb photodiodes are applied.
Charge-coupled devices (CCDs) enable a more compact design of spectrometers.

Information about the dynamics of excited states is essential in understanding
photophysical, photochemical, and photobiological processes. For time-resolved
fluorescence measurements, two complementary techniques are used, the
time-domain method and the frequency-domain or phase-modulation method. In
time-domain fluorescence, emission is recorded as a function of time after exciting
the sample by a short pulse of light. In frequency-domain method, the sample is
excited by a modulated source of light. The fluorescence emitted by the sample has
a similar waveform, but is modulated and phase-shifted from the excitation curve.
Both modulation (M) and phase shift (φ) are determined by the lifetime of the
sample emission which reversely can be calculated from the observed M and φ [1,
4, 20]. While for frequency domain continuous or pulsed sources are suitable, time
domain requires pulsed sources. Lasers and laser diodes are frequently used but also
the application of UV LEDs is reported [21–23]. Possible ways to record
time-domain data are streak cameras or boxcar integrators, but most instruments are
based on the time-correlated single photon counting (TCSPC) method with a PMT
or an Avalanche photodiode (APD) as detector [24, 25]. Since its first application
for the measurement of luminescence decay curves of molecules in solution TCSPC
today is used in very sophisticated areas like time-resolved laser scanning micro-
scopy (fluorescence lifetime imaging microscopy FLIM, FLIM in combination with
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FRET…), diffuse optical tomography, autofluorescence of tissue, fluorescence
correlation spectroscopy, or time-resolved single-molecule spectroscopy, recent
applications are described in detail by Becker [26].

13.3 Fluorescence in Lab-Based Instrumental Analysis

Since about 10 % of all existing molecules are fluorescent itself and many more can
be modified by association with fluorescent probes, fluorescence spectroscopy, and
fluorescence detection in general, they have found widespread application in
organic, analytical, and environmental chemistry as well as biochemistry [27].
Especially in organic chemistry and related fields, steady-state and time-resolved
fluorescence methods are extensively used to investigate structure–property rela-
tionships, effects of the chemical environment (e.g., solvent viscosity or pH) on
structure, and properties of a molecule of interest as well as its electronic structure
and excited-state or charge-transfer dynamics. At this point, it is also noteworthy
that the latter application is not only limited to organic matter. In solid-state physics,
photoluminescence spectroscopy (PL) is increasingly used to study the electronic
structure and dynamics of inorganic (especially semiconducting nano-) materials,
and contributes to a fundamental understanding of the electronic processes gov-
erning the catalytic activity or (opto-) electronic property of a material [28, 29].

In combination with separation methods such as high-performance liquid
chromatography (HPLC), capillary electrophoresis (CE), or size exclusion chro-
matography (SEC), fluorescence spectroscopy is a powerful method in instrumental
analysis, where it is routinely used to identify organochemical, biochemical, and
pharmaceutical substances with very low thresholds of concentration [27, 30, 31].
Hereby, usually a conventional or laser-induced fluorescence (LIF) flow cell is
installed at the outlet of the column of the separation system. The feasibility of UV
LED-induced fluorescence detection has also been demonstrated [32–34].
Typically, for strong UV absorbing materials the fluorescence sensitivity is 10–
1000 times higher than that of UV absorption, making fluorescence the most
sensitive among the existing modern HPLC detection methods. Using modern
microfluidic devices and advanced instrumentation, it is even possible to detect the
presence of a single analyte molecule in sample volumes down to a few nanoliters
[30]. Besides sensitivity, another advantage of fluorescence detection is its high
selectivity especially in combination with specific fluorescent indicators linked to
analytes in the sample (see Sect. 13.4).

One common application of fluorescence in environmental chemistry is the
measurement of carcinogenic polycyclic aromatic hydrocarbons (PAH, e.g.,
anthracene and perylene) in natural or drinking water by HPLC [27]. In food
analysis, HPLC combined with fluorescence helps to study toxins such as aflatoxins
(a carcinogenic contaminant present in certain batches of grain cereals), pathogenic
microbes, fat oxidation, vitamins, amino acids, and also enzyme activity [35]. In the
EEM mode, fluorescence spectroscopy alone can be used for the analysis of
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complex multicomponent fluorescent food systems [36] (e.g., natural olive oils
[37]) and human or animal blood serum [38, 39].

Fluorescence coupled with separation methods is also routinely used in forensics
for the detection of drugs and poison (see Sect. 13.7).

Besides its extensive use in fundamental research and analytical chemistry,
fluorescence spectroscopy has also gained importance in some industrial fields of
applications from which one is the analysis of fluorescent and phosphorescent dyes
and pigments, covering inorganic phosphors for lightning application or optical
brighteners on textiles and papers. The latter are also known as blancophores, which
are stilbene or triazine derivates absorbing in the UV and emitting in the blue
spectral range, resulting in a color impression of “whiter than white” [40]. Another
industrial application is the detection of PAHs in crude oil exploration [41].
Fluorescence is also used in authentication and counterfeit detection, whereby bank
notes, passports, credit cards, or goods are equipped with special marks made of
fluorescent inks that become visible under UV light excitation. Several counterfeit
detection systems utilizing UV LEDs emitting in the UVA spectral range are
patented and already commercialized (e.g., [42]).

Also, the identification of fluorescence signatures as evidence of organic material
possibly present in soil or rocks on the mars surface has been considered [43]. For
this purpose, the utility of including a 365 nm LED or a 375 nm laser diode in the
panoramic camera system of the ExoMars rover to be launched by the European
Space Agency in 2018 has been examined, which would allow to monitor rover
drill cuttings optically for aromatic hydrocarbons.

Another emerging field of application is the characterization of organic matter in
aerosols or natural and drinking water using fluorescence detection directly without
HPLC fractionation [44–48]. In the EEM of a water sample, different fractions of
dissolved organic matter, like protein-related amino acids, humic or fulvic acids,
and pigments from algae or bacteria, always fluoresce in the same sector and thus
can be separated solely by means of data analysis (Fig. 13.3).

Besides natural organic matter, anthropogenic water pollutants such as dyestuffs
from textile or paper industry can be identified by means of fluorescence. One
approach for water quality monitoring is to measure the complete EEM of a water
sample and to subsequently analyze the 2D spectra in a standardized manner using
multivariate data analysis [49]. For a rapid surveillance of water quality at the point
of care, an economic fluorimetric detection system is conceivable which utilizes
several LEDs and photodiodes with band-pass filters (both in the UV–VIS spectral
range) that are properly selected according to the excitation and emission maxima
of the various fractions of interest [50].

Many techniques in analytical and environmental chemistry as well as bio-
chemistry are based on fluorometric detection systems, usually with both single
excitation and emission wavelengths, to qualitatively or quantitatively determine
the presence of a target analyte that is either intrinsically fluorescent or made
fluorescent by fluorescence derivatization. In the latter case, a fluorescent probe is
bound to the analyte by chemical reaction, akin to the procedure employed in
colorimetry. For the determination of metal cations for example, chelates are
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created with oxine (8-hydroxyquinoline), alizarine or benzoin, and afterward
extracted by organic solvents [27]. Another example is the quantification of proteins
in biological samples making use of the intrinsic protein fluorescence [51].

In the last decades, large efforts have been made to bring fluorometric detection
systems out of the lab to the point of interest, where they can be routinely used—
ideally by non-specialized personnel—as chemical sensors for a variety of appli-
cations. This will be issued in the following section.

13.4 Fluorescence Chemical Sensing for Environmental
Monitoring and Bioanalytics

In the last four decades, the field of fluorescent chemical sensing has emerged
substantially, due to the need of identification and monitoring potentially harmful
substances and pollutants in the environment, including the concern about chemical
and biological terrorism. Other important fields of application of fluorescent
chemical sensing are bioanalytics, drug development, clinical diagnostics, and food
quality surveillance. The field of fluorescent chemical sensing and biosensing is an
active area of research and there are already numerous monographs and compre-
hensive reviews covering many aspects from fundamentals to special issues con-
cerning new classes of fluorescent probes or immobilization [1, 3, 6, 52–55]. This
section will be focused on fluorescent chemical sensing for recognition, monitoring,
and imaging of (bio-) chemical analytes as well as genomic and proteomic studies,
whereas the autofluorescence-based detection of living microorganisms and char-
acterization of skin will be specially issued in two following sections.

Fig. 13.3 Typical regions in the EEMs of natural water samples (C1 terrestrial humic substances,
C2 terrestrial/anthropogenic humic substances, C3 marine and terrestrial humic substances, C4
amino acids (free or protein bound), C5 terrestrial humic substances, C6 marine and terrestrial
humic substances, C7 amino acids (free or protein bound). Reprinted with permission from [48],
Copyright 2011, Elsevier
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A fluorescence chemical sensor consists of four main components which are a
light source (a) to optically stimulate a recognition element (b) specifically inter-
acting with an analyte, an optical transduction element (c) converting the physical
or chemical response of the recognition element to a fluorescence optical output
signal, and an optical detection system (d) (see Fig. 13.4).

Recognition elements in use are as manifold as analytes to detect ranging from
cation, anion, or functional group-specific chemical receptors over enzymes, anti-
bodies, proteins (lectins or avidins), neuroreceptors to DNA, or even living
microorganisms.

In special cases, the recognition and transduction element is one chemical
species and analyte binding to it results in generation of or change in fluorescence.
Examples are dehydrogenase enzyme-catalyzed substrate reactions producing
NADH, which can be followed by monitoring the NADH fluorescence with exci-
tation and emission at around 350 nm and 450 nm, respectively [6, 56, 57]:

SubstrateþNADþ non-fluorescentð Þ ! ProductþNADH fluorescentð Þ

Such enzyme-based biosensors are used for the detection of chemical and bio-
chemical analytes, for example, Ethanol or L-Leucine [56, 57].

Functional fluorescent dyes are one main class of transduction elements for
fluorescence chemical sensor systems. The toolbox of fluorophores for this appli-
cation is spanning small organic dyes, metal ligand complexes like metallopor-
phyrins, transition metal and lanthanide complexes, inorganic quantum dots
(QDs) with size-dependent optical properties, carbon, silicon, and luminescent
metal nanoparticles as well as inorganic upconversion phosphors. Especially, the
use of functional inorganic nanomaterials as a new generation of fluorescent
reporters is one of the fastest growing research fields [51].

Another broad class of transduction elements are genetically encoded fluorescent
proteins, from which the green fluorescent protein (GFP) is the most prominent.
The excitation maxima of the (unmodified) GFP fluorophore lie at 395 nm and
475 nm, whereas the emission maximum is at 509 nm [58]. GFP and alike can be
expressed artificially by many cells and organisms. They can be fused specifically
to other proteins or host genes, which makes same a valuable tool for investigations
of individual cells and biological samples in general [58–60].

In recent decades, the development and application of bioassay systems based on
genetically engineered whole cells has been addressed by many researchers [61].
Starting from this, also biosensor systems with whole-cell reporters have been
developed and tested as alternative analytical tools. Especially, whole-cell bacterial

Fig. 13.4 General scheme of a fluorescence chemical sensor
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biosensors have been considered for testing various effects of water contaminants,
such as genotoxicity, cytotoxicity or the potential of membrane, oxidative, or
protein damage [61]. In fluorescent biosensors, the reporter bacteria are genetically
engineered by fusing of the gfp gene reporters to an inducible gene promoter. Due
to its stability, sensitivity, and convenient fluorescence detectability GFP, encoded
by gfp gene, is one of the most popular tools for biosensing [62]. The fluorescence
output signal intensity serves as measure for GFP production as a result of
analyte-induced gene expression [63]. A disadvantage of GFP as biological trans-
duction element in whole-cell biosensors is the delay between its production and
fluorescence emission, which makes it impractical for real-time monitoring appli-
cations [63]. Whole-cell-based fluorescent biosensors have been developed and
field-tested to measure the relative bioavailability of petroleum product-related
aromatic compounds, such as benzene, toluene, ethylbenzene, and xylenes (BTEX)
in contaminated water and soil samples [64, 65] or arsenic and other trace amounts
in drinking water [66].

In principle, any phenomenon inducing a change in intensity, wavelength, ani-
sotropy, or lifetime of a fluorophore can be used for chemical sensing. The most
direct method of chemical sensing is a change in fluorescence intensity of the
transducer in response to an analyte. This happens due to a process called colli-
sional quenching in which the analyte influences the optical output intensity (or
lifetime) of the fluorophore when it comes into proximity. Examples of fluorescence
chemical sensors based on collisional quenching are sensors for oxygen (based on
long lifetime metal ligand complexes like [Ru(Ph2phen)3]

2+ absorbing at 450 nm)
[67, 68], chloride (based on quinolines absorbing in the UV spectral range of 318–
366 nm) [69], sulfur dioxide, or chlorinated hydrocarbons [70, 71].

Fluorescence resonance energy transfer (FRET) is another and perhaps the most
valuable mechanism for fluorescence chemical sensing. Although UV excitable
fluorophores have been used, most strategies for pH, pCO2, glucose, or ion sensing
based on FRET are focussing on fluorescence excitation in the visible wavelength
region in order to circumvent photobleaching or unwanted autofluorescence [72].

For pH and ion sensing, especially for Ca2+, Mg2+, Na+, and K+ sensing inside
living cells or in body fluid samples, also special wavelength ratiometric fluorescent
indicators have been developed (e.g., [73, 74]). The key characteristic of these
indicators is a wavelength shift in the fluorescence spectrum occurring upon
binding with the ion. The shift may occur in either the excitation or the emission
spectrum. Measurement is achieved using two excitation wavelengths (in case of
dual excitation indicators) or two detection ranges (dual emission indicators). For
the indicator Fura-2, e.g., in the absence of Ca2+, the excitation maximum is at
372 nm shifting to 340 nm when bound to Ca2+ [75]. Another ionic species of
interest in chemical sensing, especially for applications in imaging cellular systems,
are metal ions, such as Zn2+ for which also UV excitable fluorescent probes, e.g.,
based on naphthalimide or quinoline derivates as fluorophores, have been devel-
oped [76, 77].

The simplest way to set up a fluorescent chemical sensing system is to mix the
target analyte with appropriate amounts of the recognition and transduction
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molecular or cellular species in the liquid phase in vitro. The reaction vessel or
assay is placed in a fluorescence optical detection system with light source and
fluorescence detection channel adjusted to the excitation and emission wavelength
of the transducer. This is routinely done in bioanalytics where multiplex analysis
based on microplates in 96-, 384-well (or even more) format, according liquid
handling systems and plate readers are the state-of-the-art [6].

Especially for field-testing applications as well as high-throughput analysis,
liquid handling is sometimes impractical and solid-phase sensors and arrays have to
be utilized. In this context, a critical aspect is the immobilization of the recognition
and transduction element in order to homogenize and increase its local concen-
tration in the sensor or array. Accessibility by external reagents and in the case of
living microorganisms as sensing elements also biocompatibility are further issues
of concern. Thus many research activities are focused on immobilization, and as a
result various physical and chemical strategies, such as adsorption, crosslinking,
covalent binding entrapment, Langmuir–Blodgett deposition, or sol–gel entrap-
ment, have been developed and successfully applied [78–81].

During the past 30 years, fluorescence detection methods have extensively been
applied in bioanalytical assays for analyte recognition, DNA sequencing, detection
of DNA hybridization, of polymerase chain reaction products and for protein
profiling, and determination of protein function [6, 82]. Since fluorescence is a
highly sensitive and less restricting method than detection by radioactive labeling in
this field, many sophisticated assays, e.g., in association with electrophoretic sep-
aration techniques (gel blotting, 2D gel electrophoresis), multiwell plates, or
microarrays, as well as adapted and automated fluorescence readout systems have
been developed.

With enzyme-linked immunosorbent assays (ELISA) proteins (e.g., antigenes),
viruses, hormones, toxines, or pesticides can be detected in a liquid sample.
In ELISA, an enzyme-linked antibody binds specifically to the analyte (antigene)
and the occurence of an enzyme-catalyzed reaction serves as a measure for the
analyte, whereby the enzyme reaction rate can be quantified by means of a
fluorescent substrate, which is consumed in the reaction [1].

Since its commercial availability in 1996, DNA microarrays, also commonly
known as biochips, are nowadays routinely used in genomics for monitoring the
expression of more than thousand of genes using just a single microscopic slide.
Microarray technology can be regarded as an extension of biosensing techniques
since it utilizes a slide-spotted, micropatterned array of biosensors allowing rapid
and simultaneous probing of a large number of bioassemblies [6]. It is of consid-
erable value to high-throughput analysis, e.g., for sequencing of the human genom,
where huge numbers of genes and their products need to be characterized [83].

Since the intrinsic DNA fluorescence is almost neglectable (nucleic acid),
staining is mandatory [84]. Typical fluorescent nucleic acid probes used in
microarray technology are excited in the visible spectral range but if beneficial for
some reasons also UV excitable probes like Hoechst 33342 or DAPI can be applied.
State-of-the-art microarray readers are based on laser excitation and emission filter.
By means of image analysis, signal intensities for each dye at each microarray spot
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are determined and the data is analyzed by cluster analysis [6]. Especially for the
analysis of multicolor microarrays as well as for a better background discrimination,
hyperspectral microarray scanner technology, where the spectrally resolved
fluorescence emission of each spot is analyzed, is beneficial [85].

In recent times, the focus of biology has shifted from genomics to proteomics
where proteins are cataloged and analyzed aiming at a detailed understanding of
biological complexity and functions [6]. Besides pharmacoproteomics, dealing with
the mechanistic basis of drug action and toxicity proteins can also serve as new
biomarkers for medical diagnosis. In two general areas of proteomics,
high-throughput techniques are mandatory, which are protein profiling and deter-
mination of protein function. Although protein chip technology is not as well
developed as gene chip technology, their improvement is inevitable [6]. Analogous
to DNA microarray in a protein microarray, a glass slide is spotted with thousands
of protein probes. Subsequently, a biological sample is spread over the slide and
binding at any spot is detected. Fluorescence detection is the widely used method
[86]. Since labeling sample proteins with a fluorescent reporter (such as fluorescent
proteins or BODIPY dyes) bears the risk that the fluorophore binding may alter the
ability of the protein to interact with the immobilized capture agent, protein UV
absorbance and intrinsic autofluorescence excited in the UV are promising methods
of detection in the field [87–90].

Fluorescence microscopy is a well-established technique in the life sciences
enabling optical (bio-) imaging. Numerous monographs, handbooks, and reviews
are available covering this field (e.g., [1, 6, 91–94]). One advantage of fluorescence
as optical contrast method in microscopy is its very high signal-to-noise ratio that
allows to distinguish spatial distributions of molecular species of low concentration.
Both exogeneous fluorescence, where species of interest in the specimen (cell,
tissue or gel) are labeled with a fluorophore, and endogenous fluorescence
(autofluorescence), allowing for label-free bioimaging, are used in fluorescence
microscopy [6]. Especially, the availability of numerous, specifically engineered
fluorescent reporters for labeling different parts and structures of cells or probing
different cell functions, in combination with fluorescence microscopic imaging has
had a major impact in biology and medicine [6, 91, 95]. Usually, these fluorescent
reporters are designed to absorb and emit at wavelengths in the VIS or NIR in order
to suppress cell or tissue autofluorescence background (mainly excited in the UV or
blue spectral range) potentially disturbing the fluorescence emission signal of the
reporter. Nevertheless, UV autofluorescence as contrast method enabling label-free
imaging of intrinsic biomarkers such as aminoacids, (co-)enzymes, lipids, or
structure proteins is gaining more and more importance in the field [96].

Conventional or wide field fluorescence microscopes widely used today are
mainly epifluorescence microscopes, where excitation light illumination of the
object or specimen is realized through the same objective lens collecting the
fluorescence emission signal for imaging [93]. A dichroic beam splitter, transmit-
ting or reflecting light depending on its wavelength, is implemented to separate the
excitation from the fluorescence light.
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Historically, the most prevalent fluorescence excitation sources have been
Mercury-vapor high-pressure arc lamps (commonly referred to as HBO lamps) but
also Metal Halide lamps have been employed [93]. A new development in con-
ventional fluorescence microscopy is the application of LEDs as excitation light
sources [92]. LED modules for microscopy now are commercially available from
several companies allowing LED illumination at wavelengths in the UV (starting at
255 nm) and VIS spectral range, characterized by compact size, low power con-
sumption, fast switching and adjusting properties (instantly illumination at full
intensity), and other advantages inherent to state-of-the-art LED technology [92].

Besides conventional microscopy, LEDs are also promising light sources for
prism-based total internal reflection fluorescence microscopy (TIRFM) [92].
In TIRFM, a prism is placed on (and optically coupled to) a cover slip, acting as
(total internal reflection based) optical waveguide when collimated (LED-) light is
directed onto the prism under a proper incidence angle (Fig. 13.5a). If the object
below is intentionally kept in watery low refractive index medium and not optically
coupled to the cover slip, an exponentially decaying evanescent wave extends into
the specimen perpendicular to the glass/water interface. By this, the fluorescence
emission of a thin optical slice of the specimen can be imaged with very low
background noise. Inspired by TIRFM and first demonstrated by Ely Silk in 2002
[97], a simple illumination scheme in conventional fluorescence microscopy is to
place a prism laterally onto the glass slide support and to immerse the specimen in a
mounting medium optically coupled to the glass slide, whereby the excitation light
passes through the whole specimen exciting the fluorophores homogeneously
(Fig. 13.5b). As a possible application of a cheap and compact LED-based
fluorescence microscope, screening of patient`s septum for tuberculosis in devel-
oping countries has been officially recommended by the WHO [98].

Since with LEDs the excitation energy can be controlled without noticeable
changes of the spectral emission characteristics and furthermore fast switching even
in the nanosecond range is possible, they are also beneficial as illumination light

Fig. 13.5 Bright-field fluorescence microscopy setup with LED illumination either based on a a
TIRFM setup with a prism placed over the observation area onto the microscopic slide (shown
here for an inverted microscope setup) or b coupled into the side of the microscopic slide via a
coupling prism (according to [92])
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sources for two specialized variants of fluorescence microscopy, namely fluores-
cence resonance energy transfer microscopy (FRETM) and fluorescence lifetime
imaging microscopy (FLIM). For a qualitative and relative tracking of the FRET
process and when only a single FRET polypeptide construct is examined, acqui-
sition of both the donor and acceptor emission at a single excitation wavelength is
sufficient. In this case, the spectral contamination, i.e., the contribution to the FRET
signal due to donor emission into the acceptor channel and the excitation of
acceptor molecules by the donor excitation wavelength (spectral overlap), is con-
stant. However, for quantitative assays or when the spectral contamination varies
due to uncertain conditions of the surrounding media (e.g., fluorophore attachment
to proteins with local concentration variations throughout a cell), multiple acqui-
sitions are necessary. Here, LEDs are (low cost) alternatives to laser excitation light
sources, enabling fast multiple acquisitions, especially when rapid FRET changes
are expected in a cellular assay [92]. Another parameter, especially useful for
quantitative FRET analysis but also for label-free imaging of intrinsic fluorophores
is the fluorescence lifetime [99]. In FLIM, the fluorescence lifetime of a fluorophore
is determined with spatial resolution. Lifetimes of most fluorophores typically used
in cell biology are in the order of nanoseconds, implying acquisition accuracy in the
picosecond range. As already discussed in Sect. 13.2, two principles, time-domain
techniques, namely TCSPC and time-gating fluorometry and frequency-domain
fluorometry can be applied for assessing fluorescence lifetime, based on either
pulsing or modulating the LED emission. Some solutions, also covering the UV
spectral range down to 255 nm, are already commercially available [92].

The development of confocal microscopy has further expanded the application
of fluorescence microscopy in bioimaging [100]. It is based on an optical system,
where a front and a back side focus are conjugated allowing only light from a
selected plane of a (moveable) sample to reach the detector. Laser scanning
microscopy (LSM) is a variant of confocal microscopy, where the light beam is
scanned over the sample by means of movable mirrors, allowing fast optical sec-
tioning of biological specimen even in vivo. Another technique based on confocal
microscopy is fluorescence correlation spectroscopy (FCS). It is a powerful method
for analyzing dynamics, local concentration, and photophysics of single molecules
both in vitro and in vivo [8]. In FCS fluctuations of the fluorescence signal
intensity, the mean values are measured and analyzed in a small (confocal)
detection volume of the sample.

Both TIRFM and confocal microscopy (also in combination with FCS) can be
applied for single molecule detection (SMD) where the size of the detection volume
is reduced to less than one femtoliter [8]. Currently, in confocal microscopy and
especially in FCS, only lasers are used as excitation light sources [1].

A well-established application of conventional fluorescence microscopy is
fluorescence in situ hybridization (FISH), where the distribution of nucleic acids in
tissue, cells, or chromosomes is analyzed in situ. It relies on DNA or RNA
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specifically labeled with fluorescent probes and their computerized microscopic
imaging with sensitive CCD detection [101]. Also, approaches based on probes
bearing a mixture of fluorophores have been developed (termed as multicolor FISH
and spectral karyotyping), which allow the identification of all 24 chromosomes
within one sample [102, 103].

Flow cytometry is an optical method routinely used in both bioanalytics and
medical diagnosis whereby cells are suspended in a stream of fluid and passed by a
detection apparatus. It is employed in cell counting, cell sorting
(fluorescence-activated cell sorting (FACS), which includes the ability of the
instrument to sort cells according to specific measurement criteria), and biomarker
detection since it allows simultaneous multiparametric analysis of physical and
chemical characteristics of up to thousands of cells per second. Both flow cytometry
and optical microscopy perform similar functions with the difference that in
(confocal) microscopy, the (laser) light beam moves to analyze cells, whereas in
flow cytometry the cells are moving (flowing). Typical flow cytometers are based
on one or more laser sources for fluorescence excitation [6]. A wide variety of
fluorochromes are employed in flow cytometry and the number is still growing
driven by specific demands of new applications of flow cytometry [6]. Typical
fluorochromes excited in the UV spectral range are coumarins and Cascade Blue for
application in immunophenotyping, Hoechst 33342 and DAPI for DNA analysis
and chromosome staining, and Indo1 for calcium flux measurements.

As main clinical application of flow cytometry, immunophenotyping basically
deals with classification of white blood cells according to their surface antigen
characteristics, which can then be used as a profile for a specific disease or
malignancy. Measurement of the DNA count is another major application of flow
cytometry and is applied to identify cell abnormality which involves genetic
changes.

Monolithic integration of both optical and electronic components in general
offers the possibility to miniaturize flow cytometers. As in fluorescence microscopy,
flow cytometry platform design and versatility is benefiting from the availability of
new, compact, and inexpensive (laser) diode emitters replacing bulky and inefficient
gas lasers [6]. A particular configuration based on UV LED excited, time-gated
fluorescence has already been proposed (Fig. 13.6) [104]. Significant progress has
also been made in the area of microfluidics [105, 106]. Put together these two
developments provide a good basis to produce flow cytometer-on-a-chip, expand-
ing their versatility and application [6].

Imaging flow cytometry in general combines the statistical power and sensitivity
of flow cytometry with spatial resolution and quantitative morphology of digital
microscopy. The combination may be beneficial for various clinical applications
since cells can be imaged and analyzed directly in bodily fluids. In this context, a
compact cell-phone-enabled optofluidic imaging flow cytometer has already been
introduced [107].
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13.5 Detection of Microorganisms Using Autofluorescence

Microorganisms can be found everywhere: deep inside rocks, below the seafloor,
and even in the most hostile environments like poles and deserts. Types that can
cause diseases in a host are known as pathogens and their detection is of vital
importance for health and safety reasons. Main areas of interest in the health care
sector are the food industry, clinical diagnosis, and water or environment quality
control [108].

Microorganisms can be divided into prokaryotes, namely bacteria and archaea,
and eukaryotes, like fungi and algae. The classification of viruses as microorgan-
isms is under debate, depending on their definition as living or nonliving. Some
examples of bacterial pathogens of concern in food industry are Salmonella,
Listeria, Escherichia coli, and Campylobacter [109]. Healthcare-associated
pathogens, like Methicillin-resistant Staphylococcus aureus (MRSA) and
Clostridium difficile, can be responsible for patients acquiring an infection in
hospitals.

Various methods for the detection and analysis of microorganisms are in use.
They comprise classical as well as modern, biosensor-based techniques. It is
dependent on the application whether it is sufficient to just verify the presence of a
minimal amount of biomass in an abiotic environment or to know the exact quantity
of a specific pathogen on a given biological surface. All detection methods operate
somewhere within this range.

Culture methods, which are based on the multiplication of the target organism on
a growing medium, followed by visual colony counting, provide a reference. The

Fig. 13.6 Setup of a UV LED-based time-gated luminescence flow cytometer; CPMT channel
photomultiplier tube (according to [104])
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main disadvantage of these methods is the time that is needed for incubation which
can be several days [108]. Commercially available so-called rapid detection
methods such as ELISA, lateral-flow dipstick (LFD), and polymerase chain reaction
(PCR) have significantly reduced the time and effort of the analysis of food prod-
ucts, but they still rely on a time-demanding enrichment step [109]. Other draw-
backs are the costs for equipment and reagents especially for molecular biological
methods.

A comparably new approach for microbial detection is biosensors, incorporating
a target microorganism, a bio-specific recognition system, and a physicochemical
transducer. Transduction methods in use also include fluorescence optical detection
(see also Sect. 13.4). Biosensors can be miniaturized and automated, having the
potential to both shorten the time of analysis and to provide selectivity and sen-
sitivity comparable to established methods at a fraction of the cost [109].

Fluorescence methods are also suitable for directly monitoring the fluorescence
of cellular components of microorganisms, and their metabolic states (live, dead,
spores) [110]. Both extrinsic and intrinsic fluorescence can be applied for sensing
purpose. Usually, the emission of exogenous synthetic fluorescent reporters,
specifically labeling a target analyte characteristic for a microorganism to detect, is
relatively strong and mainly excited in the visible spectral region.

Fluorescence detection methods that do not apply fluorescent reporters to
microorganisms make use of the intrinsic or autofluorescence, sometimes also
referred to as reagent-free identification. It is caused by fluorophores which exist as
a natural component or product of a microorganism under examination. Using
intrinsic fluorescence for detection and identification of microorganisms allows for
real-time measurements in a noninvasive, contact-free manner rendering sample
preparation unnecessary [111]. Only a few methods like flow cytometry are able to
detect and differentiate viable but nonculturable (VBNC) bacteria. Using intrinsic
fluorescence spectroscopy, it has been shown that this is possible without incuba-
tion even in the presence of culturable bacteria [112]. Furthermore, cellular
fluorescence may also be used to determine the metabolic state of living cells. It
allows their classification into three groups corresponding to the three main phases
of the growth profile, i.e., lag phase, exponential phase, and stationary phase [112].

Many fluorescent biomolecules in microorganisms can be excited in the UV
spectral range between 220 nm and 360 nm (Fig. 13.7). Proteins, which are an
integral part of all organisms, obtain their fluorescent characteristics from aromatic
amino acids (AAA) like tryptophan. Other important sources of fluorescence are the
pyridine nucleotides NADH and NADPH in their reduced form, which are enzy-
matic cofactors appearing in all organisms. This is also true for flavines, such as
flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN) fluorescing in
their oxidized form and some vitamin B6 compounds. Cell wall components like
chitin (fungi, algae) are also a source of strong intrinsic fluorescence as well as
dipicolinic acid (DPA) in the presence of calcium ions (spores). A comprehensive
overview of relevant fluorophores and their optical parameters is provided by
Pöhlker et al. [18].
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For detection of the intrinsic fluorescence signal of relevant fluorophores, it is
often beneficial to acquire with spectral resolution, because several biological
fluorophores present very close emission spectra that become difficult to discrim-
inate [96]. The main challenge in using intrinsic fluorescence for microbial detec-
tion is that the spectral characteristics of a fluorophore are highly sensitive to its
local environment, such as binding of ligands, protein–protein association, pH,
hydrophilicity, or lipophilicity. Therefore, the detailed knowledge of how these
factors influence the fluorescence signal is essential [96].

As described above, fast and noninvasive methods for the detection of
microorganisms would be particularly useful in decontamination tasks, medical
assays, or forensic investigations. Depending on the location of the microbial load
detection methods for surfaces, fluids, and air can be distinguished.

Surface fluorescence detection of microorganisms can be of different complex-
ities at distinct substrate materials like glass, metal, plastics, cloth, foods, or even
living tissue. Several variants of a real-time in situ detection system have been build
up using filtered LEDs for the visible (455–635 nm) and the UV (365 nm, 1 mW
each) spectral range as excitation sources (see Fig. 13.8) [111, 113, 114]. The UV
diodes were used mainly to excite NADH and DPA fluorescence within an area of
1 cm2. Nearly, hemispherical collection has been applied using parabolic-type
reflectors to gather 90 % of the fluorescence [114]. An aspheric lens is another

Fig. 13.7 Conceptual EEM displaying excitation and emission ranges of various biological
fluorophores (BSA bovine serum albumin; OVA ovalbumin; NADPH nicotinamide adenine
dinucleotide phosphate; FAD flavin adenine dinucleotide; DPA dipicolinic acid). The red and blue
ovals depict “emission hotspots” where the modes of many fluorophores cluster. Reprinted with
permission from [18], Copyright 2012, Copernicus Publications
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effective way to collect emission from the spot using standard components [113].
With these systems, detection limits as low as 10 microbial cells per cm2 could be
provided on abiotic surfaces. Because of their sensitivity, photomultiplier tubes
(PMTs) are often used for the detection of the band-pass filtered emission.
Elimination of the excitation signal is done by rejection filters in front of the
detector. Using amplitude-modulated light sources further improves the sensitivity
and allowed for detecting microbial concentrations that vary by up to nine orders of
magnitude [111]. A hemispheric detection geometry has also been accomplished
using optical fibers while exciting a biofilm under seawater with a 280 nm LED
source (600 µW, area 0.55 cm2) [115]. Here, bacterial proteins were detected by
their tryptophan fluorescence signal to a detection limit of 4 × 103 cells per cm2 for
an artificial biofilm. Fluorescence of surface contamination by clinically relevant
bacteria has been investigated using excitation wavelengths of 280–800 nm with a
commercial fluorescence spectrometer [116]. Measurements of the spatial distri-
bution of microorganisms on surfaces have also been done using fluorescence
imaging methods. A deep UV scanning microscope equipped with hollow-cathode
lasers of 224 nm (HeAg) and 249 nm (NeCu) has been used for imaging bacterial
fluorescence on opaque mineral and metal surfaces with a spatial resolution of
300 nm providing single cell sensitivity [117]. Another device uses an imaging
spectrograph and line scanning to acquire images. Excitation of bacteria relevant in
the food industry is done by a UVA lamp at 365 nm [118].

LEDs for the visible and the UV (365 nm) have been used to excite the intrinsic
fluorescence of bacteria, fungi, and other microorganisms for monitoring of
drinking water. With an instrument specifically designed for this purpose, a
detection limit of 50 bacterial cells per liter was achieved [110]. A similar excitation
source has been used by a related device, which could detect 10 microbial cells per

Fig. 13.8 Schematic diagram of a hand-held instrument for detection and quantification of
microorganisms based on the intrinsic fluorescence, excitation by visible and UV LEDs, detection
of the filtered fluorescence emission by photomultiplier tube (PDA personal digital assistant).
Reprinted with permission from [111], Copyright 2012, Elsevier
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mL [111]. Both acquire band-pass filtered fluorescence with a PMT. A UV
LED-based multi-wavelength fluorimeter system is described in [119] covering the
wavelength range from 250 nm to 375 nm to excite autofluorescence of several
microorganisms. The system has a turn-on time of 2–3 ns, internal modulation up to
300 MHz, and can operate in a continuous wave or pulsed mode [119]. Further
studies based on non-LED UV light sources are also reported. To excite cultured
cells and tissues over a wide range of 180–600 nm, monochromatized synchrotron
radiation has been used [96]. Most widespread for investigation of microbial
fluorescence is the use of commercial fluorescence spectrometers together with
quartz cuvettes for sampling. They have been used to detect and differentiate
bacteria like Escherichia coli, Salmonella, and Campylobacter, which are relevant
for the food industry. Here, concentrations down to 103 cells per mL could be
measured at an excitation of 200–400 nm and using principal component analysis
(PCA) for data analysis [120]. Excitations of 250 nm for AAA and nucleic acids
(NA), 316 nm for NADH and 380 nm for FAD allowed a discrimination of lactic
acid bacteria at the genus, species, and subspecies levels [121]. An excitation of
250–340 nm was used to detect the fluorescence of tryptophan and NADH in
bacterial cells and their comparison through PCA and factorial discriminant anal-
ysis (FDA) [122]. The fluorescence signals of tryptophan at an excitation of 280 nm
and of NADH at 350 nm have been used to investigate the metabolism and the
growth of cells while chemically restraining them [123]. A method for rapid
identification of the clinically significant species Escherichia coli, Enterococcus
faecalis, and Staphylococcus aureus has been shown using excitation wavelengths
of 330–510 nm. The PCA technique applied to the fluorescence spectra showed that
bacterial species could be identified with sensitivity and specificity higher than
90 % and in less than 10 min [124]. There is a certain overlap between the
described cuvette-based methods and flow cytometry (see Sect. 13.4). The latter is a
common tool in cell biology for rapid analysis of large populations of cells where
fluorescence detection is well established. Here also intrinsic fluorescence of
cellular molecules can be used beside extrinsic fluorescent stains or antibody
probes [116].

The detection of intrinsic fluorescence is also applied to atmospheric aerosol
particles, which include small pieces of biological materials and microorganisms
(see Fig. 13.9) [18, 125]. Linear arrays of UV LEDs exciting at 290 nm for tryp-
tophan and 340 nm for NADH have been applied to identify bacterial spores even
during their time-of-flight [126]. The detection was provided by a UV transmission
grating to spectrally disperse the light onto a 32-anode PMT achieving a detection
limit of 350 µM of NADH. Using the excitation range of 210–419 nm of an optical
parametric oscillator AAA could be identified as dominant features of the aerosols
investigated [127]. The fluorescence detection of flavines, NAD(P)H, and trypto-
phan was accomplished with a parabolic collection mirror, a spectrograph, and an
image-intensified CCD camera.

Altogether, the application of UV LED and LD sources is not yet widespread in
fluorescence-based detection of microorganisms. However, as soon as emitters with
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adequate performance are available at low cost it is very likely that they enable
further improvement and development of effective and compact tools in this field.

13.6 Fluorescence in Medical Diagnosis of Skin Diseases

Fluorescence detection as a tissue diagnostic procedure is applied in a wide range of
medical fields such as dermatology, dentistry, ophthalmology, laryngology, gas-
troenterology, neurology, or oncology to name a few [128–134]. This section will
focus on fluorescence diagnosis in the field of dermatology, especially on skin
cancer diagnosis based on UV autofluorescence excitation and spectroscopy.

In fluorescence diagnosis, it is to be distinguished between autofluorescence and
exogenous fluorescence. For exogenous fluorescence, a fluorescent substance such
as δ-aminolevulinic acid (ALA) or methylester aminolevulinate (MAL) is applied
either topically in the form of a cream or systemically in the form of a drug given
prior to the measurement. ALA attaches itself to healthy tissue and to pathological
changes, in most cases cancer-affected tissue. In healthy tissue, ALA decomposes
into nonfluorescent substances, whereas in damaged tissue, protoporphyrin IX
(PpIX) is formed which can be excited to fluorescence by UV irradiation in the

Fig. 13.9 Conceptual EEM displaying contour lines for the fluorophores tryptophan, NADPH,
and riboflavin and operational ranges of selected bioaerosol detectors, represented by horizontal
colored lines. Length of individual lines indicates measured emission band for a certain excitation
wavelength shown as sharp line for purpose of clarity. Single-wavelength detectors are represented
by one line, dual-wavelength detectors by two lines. Reprinted with permission from [18],
Copyright 2012, Copernicus Publications
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UVA spectral range [135]. In the case of autofluorescence, endogenous fluor-
ophores, such as NAD(P)H or tryptophan, are excited by UV irradiation circum-
venting the administration of auxiliary substances.

One of the first UV radiation sources for fluorescence excitation was the Woods
lamp that had been invented by Robert W. Wood in 1903. Its first use in derma-
tology was reported in 1925 when it had been applied to detect fungal infections of
the scalp [136]. UV radiation in the range of 340–400 nm is generated by a
high-pressure mercury arc that passes an optical filter, the so-called Woods filter. It
is nowadays primarily used for nonspectrally resolved fluorescence imaging, in
order to visualize the borders of carcinogenic lesions. As the radiation intensity of
the Woods lamp is low, dark rooms and extended observation periods including eye
adaptations are required [137]. With the availability of UV LEDs, this imaging
method can be improved by arranging UV LED-based ring lights around a camera
objective enabling a more compact design and its adaptation to digital imaging
systems [135].

For the noninvasive detection of skin cancer image processing systems based on
RGB cameras are state-of-the-art. In part, this applies also to multispectral cameras
which often cover also the NIR spectral range [138, 139]. Although image pro-
cessing systems are very reliable, precancerosis lesions are often difficult to detect
and to discriminate with this technology.

Autofluorescence spectroscopy based on excitation of intrinsic dermal fluor-
ophores holds the potential to overcome the limitations of image processing for skin
cancer diagnosis [140]. Typical dermal fluorophores and their excitation and
emission wavelengths are listed in Table 13.1. The amino acids are generally
excited in the shortwave UV range (260–295 nm) and exhibit their fluorescence still
in the UVA range. In this context, tryptophan has been attributed an essential role in
diagnostics. Structural proteins such as elastin and collagen are important fluor-
ophores of the dermis. A prominent representative of the enzymes and co-enzymes
is the NADH/NAD+ system contributing to autofluorescence only in its oxidized
form. Some vitamins and lipids as well as porphyrins (emitting in the red spectral
range) also show autofluorescence [141].

Before addressing the differentiation of benign from malignant tissue in der-
matology, some studies investigating the influence of aging, proliferation, and
photoaging on the autofluorescence emission will be discussed. One important
finding was that with increasing aging tryptophan decreases and could be absent at
high age [143]. Collagen decreases as well, whereas the autofluorescence of elastin
increases. This is in agreement with the changes in the collagen/elastin index
SAAID which is measured by multiphoton microscopy to evaluate the age of the
skin [144]. Proliferation as observed after tape stripping increases the tryptophan
autofluorescence that thus can be used as a marker for proliferation [145]. This also
explains the increase in the tryptophan autofluorescence in psoriatics [146]. The
porphyrin fluorescence is increased in these patients, too [142, 147]. Tryptophan
autofluorescence also increases at extended UV exposure which may be due to an
intensified epithelial growth. However, the collagen fluorescence is decaying at
chronic UV exposure [148] and can, therefore, be used as a marker for photoaging.
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Furthermore, DeAraujo et al. used laser-excited autofluorescence for discriminating
between various types of human pathogenic fungi inducing several skin infections
[149].

Dermatological tumor diagnostics by fluorescence spectroscopy has been
applied in numerous studies for many years [140]. Nonmelanoma skin cancer
(NMSC) lesions are suitable targets for fluorescence spectroscopy-aided diagnosis.
NMSC usually covers basal cell carcinoma (BCC) and squamous cell carcinoma
(SCC) tumors. These lesions are among the most common cancers affecting
Caucasians. BCC occasionally grows aggressively causing tissue destruction and it
is often recurring after initial treatment. SCC, the second most widely spread
cutaneous tumor, is associated with a risk of metastasis and is usually more
aggressive and difficult to treat compared to BCC lesions [150]. The problem in
diagnosis of skin cancer is the large variety of malignant forms of skin tumors.
There are several subtypes, for example, BCC and SCC and a variety of benign and
dysplastic forms with differences in optical and autofluorescence properties.

The autofluorescence spectra of normal tissue are shown in Fig. 13.10 left, at
different excitation wavelengths. Borisova et al. [140] measured pure samples of
collagen type I, porphyrin, and keratin and evaluated the other compounds in the
spectra using the knowledge about excitation and emission maxima cited in the
literature and Table 13.1. The amino acid fluorescence appears in the UV, collagen,
and FAD at around 400 nm. NADH is the strongest fluorophore with emission at
around 450 nm followed by elastin and keratin with green fluorescence. The
autofluorescence of porphyrin shows a low-intensity signal at wavelengths above
600 nm. On the right side of Fig. 13.10, the autofluorescence spectra for early BCC
tumor are shown at different excitation wavelengths. The most pronounced dif-
ference are the overall intensities of the fluorescence spectra which are lower for
BCC compared to normal skin. This observation has frequently been reported in the
literature [142, 151]. A crucial parameter for the diagnosis is the spectral shift of the
autofluorescence. While the intensity doubles in the 320–360 nm range, it drops by
a factor of 3 in the 390–460 nm range. This could be due to the changes in the

Fig. 13.10 Normal skin (left) and BCC (right) autofluorescence spectra at different excitation
wavelengths (from 270 nm to 500 nm) and identification of the major endogenous fluorescence
compounds observed. Spectra of BCC are recorded from an excised lesion. Reprinted with
permission from [140], Copyright 2014, IEEE Photonics Society
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optical parameters within the tumor and to the increasing thickness of the tissue.
The autofluorescence of the porphyrins is also carefully observed as it increases in
higher-graded tumors. Autofluorescence diagnostics of malignant melanoma
(MM) is hampered by the high absorption and reabsorption of the radiation.
Moreover, it is limited to the skin surface due to the low penetration depth.
Nevertheless, MM leads to a decay of the NADH fluorescence [152].

Existing studies had been focused on intensity changes in the autofluorescence,
also in comparison to normal skin [151, 153–157]. Some researchers linked
autofluorescence measurements with diffuse reflectance spectroscopy [158–161].
Wollina et al. could demonstrate that the diffuse reflectance-corrected
autofluorescence of NADH, excited by a UV LED, permits BCC to be distin-
guished from actinic keratosis (AK) [162]. Other researchers complemented their
autofluorescence experiments by time-resolved measurements [151].

Borisova et al. performed autofluorescence investigations on 536 patients
affected by BCC (137 lesions), SCC (29), MM (41), benign skin lesions (194),
keratoacanthoma (11), and dysplastic naevi (124) [140]. In addition to the
autofluorescence, the diffuse reflectance of the skin was measured. The spectra were
interpreted according to Savelieva et al. [163]. For clinical diagnostics, the spectral
shape must be included into the analysis, and thus the autofluorescence analysis was
made using excitation wavelengths of 365 nm and 405 nm, extracting 23 spectral
parameters, intensity levels, specific minima and maxima, intensity ratios, slopes of
the spectra in given ranges, etc. The obtained results permitted the development of a
multispectral discrimination algorithm. In most of the BCC lesions (80 %), strong
decreases in autofluorescence were observed compared to normal tissue. In case of
SCC higher autofluorescence intensities occured. Also, the stage of the tumor
changes the behavior of the spectra. In early stages of BCC, the intensity is reduced
without changing the spectral form. In their advanced stage, BCC exhibits pro-
nounced fluorescence maxima in the green-red spectral range, related to endoge-
nous porphyrins [140, 164]. For a better specification, the type and melanin content
of the skin has to be taken into account, too. It strongly affects the spectra and is an
important part of the algorithm. Multispectral analysis provides high sensitivity
>99.1 %, specificity >90.5 %, and diagnostic accuracy >93.3 % d for NMSC versus
benign, MM versus benign, and MM versus NMSC [140].

Besides direct excitation in the UV spectral range, also two photon techniques
are available making use of a femtosecond laser that is tunable from 690 nm to
1000 nm. They are based on two NIR photons exciting the fluorescence of the
endogenous fluorophores at one single spot in the tissue [165]. The excitation at
only one spot yields a high spatial resolution permitting cellular structures in the
skin to be imaged up to approximately 200 µm in depth at high resolution.
While NADH is the most important fluorophore, FAD, elastin, and collagen con-
tribute also to the image acquisition. As the multiphoton technique is also capable
of determining the fluorescence lifetime, the fluorophores can be differentiated even
further. Taking into account that most fluorophores, for instance NADH, are
metabolically active substances, possible changes in these substances can be uti-
lized for wound healing or tumor diagnostics [166, 167].
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13.7 Summary and Outlook

Many natural and synthetic fluorophores can be excited with UV light, and
therefore numerous applications of UV fluorescence detection and spectroscopy are
already existent. Since for sensing purpose low or medium power LED modules are
usually sufficient, almost all of these applications are benefiting from the avail-
ability of solid-state UV emitters replacing bulky and inefficient lamps or lasers.
Their compact size, adjustable wavelength, low power consumption, fast switching,
and adjusting properties (just to name a few of the advantages inherent to
state-of-the-art LED technology) not only enables miniaturization and thus
point-of-care testing and analysis but also leads to methodologically new and
promising approaches in clinical diagnosis and (environmental) chemical sensing.
Especially when the autofluorescence of a multicomponent target is analyzed,
UV LED technology is almost without alternative since it easily provides multiple
wavelengths for fluorescence excitation of the ensemble of fluorophores that is
either characteristically changing due to a malignancy or characteristic for the target
to detect.
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Chapter 14
UV-B Elicitation of Secondary Plant
Metabolites

Monika Schreiner, Inga Mewis, Susanne Neugart, Rita Zrenner,
Johannes Glaab, Melanie Wiesner and Marcel A.K. Jansen

Abstract Epidemiological studies have revealed an inverse association between a
high consumption of vegetables and a lower risk of both cancer and cardiovascular
diseases. This protective effect is mostly due to secondary plant metabolites present
in plant tissues. In this context, it has become increasingly clear during the last
decade that UV-B radiation is an important regulator of plant secondary metabo-
lism. Recent studies have highlighted the regulatory properties of low, ecologically
relevant UV-B levels contrary to previous studies in which UV-B radiation was
exclusively regarded as a stress factor. Low-dosage UV-B applications trigger
distinct changes in the plant’s secondary metabolism resulting in an accumulation
of phenolic compounds such as flavonoids and glucosinolates.

Plants are sessile organisms, and consequently cannot avoid exposure to more or
less unfavorable environmental conditions [1]. In this context secondary plant
metabolites perform fundamental, protective functions within the plant–environ-
ment interaction. In addition to the ecophysiological relevance of these compounds,
evidence was found that certain secondary plant metabolites possess human
health-promoting effects when consumed regularly in fruits and vegetables [2].
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14.1 Nature and Occurrence of Secondary Plant
Metabolites

Secondary plant metabolites are grouped according to their chemical structure and
physiological function in carotenoids, phenolic compounds, glucosinolates, saponins,
sulfides, phytosterols, phytoestrogens, monoterpenes, and protease inhibitors [3].

Secondary plant metabolites, such as polyphenols and carotenoids, are present in
a wide range of fruit and vegetable crops, while other secondary plant metabolites
are distributed only among few taxonomic groups. For example, glucosinolates are
only found in species in the order Brassicales, and the occurrence of sulfides is
restricted to the family Liliaceae. Also with each class of secondary plant
metabolites, each fruit and vegetable species has a distinct profile of specific sec-
ondary plant metabolites. Most of the secondary plant metabolites are present in
every plant organ; however, the concentration and composition of the secondary
plant metabolites can vary greatly [4, 5].

Secondary plant metabolites mediate the interaction of plants with their envi-
ronment functioning as feeding deterrents, pollination attractants, and protective
compounds against pathogens or various abiotic stresses, antioxidants, or signaling
molecules. A fundamental component of this plant–environment interaction is the
formation of UV absorbing and photoprotective secondary plant metabolites such
as phenolic compounds and carotenoids in response to UV-B radiation exposure
[6–8]. In contrast to previous studies in which UV-B radiation was exclusively seen
as a stress factor, recent studies have highlighted the regulatory properties of low,
ecologically relevant UV-B levels that trigger distinct changes in the plant’s sec-
ondary metabolism. This results in the accumulation of a broad range of secondary
plant metabolites, including antioxidants such as ascorbate, glutathione and toco-
pherol, isoprenoids, including indole alkaloids and indole amines, as well as
complex secondary plant metabolite mixtures such as essential oils, but also phe-
nolic compounds, carotenoids, and glucosinolates [1, 8–13].

Munné-Bosch [14] has referred to a broad, integrated network of interdependent
and interplaying compounds, thus predicting that flavonoid accumulation will affect
accumulation of further secondary metabolites. Kusano et al. [15] reported com-
prehensive reprogramming of primary and secondary metabolism in UV-B exposed
Arabidopsis. Alternatively, biosynthesis pathways may be competing for resources,
including shared precursors. Notwithstanding such uncertainties, some trends start
to emerge. Polyamines and tocopherols levels are quickly (< 24 h) upregulated in
response to UV-B, and it has been hypothesized that these compounds constitute
the plants “rapid response” to conditions of eustress [16]. Kusano et al. [15] sim-
ilarly hypothesized a rapid response role for ascorbate and tocopherol. In contrast,
many flavonoids accumulate at a much slower pace, steady state levels typically are
reached after several days [15–17]. Glucosinolates also accumulate relatively late
during the acclimation process [15]. Previously, it was argued that the metabolite
profile of stress exposed plants first displays a transient acclimation phase, followed
by a new steady state [18]. Kusano et al. [15] showed an initial (24 h) UV-B
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mediated change in primary metabolites, followed by more complex reprogram-
ming of secondary metabolite profiles measured after 96 h. It was argued that
during the early stages of UV-B exposure, plants are “primed” by partitioning of
carbon toward aromatic amino acid precursors of the phenylpropanoid pathway
[15]. Thus, UV-B exposure triggers substantial reprogramming of primary meta-
bolism, accumulation of “rapid response” metabolites, later followed by extensive
accumulation of secondary plant metabolites. Clearly, UV-B acclimation is a
dynamic process, resulting in a continuum of eustress acclimation states, each with
its own specific pattern of secondary metabolites. The question then arises whether
the aim is to create foods high in “rapid response” metabolites (ascorbate,
polyamines, tocopherols), high in flavonoids, or both. All named secondary plant
metabolites are important dietary components of human nutrition, but these com-
pounds may not necessarily occur simultaneously in high concentrations in the
plant. For example, polyamines accumulate transiently in UV-B exposed plants
[16], and levels have returned to pre-UV-B exposure contents at the time that
flavonoids have accumulated in appreciable amounts. More information is needed
about the kinetics of UV-B mediated changes in plant secondary metabolite profile,
and potential cross talk between biosynthetic routes.

Of course, the UV-B induced accumulation of certain secondary plant metabo-
lites is strongly influenced by the duration of UV-B exposure and UV-B doses
[1, 19]. But it also depends on the physiological age of the plant [20] and the
morphological structure of the plant organ [12]. In addition, genotypic variations
between species, origins, and cultivars occur [1, 19]. Moreover, all these plant-based
variables are interacting—beside UV-B radiation—also with other environmental
factors such as water and nutrient supply, atmospheric CO2 concentration, temper-
ature, and solar radiation [21–25]. Thus, the application of UV-B radiation to
improve the concentrations and composition of secondary plant metabolites requires
precise manipulation. Ultimately, the knowledge of how to do this may form the
basis of “recipes” that will enable the grower to precisely manipulate crops in order
to maximize the content of nutritionally desirable secondary plant metabolites.

14.2 Nutritional Physiology of Secondary Plant
Metabolites

The major classes of secondary plant metabolites with disease-preventing functions
are antioxidants, blood pressure, or blood sugar influencing substances, or agents
with anticarcinogenic, immunity-supporting, antibacterial, antifungal, antiviral,
cholesterol-lowering, antithrombotic, or anti-inflammatory effects [26]. Each class of
these functional compounds consists of a wide range of chemicals with differing
potency. For example, secondary plant metabolites with antioxidant characteristics
are carotenoids, phenolic compounds, protease inhibitors, sulfides, and phytoestro-
gens [27–29]. Some of these secondary plant metabolites are characterized by a broad
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spectrum of health-promoting functions, e.g., phenolic compounds and sulfides
[30, 31], whereas other secondary plant metabolites are marked by specific func-
tionality such as the breakdown products of particular glucosinolates with pro-
nounced anticarcinogenic properties due to the induction of phase II detoxification
enzymes and antitumorigenic attributes. The latter causes cell cycle arrest and
apoptosis of cancer cells [32, 33]. But, a certain balance between distinct secondary
metabolites in the plant seems to be necessary. So, a partial enhancement of only one
single secondary plant metabolite could lead to protective or adverse effects on the
consumer’s health. As example, an enrichment of 4-methylsulfinylbutyl glucosino-
late in broccoli caused a reduction of blood pressure and influenced the positive
cholesterol level in humans [34]. In contrast, the hydrolyzed product of the same
glucosinolate (sulforaphane) can inhibit dose- and time-dependent early stage of
nucleotide excision repair, one of the most important DNA repair pathways [35].
Another example is that the enrichment of 1-methoxyindol-3-ylmethylglucosinolate
in pak choi (Brassica rapa ssp. chinensis) have shown mutagenic effects in wild-type
and human sulfotransferase expressing S. typhimurium strains [36].

14.3 Association Between Fruit and Vegetable
Consumption and Chronic Diseases

Fresh vegetables and fruits are naturally rich in secondary plant metabolites.
Numerous epidemiological studies have already documented an inverse association
between fruit and vegetable consumption and lower incidence and mortality rate of
various chronic diseases [37]. Ingestion of a range of berry fruits [38] and in
particular of cranberry juice [39] is known for cardioprotective effects and
cholesterol-lowering influence, respectively.

Verkerk et al. [40] reviewed the Brassica vegetables containing glucosinolates
with regard to their health benefits, especially anticarcinogenic properties. Data of
current meta-analyses by Wu et al. [41–43] revealed Brassica mediated reduction in
lung, gastric, and colorectal cancer. Furthermore, it is assumed that a diet rich in
brassicaceous vegetables effectively retunes the human metabolism by rebalancing
anaplerosis and cataplerosis and restoring metabolic homeostasis [44], and there-
fore, is able to attenuate chronic diseases connected with oxidative stress, hyper-
tension, and inflammation in the cardiovascular system [45].

Epidemiological studies also revealed distinct associations between cancer risk
and other vegetable families or categories. For example, a high consumption of
tomatoes or tomato-based products—rich in carotenoids, especially lycopene and
ß-carotene—is consistently associated with a lower risk of different cancer types,
e.g., prostate cancer, as shown by a meta-analysis [46]. Furthermore, legumes seem
to play a key role in human diet in preventing cardiovascular disease. Legume
consumption was significantly and inversely associated with cardiovascular disease
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and lowered the relative risk by about 11 % [47]. In addition, the Mediterranean
diet, a dietary pattern that encourages among others the daily consumption of fruits
and vegetables, already has shown a reduced risk of metabolic syndrome [48] as
well as cardio and cancer protective effects [49, 50]. In contrast, supplementation
with synthetic secondary metabolites could lead to different results. One striking
example: ingestion of ß-carotene supplements by heavy smokers has been associ-
ated with increased lung cancer incidence as demonstrated in the α-Tocopherol,
ß-Carotene (ATBC) cancer prevention study [51], and in the ß-Carotene Retinol
Efficiency Trial (CARET) [52].

14.4 Secondary Plant Metabolites Within the Plant–
Environment Interaction

14.4.1 UV-B Perception and Signaling in the Plant

Plants are able to specifically perceive and react to UV-B radiation (Fig. 14.1). This
plant response can be measured on various levels, e.g., as characteristic alterations
of gene expression pattern [53, 54], specific changes in morphology and physiology
[55, 56], or particularly, the accumulation of certain plant secondary metabolites

Fig. 14.1 Scheme of UV-B perception and signaling in Arabidopsis plants
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[1, 8, 11, 12, 19]. The existence of a specific photoreceptor for detection of UV-B
radiation was already proposed several decades ago [57]. However, in the last few
years substantial progress has been made with identification of the UV-B-specific
photoreceptor UV RESPONSE LOCUS 8 (UVR8) [58, 59] and various compo-
nents involved in the downstream signaling pathway [60, 61]. The UVR8 pho-
toreceptor exists as a homodimer in the cytosol that rapidly monomerizes upon
UV-B absorption mediated by conserved tryptophan residues which act as UV-B
chromophores [62, 63]. The UV-B-induced monomer of the receptor UVR8 then
directly interacts with the multifunctional E3 ubiquitin ligase CONSTITUTIVELY
PHOTOMORPHOGENIC 1 (COP1) [64] thus initiating the molecular signaling
pathway that transduces gene expression changes. In order to accomplish this, rapid
translocation from the cytosol into the nucleus is needed, which is already induced
at low levels of UV-B [61, 65]. In the nucleus, UVR8 together with COP1 asso-
ciates with the chromatin regions of several UV-B activated genes [66]. Presence of
the E3 ubiquitin ligase COP1 alone represses photomorphogenesis by promoting
degradation of HY5 (ELONGATED HYPOCOTYL 5) and other promotive tran-
scription factors. However, under UV-B radiation and subsequent interaction of
UVR8 monomers with COP1, the bZIP transcription factor HY5 is prevented from
COP1-mediated degradation and stabilized [64]. In turn, HY5 and HYH (HY5
HOMOLOG) control expression of a range of key elements involved in the UV-B
acclimation response and important for UV protection, including genes encoding
enzymes of the phenylpropanoid pathway like CHS (CHALCONE SYNTHASE)
and FLS (FLAVONOL SYNTHASE) [67, 68]. In addition, also the RUP1 and
RUP2 proteins (REPRESSOR OF UV-B PHOTOMORPHOGENESIS 1 and 2) are
induced. These WD40-repeat proteins constitute negative feedback on UVR8
activity involving direct protein–protein interaction, thus enabling inactivation and
reversion to the ground state of UVR8 by redimerization [69, 70].

While UVR8 responds specifically to exposure with UV-B radiation, HY5,
HYH, and COP1 are involved in multiple photomorphogenic signaling cascades
and integrate the responses to UV-B with responses to red light exposure, or light–
dark transitions. Currently, the UVR8-COP1-HY5 pathway is the most extensively
analyzed UV-signaling pathway. In addition, the existence of a further UVR8
independent pathway has been proposed [61, 71]. Similar to the UVR8-COP1-HY5
pathway, this UVR8 independent pathway is thought to operate under low UV-B
fluence rates, and exerts additional control on expression of genes involved in
flavonoid biosynthesis [61].

At high UV-B fluence rates, UV-B specific signaling pathways are accompanied
by less specific damage repair response pathways. High UV-B levels have been
extensively demonstrated to cause damage to macromolecules, like DNA and
proteins, resulting in impaired DNA replication, compromised transcriptional pro-
cesses, and impaired photosynthesis [72, 73]. These detrimental reactions are, at
least partially, mediated by reactive oxygen species (ROS) [74] which as such are
also important signaling molecules. The cellular damage triggers transcriptional
responses involving signaling molecules such as ROS and wound or defense-related
factors including jasmonic acid, salicylic acid, and ethylene, which are all known to
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control expression of specific genes [61, 75, 76]. These responses to high UV-B
fluence rates are less stressor-specific [77], and control expression of a particularly
broad set of genes associated with defense, wound response, or general stress
related genes.

The existence of at least two UV-B specific signaling pathways, each con-
tributing to the control of secondary plant metabolism such as carotenoid, flavo-
noid, or glucosinolate biosynthesis [6, 8, 53] together with nonspecific UV-B stress
responses, is likely to result in a response network that displays a highly specific
dose response and wavelength dependence. This emerges from gene expression
studies where the dependency of specific expression profiles on the fluence rate [75]
and on specific UV-B wavelength [54] has been demonstrated. Thus, the UV-B
perception and signaling system might be responsive to even small changes in the
solar spectrum [61], and this is an important consideration when investigating
UV-B-induced changes in plant metabolite profiles.

14.4.2 UV-B as Stressor and Plant Regulator

Plants exposed to stress display stressor-specific changes in gene expression and
protein production. Some of these changes in the transcriptome and proteome will
be amplified at the level of the metabolome, making changes in metabolite accu-
mulation amongst the most pronounced responses of plants to stress [78, 79]. Yet,
our knowledge and understanding of metabolic changes in stress exposed plants
remain fragmented [18], with many studies investigating the response of just one
class of metabolites under one particular stress condition. New powerful develop-
ments in experimental design, sampling, extraction, metabolite fingerprinting and
profiling, and identification are, however, increasingly generating a more compre-
hensive overview of stress-induced changes in small, secondary metabolites [78].
Generated data sets do not just contribute to the understanding of plant stress
responses, but also highlight opportunities to improve the content of nutritionally
and pharmaceutically important metabolites in plants.

The dose is critical, and for most stressors a distinction should be made between
mild eustress conditions, under which metabolism is reversibly adjusted and the
plant is acclimated to its new environment, and more severe distress, which is
associated with irreversible macroscopic damage [80–82]. Eustress-associated
changes in metabolite accumulation are often interpreted in the context of a
physiological benefit for the plant, i.e., a functional role in acclimation to the new
environmental conditions. Examples include the accumulation of compatible
solutes, antioxidants, and antifreeze compounds [18]. However, it should be rec-
ognized that such changes in the plant metabolome may potentially also impact on
the wider ecosystem, for example, on trophic interactions [53]. In fact, there is
substantial interest in environmentally induced compositional changes in the plant
metabolome with a view to increase the nutritional quality and/or pharmaceutical
value of plant produce for human consumers [1, 19].
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Theoretically, a very broad range of environmental parameters, some of which are
stressors, can be exploited to increase the content of nutritionally beneficial plant
metabolites. However, in practice only a few stressors are suitable for use in a
commercial horticultural setting, where the aim is to raise produce with increased
levels of specific secondary plant metabolites. A prime consideration is the ease of
application, and especially the control of the dose. The accurate control of the dose is
vital, in order to induce eustress conditions, but not distress. Distress, potentially
leading to reduced biomass yields and/or blemished produce would lead to a loss of
value. Another consideration is that no residue of the stressor is left behind, which
would impinge on suitability of the produce for human consumption. UV-B is a
strong candidate stressor that can be (and is) used in commercial, horticultural
settings. There are two distinct approaches to manipulate UV-B radiation. In
essence, in UV-B exclusion studies, solar UV radiation is attenuated using
wavelength-specific filters (e.g., cladding material in case of protected cropping),
whereas in UV-B supplementation studies, plants are exposed to supplementary,
artificial UV-B irradiation generated by UV-B lamps [83]. In the case of supple-
mental UV-B, the UV-B dose can be easily and accurately controlled by wiring the
UV tubes via a timer or appropriate dimmer, and treatments can be stopped when-
ever required and without leaving a residue. Indeed, another advantage of UV-B
applications is that any “treatment” can be instantaneously terminated (i.e., compare
with lasting impact chemical plant growth regulators once taken up by the plant).
Current advances in the development of UV-transmitting cladding materials, but
also UV-emitting LEDs are rapidly advancing opportunities for precision manipu-
lation of UV spectra.

Low doses of UV-B have been demonstrated to cause altered gene expression
[64, 68], and altered accumulation of secondary plant metabolites [1, 13, 19, 84], in
the absence of distress. Macroscopic damage, accumulation of damaged DNA, and
inactivation of the photosynthetic machinery indicate distress, but these are typi-
cally associated with high levels of UV-B and/or low levels of accompanying
photosynthetically active radiation (PAR) [81]. A review of UV-B effects by the
United Nations Environment Programme (2011) reported minimal effects of
ambient UV-B on biomass accumulation [85]. Thus, UV-B is more a regulatory
environmental parameter, than a stressor [86].

14.5 Structure-Differentiated Response to UV-B

Low levels of UV-B can cause distinct changes in the plant’s secondary metabolism
resulting in the accumulation of a broad range of secondary plant metabolites
[1, 12, 13, 84]. Best documented is the UV-B mediated accumulation of flavonoids
which have, in planta, both ROS scavenging and UV-screening activities [84].
UV-B radiation has frequently been observed to disproportionally increase accu-
mulation of the more hydroxylated flavonoids, i.e., quercetin to kaempferol ratios
increase [16, 84]. Flavonoids with multiple hydroxyl groups have particularly good
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ROS scavenging activity [87], and for this reason quercetin and luteolin are con-
sidered better ROS scavengers than kaempferol and apigenin [84].

Another group of metabolites that has been studied extensively in the context of
UV-B acclimation is the glucosinolates [19, 53]. These sulfur- and nitrogen-
containing compounds have been found to be induced by UV-B exposure under
both pre- and postharvest conditions in a range of plant species. Specific aliphatic or
aromatic glucosinolates accumulate, depending on species, UV-B dose, and
developmental stage, and accumulation is either constitutive or transient [19].

14.5.1 Flavonoids and Other Phenolics

Flavonoids of plants are divers and naturally occur as flavonoid glycosides. Based
on aglycones they can be divided into six groups (flavanols, flavanones, flavones,
flavonols, anthocyanidines, and isoflavonoids); more than 6,500 structures are
known due to hydroxylation, glycosylation, acylation, or methoxylation [87–92].
Key flavonoid biosynthesis genes are regulated by UV-B [59] and flavonoids
accumulate in a range of cellular compartments, including cell walls, vacuoles,
chloroplasts, nucleus, and in trichomes [84]. Intracellular accumulation at sites of
ROS production (e.g., chloroplast) highlights the important antioxidant properties
of this class of metabolites [93]. Flavonoid compounds have received considerable
attention because of the potential health-promoting properties of these compounds
for human consumers. Nevertheless, it should be considered that some phenolic
compounds also have undesirable properties such as, for example, methyl eugenol
in sweet basil (Ocimum basilicum) which has both carcinogenic and teratogenic
properties [94–97]. The message is that, notwithstanding our general knowledge
about UV-mediated upregulation of flavonoid biosynthesis, there is a need to learn
much more about the upregulation of specific flavonoid compounds. Indeed, not all
flavonoid compounds are similarly induced. The effect of UV-B is modified by
UV-B dose, the structure of the flavonoids and other phenolics, and further envi-
ronmental factors such as PAR and temperature.
Response of flavonoids and other phenolics dependent on UV-B dose
Ambient and increased UV-B radiation, up to 24 kJ m−2 d−1, is able to modify the
flavonoid profile of different plant species. The biosynthesis of flavonoids and phe-
nolics seems to be dependent on a threshold [98]. Strawberries (Fragaria× ananassa)
grown under higher UV-B levels have higher concentrations of total phenolics,
anthocyanins, and phenolic acids [99]. In Lollo Rosso lettuce (Lactuca sativa var.
crispa) a strong negative correlation between UV-A and UV-B doses and the con-
centration of total phenolics and anthocyanins was demonstrated [100]. Increased
concentrations of flavonoids and a higher antioxidant activity were found in Lollo
Rosso lettuce grown under UV-transmitting polytunnels compared to greenhouse
plants [101]. Often quercetin and ortho-dihydroxylated flavonoids are enhanced,
while kaempferol and ortho-monohydroxylated flavonoids remain unaffected by
UV-B or higher intensities of solar radiation [84, 102–105]. In the majority of studies
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ambient doses of UV-B radiation lead to an enhanced quercetin to kaempferol ratio
[103, 105–109] in Arabidopsis thaliana, annual vegetables and ornamentals.
A dose-dependent reaction of C-flavonoids (such as vitexin or orientin) was shown in
callus cultures of passion flower (Passiflora quadrangularis), where additional UV-B
application with the lowest and the highest radiations led to a smaller increase than
exposure to an intermediate dose of 25.3 kJ m−2 d−1 [110]. In contrast, in several
studies the quercetin and kaempferol glycosides aswell as naringenin glycosides were
not enhanced by additional UV-B radiation in the mountain plants arnica (Arnica
montana) and mountain birch (Betula pubescens ssp. czerepanovii) [21, 111], but the
polyhydroxylated myricitin glycosides were increased in mountain birch [111].
Quercetin and its glycosides and kaempferol and most kaempferol glycosides were
shown to be enhanced after additional UV-B radiation in broccoli (Brassica oleracea
var. italica) and canola (Brassica napus) [112, 113]. Flavonols were shown to
increase faster and to higher concentrations than the related anthocyanins in apples,
and the antioxidant activity of the apple fruit was highly correlated to this increase
[114, 115].

Phenolic acids are less affected by UV-B radiation. Neither Morales et al. [107]
nor Antilla et al. [111] found an effect of less than ambient UV-B radiation on
caffeoylquinic acid in silver birch (Betula pendula) and mountain birch. However,
Tegelberg et al. [116] demonstrated an increase in caffeoylquinic acid in silver birch
exposed to slightly above-ambient UV-B radiation. No influence of UV-B was
found for other hydroxycinnamic acids when investigating effects of ambient or
additional UV-B [103, 111, 116]. For example, in pak choi, malates of hydrox-
ycinnamic acid were not enhanced by supplemental UV-B radiation at higher
temperatures (22 °C) [117].

Moderate UV-B radiation, less than 5 kJ m−2 d−1 [118], is known to upregulate
genes encoding enzymes of the phenylpropanoid pathway [61, 71]. The impact of
moderate UV-B during cultivation is less investigated [19]. Only a few publications
describe targeted low or moderate UV-B radiation treatments to increase the level of
flavonoids in preharvest [107, 111, 119] and postharvest [12, 120] produce.
Flavonols, anthocyanidines, and hydroxybenzoic acids increased in blackcurrant
fruits (Ribes nigrum) exposed to three moderate, short-term UV-B doses, whereas
the hydroxycinnamic acids increased only with the highest dose applied [120].
Furthermore, moderate UV-B as postharvest treatment increased the total phenolic
concentration in inflorescences and seeds of nasturtium (Tropaeolum majus), but not
in the leaves [12]. In kale exposed to single doses of moderate of UV-B radiation
(less than 1 kJ m−2 d−1 UV-BBE (biological effective UV-BBE calculated with the
generalized plant weighting function), investigated quercetin glycosides decreased
under UV-B. In the case of kaempferol glycosides the amount of sugar moieties and
the flavonol glycoside hydroxycinnamic acid residue influenced the response to
UV-B [8]. For example, the monoacylated kaempferol tetraglucosides decreased
with additional UV-B, whereas the monoacylated kaempferol diglucosides increased
strongly with doses of 0.88 kJ m−2 d−1 UV-BBE. Furthermore, the hydroxycinnamic
acid glycosides disinapoyl-gentiobiose and sinapoyl-feruloyl-gentiobiose were
enhanced in a dose-dependent manner under UV-B. In a second experiment
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investigating the interaction of moderate UV-B radiation and temperature on
structurally different phenolic compounds in kale, levels of monoacylated quercetin
glycosides were increased by higher UV-B and temperature [121]. Concomitantly,
enhanced mRNA expression of flavonol 3′- hydroxylase was found under the same
conditions (Fig. 14.2). The response of acylated kaempferol glycosides was more
diverse and dependent on the hydroxycinnamic acid residue and the number of
glucose moieties in the 7-O position. The hydroxycinnamic acid derivatives itself
were hardly affected by UV-B radiation or temperature. However, moderate UV-B
can enhance caffeoylquinic acid in apples (Malus domestica) [119].

Response of flavonoids and other phenolics dependent on the chemical structure3
Recent studies underline the structure-dependent response of flavonoids and
other phenolics to UV-B radiation. For flavonoid glycosides there are structural

Fig. 14.2 Percentage changes of a representative quercetin glycoside in kale in plants treated with
subsequent doses of moderate UV-B compared to the nontreated control plants (a); Percentage
changes of the relative transcript abundance of Brassica oleracea-F3′H in plants treated with
subsequent doses of moderate UV-B compared to the nontreated control plants (b) [25]; *
represents significant differences (p ≤ 0.05 by Tukey’s HSD test) between treated and nontreated
plants at each dose
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characteristics regarding the aglycone, the glycosylated sugars, and the acylated
phenolic and organic acids.

Quercetin glycosides have a higher antioxidative activity than their corre-
sponding kaempferol glycosides [122]. Consistently, quercetin glycosides were
increased stronger in response to UV-B in various species, e.g., silver birch, willow
(Salix myrsinifolia), or Arabidopsis thaliana [1, 106, 107, 123, 124]. In canola the
quercetin glycosides were enhanced when exposed to higher UV-B levels while the
kaempferol glycoside displayed additional changes dependent on their acylation
pattern [113]. In peppermint (Mentha × piperita) the concentration of narirutin was
decreased by UV-B whereas the related compounds eriocitrin and hesperidin were
increased [125]. In contrast, naringenin chalcone increased in the peel of tomato
(Solanum lycopersicum) fruits exposed to UV-B [126]. In the two mountain spe-
cies, arnica and mountain birch, that are adapted to higher UV-B levels neither
quercetin nor kaempferol glycosides were affected by higher UV-B levels [21, 111].

The particular sugar moiety bound to the aglycone does not lead to different
reactions of flavonoid glycosides to UV-B in silver birch seedlings. Levels of the
flavonol glycosides quercetin-3-galactoside, quercetin-3-rhamnoside, and
kaempferol-3-rhamnoside increased with higher UV-B radiation, whereas the
myricetin glycosides did not respond, independently of the sugar moiety glycosy-
lated [116]. However, glycosylation of flavones with a glucose molecule in different
clones of willow increased under higher UV-B levels whereas luteolin and apigenin
glucuronides were not affected by UV-B [127]. Recent studies have also started to
reveal UV-B specific effects on flavonoid glycosylation patterns. The flavonoid
glycosylation pattern is markedly influenced by exposure to low doses of UV-B as
shown for kaempferol glycosides in kale [8]. While monoacylated kaempferol
tetraglucosides decreased following exposure to a single dose of up to
0.88 kJ m−2 d−1 UV-BBE, the monoacylated kaempferol diglucosides increased
strongly under the same dose. For example, in Arabidopsis exposed to low doses of
UV, di- and triglycosides accumulate, with a preponderance of 7-rhamnosylated
flavonols [16]. The accumulation of specific flavonoid glycosides appears to be an
intrinsic part of the UV-B response, with expression of several UDP-
glucosyltransferases being directly controlled by UV-B [68]. Rather paradoxi-
cally, glycosylation decreases the antioxidant activity of flavonoids as well as
affecting accumulation, stability, and solubility of flavonoids [128, 129].

The response of flavonoid glycosides is dependent on the type of phenolic acid
that is acylated to the flavonol glycoside (mainly hydroxycinnamic acids). In pak
choi, total flavonoid levels increased with exposure to additional UV-B but
kaempferol glycosides acylated with ferulic, hydroxyferulic, or sinapic acid did not
respond to UV exposure at 22 °C [117]. In kale it was shown that the structural
characteristics of the hydroxycinnamic acids themselves have an impact on
response to UV-B [121]. While the levels of caffeic acid and hydroxyferulic acid
monoacylated kaempferol triglycosides (containing a catechol structure) were
increased with exposure to higher UV-B radiation, the ferulic and sinapic acid
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monoacylated kaempferol triglycosides (no catechol structure) were not affected. In
canola, the nonacylated kaempferol-3-O-sophoroside-7-O-D-glucoside increased
with the additional UV-B, while the sinapic acid monoacylated kaempferol gly-
coside did not respond [113]. The nonacylated and the acetic acid monoacylated
apigenin glycosides of chamomile flowers (Matricaria chamomilla) were increased
at higher altitudes (corresponding with higher UV-B levels) while the acetic acid
diacylated apigenin glycosides were hardly changed [130].

Also phenolic acids respond to higher levels of UV-B radiation in a
structure-dependent manner. Harbaum-Piayda et al. [117] described that caffeoyl-
malate, hydroxyferuloylmalate, coumaroylmalate, feruloylmalate, and sinapoyl-
malate in pak choi were not affected by higher UV-B radiation at higher
temperatures (22 °C). In silver birch, different hydroxycinnamic acids including
most caffeoylquinic acid derivatives and salicylic acid derivatives were also not
affected by additional UV-B radiation [111, 116]. Tegelberg et al. [116] showed an
increased concentration of 5-caffeoylquinic acid in silver birch, while the concen-
tration of 3-caffoeylquinic acid was not affected. However, investigations of
blackcurrant fruit by Huyskens-Keil et al. [120] revealed an increase in hydrox-
ycinnamic acids with a single dose of moderate UV-B radiation (up to 5 kJ m−2 d−1).
The hydroxycinnamic acid derivatives of kale (caffeoylquinic acid disinapoyl-
gentiobiose and sinapoyl-feruloyl-gentiobiose) were hardly affected by subsequent
doses of UV-B radiation [121], but a single moderate UV-B dose led to a slight
decrease of caffeoylquinic acid but an increase of disinapoyl-gentiobiose and
sinapoyl-feruloyl-gentiobiose [8]. Hydroxycinnamic acids were previously shown to
act as scavengers to ROS induced by UV-B radiation [89]. In tomato fruit, caffeic
acid, ferulic acid, and p-coumaric acid were higher in plants exposed to UV-B
compared to plants without UV-B exposure [126, 131].

14.5.2 Glucosinolates

Glucosinolates, the characteristic defense compounds in the order Brassicales, are
sulfonated thioglycosides sharing a common glycone moiety with a variable agly-
cone side chain [53, 132]. Based on the side chain structure, glucosinolates are
divided into three classes: aliphatic, indolyl, and aromatic glucosinolates. Different
chemical glucosinolate structures have been proposed to exhibit different biological
activities. As outlined previously, the production of flavonoids and related phenolic
compounds as a response to UV-B in several plant species has been well docu-
mented [8, 23]; however, less is known about the response of other nonvolatile
compounds such as glucosinolates to UV-B. Most studies in the past used a fairly
high UV-B irradiation levels (>15 kJ m−2 day−1) as stress factor resulting in plant
damage and jasmonic acid-related ROS response, that are likely to be unusual in the
nature [133]. However, recent studies have also highlighted that ecologically
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relevant low UV-B levels can trigger the induction of phenolic compounds and the
accumulation of glucosinolates in Brassicaceae as demonstrated for broccoli and
nasturtium [12, 53]. While in particular high UV-B fluence rates induce jasmonic
acid defense and wound signaling, below ambient UV-B levels have been shown to
induce salicylic acid pathway signaling response and expression of genes encoding
for pathogenesis-related proteins such as PR-1, PR-2, PR-4, and PR-5 along with
PDF1.2 (PLANT DEFENSIN 1.2) [53, 76, 134]. Low ecologically relevant UV-B
levels have been shown to confer regulatory properties [61] and may trigger distinct
changes in the plant defense metabolism [19] and may prime plant defense responses
[53]. Already a moderate ecologically relevant dose of about 1 kJ m−2 d−1 UV-B for
5 days increased aliphatic glucosinolate levels in broccoli sprouts and subsequently
led to decreased host plant suitability for the aphid Myzus persicae (Sulzer) and the
Lepidoptera Pieris brassicae L. [48]. Low to ambient UV-B doses elicited an
increase of aliphatic glucosinolates in Arabidopsis thaliana and broccoli sprouts and
an aromatic glucosinolate in T. majus (Table 14.1). Accordingly, the plant suitability
to aboveground insect herbivores was changed in broccoli and A. thaliana [53, 135].
In particular the related hydrolysis products of glucosinolates—released by the
enzyme myrosinase—are known to have functions in plant resistance against insects
and pathogens [136–138]. Using different UV-B exclusion films it has been shown
that the glucosinolates and myrosinases response depends on leaf age in a
species-specific manner [103]. The authors concluded that compared to old leaves,
young leaves (rich in nitrogen and soluble protein) were efficiently protected from
UV light due to high flavonoid and glucosinolate amounts in Sinapis alba, or
enhanced flavonoid levels and myrosinase activities in Nasturtium officinale.

Glucosinolates are not directly involved in UV protection, but UV-B-mediated
effects on glucosinolates are conceivable, since these compounds are involved in
the common plant defense response regulated by the two major signaling pathways
[19, 53, 139]. Indeed, low to moderate ambient UV-B doses induced specifically
the accumulation of 4-methylsulfinylbutyl glucosinolate and 4-methoxyindol-3-
ylmethyl glucosinolate in broccoli and A. thaliana (Table 14.1), which was distinct
from the glucosinolate response elicited by chewing insects involving the jasmonic
acid-induced accumulation of 1-methoxyindol-3-ylmethyl glucosinolate [137].
Since studies on supplemental UV-B effects on accumulation on individual
glucosinolate in Brassicaceae are rare, a comparison to other studies is a difficult
task. However, Nadeau et al. [140] showed that 4-methoxyindol-3-ylmethyl glu-
cosinolate, 4-hydroxyindol-3-ylmethyl glucosinolate, and 4-methylsulfinylbutyl
glucosinolate accumulated in broccoli florets in response to exposure to a hormetic
dose of UV-C.
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14.6 Tailor-Made UV-B Induction of Secondary Plant
Metabolites by UV-B LEDs

The use of LEDs for plant growth lighting or targeted triggering of certain plant
properties is a new approach in the horticulture research and the related industry
which attracted much interest in the last years [141]. Besides the large-scale veg-
etable production in greenhouses or other facilities, where an optimized lighting
spectrum from LEDs can accelerate the growth and harvest rhythm, other more
research oriented applications, like the presented work in this chapter are under
development.

14.6.1 Current State of Research: UV-B Light-Emitting
Diodes for Plant Lightning

Until the publication date of this book there have been published just prelimary
research studies on the influence of narrow-band UV-B radiation from light-
emitting diodes on secondary plant metabolites or other plant properties [142]. The
plant response to the emission of conventional UV-B sources is already under
investigation and selected articles are discussed earlier in this chapter. However,
there is only little knowledge about the plant response to UV radiation from LEDs
beyond the UV-B range. For example, Li and Kubota [143] have shown that white
light complemented by near-UV radiation with a peak at 373 nm can enhance
anthocyanin accumulation in baby leaf lettuce during growth.

14.6.2 Advantages of UV-B LEDs for Targeted Triggering
of Plant Properties

Most UV radiation-triggered photobiological processes are limited by a lack of
UV-B and UV-C radiation within the earth atmosphere, i.e., corresponding radia-
tion stresses the plant. The efficiency of many of these UV-triggered processes has a
spectral dependence with single or multiple absorption maxima in the UV spectral
range. To selectively trigger a certain photobiological process and efficiently use the
radiation of a UV source a narrow emission spectrum with a peak wavelength
perfectly fitting to the efficiency maximum is needed.

The efficiency for triggering the production of the discussed secondary plant
metabolites, particularly flavonoids and glucosinolates, by UV light is supposed to
have local maxima in the UV-B spectral region [12]. Until now, researchers have
used conventional UV-B radiation sources with a broad emission peak in the UV-B
spectral region, such as low-pressure mercury gas-discharge fluorescent lamps with
a phosphor coating to convert UV-C radiation into a broadband UV-B radiation
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between 280 and 360 nm (Fig. 14.3—fluorescent lamp). Because of the broad
emission spectrum it is not possible to obtain a differentiated plant response to UV
radiation of a certain wavelength. Furthermore, an unwanted cross talk or even
harmful stress from UV radiation of different wavelengths on certain secondary
plant metabolites or other plant properties is possible [19, 86].

One option to study spectral dependencies is the use of an optical band-pass filter
whose transmission is limited to a particular wavelength range. However, the
performance of commercially available filters is limited in terms of damping ratio
and position of the center wavelength. Moreover, the development of a specific
filter with tailored transmission is quite expensive, especially when considering
large-scale adoption to greenhouses or even larger plant growth facilities.

Figure 14.3 shows the emission spectra of different UV-B LEDs and of a
low-pressure mercury gas-discharge lamp with phosphor coating. The UV-B LEDs
have a narrow emission spectrum (full width at half maximum * 10 nm) without
any side peaks. The peak wavelength of the shown spectra is 290, 300, and 310 nm,
respectively. However, by adjusting the (InAlGaN-) material composition in the
active region of the LED every wavelength within the UV-B spectral region can be
reached. Besides the advantages for the photobiological processes, a narrow and
perfectly fitting emission spectrum is more efficient in terms of energy conversion.

As many photobiological processes in plants are very sensitive to UV-B radi-
ation, a high fluence rate can harm the plant significantly. The stress on the plant
can be reduced by lowering the exposure time and/or decreasing the optical power
to an adequate level. However, the output power of conventional UV-B radiation
sources is relatively high and can only be varied within a small range without using
optical filters. In contrast, the optical power of LEDs is adjustable over a wide range
by simply changing the operation current. Another superior property of UV LEDs is
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Fig. 14.3 Emission spectra of a conventional UV-B radiation source used in studies for triggering
secondary plant metabolites and UV-B LEDs with peak wavelengths between 290 and 310 nm
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their compact size. With chip sizes of less than 0.4 mm3 or fully packaged of about
100 mm3 they allow compact and space-saving module constructions for new ways
in plant lighting.

Conventional as well as diode-based UV sources produce large amounts of heat
during their operation, due to low conversion efficiency. The problem with con-
ventional sources like gas-discharge lamps is that there is no technological relevant
solution to dissipate the heat from the lamp. Thus the heat is radiated toward the
plant, which eventually can have negative impacts on its properties. In contrast,
using a clever thermal management, for example, by implementing a heat sink or
active air/water cooling, the heat from the LEDs can be dissipated efficiently.

In the next section, a novel approach of UV-B LED implementation to an
experimental plant growth setup will be discussed.

14.6.3 Experimental Setup for Targeted Triggering of Plant
Properties by UV-B LEDs

A lighting module consisting of twelve 310 nm LEDs was developed for first
experimental studies on the effect of UV-B radiation from AlGaN-based LEDs on
the production of secondary plant metabolites in Arabidopsis leaves and broccoli
sprouts. The LEDs are so-called research-grade samples manufactured by Sensor
Electronic Technology, Inc. with an average optical output power of 1.01
mW ± 0.13 mW at a drive current of 50 mA. Due to the lambertian radiation
characteristic of the used LEDs, which is marked by significant optical powers even
at large angles, UV reflectors were implemented to focus the entire emission power
to the target area. The 12 LEDs including reflectors are positioned on an aluminum
heat sink in a way to homogenously illuminate a target area of 20 cm × 30 cm.
Using this module construction a homogenous irradiance of ≥0.1 W m−2 (equal
to ≥ 0.36 kJ m−2 at 1 h of exposure) was obtained at a working distance of 30 cm.
Figure 14.4 shows the UV-B LED module, which was placed in a growth chamber
to keep the plants under highly controlled growth conditions that are optimized for
photosynthesis and growth.

Preliminary tests already showed that there is an influence on the production of
secondary plant metabolites in Arabidopsis leaves and broccoli sprouts.
Additionally, the UV radiation-induced stress was minimized by adjusting the
intensity. For example, 5 h UV-B exposure increased the total glucosinolate content
from 3.0 mg g−1 dry matter of untreated Arabidopsis control plants up to
5.2 mg g−1 dry matter in leaves of treated plants, 24 h after UV-B application.

Besides this small-scale research-oriented design, other configurations of
UV LED modules are imaginable, particularly when considering the worldwide
implementation of LED-based solid-state lighting in horticulture industry. Many
greenhouses and plant-fabrication facilities, where the plants are never exposed
to sunlight, started to change their artificial illumination from conventional
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gas-discharge lamps to LEDs. Especially, the vertical layering of growth chambers
is a new trend to use a given limited space as efficiently as possible and compact
LED modules are the perfect lighting source for such an application.

14.7 Outlook

This chapter examined the feasibility of low-dose, but ecological relevant UV-B
application as emerging technology for enhancing health-promoting secondary
plant metabolites in freshly consumed plant products demonstrated by various
fruits, vegetables, herbs, and ornamentals as well as perennial species. Optimizing
concentrations and profiles of secondary plant metabolites by targeted and also
novel, tailor-made narrow-band UV-B applications will add health value and
subsequently generate new opportunities for growers and processors by achieving
the health-oriented food market.

Implementing plants in biomanufacturing systems for producing and extracting
single or multiple functional secondary plant metabolites as bioactive additives in
functional foods and nutraceuticals can be promoted by UV-B elicitation treat-
ments. However, this targeted induction of individual secondary plant metabolites

Fig. 14.4 UV-B LED module with homogenous radiation pattern, peak wavelength = 310 nm,
and irradiance ≥ 0.1 W m−2, for plant response experiments (here with broccoli sprouts)

14 UV-B Elicitation of Secondary Plant Metabolites 405



requires detailed knowledge of key regulatory steps within the biosynthetic path-
way of each secondary plant metabolite in order to optimize specifically the desired
secondary plant metabolite.
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Chapter 15
Application of LEDs for UV-Curing

Christian Dreyer and Franziska Mildner

Abstract Curing resins by ultraviolet radiation from LEDs is an emerging field in a
wide range of applications and offers many advantages compared to thermal poly-
merization, such as high reaction velocity, solvent-free formulations, low energy
consumption, and the operation at ambient temperature. Due to additional benefits
like the use of discrete wavelengths, lower heat emission, smaller dimensions, more
flexible geometries and the comparatively very low power consumption, UV-LEDs
were already proved as good alternatives for commonly used photocuring units
based on established mercury-vapor bulbs. By individually adapting the interaction
of chemicals, photoinitiators, formulation, and light source many distinct tailor-
made polymer formulations are developed for coatings, inks, adhesives, composites,
and stereolithography.

15.1 Introduction

Over the last decades UV radiation curing technology has become an evolving field
in several applications especially in the coating industry [1]. Depending on the
product, e.g., printing plates, optical disks, fiber coatings, and inks as well as
adhesives and composites the required photocurable polymers should possess dif-
ferent features. Basically, during a curing reaction a liquid resin is transformed into
a highly crosslinked polymer. Therefore, typically four basic components are
necessary: (1) A photoinitiator (PI) being cleaved into a reactive species (radical or
cation) by the absorption of ultraviolet light, (2) a functionalized oligomer which
provides the backbone of the resulting polymer (3) a multifunctional component
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acting as a crosslinker to increase the network density and (4) a mono- or multi-
functional monomer acting as a diluent during the reaction to control the viscosity
of the mixture and being incorporated into the network afterwards (Fig. 15.1) [2].

Light-induced polymerization offers distinct advantages compared to thermal
curing such as the high speed of the reaction, a solvent-free formulation, low energy
consumption, and polymerization at ambient temperature. UV-curable formulations
often show significantly longer shelf-lifes than thermally curable systems, as far as
those are kept away from UV-light, which can be easily achieved by storing the
resins in non UV-transparent containments. Despite these advantages a number of

(a)

(b)

(c)

Fig. 15.1 Principle of radical UV-curing reactions. a Photoinitiator molecules are excited by the
absorption of UV radiation leading to the formation of free radicals. The depth of light penetration
depends on its wavelength: longer wavelengths are able to deeply penetrate the material.
b Monomer and Oligomer molecules are attacked by the photoinitiator radicals and a
polymerization is initiated. At the surface the process is inhibited by the presence of oxygen
acting as a radical scavenger. c After the chemical reaction between the components is completed a
cured resin is left. Owing to the formation of new bonds the polymer shrinks during the process.
The quenching of initiator radicals by oxygen can result in an uncured “tacky” surface (Source
Fraunhofer PYCO)
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aspects have to be considered when developing a new formulation for a distinct
application and how they can affect the chemical and mechanical properties of the
resulting material. In the following, some basics and applications of UV-curing in
general and UV-LEDs in particular should give an insight into the technology of
curing polymers by UV radiation.

15.2 Light Source

Apart from the chemical properties of the resin, the diluent monomer and potential
additives, the light source and the corresponding photoinitiator (PI) play a key role
providing the initial step of the polymerization process. Conventional light sources
for UV-curing like pressure vapor lamps containing mercury or noble gases are
emitting a broad multiple line spectrum. These types of lamps operate at very high
temperatures and the major part of energy is wasted as heat (and visible light) which
also reduces the lifespan of the bulb due to degradation. For an effective activation
of the PI a huge overlap of its absorption spectrum with the emission spectrum of
the light source is advantageous. Hence, a large amount of radiation is useless, if
there is no absorption of the PI in this distinct wavelength range [3].

Moreover, the produced heat can have undesirable effects on the polymerization,
up to thermal degradation of the polymer to be cured. However, the use of LEDs
can overcome these disadvantages. The light emitted by these has a relatively
narrow wavelength range which can be tailored for a distinct PI resulting in a
maximum absorption. No overheating can occur because the absence of infrared
radiation emission. This results in a long lifetime of the diode (adequate thermal
management of the LED and the corresponding electronics assumed) and a low
power consumption enabling the use of a battery power supply and the develop-
ment of small mobile devices. For achieving a successful curing of photopolymers
three main issues regarding the light source have to be taken into consideration: The
wavelength of the light to reach an effective absorption by the PI, the irradiance,
i.e., the power density of the radiation and the duration of light exposure on the
specimen. For this reason, often not single LEDs are used for curing polymer resins
but modules consisting of several of these light sources, as shown in Fig. 15.2.

The first generation of UV-LEDs showed only low irradiances leading to
inadequate polymerization or required considerably longer exposure times [4–6] but
recent developments are very promising. The group of Vandewalle et al. compared
five LEDs with a halogen lamp for the curing of hybrid and microfilled composite
resins at distances between 1 and 5 mm and irradiances between 598 and 1390
mW/cm2 (at 1 mm). Although the LEDs differ among each other they generally
provided similar or even better curing results than the halogen curing unit at a
distance of 5 mm. Moreover, the divergence angle of the light was correlated to the
degree of polymerization as indirectly proportional at longer distances (5 mm) [7].
All these studies were carried out with LEDs emitting light that is suitable for
camphorquinone, a typical PI for the curing of dental materials with its maximum
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absorption band at about 470 nm, and hence already in the visible (blue) wave-
length region.

The curing of acrylate formulations by commercial UV-LEDs in comparison to
conventional light sources was examined by Neckers et al [8]. They tested the
coating (film thickness: 100 µm) of wood, poly(carbonate), and a corrosion resistant
metal paint (film thickness: 150 µm) cured by an H-bulb (emitting from 240 to
320 nm), a Xe-lamp as well as a 395 nm UV-LED module and a single 5-mm
395 nm UV-LED, having a lower output power. The fastest curing in all cases was
achieved by the common H-bulb but the same degree of double bond conversion by
the other light sources was reached at the latest after 20 s, even though with both the
Xe-lamp and the UV-LED already 90 % of the maximum conversion was
reached after 2 s. As expected the 5-mm LED underperformed in comparison to the
others due to its lower irradiance output but converted nearly the same amount of
double bonds as the H-bulb after 30 s. These results suggest the comparability of
the UV-LED and the Xe-source which could also be seen in the material properties
of the cured coatings: Both light sources resulted in a slightly tacky surface in the
case of wood and poly(carbonate) coating but not for the pigmented anticorrosive
metal paint. This tackiness results from an incomplete curing and has of course an
effect on some material features associated with the degree of curing like the surface
hardness. However, other properties like cross-hatch adhesion, solvent resistance,
gloss, and abrasion resistance were the same depending on the type of substrate
coated but not on the type of light source.

In summary, UV-LEDs are suggested as an acceptable alternative to conven-
tional UV-light emitting sources [8, 9]. Another important factor in the choice of
the light source is the thickness of the coating. Curing by radiation is only appli-
cable to relatively thin layers. The curing process is initiated on the surface where
the first reactive species are generated and in the following the polymerization starts
which changes the viscosity of the mixture due to the increase of the molecular
weight distribution of the oligomers, forming an unsoluble network when reaching

Fig. 15.2 Different UV-LED modules (pictures by courtesy of OSA Opto Light GmbH)
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the gelation point. This inhibits the curing process and light of a longer wavelength
is necessary that is able to penetrate the surface and leads to a complete curing. In
principle, UV-LEDs are suitable for curing processes that are until now performed
with common broad spectrum light sources but at least two wavelengths, one in the
far UV for the initiation of the curing (and the surface curing) and one in the near
UV for the deep curing, have to be emitted [10]. Furthermore the curing is influ-
enced by the optical properties of the resin influencing the light absorption, e.g.,
shade, translucency, the type, and/or constitution of PI, filler particle types and
sizes, pigments, and any kind of additive and their distribution, having influence on
absorption, refractive index etc.

15.3 Chemistry and Mechanisms

Basically, a UV-curing reaction represents a chain polymerization consisting of
three steps: initiation, propagation and termination. In the first step, a PI absorbs
light and either a radical or a cation is formed depending on the type of poly-
merization. These species are able to attack reactive moieties of a monomer or an
oligomer being transformed into reactive centers themselves. Repeating this
propagation step leads to the formation of a polymer chain whose growth is ter-
minated by any recombination of the present radicals as shown in Fig. 15.3.

To achieve a fast and effective curing, the choice of PI is important because of its
responsibility for the initial step and the depth cure by its absorbance characteris-
tics. These molecules should have ideally a large absorbance and a short lifetime to
prevent quenching by oxygen or the diluent monomer especially for radical poly-
merization. The initiation rate (r) is a function of the absorbance (A) of the PI, the
quantum yield of initiating species formation (θ), and the light intensity (I0):
r ¼ hI0 1� exp �Að Þ� �

.
As can be seen by this formula the initiation rate can be increased by a higher light

intensity or a higher absorbance. According to the Lambert-Beer law, the absorbance
is directly proportional to the sample thickness, the initiator concentration, and its
absorption coefficient [11]. For the curing of an acrylate system models do predict
both, the existence and the location of the optimal photoinitiator concentration;
the corresponding cure depth displayed good correlation with the experiment [12].

I hν 2 I

I + R IR

IR + R' IRR'

2 IRR' IRR'R'RI

Radical Formation

Initiation

Propagation

Termination

Fig. 15.3 Steps of a radical reaction (I initiator; R, R′ organic side chain)
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The most common photoinitiators can be divided into three classes: The first type of
PI forms radicals by simple photocleavage, i.e., aromatic keto compounds undergo a
C–C bond cleavage when relaxing from the excited state and two radicals are
formed. The fragmentation can occur in the α- or β-position as well. Most of them are
based on the acetophenone (benzoyl) fragment (Fig. 15.4).

Radicals of the Type II originate indirectly from the PI. When the PI, e.g., a
benzophenone derivative, is excited by light it splits hydrogen from a co-initiator
and the latter becomes the actual initiator itself afterwards. As chromophores
benzophenones, xanthones, benzils, etc. are utilized (Fig. 15.5). In many applica-
tions tertiary amines have become important co-synergists because of their great
reactivity and ability to trap oxygen. However, the use of amines could also have
adverse effects like yellowing of the polymer or reducing its hardness and gloss.
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The third class contains initiators for cationic polymerizations represented by
onium salts consisting of an organic cation, like diaryliodonium or triarylsulfonium,
and an inorganic anion. In the presence of a hydrogen-donor protonic acids are
generated in succession of their photolysis. Subsequently, these protons attack the
functional groups of the monomers to induce a polymerization (Fig. 15.6).

While the cation is the photosensitive part and controls the absorptivity and the
quantum yield, the anion determines the strength of the corresponding acid formed
and therefore the reactivity of the propagation step. The initiator can be tuned, since
the absorption band of the cation is variable by chemical modifications [13] and the
acidity of the corresponding proton-donor is related to its size [14]. The monomer
or oligomer is attacked by these protons to generate a cation able to attack another
molecule (Fig. 15.7).

Radical photopolymerization is generally applied to multifunctional acrylates
and light-induced cationic polymerization occur with monomers that are insensitive
toward radicals like multifunctional epoxides and vinyl ethers, unsaturated polye-
sters, styrene, cyclic ethers, cyclic acetals, and lactones.

Radical reactions run very rapidly and guarantee a fast curing, while cationic
curing is much slower. Nevertheless, cationic polymerization reactions have two
distinct advantages: No inhibition of the polymerization process by oxygen and the
curing continues even in the absence of light because cations do not recombine
(so-called “dark reaction”) [15]. A brief overview of common types of monomers is
given in Fig. 15.8.

R I R AsF6 S R PF6

Arylsulfonium salts

Aryliodonium salts

Ar2I+MtXn
hν *

Ar2I+MtXn

ArI  + MtXn + Ar

ArI    +    Ar+MtXn

H+ MtXn

Fig. 15.6 Scheme for diaryliodonium salt decomposition and examples for cationic photoinitia-
tors [14, 15]
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-H
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Fig. 15.7 Mechanism of the cationic polymerization of an epoxide monomer [14]
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There are several approaches to overcome radical quenching by oxygen. The
most common methods are the use of Type II PIs as mentioned above, other
oxygen scavengers like triphenylphosphine [16] or to work under inert atmo-
sphere, which is expensive. Recently, Studer and colleagues investigated a more
cost-effective alternative for curing acrylates under carbon dioxide atmosphere
showing the best conversion improvements for thin films [17, 18]. Physical
methods are the addition of waxes [19] or covering the sample with transparent
foils. The simplest way to overcome the inhibiting influence of oxygen is to
increase the radiation-intensity. In this way, more radicals are formed which
consume the oxygen molecules. After this induction period, the degree of curing
rises and the surface is hardened building a sealant against further oxygen dif-
fusion into the material. Additionally, the materials change in viscosity lowers the
mobility of the oxygen being trapped in the sample.

Both polymerization processes can also be combined for the development of
hybrid polymers, which can be realized by designing monomers having acrylate as
well as vinyl-ether functions [20–22].

15.4 Kinetics

An important information, especially for industrial applications, is the rapidity of
polymerization that can be estimated by kinetic measurements. With this data
photocurable systems can be evaluated and compared to each other. Analytical
methods are either based on the observation of the chemical conversion leading to a
change in their spectroscopic properties (IR- or NMR-spectroscopy) or the moni-
toring of the samples physical properties like the heat evolved or the change in
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viscosity or refractive index. Especially for ultrafast curing reactions of acrylates
real-time infrared spectroscopy (RT-IR) is an appropriate method to follow the
chemical reaction while getting qualitative and quantitative information as well.
The progress of the curing is proportional to the disappearance of the functional
group absorption band of double bonds (Fig. 15.9).

The amount of unreacted photoinitiator can be estimated by recording an
UV-spectrum. Not only the optical properties of the PI are decisive for the reaction,
but its amount as well. The more PI is added, the more radicals are formed which
leads to a high speed of curing. In contrast, an excessive amount of initiator can
have an adverse effect: In presence of many radicals the probability of a recom-
bination rises resulting only in a short kinetic chain length (KCL). Due to high
crosslinking more effective curing develops with long chains and the mechanical
properties are influenced. Furthermore, unreacted PI can have a negative effect on
the optical features of the polymer and its migration to the surface poses a risk due
to toxicity [23]. The speed of the reaction naturally also depends on the resins
formulation. It is composed in view to the specific application. A general overview
of a coating composition and its functional parts is given in Table 15.1 [24].

Fig. 15.9 Section of infrared spectra recorded of a pigmented resin cured by an UV-LED at
365 nm. The decrease of the double bond absorbance (absorption band 1600–1650 cm−1) is shown
at different distances of the light source (in millimeters) and after variable exposure times (in
seconds)
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15.5 Medical Applications

The use of UV-LED technique as a substituent for common light curing units for
dental applications is well established and a research field of high interest [5–7]. As
mentioned before, the irradiance of the LED units has significantly improved over
the last decade, leading to effective curing results and good mechanical properties
[25]. As an initiator for dental resins most often camphorquinone (CQ) is used with
an amine (A) as co-initiating agent [26]. To achieve an effective adhesion between
enamel and dentin a self-etching primer is required differing in the absorption
maximum. In this case, LEDs with two emission wavelengths are needed otherwise
underperforming of a LED against halogen curing units is caused. This was shown
by the effects on the shear bond strength of several cured dentin bond agents [27].
Apart from the light source the initiating system has also several disadvantages: The
oxidation of amine impurities appearing as yellowing, the lowering of amine-
reactivity due to protonation in the acidic aqueous medium in presence of a primer
and the interaction of both partners is strongly affected by the viscosity of the
system. Therefore, alternatives were investigated but only bisacylphosphine oxides
(BAPOs) are applied until now [28]. Recently, benzoylalkylgermanes were sug-
gested as PIs in dental composites. They were prepared in a simple two-step syn-
thesis in good yields and showed very high extinction coefficients up to 7240 dm2

mol−1 (CQ: 380 dm2 mol−1) at 468 nm wavelength. The polymers of a
dimethacrylate composite containing several inorganic fillers were only slightly
water soluble and low cytotoxic and showed a shelf time of about 4 years at room
temperature. In particular, one of these germanium initiators containing alkyl and
methoxy moieties shows the potential to increase the curing depth and decrease the
curing time of the composites [29]. Dental fillings require the curing of thick layers
up to several millimeters. For this purpose an initiator is beneficial that undergoes
photodecomposition, the so-called “photobleaching”, leading to photolysis products
showing a variant absorption behavior. If these products are more transparent than
the initial PI, the light intensity in the underlying layers is higher which should lead

Table 15.1 General composition of coatings for UV-curing [24]

Component Amount
(wt%)

Function

Oligomers 25–90 Basic film properties, film forming

Monomers
(reactive diluents)

0–60 Viscosity adjustment, film forming

Photoinitiator 1–10 Initiation of curing process

Pigments, fillers 0–60 Improved mechanical properties, coloration, refractive
index tuning, hardness improvement, scratch/abrasion
resistance enhancement, improvement of flame retardancy,
cost reduction

Additives 0–3 Processing behavior and film appearance
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to an enhanced curing, especially for the use of LEDs as light curing unit emitting
nearly monochromatic radiation. The photobleaching of a CQ/amine initiator for
the curing of 3 mm thick specimens of an acrylate mixture containing Bisphenol A
diglycidyl ether dimethacrylate and triethylene glycol dimethacrylate by a 470 nm
LED (intensity: 30, 75, and 140 mW) was investigated. Since the photobleaching
rate was much slower than the fast network formation of the dimethacrylates only a
fifth of the initiator amount was consumed until the polymerization was nearly
terminated. The rate constant for the initiators decay was proportional to the irra-
diation intensity but the decomposition was spatially extremely inhomogeneous
[30]. From a chemical point of view, polymerization is equivalent to the formation
of many covalent bonds, i.e., the previously loose monomers get into close prox-
imity. Therefore, a free volume is generated and the material shrinks during the
reaction which negatively effects the abrasive stability, causes internal stress (up to
7 MPa) [31] and can lead to secondary caries or breakage of the restorative material.
New chemically modified monomers based on multifunctional methacrylates, thiol–
enes, or hybrid composites were developed to reduce shrinkage [24, 32, 33]. The
simplest way to reduce shrinkage is to enlarge the amount of (inorganic) filler added
to dental composites in order to adjust its optical and mechanical properties, i.e., the
improvement of abrasion, esthetics, and radiopacity. Usually inorganic particles like
silica are used for this purpose having the positive side effect of increasing the
curing rate by light scattering. A high compatibility between the filler and the resin
is necessary for ideal mechanical properties of the composite that should mimic the
dental material. Most commonly used examples are materials that provide a cavity
for the resin monomers in order to get an extensive interpenetrating polymer net-
work. Apart from macro- and micro-scale fillers, especially in the last decade,
nanoscaled fillers got in the focus of research, bearing a characteristic high specific
surface. They range from isolated discrete particles from 5 to 100 nm to fused
aggregates with clusters exceeding 100 nm. For the formulation of a composite
clusters seem to be favorable since the content of discrete nano-particles is limited
by its effect on increasing the viscosity to a higher extent [24, 34]. Silanized
nanosilica and porous silanized diatomite added as co-fillers (ratio: 40/60 % wt/wt)
enhanced the mechanical strength, elastic modulus, and microhardness of a com-
mon methacrylate mixture cured by a LED light source. Moreover, TiO2-particles
in the range of 300–400 nm (0.5 wt%) tuned the visual appearance of the samples
by a clear discoloration and additional mechanical strength [35]. Furthermore, the
addition of distinct fillers results in medical benefits by promoting remineralization
or inhibiting bacterial growth [33]. Inorganic antibacterial agents have proved to be
superior to organic ones due to the higher heat resistance, lower surface migration
tendency, and lower toxicity. To overcome their poor dispersion and unsatisfying
color stability, Ag nanocrystals functionalized with oleic acid were introduced into
an acrylate matrix. Thus, a good dispersion of the nanoparticles in organics resulted
and consequently smaller amounts of silver were necessary which has a positive
effect on the restoration shade. Up to 50 ppm weight the mechanical properties were
improved and decreased at higher amounts like the shade as well. In contrast, the
antibacterial performance rises with the amount of silver nanocrystals. Hence, a
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balance between the mechanical, optical, and antibacterial features has to be found
[36].

New light curable resins for medical applications have to be nonhazardous to the
patient with regard to the chemicals used [37–39] as well as the curing process
itself, in particular the light source. To ensure an adequate depth of cure a powerful
light source is needed that can result in an undesired heating of the tooth and the
pulp. Therefore, LEDs with a lower temperature increase can minimize the potential
harm in comparison to halogen-light curing units [40]. Cells exposed to different
dentin-bonding agents either cured by a quartz tungsten halogen lamp or a LED
showed a higher survival rate for the latter. Although the experiments were per-
formed ex vivo they clearly correlate light source and cytotoxicity [41].

An emerging field of research is the development of tissue adhesives promoting
wound healing and reducing the risk of an infection. Until now there are two main
classes of adhesives for biomedical applications. The first one is represented by
synthetic formulations like cyanoacrylate reacting very fast but causes inflammation
in direct contact to the cell. The second is based on biological substances, such as
fibrin, gelatin, collagen, polysaccharides, or biomimetics, all showing a better
biocompatibility but a faster degradation as well as a lower adhesion than the
artificial ones. It has to be found a compromise between adhesion strength and
biocompatibility. Dextran, a glucose polymer that is already applied as plasma
volume expander or wound cleansing and healing agent, was investigated as an
alternative to common bioadhesives. It has already been intensively studied in
tissue engineering because of its low cell-adhesive nature, its ability to form
hydrogels via crosslinking and excellent biocompatibility and degradability. In
order to overcome its insufficient mechanical properties and the long gelation times,
several chemically modified dextrans were tested as potential bioadhesives. The
partial functionalization of its abundant hydroxyl moieties with 2-isocyanatoethyl
methacrylate in different amounts led to a polyurethane derivative with polymer-
izable double bonds. In all cases the specimen were irradiated with 30 mW/cm2 to
balance a rapid polymerization and low cell damage. After 5 min of irraditation a
double-bond conversion of about 80 % was achieved. The UV-photo crosslinked
polymer exhibited an enhanced adhesion strength in comparison to commercially
available fibrin adhesives but still lower than cyanoacrylate [42]. In a further step, a
hybrid network with the inexpensive gelatin was formed leading to an improved
adhesive strength and cytotoxic results [43]. 2 Hydroxyethyl methacrylate (HEMA)
turned out to be a monomer less harmful than any other reagent. The urethane
methacrylated dextran was polymerized with this monomer which promoted the
properties of the initial dextran derivative significantly. The adhesion strength could
be raised up to 4.33 MPa, which is 86 times higher than a commercially available
fibrin adhesive. Interestingly, the double bond conversion rate of gels containing
dextrans was nearly 100 % after 5 min, which was greater than neat HEMA gels,
but it decreased with increase of acrylate-concentration. This may be attributed to
the higher gel-viscosity of the samples containing dextran, hindering a fast radical
recombination. Unfortunately, the swelling-ratio of all dextran hydrogel derivatives
studied is still excessively high and has to be improved [44].
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15.6 Coatings, Inks, and Printing

Especially in the coating and printing industry UV-curing prevailed because of its
striking advantages, i.e., saving time and money. The usage of UV-LEDs increases
the efficiency of thismethod especially in industrial applications like in inkjet-printing
applications (see Fig. 15.10). First of all UV-LEDs have a long lifetime and lack a
warm-up period and the waste of electrical energy for a standby mode. The narrow
emission band and the low amount of waste heat allows printing also on heat sensitive
materials widening the range of applications. In terms of safety the low heat emission
is important and for UV-A or UV-B LEDs no ozone is formed as a side product.

Despite the large number of beneficial aspects of UV-LEDs, there are still
limitations to their use that have to be overcome. The UV ink and coating for-
mulation respectively has to be chemically adjusted to the relatively narrow peaks
to achieve the same curing rates. Usually inks and coatings are based on the fast
curing acrylates applied in thin layers. In this case, oxygen inhibition has an even
stronger influence on the polymerization due to the large surface-to-volume ratio.
For this purpose, radical scavengers have to be added or short wavelength radiation
has to be used to achieve a fast and effective curing of the surface acting as a
shielding against oxygen afterwards. The most expensive possibility is an inert
atmosphere that mostly requires a more complicated process setup [45]. Recently,
the influence of oxygen during the thermal post-curing reaction (in the absence of
light) was investigated. Hexanedioldiacrylate (HDDA) was inkjet-printed on a
silicon wafer and cured by an array of 18 LEDs emitting at 365 nm. Atmospheric
oxygen had a distinctive effect on the photocuring and the crosslinking occurring
with or without the exposure to light. The amount of oxygen that is absorbed during
the printing process was already sufficient to have obvious negative effects on the
curing rate, even when the reaction itself was performed under inert gas [46].

As an alternative cationic polymerization can be considered. Its high degree of
conversion, low tendency to migration, lower volume shrinkage, and good adhesion

Fig. 15.10 Digital-printer with UV-LED printhead applicable for various materials, e.g., for
plastic-films, fabrics, and bulk plastic sheets (pictures by courtesy of TECHNOPLOT CAD
Vertriebs GmbH)
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properties provide excellent conditions for the application in ink-jet printing.
Although cationic polymerization is regarded as slow, strong progress has been
made by the modification of the monomers or the formulation in general [14]. The
design of low viscosity epoxy resins lead to formulations for solder resists of
printed circuit boards (PCB) fabricated by ink-jet printing. Via a nozzle drops of a
polymer solution are deposited on a surface followed by a photocuring process. The
resolution limit of the method is determined by the droplets’ size (approx. 10 µm)
[47] which is important due to the miniaturization in electronics. For a good result
this technology requires a low viscosity (<60 mPa s) and short curing times
(<1 min). The universal epoxy resin E51, based on Bisphenol A, was modified with
polyethylene glycols (PEG) of different molecular weight to diminish the viscosity.
The mixture with 10 % of PI was applied to either polyimide or polyethylene
terephthalate and irradiated by an UV source at 350 nm (1 W cm−2). A ratio of
epoxy groups to hydroxyl groups of 2:1 resulted in decrease of viscosity value to
568 mPa s with PEG200. A further increase in hydroxyl moieties is not advanta-
geous since it can lead to a chain entanglement of the flexible aliphatic chains and
an increase in viscosity except from the incomplete curing. It turned out, that the
addition of active diluent ethylene glycol diglycidyl ether (EDGE) in an amount of
30 % resulted in a viscosity of 60 mPa s needed for the application. Owing to the
chemical structure of EDGE with a short main chain, the crosslinking is enhanced
which is associated with a brittle, inflexible product. After 40 s the curing rate of the
ideal formulation was already beyond 90 % and after 50 s it was completely cured,
exhibiting excellent mechanical properties [48]. Inkjet-printing is nowadays an
established technique in the production of plastic electronics as polymer transistor
circuits and organic LEDs [47].

Apart from this direct writing method UV nanoimprint lithography (UV-NIL) is
commonly used for patterning surfaces. For this printing technique a mould is
pressed against a resin that is cured by irradiation afterwards and takes the negative
form of it [49, 50]. Thereby structures with horizontal resolutions of 5 nm and
below can be realized to fabricate substrates for cell or bacterial growth or nonlinear
optics, electronic, microfluidic, or semiconductor devices. The most widespread
application in polymer patterning is represented by photolithography. In this very
cost- effective method, a photoresist is irradiated trough a mask that determines the
cured spots. Afterwards, excess uncured resin can be removed. The resolution of
this technique ranges from micrometers to sub-100 nm but can be improved by
advanced material formulations or lithographic optical practices and short wave-
lengths of irradiation. Examples of using these patterns are the semiconductor
industry, LED production, liquid crystal displays (LCDs), photonic crystals, data
storage devices, or microarrays for biological purposes. Introducing hydrogels like
polymerized poly(ethylene glycol) diacrylate (PEGDA) for photolithography is
useful to provide cavities for cells to localize and manipulate them in a microen-
vironment and to mimicry in vivo conditions to study the interaction of cells or cells
and a certain substrate [47] as well as manufacturing scaffolds for tissue engineering
[51]. To further simplify the patterning of polymer surfaces the technique of
self-wrinkling can be applied. Until now, there are top-down as well as bottom-up
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methods known for micro-folding resulting in a matte surface coating. In the
top-down method a photocurable resin is irradiated by high energy photons leading
only to a top cured polymer film swimming on the uncured material. After the
wrinkling process the patterned polymer is fixed by a second post-curing step
initiated by radiation of a longer wavelength [52, 53]. The inverse bottom-up
approach starts with the curing of the resins’ bottom layer by low energy photons.
The oxygen present prevents a thin layer on the top from curing and the residual
uncured monomers induce swelling of the underlying crosslinked polymer when
diffusing into underlying layers. Due to this in-plane stress wrinkles are formed in
only one step leading to well-defined patterns whose wrinkle wavelength and
amplitude can be easily modified by tuning the photoinitiator as well as the oxygen
concentration [54].

The greatest strength of thermoset polymers in general is their potential to be
adjustable to many applications since there are a lot of factors that can be influenced
during the process to get a “tailor-made” product. Formulations for printing or
coating often contain a significant amount of pigments and/or additives for optical
and mechanical modifications. Highly resistant polymer nanocomposites containing
small amounts (3 wt%) of organophilic tuned clay particles, were developed.
Previous studies have already proved, that the clay dispersion is important for the
rate of curing [55] so nanoparticles should ensure this. Both, the curing of an
acrylate composite by free radical polymerization and an epoxide composite
polymerized by a cationic initiator were not affected by the presence of the inor-
ganic filler. Layers of a few millimeters could be cured within seconds by UV-light
that, in contrast to thermal curing, does not lead to thermal degradation of organic
salts contained, necessary for the compatibility of the nanoparticles. The
nanocomposites made the epoxide more flexible and impact-resistant but the
acrylates’ viscoelastic properties were not influenced. In both cases, a mattening
effect occurred being desirable for some coatings and the layers were resistant
against solvents, moisture, weathering, and scratching, making them especially
suitable for outdoor applications [56].

The curing of thick samples is an important topic for pipe systems. Composite
pipes have become important substituents for metal pipes due to their light weight
and their resistance against environmental influences [57]. In this field the reha-
bilitation of sewers is of great economic importance since large amounts of water
are lost because of damaged pipes. In the last two decades, the usage of UV-light
for curing composite sewage pipe lining systems has become very important since it
allows an enormous acceleration of the process in contrast to thermal curing, as well
as a trenchless rehabilitation. Especially, in small diameter pipes UV-LED radiation
would be advantageous, since they have smaller geometries and there is no damage
of the material due to a hot light source [58].
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15.7 Stereolithography

UV-curing is also applied in stereolithography. It is a solid freeform fabrication
(SFF) technique which allows the rapid prototyping (RP) of three-dimensional
structures. On the basis of the Cartesian coordinates the object is sliced into layers
and builds up by the stepwise layer-by-layer deposition of resin cured by UV
radiation, followed by a post-curing process to fully polymerize the finished
workpiece. In each step, the depth of cure should be slightly larger than the platform
height of the (new) resin layer to ensure a good chemical and mechanical adhesion of
the new layer to the previous. Usually, the slices range from 25 to 100 µm and are
used to manufacture objects from micron-size up to several cubic centimeters with
corresponding resolutions from submicron to several micrometers [59]. If nonlinear
optics is used for curing like two-photon polymerization the resolution can be
increased to sub-100 nm [60, 61]. Most commonly acrylates and/or epoxies of low
molecular weight are used for stereolithography giving rigid and glassy products
because they are highly crosslinked but also elastomeric-based structures were
already presented. In contrast to other SFF techniques just as 3D printing or plotting,
stereo-lithography is limited to the use of one resin. Although the use of different
resins is in principle possible in stereolithography it requires an advanced setup and
elongates the process because of additional rinsing steps etc. In general, this tech-
nique allows a bottom-up and a top-down process. In the bottom-up process, the
uncured layer is applied and irradiated from above growing upwards. In contrast, in
the top-down process the structure part already cured is dipped in a vessel containing
the resin. The bottom of the vessel is formed by a transparent plate allowing the
radiation to penetrate the sample from below. This method has some advantages in
comparison to the bottom-up system such as lower amounts of resin are needed, the
surface is always smooth and protected against oxygen and no recoating is neces-
sary. By introducing dynamic mask projectors like a digital mirror device (DMD) or
LC displays a complete layer can be cured at once (Fig. 15.11) [62].

Stereolithography is ideal for the rapid manufacturing of small quantities or
tailor-made solutions like prototypes in the automotive industry, jewellery, surgical
tools, or implants. In the latter case, data from magnetic resonance imaging
(MRI) or tomography data of a patient is sufficient to produce a hearing-aid or
bone-implant perfectly fitting. In tissue-engineering scaffolds for cell-adhesion and
-growth made by stereolithography have gained attention [59] and it is also an
emerging field in forensic sciences [63]. Although UV-LED light sources have
already been proven as feasible for stereolithographic systems having higher part
fabrication efficiency and accuracy, there are still some challenges in their technical
implementation. On the one hand the vibration of the focusing lens caused by an
increase of scan-speed leads to obvious effects on the accuracy [64, 65]. On the
other hand errors occur if a mechanical scanning workbench is used. Due to its
kinematic behavior the scanning speed is not constant but changes if the scanner
accelerates or decelerates during a line curing. Therefore, the light exposure differs
in the distinct areas leading to a so-called bone-shape error, i.e., the beginning and
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the end of the cured line are larger than the middle part. Studies revealed that
light-switching or power-matching methods for scanning are suitable to improve the
accuracy of the final polymer. In the first case, the distance to the scanner is varied
and in the latter case the scanning speed is adjusted fitting the beam power [66].

15.8 Conclusion and Outlook

The curing process of various resins by UV radiation is already a well-established
technique not least because of its rapid implementation and lower power con-
sumption in comparison to other curing techniques, e.g., thermal curing. This
effectiveness can be further improved by using UV-LEDs which require signifi-
cantly less power and show longer lifetimes than common bulbs. Moreover, their
smaller and more compact geometries as well as their low heat emission open up
completely new applications. Until now the potential of UV-LEDs was already
proven inter alia in the field of dentistry, medicine, coating, printing, and lithog-
raphy. But there are still challenges that have to be overcome. Further research
activities have to focus on the development of LEDs with short wavelengths and
high power output. From the chemical point of view the formulation as well as the
photoinitiators have to be tailored to the narrow wavelength emitters and the
specific application. Especially, the curing of thick layers by LED light is difficult
because two wavelengths are needed: A shorter one for the surface curing and
radiation of a longer wavelength being able to deeply penetrate the material.
However, the application of UV-LEDs for curing will be an emerging field of
interest in the future due to their numerous advantages and special features.

Fig. 15.11 Different setups for stereolithography. Left Bottom-up approach with scanning laser
for the x-y movement of the curing light beam. Right Top-down system with a digital mirror device
(DMD) as light projector [62]
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