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Editorial

Breakthroughs in Photonics 2009

As founding Editor-in-Chief, I am pleased to introduce Breakthroughs in Photonics: an annual
feature of the IEEE PHOTONICS JOURNAL. Breakthroughs in Photonics is intended to highlight major
accomplishments across the broad spectrum of Photonics Science and Technology within the year.
This Special Section is also intended to draw the attention of readers and authors to the topics that
are within the scope of the journal.

Breakthroughs in Photonics 2009 contains 17 invited peer-reviewed briefs written by world-
renowned experts. These briefs cover progress in the areas of Coherent Photon Sources,
Ultrafast Photonics, Nonlinear Photonics, Terahertz Photonics, Nano-Photonics, Silicon
Photonics, Bio-Photonics, Magneto-Photonics, Photonic Materials and Engineered Nano-
structures, Photovoltaics and Sensors, and Integrated Photonics Systems. These selected
topics represent a subset of the much broader and intense activity in the generation, control, and
utilization of radiation that takes place worldwide.

Assembling this Special Section has truly been a team effort. I would like to extend my gratitude
to the authors for contributing with insightful and complete reviews and to the Editorial Board for
their active participation in identifying critical areas across the field of Photonics and helping with
recruitment of invited speakers. Last, I would like to thank the Editorial Staff and the IEEE for
helping structure this annual Special Section in the IEEE PHOTONICS JOURNAL.

Carmen S. Menoni, Editor-In-Chief
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Abstract: We review breakthroughs in the area of mid-infrared laser development. We
summarize 2009 research across a broad range of mid-infrared laser technologies,
including bulk solid-state lasers, fiber lasers, and nonlinear optics for the generation of
infrared light between 2 and 8 �m.

Index Terms: Solid-state lasers, laser crystals, infrared lasers, nonlinear crystals, fiber
lasers, MIR devices.

1. Introduction
This paper discusses recent worldwide progress developing solid-state lasers and nonlinear optical
devices in the mid-infrared (MIR) spectral region. For the purposes of this review, we choose to
generously define the MIR as from �2 to 8 �m. This review encompasses bulk solid-state and fiber
lasers but does not include semiconductor laser sources. Advances in the development of laser and
nonlinear materials are also described.

The MIR spectral region is important for a variety of scientific, medical, and remote-sensing
applications. For instance, a number of chemicals have characteristic absorption features in the
2- to 4-�m band, making MIR laser sources desirable for applications such as trace gas sensing
and breath analysis and devices such as laser scalpels. The MIR region also contains atmospheric
windows with very high optical transmission and low aerosol scattering which, when combined with
the relatively high eye safety of MIR sources, makes MIR lasers useful for wind field profiling and
free-space optical communications. Additionally, some novel applications described in the literature
in 2009 include the generation of coherent X-rays [1], a 1.5-W tunable frequency comb with idler
output from 2.8 to 4.8 �m [2], and a spectrometer for sub-Doppler resolution molecular absorption
spectroscopy [3].

MIR laser source research continues because existing devices often fail to meet the size, weight,
power, efficiency, or cost requirements of many commercial and military users. Challenges include
development of low optical loss materials, limited optical pump sources, and a smaller industrial
base for components than at wavelengths such as 1.5 �m.

2. Crystalline and Poly-Crystalline Solid-State Lasers
Bulk laser development research centered around Tm3þ and Ho3þ lasers in garnet, tungstate and
fluoride hosts, and Cr2þ-doped chalcogenide lasers. Tm lasers were of particular interest with a
single-frequency, Tm:YAG nonplanar ring oscillator reported that output over 800 mW [4]. A broadly
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tunable, 1.847 to 2.069 �m, continuous-wave (CW) Tm:NaYðWO4Þ2 laser with �400-mW peak
output power [5] and a Tm:KLuðWO4Þ2 laser, passively mode locked using carbon nanotubes, that
produced 10-ps pulses at 1.950 �m [6], were also demonstrated. Additionally, the investigation of
CW lasing in Tm:GdLiF4 was conducted with tunable output from 1.826 to 2.054 �mapproaching 1W
power [7]. CW and Q-switched operation of diode-pumped Tm:LiLuF4 slab lasers was reported with
an output of 10 W in CW mode and 8 W at 1-kHz pulse repetition frequency (PRF) with 315-ns
duration pulses in pulsed mode [8].

Work also continued on the development of materials that transfer energy from Tm to Ho with
advances including demonstrations of both the first CW [9] and passive mode-locked [10]
operation of Tm, Ho:KYðWO4Þ2. Passive Q-switched mode locking of alphabet (i.e., triple doped,
with flashlamp-pumped Cr3þ ions acting as a sensitizer for Tm, which then transfers energy to Ho)
Y3Sc2Al2O12 was also reported [11].

Singly doped Ho lasers, resonantly pumped by Tm lasers, were also of interest with a �10-W
output power, 10-kHz PRF, Ho:LuAG laser [12]; a CW, Ho:Lu2SiO5 laser [13]; and an injection-
seeded, 1-kHz PRF, �6-mJ output pulse energy Ho:YLF laser [14] reported. Direct pumping of
Ho:LuAG, with InGaAsP diodes, was also demonstrated [15].

Research with broadly tunable Cr:ZnSe lasers continued with an emphasis on finding practical
pump sources. 2009 results include demonstrations of a �10-W CW laser pumped by a Tm fiber
laser [16] and a 1.8-W laser pumped by a semiconductor disk laser [17]. Using Tm fiber laser pump
sources, a Kerr-lens mode-locked Cr:ZnSe laser producing 95-fs pulses [18] and a passively mode-
locked Cr:ZnSe laser producing 130-fs pulses [19] were reported. Cr:ZnS material, which is similar
in properties to Cr:ZnSe, was demonstrated in a 10-W room-temperature laser pumped by an Er
fiber laser [20].

Laser gain media research included studies of emission and gain in glass ceramics containing
Tm, Ho:BaF2 nanocrystals [21] for 2-�m lasing and theoretical and experimental investigations of
3-�m laser action in Er:YLF [22]. Additionally, studies of optical bistability [23] and thermal lensing
[24] in Tm,Ho:YLF and Tm:YLF, respectively, were reported.

3. Fiber Lasers and Fiber Nonlinear Optics
Silica fiber laser research included the development of Tm, Ho, and Er lasers. Of particular interest
were high-power demonstrations including a 885-W, multimode laser [25] and a 600-W Tm fiber
amplifier chain [26] operating at 2.04 �m. We expect that in 2010, the first kilowatt-class Tm fiber
lasers will be reported. The 100-Wmilestone was also demonstrated in Tm fiber lasers with 9 100 nm
of wavelength tuning [27] and with pulsed operation [28].

A number of single-frequency Tm fiber lasers and amplifiers were demonstrated, including a
1.95-�m CW laser with less than 3-kHz linewidth [29], a 1950-nm Q-switched laser [30], a tunable,
0.3-nm linewidth laser that operated from 1.981 to 2.095 �m [31], and a 20-W, 100-kHz-linewidth,
polarization-maintaining amplifier [32]. Additionally, a picosecond-class mode-locked laser was
demonstrated using a fiber less than 1 m in length [33], and a 750-fs Tm:fiber laser was mode
locked using a carbon nanotube saturable absorber [34].

Advances with Er fiber lasers around 2.8 �m include the demonstration of a highly stable, 5-W
laser with optical efficiency greater than 30% [35]. Reported Ho fiber laser work included the
demonstration of gain-switched [36] and Q-switched [37] lasers operating at 80-kHz PRF, as well as
a Tm fiber-laser-pumped Ho fiber laser with 4.3 W of output power [38].

Also of interest were reports of 3-�m fluoride fiber lasers, including the report of a 24-W Er
laser [39] and a 2.94-�m laser based on Ho to Pr energy transfer pumped at 1.15 �m by InGaAs
diodes [40].

In addition to widespread work in traditional fiber lasers, new chalcogenide microstructured fibers
for MIR generation were reported [41]–[43]. Novel MIR optical fibers are being developed with high
transparency in the MIR and offer promise for supercontinuum generation, Raman lasers, and
parametric mixers. An example was the generation of 10.5 W of supercontinuum, from 1 to 4 �m,
in fluoride fiber [44].
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4. Nonlinear Optics
Parametric mixing, via oscillators, amplifiers, or difference-frequency mixers, continues to be an
important technology for the generation of MIR light at wavelengths or output powers inaccessible
via direct solid-state or semiconductor sources. Periodically poled LiNbO3 (PPLN) is the material of
choice for many of these applications. For instance, in 2009, PPLN devices have been utilized for
waveform generation for MIR optical communications [45] and in the generation of light for trace gas
detection [46], [47]. Supporting these uses, refined Sellmeier equations were reported for 5% MgO-
doped periodically poled LiNbO3 [48].

With the ability to design for wide gain bandwidth, parametric devices are particularly well suited for
ultrafast applications. Recent demonstrations of short-pulse ultrafast optical parametric oscillators
(OPOs) include phase-stabilized synchronously pumped parametric oscillators [2]. Additionally,
optical parametric chirped pulsed amplification, utilizing MgO:PPLN, was used to generate 2-cycle
pulses at 2.1 �m [49] and 2.2 �m [50], as well as 1-�J, 8- to 9-cycle MIR pulses [51], [52].

NLO materials research included progress developing novel materials such as CdSiP2, LiInSe2,
GaSSe compounds, BaMgF4, and quasi-phase-matched (QPM) GaAs. CdSiP2 is of high interest
because of its ability to be pumped at near-infrared wavelengths such as 1 and 1.5 �m,
transparency through the MIR, and the ability to grow and fabricate samples with high optical quality
[53]. LiInSe2 can be pumped at 1 �m without two-photon absorption and has generated 282 �J at
6.2 �m [54]. GaSSe compounds were also investigated for 1-�m pumping without two-photon
absorption [55]. Similarly, BaMgF4 offers high transparency from the ultraviolet through the long
infrared, with quasi-phase-matching achievable through the whole transparent wavelength region
and birefringent phase-matching possible in a more limited region spanning 0.573 to 5.634 �m [56].

Work with GaAs included a demonstration of room-temperature direct-plate bonding [57]. It was
reported that bonding of ZnSe and GaP plates had also been achieved. QPM GaAs remains of high
interest because of its high nonlinear coefficient, broad transparency, and attractive thermal and
phase-matching properties. Fig. 1 shows a recently measured tuning curve, demonstrating that a
tunable Cr:ZnSe laser pumping an orientation-patterned GaAs (OP-GaAs) OPO can provide
continuous tuning from 3 to 14 �m using a single laser/OPO source [58]. In addition to continued
improvement in QPM device growth processes andmaterial quality [59], [60], QPMGaAs was shown
to exhibit polarization-diverse frequency mixing [61] and has been demonstrated in a 20–50-kHz

Fig. 1. Demonstration of tunable infrared generation in an OP-GaAs OPO pumped by a broadly tunable
Cr:ZnSe laser. Solid line is the Sellmeier prediction, crosses represent measured signal wavelengths,
and circles indicate calculated idler wavelengths. A single OP-GaAs OPO is capable of generating idler
wavelengths between 3 and 14 �m with tuning of the Cr:ZnSe pump laser from 2.36 to 2.58 �m.
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PRF OPO pumped by a Ho:YAG laser [62]. Demonstrated output was 2.85 W with 46% conversion
efficiency.

New QPM microstructured devices in silicon waveguides were also reported [63]. Although
calculated conversion to 6 �m in guided-wave devices was estimated in this work, we await
publication of experimental results from this new material.

5. Conclusion
To conclude, 2009 saw significant activity in the field of MIR laser development. This research will
continue in 2010 due to the on-going need for improved laser sources at these wavelengths.
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Abstract: Significant advances in the room-temperature (RT) continuous-wave (CW) output
power of both type-I quantum-well (QW) active-layer lasers and interband cascade lasers
have been reported within the 3–4-�m wavelength region in 2009. Recent developments on
the growth of highly strained QWs and low-defect-density lattice-mismatched materials also
demonstrate potential for realizing high-performance mid-infrared (IR) lasers on conven-
tional substrates such as Si, GaAs, and InP.

Index Terms: Semiconductor lasers, mid-infrared lasers.

Semiconductor lasers employing interband transitions of a quantum-well (QW) active region have
made significant strides in terms of output power, wavelength extension, and in the development of
lattice-mismatched materials and device structures in 2009. High-performance room-temperature
(RT) continuous-wave (CW) operation from devices based on QW interband transitions have now
been realized in the important 3–4-�m wavelength region. Interband devices generally exhibit
significantly lower operating voltages and lower threshold current densities compared with inter-
subband quantum cascade lasers. However, challenges remain to reduce the strong temperature
sensitivity of the threshold current and efficiency in such devices, as well as further increasing the
CW output powers.

Of all semiconductor lasers, interband devices employing type-I InGaAsSb QWs on a GaSb
substrate have demonstrated the highest performance in the 2–3-�m emission wavelength range.
High-power (1-cm) arrays have been demonstrated at 2.2 �m with 15-W CW output powers and
23% wallplug efficiency [1]. Ultralow threshold current densities, Jth, have also been reported; Jth as
low as 74 A=cm2 for a 5-mm cavity length at 2.65 �m [2]. By contrast, extending RT CW operation to
wavelengths of 3 �m and beyond has been more difficult, as a result of poor active region carrier
confinement (in particular, hole confinement) in the highly (compressively) strained InGaAsSb QW
active region. The use of a quinternary AlInGaAsSb separate confinement heterostructure (SCH)
region was introduced by Grau et al. in 2005, resulting in the first report of type-I QW lasers
operating with wavelengths as long as 3.26 �m at 50 �C under pulsed operation [3]. The quinternary
SCH results in increased valence band offset leading to improved hole confinement to the QW
active region as well as more homogeneous electron injection among the QWs [3]–[9]. In 2008,
employing the quinternary SCH approach led to the first report by Hosoda et al. of appreciable
power levels (9 100 mW) under RT CW operation at 3 �m [4]. In 2009, optimization of the optical
waveguide width and composition, as well as a reduction of free-carrier losses, in structures with an
AlInGaAsSb SCH region led to significant improvement in the CW output powers; 600 mW at 2.7 �m
[5], 310 mW at 3 �m [6], 190 mw at 3.1 �m, 160 mW at 3.2 �m, and 50 mW at 3.32 �m [7].
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A larger range of emission wavelengths in the 3–4-�m spectral region is accessible using a type-II
QW, W configuration, interband cascade active region. The first CW operation above RT at 3.75 �m
from such devices was reported in 2008 using a 5-stage active region Interband Cascade Laser
(ICL) design [10]. Further optimized devices with low internal losses ð�6 cm�1Þ were reported in
2009, leading to a 50% increase in efficiency at 300 K compared with previous devices, enabling
input power densities below 1 KW=cm2 [11]. Record CW output power (59 mW) at 3.7 �m was
reported from such devices with a wallplug efficiency as high as 3.4% [11]. The increased CW output
powers (see Fig. 1) now open the door for the practical implementation of both the type-I QW and ICL
devices to a variety of applications including medical diagnostics and therapy, gas sensing, and
material processing. Further increases in the CW output powers can be expected if thermal
management can be improved. For example, a novel approach of using highly doped InAs plasmon
waveguides for ICL structures was reported by Tian et al. in 2009 and significant reductions in
thermal resistance over conventional InAs/AlSb superlattice cladding layers were reported [12].

While highest performance interband lasers in the 2–4-�m wavelength region currently employ
GaSb substrates, there is strong motivation to move away from this less mature material system
toward a more conventional GaAs or InP platform. Advantages of such a strategy include; signi-
ficantly lower cost (also larger diameter substrates are available), access to a more mature
processing technology, better thermal conductivity and straightforward regrowth of buried-
heterostructure-type devices for improved thermal management. Extending the emission wave-
lengths into the mid-infrared (IR) on an InP substrate by employing highly strained InGaAs(Sb) type-I
multiple QWs (MQWs) [13]–[17] encounter difficulties for wavelengths 9 �2 �m. Through the use of
the InAs/InGaAs type-I MQWactive region grown at very low temperatures to inhibit strain relaxation,
the emission wavelength has was extended to 2.33 �m in 2008 [18]–[20]. In 2009, RT PL at 2.52 �m
was reported from MOCVD grown highly strained InAs QWs on InP substrates employing tertiary-
butylarsine (TBA), an arsenic source which efficiently decomposes at low growth temperatures [21].
Furthermore, recently reported design studies indicate employing a highly strained In(Ga)As/
GaAsSb type-II QW holds potential for extending emission wavelengths near 3 �m [22]. The addition
of nitrogen into InAs was reported by de la Mare et al., allowing for RT PL emission near 4 �m from
InAsN grown by molecular-beam epitaxy (MBE) on GaAs [23]. An alternate approach to employing a
highly strained active region is to utilize a virtual substrate with a larger lattice constant and low
threading dislocation density, allowing for the growth of relaxed lattice-mismatched materials with
low dislocation densities. Compositionally graded metamorphic buffer layers (MBLs) or very thick
relaxed single composition buffer layers can produce such a virtual substrate. In 2009, Nash et al.
reported that the use of a MBE grown high-Al-content Alz In1�zSb interface layer and 8-�m-thick
Alx In1�xSb cladding layer was effective in defect reduction, allowing 3.3-�m-emitting GaInSb QW
lasers on GaAs substrates which operate up to 219 K under pulsed operation [24]. However,
there are few reports of employing MBL structures on InP substrates for the realization of mid-IR

Fig. 1. Maximum RT CW output powers reported in 2009 for interband lasers in the 2.7–4.0-�m range.
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lasers [25]. In 2009, Kirch et al. reported MOCVD-grown QW lasers emitting in the mid-IR spectral
region employing InAsyP1�y MBL structures on InP substrates [24]. Pulsed laser operation was
reported near 2.45 �m from InAs QW active region devices with threshold current densities as
low as 290 A=cm2 [26]. Optimized device designs employing InPSb cladding layers and an
InAsP SCH increase the active region carrier confinement, potentially allowing for RT operation
in the 3-�m wavelength region.

In 2009, significant progress on the use of MBE grown interfacial misfit (IMF) arrays has also
been reported to reduce threading dislocations in lattice-mismatched devices grown on both GaAs
[27] and Si [28], [29] substrates. Unlike the relatively thick MBL, the dislocations in the IMF self-
arrange in a periodic array configuration and the strain is relieved primarily in a very thin interface
layer. In 2009, Tatebayashi et al., reported GaSb-based lasers grown on Si substrates employing the
IMF growth which demonstrate Jth �2 KA=cm2 (77 K) from lasers emitting at 1.62 �m under pulsed
operation [28]. Pulsed laser operation near 2.2 �m was also reported by Rodriguez et al. in 2009
employing the IMF growth on Si substrates, with threshold current densities in the 4–8-KA=cm2

range [29]. Employing the IMF growth on GaAs substrates, CW operation at 2.2 �m up to 50 �C was
also reported by Rodriguez et al. with threshold current densities significantly lower
(Jth �1:5 KA=cm2 at 20 �C) than the Si substrate based devices [27]. While the threshold current
densities of lattice-mismatched devices are still significantly higher than that of state-of-the-art
devices grown on a GaSb substrate, significant progress has been made in 2009 to establish the
potential for this technology, provided further reduction in defect densities can be achieved through
improved material growth.
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Abstract: This paper reviews the major accomplishments in the demonstration of plasma-
based soft x-ray lasers in 2009. Advances in shaping the plasma density and increasing the
pump power have enabled the engineering of table-top laser systems operating at
wavelengths as short as 10.9 nm and with stable and significant average power for use in
applications.

Index Terms: Coherent sources, extreme ultraviolet, soft X-ray lasers.

The generation of intense soft X-ray (SXR) and X-ray laser radiation is attracting much attention. A
separate article in this issue discusses recent progress in the generation of extremely bright X-ray
laser pulses by the injection of energetic electron beams created in linear accelerators into
alternating magnet structures [1]. Two such free-electron lasers are now in operation as single-user
facilities: one at wavelengths as short as 6 nm [2] and the other for the first time at kiloelectronvolt
photon energies [3]. Simultaneously, significant progress has beenmade in the generation of intense
SXR laser beams bymuchmore compact devices that use dense plasmas as the gainmedia. In these
lasers, spontaneous emission generated by the plasma, or an externally generated coherent seed,
are amplified by stimulated emission in a population inversion created between energy levels of
plasma ions. A gain in plasmas was demonstrated at wavelengths as short as � ¼ 3:56 nm many
years ago using fusion-class laser facilities to heat the plasma [4]. Advances produced by tailoring the
plasma density profile, creating larger transient population inversions [5], and increasing the pump
energy deposition [6], [7] have allowed the engineering of these lasers into tabletop-size devices that
can be Btaken[ to the application site. During the past few years, several groups have been active in
the development of SXR sources operating at a 5–10-Hz repetition rate with stable output for
extended periods of time for applications [8]–[14]. Gain-saturated output has been demonstrated for
wavelengths down to 13.2 nm [9]. At longer wavelengths (e.g., 46.9 nm), plasma heating by fast
capillary discharges have allowed the development of desktop-size lasers [15]. The challenge for
these tabletop plasma-based lasers has been and continues to be the extension of their range of
operation to shorter wavelengths and the increase of their brightness and average power.

During the past year, the wavelength of gain-saturated tabletop lasers has been extended to
10.9 nm by amplification of spontaneous emission in nickel-like tellurium ions in a plasma generated
at a 1-Hz repetition rate by the irradiation of a solid tellurium target with pulses from aTi:Sapphire laser
[16]. Laser output pulses of up to 2�Jwere obtained, and an average power of�1 �Wwas generated.
This is a level of average power that can enable applications such as ultrahigh-resolution zone-plate
imaging. For example, in 2009, a tabletop nickel-like cadmium � ¼ 13:2 nm SXR-laser-based
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microscope was used for actinic imaging of extreme ultraviolet lithography masks that will be used in
the fabrication of the generation of the future generation of computer processors [17].

The average power of these plasma-based SXR lasers is in part limited by the maximum
repetition rate of the lasers drivers used to heat the plasmas. High-energy Ti:Sapphire lasers, which
are the most common types of laser drivers used to pump these short wavelength lasers, are limited
to repetition rates of typically 10 Hz, while often-used Nd:glass pump lasers operate at an even
lower repetition rate. Advances in diode-pumped solid-state lasers open the opportunity to develop
optical laser drivers that will allow plasma-based SXR lasers to greatly increase their repetition rate
and, therefore, their average power. Different groups are developing diode-pumped solid-state
lasers for this purpose [18], [19]. In 2009, the first all-diode-pumped SXR laser was reported. Lasing
was achieved at � ¼ 18:9 nm in a molybdenum plasma heated by a diode-pumped chirped pulse
amplification laser based on cryo-cooled Yb:YAG amplifiers [16]. This new type of SXR laser has
the potential to operate at an order of magnitude larger repetition rate (e.g., 100 Hz). With the
complementary goals of driving shorter wavelength lasers and increasing the SXR laser pulse
energy, higher energy pump laser facilities that operate at a lower repetition rate (0.1 Hz) have also
been recently developed [20], [21].

Rapid progress has also been achieved in improving the beam characteristics of plasma-based
SXR lasers. Injection-seeding of SXR laser amplifiers with high harmonic (HH) pulses have been
shown to generate intense fully phase coherent SXR pulses with lower divergence, shorter
pulsewidth, and defined polarization. In 2004, injection seeding of the � ¼ 32:8 nm Ni-like Kr in a gas
cell ionized by optical field ionization with the 25th harmonic of a Ti:Sapphire laser generated a
saturated beam with excellent wavefront qualities [22]. Our group demonstrated the saturated
amplification of HH seed pulses in significantly denser plasma amplifiers created by heating solid
targets, which can readily reach shorter wavelengths and have an increased bandwidth that can
support the amplification of femtosecond pulses [23]–[25]. Using this technique, fully phase-coherent
laser beams at wavelengths as low as � ¼ 13:2 nm were generated [24], [25]. During the past year,
several papers reported results of the characterization [26], [27] and modeling [28]–[30] of these new
injection-seeded SXR lasers.

There is also significant interest in reducing the pulse duration of tabletop SXR lasers to extend their
application to a wide range of ultrafast dynamic studies. Transient inversions created by rapid heating
of plasmaswith intense picosecond optical laser pulseshavegeneratedSXR laser pulseswith duration
between 2–10 ps [29], [31], [32]. High-repetition-rate transient inversion lasers produced by grazing
incidencepumpinghavebeenmeasured to generate pulse durations of about 5 ps [33]. In all these self-
seeded SXR lasers, the pulse duration was determined by the duration of the gain. The recent
demonstration of injection-seededwithHHs [22], [24], [25], [33] creates a fundamentally new regime for
the generation of short SXR laser pulses inwhich the pulsewidth is governedby theamplifier bandwidth
and is independent of the gain duration. Asmentioned above, of particular interest are the SXR plasma
amplifiers created by laser irradiation of solid targets [23]–[25] inwhich the high density of the laser gain
media results in broader laser line bandwidths that can support the generation of SXR pulsewidths in
the 0.1–1-ps range. In 2009, the first measurement of the pulsewidth of an injection-seeded SXR laser
was reported to yield (1.13� 0.47) ps, which is the shortest reported to date for a plasma amplifier [33].
The experiment was preformed, seeding the 32.6-nm line of Ne-like Ti with the 25th harmonic of a Ti:
Sapphire laser. The results were found to be in agreement with model simulations that predict that
intense femtosecond SXR laser pulses will result from injection seeding denser plasma amplifiers.
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Abstract: This paper presents a short review of the development of and the motivation for
short-wavelength free-electron lasers. The first observation of coherent X-ray production
was reported from the Linac Coherent Light Source in April 2009.
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X-ray science has been developing with remarkable rapidity in recent years. There have been
exceptional increases in the coherent output of the available sources, and a great deal of work has
been published on the development of coherent X-ray methods [1].

The source of many of the gains in the brightness of X-ray sources has been the improvement in
the electron beam quality and the use of structured magnetic arrays (known generically as insertion
devices) to improve the X-ray output from the beam.

Several proposals [2]–[4] have suggesting that the underlying developments in beam physics,
accelerator technology, and insertion-device technology could lead to stimulated emission of
radiation and subsequent high-gain amplification from an electron beam. The electron beamacts as a
gain medium for free-to-free energy transitions and was first demonstrated in a low-gain system by
Madey in 1973 [5], [6]. Such a free-electron laser (FEL) combines a linear accelerator and with a long
insertion device. In an FEL, electrons pass through a magnetic structure of alternating dipoles
producing X-rays which then interact with the electrons in such a manner as to further enhance the
radiation outputVa process known as self-amplified spontaneous emission (SASE). The high-gain
SASE process was first demonstrated in 1986 [7] and extended to visible wavelengths in the last ten
years or so [8], and it has led to the development of a number of FEL facilities.

Over the last five years or so, vacuum ultraviolet free to soft X-ray FELs have been operating in
Hamburg, Germany (the FLASH facility) [9], and in Japan [10], with further facilities being constructed
or proposed elsewhere [11]. The long term goal for X-ray science is the establishment and operation
of X-ray FEL systems that can produce highly coherent beams with wavelengths in the range of 0.1 to
40 nm. The first FEL hard X-ray beam at 0.1 nm was produced at the SLAC National Accelerator
Laboratory in April 2009 [12].

A high-profile, but by no means the only, motivation for the development of hard X-ray FEL
facilities is that the extraordinary brightness of FEL sources will such that it might be possible to
image single biomolecules without the need for crystals [13]. Conventional macromolecular
crystallography, as performed at synchrotron facilities, requires the formation of a crystal of the
biomolecule of interest, the acquisition of X-ray diffraction data, and the inversion of that data to
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recover the molecular structure. As they will not crystallize, this relatively routine process cannot be
applied to many of the most interesting biomolecules. The capacity to determine the structure of
biomolecules without the need for crystallization will have a huge impact in structural biology.

There are many challenges. Imaging of a single molecule requires that the diffraction process is
complete before the absorbed X-ray can measurably disrupt the structure of the molecule. Modeling
has indicated that themotion of the nuclei will be negligible for time scales of less than about 10 fs [14]
and that it is possible that the effects of the electronic damage may be ameliorated by suitable
postprocessing [15]. As the technical problems involved in obtaining diffraction from a singlemolecule
may be too difficult, work is also proceeding on the application of X-FEL sources to structures such as
thin 2-D crystals [16]. A second important motivation for hard X-ray FELs is the investigation of the
properties ofmatter at high-energy densities such as those that can be found in the interiors of planets.

The FEL facilities that provide ultra-high brilliance radiation at EUV to soft X-ray wavelengths are
also motivated by a broad range of scientific challenges in condensed matter physics, chemistry, and
biophysics. There has been a great deal of work performed on the exploration of the interaction of
intense X-ray beams with atoms [17], molecules [18], and clusters [19], and the investigation of the
dynamics of ultra-fast processes, such a phase transitions, is just beginning. One class of
experiments at soft X-ray facilities relying on exploiting and expanding techniques of coherent
imaging have the added benefit of accelerating progress toward the feasibility of imaging single
biomolecules. Already, researchers have shown the possibility of recovering diffraction patterns from
objects that are in the process of being destroyed by the beam [20]. Once a diffraction pattern has
been obtained, then it needs to be analyzed to recover the diffracting structure. The development of
high-resolution techniques of coherent diffraction imaging has received considerable recent attention
[21] and has seen a number of applications in biology [22] and materials science [23], [24] using soft
X-ray FELs and synchrotron light sources.

Many experiments proposed for FEL facilities require that the X-ray pulse be spatially coherent.
As a SASE FEL does not contain a resonant cavity, the spatial coherence of the output beam relies
on the electrons in the beam radiating as a phased array. Moreover, the intensity of the radiation
varies from shot-to-shot, leading to significant work to characterize every pulse of the beam [25].
The first measurement of FEL coherence at X-ray wavelengths, reported in 2009 [26], found
imperfect spatial coherence. However, methods are also emerging that allow for high-resolution
coherent imaging in cases where the object is illuminated with imperfectly coherent X-ray beams
[27]; therefore, moderate deviations from perfect coherence will be able to be tolerated.

As theSASEpulses have a stochastic temporal profile, the pulses are temporally partially coherent.
Full-phase coherence and much narrower bandwidth can be approached by one of two methods:
1) injecting the FEL with a narrow-band fully coherent laser signal to produce a seeded FEL or
2) placing the insertion device between the mirrors of an resonator cavity to form an FEL oscillator.
Indeed, many of the FELs operating today at infrared to ultraviolet wavelengths are oscillators.

The international community has beenworking hard, then, on the preparation for the use of the light from
X-ray FELs. Narrow-bandwidth, seeded, soft X-ray FELs using various schemes of harmonically up-
converting [28], [29] the laser seed are being built at Sincrotrone Trieste and at the FLASH facility at the
Deutsches Elektronen-Synchrotron and are proposed for several other accelerator laboratories worldwide.
Three hard X-ray projects are currently under varying stages of development: the Japanese SCSS (http://
www-xfel.spring8.or.jp/), the European XFEL project (http://www.xfel.eu/), and the Linac Coherent Light
Source (LCLS) in the USA (http://lcls.slac.stanford.edu/). In April 2009, the LCLS project reported the first
coherent hard X-ray beam, with a performance beyond its design specifications. This is an exciting
milestone. We can expect much exciting science to flow from these developments over the coming years.
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Abstract: We continue to observe strong progress moving from femtosecond to attosecond
optics. Attosecond pulses are now available in many different labs with additional gating
techniques which somewhat relax the requirements for the pulse duration of the intense
infrared laser pulses. The pulse repetition rate still sets a limit on the signal-to-noise ratio for
attosecond pump-probe measurements, and therefore, other streaking techniques have
resulted in time-resolved measurements with sub-10-attosecond accuracy. Recent
improvements on high-power ultrafast diode-pumped solid-state and fiber lasers will offer
alternative sources for megahertz attosecond pulse generation. First proof-of-principle
experiments have been demonstrated.

Watching ultrafast processes in real time has been the driving force to generate increasingly
shorter laser pulses. In 2009, we have seen that many more laboratories around the world can
generate single attosecond pulses, as new techniques have relaxed the pulse-duration require-
ments from intense Ti:sapphire laser systems. The shortest pulses today are still about 80 as long
and were demonstrated in 2008 [1] using intense �3.3-fs pulses and spectral filtering in the XUV.
Previously, more pulse energy in the nanojoule regime was generated with a combination of
polarization gating and a somewhat longer intense laser pulse of 5 fs generating 130-as pulses [2].
The polarization gating technique was further improved in combination with an intense two-color
field which breaks the symmetry and only supports one high harmonic recombination event per
cycle, which is referred to as the double-optical gating (DOG) technique. Pulses as short as 107 as
with an 8-fs intense pulse have been generated [3], [4]. The requirements on the intense laser
pulse have been further relaxed with the generalized DOG (GDOD) technique generating 148-as
pulses, starting with much longer pulses of 28-fs durationVclearly in the many cycle regime at
800 nm [5].

A general challenge remains, however, because the signal-to-noise ratio for typical attosecond
pump probe measurements is reduced by at least five orders of magnitude compared with the
femtosecond regime since the pulse energy (as high as 1 nJ) comes at a much lower pulse
repetition rate of 1 kHz instead of 100 MHz. To date attosecond measurements have been done in
combination with streaking techniques mapping time to energy [6] or time to angular momentum
(referred to as attosecond angular streaking) [7]. The latter approach has allowed for the fastest
measurement that has ever been made directly in the time domain and which sets an upper limit in
the tunneling delay timeVeven without using any attosecond pulses [8].

It is typically assumed that electrons can escape from atoms through tunneling when exposed to
strong laser fields, but the timing of the process has been controversial and far too rapid to probe in
detail. The Keller group has used attosecond angular streaking [7] to place an upper limit of 34 as
and an intensity-averaged upper limit of 12 as on the tunneling delay time in strong field ionization of
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a helium atom in the nonadiabatic tunneling regime [8]. To achieve this the exact timing of an
intense, close-to-circular polarized laser field in the two-cycle regime was exploitedVsimilar to the
hands of a clock. This measurement is exactly based on the definition of Btime[ by Bcounting
cycles[Vhere, a fraction of a cycle is measured. The experimental results give a strong indication
that there is no real tunneling delay time, which is also confirmed with numerical simulations using
the time-dependent Schrödinger equation. This measurement was done over a Keldysh parameter
variation of 1.45 to 1.17 for which we could apply a small Coulomb field correction using a semi-
classical picture. At higher intensities, we would expect a stronger Coulomb correction which,
however, was not observed experimentally last year. This may shed some light on the ongoing
discussion when simple semiclassical pictures start to break down on an atomic scale. Theory is
still catching up with these new experimental results, which is a general observation in high field
physics experiments. Generally, the community needs better theoretical models with valid approx-
imations that can describe the attosecond dynamics on an atomic and molecular level. Solving the
time-dependent Schrödinger equation becomes an impossible task for larger targets. Single-atom
and small-molecule experiments may help to find valid approximations that can correctly predict the
detailed dynamics and can reduce the numerical complexity for future models.

So far, attosecond streaking techniques have been very successful and have demonstrated that
new and unexpected experimental results can be obtained when the attosecond dynamics is
observed on an atomic scale. More surprises are expected, and this is what makes it exciting and
motivating to push forward the frontier in time-resolvedmeasurement techniques. However, streaking
techniques have limitations, and increased efforts are being dedicated toward attosecond pulse
generation in the megahertz regime and/or higher pulse energies in the kilohertz regime to ultimately
allow for attosecond pump-probe measurements, where one attosecond pump pulse initiates and
another time-delayed attosecond pulse probes the fast process. For example, a 100-�J pulse energy
at 5-MHz pulse repetition rates requires an average power of 500 W. Ti:sapphire lasers are not
suitable for such high average power [9], and currently, the most promising femtosecond laser
systems are either based on fiber laser amplifier systems, SESAM mode-locked thin-disk lasers, or
optical parametric amplifiers pumped by high-average-power picosecond thin-disk lasers [10]. To

Fig. 1. SESAM mode-locked Yb:Lu2O3 thin-disk laser with 141-W average output power at a pump
power of 349 W, which results in an optical-to-optical efficiency of 40%. The pulses have a time–
bandwidth product of 0.35 at the full output power: which is very close to an ideal soliton pulse (i.e.,
0.315), as expected from soliton mode locking. (HR: high reflector; OC: output coupler; DM: dispersive
mirror; R: radius of curvature.)
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date, a femtosecond fiber CPA system has generated 830 W [11], and a passively mode-locked
Yb:Lu2O3 thin-disk laser has generated more than 120 W of average power [12], which was recently
improved further to more than 140 W with an optical-to-optical efficiency of 40%. The thin-disk laser
approach requires no amplifiers, the complexity is not higher than for low-power laser oscillators (see
Fig. 1), and novel Yb-doped laser materials have a great potential for sub-100-fs pulse generation
[13]. In 2009, we observed the first megahertz HHG generation using high-power Yb-doped fiber CPA
systems [14], and we have successfully demonstrated a lower pulse energy requirement for HHG in
photonic crystal fibers [15] such that pulse energies in the tens ofmicrojoules are sufficient for efficient
HHG, which is a value easily accessible by SESAM mode-locked thin-disk lasers [16], [17].

The rapid progress in high-average-power femtosecond laser technology will continue. The de-
velopment of high average photon flux, compact, tabletop ultrafast VUV/XUV sources will enable
new measurements in photoelectron imaging spectroscopy, surface science, metrology, and
biology and could become key instrumentations for laser accelerators and high-repetition-rate free-
electron lasers (FELs). The pulse energy of low-repetition-rate systems very often has to be in-
creased to a level where space-charge effects (i.e., electromagnetic forces between the generated
charged particles within the interaction volume) start to blur the dynamics to be investigatedV
simply because the minimal detectable signal requires a certain average photon flux. A high photon
flux but low pulse energy will also be very important for surface science and condensed matter
physics using, for example, angle-resolved photoemission spectroscopy (ARPES) (e.g., in [18]).
Strongly correlated electron systems with their complex physics are one of the biggest challenges
in condensed-matter physics today. For example, space-charge effects have been a serious
limitation for time-dependent measurements in high-Tc superconductors in the VUV regime [19]. A
higher photon flux at higher repetition rates with lower pulse energies would allow for time-
resolved ARPES.
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Abstract: We present a brief overview of recent advances in the field of Bslow light,[ the field
that studies means for controllably reducing the group velocity of light to values much smaller
than its vacuum velocity, c. Some of the results summarized here include electrooptic
modulation of single photons, all-optical switching within an atomic-vapor-filled hollow fiber,
large induced phase shifts for microwave photonics, slow-light-enhanced nonlinear optical
interactions, and highly controllable time delays in semiconductor optical amplifiers,
parametric delay-dispersion tuners, and arrays of active microresonators.

2009 proved to be a very productive year for research on Bslow light,[ which is the research field
aimed at developing methods for controlling the velocity at which pulses of light travel in passing
through material systems. The ability to control this velocity, which is known as the group velocity,
holds promise for the development of many applications in the field of photonics. Just as group
velocities much smaller than the speed of light in a vacuum are known as slow light, group velocities
greater than c are known as fast light. Both effects can be induced under appropriate circumstances.
Recent progress in this area has been summarized in a review article of Boyd and Gauthier [1].

As the field of slow light has matured over the past decade, it has become clear that there are
many physical processes that can be used to modify the group velocity. In this context, it is useful to
distinguish processes resulting from material properties and processes resulting from the structure
of materials. In the former case, slow light results from the frequency dependence of the refractive
index of a bulk material. It can be described in terms of a group index ng ¼ n þ !dn=d!, where n is
the usual refractive index and where the group index is defined so that the group velocity is given by
c=ng . Here, the refractive index can be either the intrinsic refractive index of the material or can be
the index as modified by some sort of nonlinear optical interaction. In the latter case, however, slow
light results from the modification of the velocity of light pulses as the result of a structure built into a
material system; this structure could be a waveguide, a Bragg grating, or a photonic crystal.

In starting, we first describe advances in the use of slow light based on material properties. Given
that there are a wide range of materials that support slow-light processes, we will first discuss the
work using atomic species, followed by work that uses condensed matter systems.

The group of Harris [2] recently demonstrated the electro-optic modulation of single photons. In this
paper, Stokes photons of a biphoton pair are used to set the time origin for electro-optic modulation of
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the wave function of the slowed and time-stretched, anti-Stokes photon, thereby allowing for arbitrary
phase and amplitude modulation. They demonstrated conditional single-photon wave functions
composed of several pulses or, instead, having Gaussian or exponential shapes. In a follow-up to this
earlier work, Belthangady et al. [3] have presented a proof-of-principle experiment demonstrating a
Fourier technique for measuring the shape of biphoton wave packets. The technique is based on the
use of synchronously driven fast modulators and slow integrating detectors.

In separate work, Bajcsy et al. [4] have demonstrated efficient all-optical switching using slow light
within a hollow fiber They demonstrated a fiber-optical switch that is activated by extremely small
energies corresponding to only a few hundred optical photons per pulse. This result is achieved by
simultaneously confining both photons and a small laser-cooled ensemble of atoms inside the hollow
core of a single-mode photonic-crystal fiber. These workers make use of quantum optical techniques
for generating slow-light propagation and for creating large nonlinear interaction between light
beams. Another work, by Schmidt and Hawkins [11], demonstrated the use of waveguide structures
to confine photons for interaction with atoms, although at room temperature.

Working in a semiconductor condensed matter system, Xue et al. [5] have reported major
advances in the use of slow-light methods in the field of microwave photonics. They suggested and
experimentally demonstrated a method for increasing the tunable rf phase shift of a semiconductor
waveguide while at the same time enabling control of the rf power. This method is based on the use
of slow- and fast-light effects in a cascade of semiconductor optical amplifiers (SOAs) combined with
the use of spectral filtering to enhance the role of refractive index dynamics. A continuously tunable
phase shift of approximately 240� at a microwave frequency of 19 GHz was demonstrated in a
cascade of two SOAs, while maintaining an rf power change of less than 1.6 dB. The technique is
scalable to more amplifiers and should allow realization of an rf phase shift of 360�.

Pesala et al. [6] have demonstrated a chirped pulse scheme that is highly effective in attaining
large tunable time shifts via slow and fast light for an ultrashort pulse through an SOA. They show
that advance can be turned into delay by simply reversing the sign of the chirp. A large continuously
tunable advance-bandwidth product (ABP) of 4.7 and delay-bandwidth product (DBP) of 4.0 are
achieved for negatively and positively chirped pulses, respectively, in the same device. They show
that the tunable time shift is a direct result of self-phase modulation (SPM), and their theoretical
simulation agrees well with their experimental results. Furthermore, their simulation results show
that by proper optimization of the SOA and chirper design, a large continuously tunable DBP of 55
can be achieved.

Fig. 1. Illustration of the enhancement of nonlinear optical processes through the use of slow-light
methods. (a) Schematic of slow-light-enhanced third-harmonic generation (THG). The fundamental
pulse at frequency � (energy h �) is spatially compressed in the slow-light photonic-crystal waveguide,
increasing the electric field strength, while the third-harmonic signal is ejected from the wave-guide
structure. (b) Scanning-electron-microscope (SEM) image of a tapered ridge waveguide coupled to a
photonic-crystal waveguide etched in a thin silicon membrane. (After Corcoran et al.) (Reprinted by
permission from Macmillan Publishers Ltd.: Nature Photonics, vol. 3, April 2009, � 2009.
www.nature.com/naturephotonics.)
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Following up on an idea of Sharping et al. [7], Kurosu and Namiki [8] have demonstrated a
parametric delay-dispersion tuner (PDDT) that is capable of the continuous tuning of delay and
dispersion for wideband optical signals in a simultaneous and independent manner. They
experimentally demonstrate a tunable delay of 22 ns for 2.6-ps return-to-zero optical signals without
distortion and error-free transmissions at 43 Gb/s. They show that PDDT has a bandwidth of
approximately 0.9 THz, resulting in the DBP of approximately 20 000, and that it exhibits excellent
performance in terms of stability and reproducibility.

Finally, we turn to the demonstration of slow light in material structures. Recent work has
emphasized how certain nonlinear optical processes can be enhanced through use of slow-light
methods. For example, Corcoran et al. [9] have observed green light emission at the third-harmonic
frequency through slow-light-enhanced third-harmonic generation in silicon photonic crystal
waveguides pumped by a 1550-nm laser source, as illustrated in Fig. 1.

Moreover, Dumeige [10] has proposed theoretically the use of a short array of active
microresonators to stop and manipulate light. This process uses the loss and gain to dynamically
tune a short coupled-resonator delay line. The structure is made of four resonators and is optimized
to avoid pulse distortion in the passive regime. The loss and gain modulations allow the resonant
structure to be isolated from the access waveguide and pulses to be stored. He demonstrates via
numerical simulations the pulse storing process and shows that this active delay line also induces
nonlinear effects leading to pulse compression. This last property could be useful for tailoring pulse-
dispersion tailoring.

In summary, extremely good progress has been made in 2009 in the area of slow-light research.
Significant advances have been made both in the fundamental physics of slow light and in its
engineering applications. This breadth of the field of slow light suggests why it is such an exciting
area of research.
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Abstract: Terahertz science and technology continues to advance at a rapid pace. This
article reviews a few of the most exciting advances from 2009, including reports in high-field
THz science, imaging, and plasmonics.

Index Terms: Terahertz, sub-millimeter, far infrared.

In 2009, the field of terahertz science and technology continued to grow very rapidly. The number of
peer-reviewed journal articles topped 1000, and attendance at related conferences (such as the
IRMMW-THz conference series and the Optical Terahertz Science and Technology topical meeting)
continues to grow. The field is highly interdisciplinary, since terahertz techniques are valuable for
everything from spectroscopy to sensing. Rapid progress in source, detector, and systems
technologies arematched by equally dramatic advances inmaterials research, photonic components,
the development of new applications areas, and so on. Here, we discuss just a few of many important
studies whose results were reported in 2009.

One important current research area in terahertz photonics is the quest to reach high intensity.
Time-domain spectroscopy has become a standard tool for the generation and detection of single-
cycle terahertz pulses, but in most cases, the pulse energy is quite low. As a result, schemes for
exploiting the high temporal resolution have been mostly limited to using the terahertz as a probe,
rather than as the pump pulse that can initiate a nonlinear interaction. Within the last few years,
researchers have demonstrated tabletop methods for producing terahertz pulses with microjoules of
energy per pulse or with peak electric fields in the 100-MV/cm range. This, in turn, has enabled new
experimental capabilities in the study of terahertz-induced nonlinear optics.

In 2009, several groups reported measurements which rely on these new capabilities. Most
notably, Nelson and his coworkers at the Massachusetts Institute of Technology have published the
results of several terahertz-pump, terahertz-probe measurements, illustrating the new types of
spectroscopic information that can be obtained. For example, in a conventional optical pump-probe
measurement on a semiconductor, interband transitions give rise to a population of both electrons
and holes. A time-delayed probe pulse interacts with both of these hot carrier distributions, and
therefore, disentangling the dynamics of the two can be challenging. In contrast, a terahertz pump
(using an n-doped sample, for example) creates only nonequilibrium electrons and not holes. The
relaxation dynamics, which are measured with a time-delayed terahertz probe pulse, are therefore
unambiguous [1].
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The design and construction of novel terahertz resonators continues to be a hot topic. This effort is
motivated by sensing applications, in which a small shift in the resonant frequency can be correlated
with the presence of a sensing target. Unlike in the optical regime, where compact high-Q resonators
(e.g.,Q � 104 or higher) are fairly routine, the state of the art in integrated terahertz resonant devices
is less well developed. 2009 saw some significant progress in waveguide-integrated resonators,
notably from groups at Oklahoma State University (using Bragg resonances) [2] and Rice University
(using groove cavities) [3]. Perhaps the most impressive result came from the University of California
at Santa Barbara, where a photonic crystal cavity was demonstrated with a Q of about 1000 [4].

Another research area making rapid progress in 2009 is terahertz plasmonics. The terahertz range
lies between the range of microwaves, where surface waves at metal surfaces have been well known
for over a century, and the regime of plasmonics, where the surface response of metals is strongly
influenced by resonant plasmon interactions. In the terahertz range, it is natural to extend and merge
these two related concepts. Using ideas from the optical plasmonics community (such as the concept
ofmetamaterials) or from themicrowave photonics community (such aswaveguides basedon surface
waves), researchers have made important steps in the development of components and techniques
for terahertz science and technology.

The field of terahertz metamaterials provides some excellent examples. Taylor and her coworkers
at Los Alamos National Laboratory, along with collaborators at Sandia National Laboratory, Boston
College, and Boston University, demonstrated a metamaterial-based phase modulator for terahertz
radiation. Although the response is resonant, as dictated by the nature of a typical split-ring-resonator-
based planar metamaterial, the modulation is broadband, since the metamaterial affects both the
amplitude and the phase of the terahertz signal over a broad spectral range [5]. The Los Alamos
and Sandia groups also collaborated with researchers at Rice University to demonstrate the first
high-speed spatial control of a terahertz wave front using a metamaterial-based modulator [6]. This
spatial light modulator could have important uses in many future terahertz applications. For example,
it could replace the need for a multipixel focal plane array in a real-time terahertz imaging system.

Speaking of terahertz imaging, this area also saw several important advances, both in techniques
and devices for image formation and in expanding the range of applications. A collaboration

Fig. 1.
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between groups at the University of Wuppertal and the Johann Wolfgang Goethe-University
Frankfurt demonstrated a focal plane array fabricated in 0.25-�m CMOS [7]. This device, operating
at room temperature, exhibits impressive sensitivity for radiation at 0.65 THz and has a clear route
for scaling to a large number of pixels. This low-cost solution could eliminate one of the key barriers
to the widespread implementation of terahertz imaging. The goal of subwavelength resolution
continues to attract a great deal of attention. Impressive results have been described by a group at
Aachen University. In this paper, a surface wave propagating on a tapered wire waveguide was
compressed to a region that is much smaller than the wavelength. A target, which is held in the near
field of the tapered tip, was then imaged with resolution in the few micrometer range [8]. Meanwhile,
the list of possible applications of terahertz imaging continues to grow. One exciting area with
enormous potential is that of art conservation, which saw several important feasibility studies in
2009 [9], [10]. Fig. 1 illustrates the unique types of information that can be obtained. This and other
imaging applications continue to be one of the key motivating factors in the growth of the field.

References
[1] M. C. Hoffmann, J. Hebling, H. Y. Hwang, K.-L. Yeh, and K. A. Nelson, BTHz-pump/THz-probe spectroscopy of

semiconductors at high field strengths,[ J. Opt. Soc. Amer. B, Opt. Phys., vol. 26, no. 9, pp. A29–A34, 2009.
[2] S. S. Harsha, N. Laman, and D. Grischkowsky, BHigh-Q terahertz Bragg resonances within a metal parallel plate

waveguide,[ Appl. Phys. Lett., vol. 94, no. 9, p. 091118, Mar. 2009.
[3] R. Mendis, V. Astley, J. Liu, and D. M. Mittleman, BTerahertz microfluidic sensor based on a parallel-plate waveguide

resonant cavity,[ Appl. Phys. Lett., vol. 95, no. 17, p. 171 113, Oct. 2009.
[4] M. S. Sherwin and C. M. Yee, BHigh-Q terahertz microcavities in silicon photonic crystal slabs,[ Appl. Phys. Lett., vol. 94,

no. 15, p. 154 104, Apr. 2009.
[5] H.-T. Chen, W. J. Padilla, M. J. Cich, A. K. Azad, R. D. Averitt, and A. J. Taylor, BA metamaterial solid-state terahertz

phase modulator,[ Nat. Photon., vol. 3, no. 3, pp. 148–151, Mar. 2009.
[6] W. L. Chan, H.-T. Chen, A. J. Taylor, I. Brener, M. J. Cich, and D. M. Mittleman, BA spatial light modulator for terahertz

beams,[ Appl. Phys. Lett., vol. 94, no. 21, p. 213 511, May 2009.
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Abstract: Recently, a number of groups have reported a dramatic reduction in the minimum
size of lasers, achieved via the use of metals to form the laser’s resonant cavity. These
results dispel misconceptions that the minimum laser size is limited by diffraction and
dielectric cavities. Furthermore, the use of metals allows an abundance of cavity designs,
providing a rich research area, the possibility of new important applications for small high-
speed lasers, and new flexible and efficient coherent light emitters.

There has been a steady push to further miniaturize lasers as there are benefits similar to those
seen with the shrinking dimensions of electronic components. A smaller laser requires less power
and can potentially be switched on and off faster. The main thrust of research in nanolasers has
been into photonic crystal cavity lasers [1]. Here, the light is confined strongly in two dimensions by
what are effectively 2-D Bragg mirrors formed by making a pattern of holes in a high-refractive-index
semiconductor. In all of these cavities, the refractive index differences of dielectric materials are
used to confine the light. The smallest dimensions to which the optical mode of such cavities can be
confined is related to the diffraction limit and is on the order of one half of the wavelength of light
in the dielectric material. Furthermore, the dielectric mirror structure typically has to be many
wavelengths in size, in order to be effective, implying that the total laser size is still large compared
to the wavelength of light.

For a long time it was thought that diffraction effects made it impossible for lasers and other
photonic devices to be smaller than about half the wavelength of the light they emitted or processed.
However, it is possible to beat this Bdiffraction limit[ by guiding light in the form of surface plasmon
polaritons (SPPs) at the interface between a metal (conductor) and a dielectric (nonconducting)
material such as air [2], [3]. The minimum size scales of structures employing this form of light
confinement is related to the penetration depth of light into the metal, which is typically of the order of
tens of nanometers.

An SPP is a light wave trapped at themetal/dielectric interface due to its interaction with conduction
electrons at the metal surface. Unfortunately, the oscillating conduction electrons dissipate energy
through collisions with the metal’s atomic lattice. This energy dissipation leads to high optical losses;
therefore, SPPs can only travel short distances, limiting the size and complexity of plasmonic circuits.

Until recently, many researchers doubted if it would be possible to overcome the losses in
plasmonic or metallic waveguides and cavities with the currently available optical gain materials.
Thus, nanolasers would always be based on dielectrics and limited by diffraction in size. Only recently
have metallic nanocavity lasers showed that lasers can be made with a truly small overall size and a
tightly confined optical mode [4].
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In 2009, there were a number of significant steps forward in the field of metallic/plasmonic
nanolasers, both in the further miniaturization and in moving these devices closer to applications.
For electrically pumped metallic/semiconductor nanolasers, it was demonstrated that lasing at near
infrared wavelengths is possible in metal–insulator–metal (MIM) waveguide structures, which can
tightly confine light far below the diffraction limit [5] (see Fig. 1). The total insulator and semi-
conductor width of the MIM waveguide was about half the diffraction limit; therefore, these devices
propagated a transverse magnetic or a so-called gap-plasmon mode. Additionally slightly wider
devices which propagated a transverse electric mode showed operation at room temperature,
which is an important step for applications. Another group from University of California at San Diego
had success with metal/semiconductor nanolaser structures, showing room-temperature operation
for an optically pumped device which was less than a free space wavelength of light in all three
dimensions (also in the near infrared) [6]. Others at the California Institute of Technology showed
evidence of lasing in a microdisk cavity having one side coated with metal [7].

Meanwhile, researchers at the University of California at Berkeley, the Lawrence Berkeley
National Laboratory, and Peking University showed lasing in a section of a hybrid dielectric/
plasmonic waveguide [8]. The waveguide is constructed from a flat metal substrate (silver) coated
with a thin dielectric layer on which a thin semiconductor nanowire is placed [9]. The optical mode
propagating in the silver/dielectic/semiconductor waveguide has a significant amount of its energy
squeezed into the thin dielectric gap between the nanowire and the metal substrate, leading to a
highly localized mode which has, according to calculations, an area that is significantly below the
diffraction limit. The tail of the propagating mode overlaps with the semiconductor nanowire, which
acts as the gain medium. The nanowire forms a Fabry–Perot cavity, with the plasmonic modes
resonating between its two ends (which are a few micrometers or more apart). Using short optical
pulses to pump the semiconductor nanowire, lasing is shown in the Fabry–Perot cavity at low
temperatures, in the blue part of the visible spectrum.

Even more remarkable, researchers at Norfolk State University, Purdue University, and Cornell
University have shown lasing in a gold nanoparticle with a diameter of 14 nm that is surrounded by a
silica shell containing dye molecules that exhibit optical gain (to give an overall diameter of 44 nm)
[10]. The gold nanoparticle which forms the optical cavity has a plasmon resonance at awavelength of
�520 nm.When the dyemolecules are pumped by short optical pulses, there is sufficient gain created
to overcome the losses in the gold, and a coherent source of highly localized SPPs is created. It is truly
remarkable to demonstrate such a laser-like device with a cavity, gain medium, and optical mode that
are all an order of magnitude smaller than the wavelength of light in all three dimensions.

So how small can lasers be made? There is speculation that they could be made down to the size
of few nanometers [11]. It appears plausible that both dye and semiconductor lasers could be made

Fig. 1. A number of groups have made metallic or plasmonic nano-lasers in 2009. (a) One approach that
has been pursued by several groups [5], [6] is to encapsulate a semiconductor heterostructure pillar in
an insulator and a low optical loss metal such as silver or aluminium. Such an approach is particularly
suitable for electrical pumping of the laser. (b) The optical mode in such structures is trapped on the
InGaAs gain region in the center of the pillar due to refractive index differences.
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down to a size of a few tens of nanometers in several dimensions [12], [13]. Certainly in the next few
years, experiments will probe these incredible minimum size limits.

Will such small lasers have any use? With laser size now no longer limited by diffraction, the
modulation or switching speed of these nanolasers can potentially reach into the terahertz region [14],
at low power consumption, which will be of interest for short-range optical communication and
switching applications. The availability of ultrasmall high-speed SPP sources will also open up the
way to complex nanoscale optical systems based on plasmonics. Finally, now having independent
lasers that can be formed into arrays of subwavelength pitch may open up new possibilities for
subwavelength scanning and optical atom traps.

For many applications, there will be a requirement for continuous operation at room or higher
temperatures with good device lifetimes and efficient electrical pumping of the laser gain medium. If
these challenges can be met, then spasers [11] or plasmonic nanolasers will be widely employed
diverse areas, including information processing, communications, sensing, and possibly many
other new applications.
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Abstract: Silicon photonics research published in 2009 exhibited considerable dynamism.
Significant progress was made in research on optomechanics, novel phenomena in Bragg
gratings, bio-sensing, photo-detectors, and silicon-organic hybrid structures. Non-linearity
was successfully exploited for third-harmonic generation, pulse steepening, waveform
compression, and high-speed sampling. All three solid states of silicon–single-crystal,
polycrystalline, and amorphous–featured. It was a good year for silicon photonics research!

2009 was a year of strong advances for research in silicon photonics. DespiteVor perhaps even
because ofVits intrinsic passivity, silicon technology, primarily in the form of silicon-on-insulator
(SOI), has proven to be the appropriate vehicle for exploration of novel device concepts and even of
new physics. For the purposes of this brief review, the definition of silicon photonics has been
restricted to cover only photonic devices and structures in which silicon is at the core of the photonic
action. The silicon involved may be present in any one of its three solid manifestationsVsingle-
crystal, polycrystalline or amorphousVand could even be alloyed, for instance, with germanium.

Our first breakthrough is exemplified by two publications [1], [2] that appeared simultaneously in
closely related journals. The subject of opto-mechanicsVin which the radiation pressure associated
with propagating, but strongly confined, light beams gives rise to gradient forces that are sufficient to
produce readily observable mechanical deformationsVis undoubtedly a trendy one, but develop-
ments that will lead to this version of a nano-opto-electro-mechanical system being usefully exploited
are now happening [3].

The high refractive index of silicon makes it possible to obtain strong optical confinement in
waveguides with well submicrometer cross-sectional dimensions, but such waveguides are also
commensurately more vulnerable to light scattering caused by dimensional variations, leading to
significant propagation losses for rms waveguide wall fluctuations below 1 nm. For some possible
applications, propagation losses of 0.1 dB.cm�1 or lower will be required. A partial answer to this
problem is not to etch the silicon core layer at all [4] but to use a combination of multiple thermal
oxidation stages and etch-patterning of the resulting silicon oxide.

Although silicon has already been demonstrated to be an interesting nonlinear material, with
substantial �3, the idea of using it as a vehicle for the generation of green light by third harmonic
generationmight seem to be at least a little odd. However, notable aficionados of slow light in photonic
crystal channel waveguides have succeeded in this task [5], with immediate extraction out of the
waveguide making it possible partially to bypass the issue of fundamentally strong absorption. See
Fig. 1. Two British phenomena (Bragg diffraction and Brewster’s angle) have combined to provide
another unexpected phenomenonVBthe disappearing stop-band[ [6]. The specifically restricted
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conditions under which the phenomenon becomes observable in a photonic wire Bragg grating
suggest that it might find application in sensors.

The mention of sensors brings us logically to bio-sensors. A notable contribution [7] has been the
engineered combination of a high-Q photonic wire ring resonator, which is specially deformed to
enhance the interaction, with multichannel capability and micro-fluidic delivery of the bio-analyte.
However, strongly defined band edges for photonic wire Bragg gratings have also been
demonstrated to have potential in bio-sensing [8]. Simulation shows that the simple addition of a
phase jump into such a grating [9] converts it into a high-Q and very compact sensor structure,
although experimental demonstration will be required in due course.

While the intrinsic transparency of silicon at standard telecommunications wavelengths such as
1.3 �m and 1.55 �m is key to much of what is currently happening on the scene, built-in photo-
detection at just those wavelengths is a very desirable capability. Ion implantation [10] offers both the
possibility of electro-absorption-type modulation and photo-detection with useful quantum
efficiencyVand with the waveguide configuration enabling high performance via matching between
the device length and the absorption wavelength.

As already remarked, silicon has a large value of �3. Because of two-photon absorption, its figure
of merit is much less impressive for operation at infrared wavelengths below about 2.2 �m. One
approach that seems likely to be useful is the polymer-infilled Bslot-guide,[ in which highly nonlinear
polymer becomes, locally, the primary transport medium for the light [11]. This silicon/polymer
combination makes it possible to take advantage of the continuity of the normal component of the
electric flux density D of the light across the interface between the silicon and the polymer to
enhance the field strength by approximately a factor of 4 and the strength of the resulting Kerr effect
by 42 ¼ 16, i.e., by more than an order of magnitude.

The forward march of amorphous silicon as a waveguide device medium has been demonstrated
in work on a grating triplexer [12] for cable TV applications with the three operating wavelengths
being 1310 nm, 1490 nm, and 1550 nm. A device footprint of only 150 �m� 130 �m is a result of
the high index contrast offered by silicon, while the absorption losses of around 1.5 dB/cm should
have negligible impact at that size scale. Although not strongly exploited in this particular device,
the fact that the thickness of the silicon waveguide core can readily be selected at the deposition
stage is a potentially significant advantage. Polycrystalline silicon features in a ring-resonator
photonic wire modulator described in Ref. [13]. Tradeoffs between recombination-time-limited device
operating speed and propagation loss tend to favor polycrystalline silicon over single crystal.

Fig. 1. Schematic of third-harmonic generation of green light from the infrared in SOI photonic crystal
channel waveguide. Courtesy of Nature Photonics.
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The stage in the evolution of silicon (nano-)photonics has now arrived where the provision of
complex signal-processing functionality using a silicon integrated photonic chip is becoming the
norm. Recent examples include optical sampling [14] and time-compression [15]. Finally, mention
should be made of impressive values predicted for high-Q cavity micro-/nano-resonators based
on a combination of photonic wire and 1-D photonic crystal structuring [16]Vand shock-wave
generation [17]. Suspended nano-beams [16] with both mechanically and optically resonant
behavior should provide further (photon) momentum for research activity in 2010. As measured
by the characteristic shock time, silicon photonic wires are typically more than an order of
magnitude more shocking than photonic crystal fibers [17].

The above brief personal review is unavoidably incomplete and subject to randomness. It has
tended to emphasize the micro/nano aspects of silicon photonicsVand has been based solely on
journal publications that have appeared in the calendar year 2009. I expect the year 2010 to bring
with it at least as much interest and excitement.
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Abstract: The progress in III-Nitride photonics research in 2009 is reviewed. The III-Nitride
photonics research is a very active field with many important applications in the areas of
energy, biosensors, laser devices, and communications. The applications of nitride
semiconductors in energy-related technologies include solid-state lighting, solar cells,
thermoelectric, and power electronics. Several new research areas in III-Nitride photonics
related to terahertz photonics, intersubband quantum wells, nanostructures, and other
devices are discussed.

Index Terms: III-Nitride, photonics, light-emitting diodes, lasers, solid state lighting,
nanotechnology, energy, thermoelectric, photodetector, terahertz, intersubband quantum
well.

The fields of III-Nitride photonics havemade significant progress in the Year 2009. The applications of
III-Nitride semiconductor photonics cover many different areas including visible diode lasers, solid-
state lighting, solar cells, and biosensors. In addition to the progress of nitride semiconductor devices
for these applications, new research areas in III-Nitride photonics have arisen such as terahertz
generation, intersubband quantum well (QW) devices, nitride-based nanostructures, and other opto-
electronics devices.

High-performance III-Nitride light-emitting diodes (LEDs) play significant role for solid-state
lighting [1]. Recent significant progress in 2009 has focused on three important aspects limiting the
performance applicable for solid-state lighting [2], [3], namely 1) Bgreen gap[ issue in nitride LEDs,
2) efficiency-droop in high-power LEDs, and 3) novel approaches for high light extraction efficiency.

To address Bgreen gap[ nitride LEDs, there are two important issues, namely 1) charge separation
issues in InGaN/GaN QWs and 2) low material quality for high-In-content InGaN QWs required to
achieve green emission. The existence of the strong electric field from both spontaneous and
piezoelectric polarizations causes the charge separation in the InGaN QWs, which leads to a
significant reduction of the electron-hole wavefunction overlap ð�e hhÞ. The significant reduction of
�e hh in InGaN QW leads to significant reduction in its radiative recombination rate ð�j�e hhj2Þ. The
charge separation effect has been one of the most challenging factors leading to significant reduction
in radiative efficiency in green-emitting nitride LEDs (a key technology for solid-state lighting). In order
to address the charge separation issues in nitride QWs, several approaches have been pursued with
the goal to achieve high-internal-quantum-efficiency InGaN QW LEDs to address the Bgreen gap[ in
solid-state lighting devices. The use of nonpolar InGaN QW LEDs has been investigated as a
potential approach to address charge separation issue [4]–[6], and significant progress on this
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exciting technology has been reported in 2009 [4]–[6]. One of themain issues for nonpolar InGaNQW
LEDs is related to less mature material epitaxy and substrate availability; thus, the advances in
improved epitaxy and nonpolar GaN substrate developments will have a tremendous impact on the
progress of this technology.

In addition to the pursuit of nonpolar nitrideQW technologies, there are significant efforts to engineer
the polar InGaN QW structures with improved electron-hole wavefunction overlap [9]–[23]. By
improving the electron-hole wavefunction overlap ð�e hhÞ in the InGaN-basedQW, several successful
demonstration have been reported to increase the radiative recombination rate and radiative
efficiency (and internal quantum efficiency) of nitride LEDs emitting in blue and green spectral regime.
The concept of staggered InGaN QW LEDs was proposed and demonstrated previously [7]–[9], and
recent experimental works on the growth of three-layer staggered InGaNQWLEDs have resulted in a
2.5–3 times enhancement in radiative efficiency and output power of the devices [10]–[12] emitting in
the green spectral region, as shown in Fig. 1. Time-resolved photoluminescence from the staggered
InGaN QW LEDs had also shown that the enhancement in output power can be attributed to the
increase in radiative recombination rate [12]. Based on the comprehensive modeling of staggered
InGaN QW, it is expected that the use of this active region will potentially result in internal quantum
efficiency in the range of 50% for green-emitting devices [10]. In addition to the use of staggered
InGaN QW LEDs, several other approaches have been pursued as follow: type-II InGaN-GaNAs QW
[17], [18], strain-compensated InGaN-AlGaNQW [19], [20], triangular InGaNQW [21], InGaNQWwith
delta-AlGaN layer [22], [23], and dip-shape QWs [15]. Another issue on the Bgreen-gap[ LEDs is
related to the material quality. Wetzel et al. identified the importance of improving the epitaxy of
high-In-content InGaN QW to reduce the V-defect density [24], which will improve the radiative
efficiency of the active region by suppressing the nonradiative process.

One of the major challenges for high-power nitride LEDs is the issue of Befficiency-droop.[ The
use of c-plane InGaN-based QW LEDs suffers from the reduction in efficiency at high operating
current density, which is referred as Befficiency-droop[ [25]–[35]. Both the external (EQE) and
internal (IQE) quantum efficiencies reach their maximum and start to drop at current densities of
10–60 A=cm2 [25]–[35]. The efficiency-droop is a very important limitation for achieving high-power
LEDs, as these devices are required to operate at relatively high operating current density
ð9 200�300 A=cm2Þ. The origin and dominant mechanisms leading to efficiency-droop phenom-
enon in nitride LEDs are very controversial, and the understanding of the factors leading to the
droop is lacking. Several factors have been suggested as potential reasons affecting the efficiency-
droop in LEDs, however two leading theories have arisen, namely 1) carrier leakage process [27]–
[30] or/and 2) Auger process in InGaN active region [34], [35]. Recent theoretical studies predicted
Auger recombination coefficient in InGaN/GaN QW system as C ¼ 3:5� 10�34 cm6=s [36].
However, it is important to note that recent experimental studies have indicated the possibility of the
Auger recombination coefficient in thick InGaN/GaN double-heterostructure active regions

Fig. 1. (a) Schematic of band lineup for three-layer staggered InGaN QW active region with improved
overalp emitting at green spectral regime. (b) Comparison of the light output power for green-emitting
staggered InGaN QW LEDs and conventional InGaN QW LEDs.
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ðdActive ¼ 10�77 nmÞ in the range of C ¼ 1:4� 10�30 cm6=s up to C ¼ 2� 10�30 cm6=s [34], [35].
Recent theoretical works have suggested the possibility of interband Auger recombination as the
dominant process in InGaN bulk semiconductor [37]. Further studies are still required to clarify and
confirm the Auger coefficients ðCÞ for InGaN/GaN QW system, due to the large discrepancies for the
reported Auger coefficients in the literatures [34]–[37]. Another leading theory has attributed the
carrier leakage from the polarization field as the main factor in the efficiency-droop in the InGaN QW
LEDs. Recently, InGaN QWs employing polarization matched quaternary AlInGaN barriers instead
of GaN barriers have been demonstrated as a method to reduce the efficiency droop [29], [30].
Another interesting approach to suppress efficiency-droop is by employing very thin large bandgap
barriers (i.e., AlInN or AlInGaN) to surround the InGaN QW active region [38]. The complete
description of the current injection efficiency and radiative efficiency in nitride LEDs are important to
provide complete understanding and indicate potential solutions to efficiency-droop in nitride LEDs
[38]. The use of thin larger bandgap barrier materials in more mature GaAs-based diode lasers
had resulted in significant carrier leakage suppression, leading to high-performance laser devices
[39]–[44]. The accurate determination of internal quantum efficiency in nitride LEDs is still challenging,
and recently, Getty et al. presented an approach to determine the IQE by taking into consideration the
light extraction efficiency of the LEDs [45].

The coupling of the surface plasmon mode to the InGaN QW active region leads to an increase in
density of states and to a Purcell enhancement factor, which in turn leads to significant increase in
radiative recombination rate and radiative efficiency of the InGaN QW LEDs [46], [47]. The tuning of
the surface plasmon mode by employing metallo-dielectric stacked layers was proposed [48], [49],
and recently, the use of double metallic layer was also proposed as an approach to tune the surface
plasmon frequency over a wide range of spectrum [50]. The demonstration of the electrical-injected
surface plasmon InGaN QW LEDs was recently demonstrated [51]. However, significant works are
still required to achieve optimized device structures.

Other important aspect of nitride LEDs focused on the pursuit of novel low-cost colloidal-based
microlens arrays as an approach to enhance the light extraction efficiency of nitride LEDs [52]–[55].
The use of convex colloidalmicrolens arrays based onSiO2/polystyrenemicrospheres had resulted in
enhancement of more than 2.5 times in light output power, in comparison with that of conventional
planar LEDs [52]–[54]. The use of concave microlens arrays have also been demonstrated with
enhancement of 1.7 times [55], and the use of this approach have the potential to result in self-focusing
in the far-field pattern. Recently, the use of photonic crystal have also resulted in significant
enhancement in nitride LEDs [56], [57], with encapsulated light extraction efficiency as high as 73% [56].

In addition to the issues presented above for solid-state lighting, other interesting progress to
realize white LEDs have been reported in 2009. The use of a phosphor-free approach to generate
white LEDs have focused on the mixing of blue- and yellow-emitting QWs in a device structure [58].
Another approach has focused on the use of 1) patterning and selective area epitaxy or 2) in situ
roughening to realize GaN with different planes, such that the different polarization fields will lead to
emission from two different spectra [59], [60].

The availability of high-quality GaN substrate is important for the progress of GaN-based
optoelectronics, and the issues related to research and development of this substrate technology is
reviewed by Paskova et al. [61]. Another important aspect is the use of novel epitaxy technique to
reduce the dislocation density in GaN material grown on sapphire substrate. The use of new
Babbreviated growth mode[ of GaN on nanopatterned sapphire [62], [63] leads to the growth of GaN
material with significant reduction in dislocation density (2-order of magnitude), as well as a
reduction in epitaxy time/cost. The experimental works have resulted in improvement in radiative
efficiency of InGaN QW LEDs employing this growth technique by approximately 25% [62], [63].

The visible diode lasers have applications as light sources for DVD,medical, industrial, display, and
laser mini projectors. The availability of green-emitting nitride diode lasers will be advantageous over
current technology based on frequency-doubled sources. In order to overcome the detrimental effect
from the polarization fields, nitride heterostructures and QWs grown along nonpolar or semipolar
orientations have been attempted. Recently, nonpolar m-plane InGaN/GaN QW laser diodes (LDs)
emitting at 404 nm without Al-containing waveguide cladding layers grown on free-standing m-plane
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GaN substrates have been demonstrated [64]. The threshold current density and operating voltage of
the nonpolar diode lasers are 6.8 kA=cm2 and 5.6 V, respectively, and the devices operate under
continuous-wave (CW) condition at room temperature for more than 15 h. More recently, asymmetric
p-GaN/n-AlGaN-cladded InGaN-based pure blue (440–460 nm) LDs were fabricated on the nonpolar
m-plane GaN substrate [65]. The lasing wavelengths are 443 nm and 465 nm, with threshold current
densities of 14 kA=cm2 and 19 kA=cm2, respectively. Despite the theoretical promise of the higher
optical gain for nonpolar InGaNQW resulting from the elimination of the polarization field in the active
region, the performance of the nonpolar lasers is still limited by the epitaxy andmaterial quality issues.
The epitaxy andmaterial quality of current nonpolar and semipolar materials are still less mature than
the more established c-plane (0001) GaN, where nonpolar GaN films are found to contain high
concentration of stacking faults and threading dislocations. The progress in the nonpolar InGaN–GaN
QW active region is very promising, and it is expected that the nonpolar nitride materials and devices
would have impacts in the field of diode lasers and solid-state lighting. However, the maturity of this
technology is still at early stage, and a significant amount of research and development works are still
required to enable this technology to compete with polar c-plane GaN materials.

Recently, InGaN-QW-based LDs grown on c-plane GaN substrate with lasing wavelength of
510–515 nm was demonstrated by Nichia with threshold current density of 4.4 kA=cm2 at 25 �C and
output power of 5 mW (at I ¼ 88 mA and V ¼ 5:5 V) [66]. Note that the laser structure [66] was
fabricated by employing both facets coated with high-reflectivity (HR) dielectric films (HR/HR),
which reduces the mirror loss and threshold gain. However, the HR/HR coatings on both facets limit
the output power and external differential quantum efficiency of LDs, which leads to limitations of
conventional InGaN QW as active regions for high-power LDs or other laser devices requiring high-
gain active region (i.e., VCSELs). Recently, OSRAM reported the 500-nm electrically driven InGaN-
based LDs grown on c-plane GaN substrate with threshold current density of 8.2 kA=cm2 and
output power of several tens of milliwatts [67], with mirror coatings of 50% and 95%. OSRAM also
reported InGaN LDs emitting at 515 nm with threshold current density of �9 kA=cm2 [68]. It is very
challenging to extend the conventional InGaN-QW-based LDs to the green spectral regime with
high output power and low-threshold current density. Further advances are still required to reduce
the threshold current density from 4.4–8.2 kA=cm2 down to more acceptable level. Significant
reduction in threshold carrier density and threshold current density in green-emitting diode lasers
are important, in particular, for enabling the nitride QW lasers as practical and reliable laser
technology in the green spectral regimes. Polar novel InGaN-based QWs with improved overlap
design are expected to reduce the threshold carrier density [18], [20], [69], which in turn have the
potential to enable the realization of high-performance green-emitting LDs.

Significant progress on the theoretical description of the nitride quantum dots have been reported in
2009. Williams et al. [70] and Wu et al. [71] reported the simulations of nitride QDs as significantly
different than those of GaAs-based QDs, due to the existence of the polarization fields and strong
shape-dependent characteristics. One of the important challenges in the growth of self-assembled
nitride QDs is the relatively low-density QD density for enabling realization of high-performance
photonics devices [72]. The progress in the growths of high-quality and ultrahigh-density nitride QDs
are still ongoing.

High-efficiency multijunction tandem solar cells of InGaN/InN material have the potential to
compete with the traditional III–V tandem cells [73]–[75]. Recent progress on the InGaN-based
single-junction solar cells has been exciting. Dahal et al. reported the use of In0:3Ga0:7N multiple
QWs resulting in open circuit voltage of about 2 V and fill factor of 60% [74]. Neufeld reported the
use of 2.95 eV InGaN junction to achieve solar cells with open circuit voltage of 1.81 V and fill factor
of 75% [75]. The pursuit of narrow bandgap junction by employing InN semiconductor with
metalorganic chemical vapor deposition is important [76]–[78], and the use of pulsed MOCVD
growth method has resulted in narrow-bandgap (0.77 eV) InN with relatively low V/III ratio [77], [78].

The pursuit of near-infrared intersubband QW devices require large conduction band offset,
which can be accomplished by GaN/AlN heterostructure. Transition wavelengths in the spectral
range of 2 �m had been reported for GaN/AlN QWs measured under optical pumping [79].
Sodabanlu et al. have reported the use of AlGaN interlayer to modify the strain in the GaN/AlN QWs
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and shift the wavelength into the 1.54-�m spectral regime [80]. Significant works are still required to
investigate the use of polar GaN/AlN-based QWs to realize intersubband QW lasers. The pursuit of
intersubband devices by employing nitride quantum dots and nanowires are important to enable the
realization of devices operating at room temperature.

The use of ultrafast laser pulses have led to efficient generation of broad terahertz pulses from
InN films [81]–[83]. The average output power reached 0.93 �W based on result for 700-nm-thick
InN film [83], and the mechanism can be attributed to the resonance enhanced optical rectification.
Recently, a new results based on terahertz generation from pulsed-MOCVD grown have indicated
the existence of destructive interference between optical rectification and photocurrent surge [84].
From the studies in reference [84], optical rectification is the primary mechanism for the terahertz
generation in the frequencies of 300 GHz–2.5 THz, with ultrafast laser pulses at 782 nm. The
highest output power reported is 2.4 �W at an average pump intensity of 176 W=cm2 from the
220-nm-thick pulsed-MOCVD grown InN film [84].

In summary, significant progress and exciting research advances in III-Nitride photonics have
been reported in 2009. The impacts of III-Nitride photonics are wide ranging with applications in
solid-state lighting, solar cells, visible lasers, and biosensors, and the progress in these fields are
expected to continue. Further growths in new research areas such as intersubband QW devices,
surface plasmonic-based devices, novel nanostructures, Terahertz generation, and potential uses
for thermoelectric applications are expected in the research areas of III-Nitride photonics and
semiconductors. Nitride-based LEDs and lasers have been employed as light sources for probing
biological materials in the visible and UV spectral regimes. Recently, AlGaN/GaN high-electron-
mobility transistor (HEMT) has been demonstrated for solid-state biosensor application with excel-
lent thermal, chemical, and mechanical stability, which suggests that nitride HEMTs are excellent
candidates for pressure sensor and piezoelectric-related applications [85]. The avalanche photo
diodes (APDs) based on GaN material have also been developed, and recently, first principle
simulations have also provided accurate modeling of the properties of these devices [86].
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Abstract: The word Bmagic[ is usually associated with movies, fiction, children stories, etc.,
but seldom with the natural sciences. Recent advances in metamaterials have changed this
notion, in which we can now speak of Balmost magical[ properties that scientists could only
dream about a decade ago. In this paper, we review some of the recent Balmost magical[
progress in the field of photonic metamaterials.

Starting in high school physics, we learn that light is made of a combination of electric and magnetic
fields. As light propagates through matter, conventional materials only react to the electric field, and
this interaction results in most of the optical effects that we know of, such as refraction, diffraction,
lensing, imaging, etc. Forty years ago, Veselago asked the question BWhat if matter also interacts
with the magnetic field of light?[ [1]. He showed that when both electric and magnetic properties
were negative (" G 0 and � G 0), the solution of the Maxwell equations resulted in an index of
refraction with a negative sign.

The theoretical predictions of Veselago had to wait about 30 years for the first experimental
realization of these engineered materials that are also called metamaterials. The seminal work of
Pendry [2] provided the blueprints for the experimental realization of metallic-based resonant
structures that are called split ring resonators (SRRs), which exhibit � G 0 at the resonance
frequencies. Smith et al. [3] combined an array of SRRs ð� G 0Þ and an array of metallic wires
ð" G 0Þ in order to create double negative composite metamaterials. In such a case, the famous
Bright-handed rule[ between the electric and magnetic fields becomes left handed, in which these
materials are known as left-handed materials (LHMs) or negative index materials (NIMs).

Besides negative refraction, scientists have shown that metamaterials can also be used to
achieve Balmost magical[ applications such as subwavelength imaging, superlenses, perfect
lenses, cloaking, chirality etc. Although the early experiments were performed at microwave
frequencies, it took only a few years for the scientists to downscale these structures to optical
frequencies [4]. These nanoscale metamaterials are now called photonic metamaterials.

As shown in Fig. 1, SRRs can be fabricated with dimensions reaching nanometer scales. The
nanoscale SRR acts as an LC resonator with a resonance frequency at optical frequencies [5].
More importantly, the typical size of these resonant inclusions is approximately 10 times smaller
than the vacuum wavelength of the light at the resonance frequency. Although a single-layer SRR
structure can easily be fabricated on a dielectric surface, it is relatively difficult to stack these
structures due to the tight alignment tolerance requirements. Giessen and his group have reported
a new method where metamaterials in the near-infrared spectral region can be fabricated using a
layer-by-layer technique [6].
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Conventional SRRs provide a neat way to achieve magnetism at optical frequencies. In order to
excite the magnetic resonance of the SRR, the incoming light should propagate in a direction that
is parallel to the SRR plane. Shalaev et al. at Purdue University came up with a solution to this
problem, where they modified the classical SRR into a coupled nanostrip structure [7]. Using the
coupled nanostructures with various dimensions, the Purdue researchers were able to create
metamaterials exhibiting optical magnetic responses across the entire visible spectrum: from red
to blue.

Although the coupled nanostrip structure results in magnetism at even shorter wavelengths,
they still do not possess the desired negative index behavior. If the metallic nanowires are
fabricated on the same plane with the coupled nanorods, the structure resembles that of a fishnet.
Professor Zhang’s group at the University of California at Berkeley reported a 10-layer fishnet
metamaterial structure [8]. Instead of relying on numerical retrieval methods, measurements of the
refractive index of the structures were carried out by observing the refraction angle of the light
passing through the prism by BSnell’s Law.[ This method provides a direct and unambiguous
determination of the refractive index [9], as the refraction angle depends solely on the phase
gradient that the light beam experiences when refracted from the angled output face. The
refractive index varied from n ¼ 0:63 at 1200 nm to n ¼ �1:23 at 1775 nm.

Photonic-crystal-based metamaterials also possess Balmost magical[ properties, including
negative refraction and subwavelength imaging [10]. In a Science article, the Berkeley group
reported observations of negative refraction in metallic-photonic-crystal-based metamaterials
composed of silver nanowires embedded in alumina [11]. The group refractive indices of the
metallic-photonic-crystal-based metamaterial are then shown to be�4.0 and 2.2 for TM and TE light,
respectively. Similar to dielectric-based photonic crystals [12], metallic-photonic-crystal-based
metamaterials can support propagating waves with large wave vectors that are evanescent in air or
dielectrics, enabling the manipulation of visible light at the subwavelength scale. Such a property will
be rather useful in various photonic applications including waveguiding, imaging, and optical
communications.

Fig. 1. Nanoscale SRR structures fabricated in Bilkent University.

IEEE Photonics Journal Photonic Metamaterials: Science Meets Magic

Vol. 2, No. 2, April 2010 Page 250

Authorized licensed use limited to: ETH BIBLIOTHEK ZURICH. Downloaded on May 11,2010 at 11:24:39 UTC from IEEE Xplore.  Restrictions apply. 



Thanks to the popularity of the magic presented in the Harry Potter series of books and films,
cloaking has also emerged as another Balmost magical[ application of metamaterials. The early
experiments have shown that it is possible to design a metamaterial around an object such that an
incoming wave can be totally reconstructed on the other side of the same object [13]. In a sense,
the metamaterial acts like a cloak that makes the object inside invisible to the outside. Canonical
spiral particles can also be used to achieve cloaking for both polarizations of the electromagnetic
waves [14]. Spirals are optimized to exhibit equal permittivity and permeability response so that the
cloak consisting of these spirals will work for both the TE and TM polarizations. Researchers at
Berkeley have designed an optical Bcarpet[ cloak using quasi-conformal mapping to conceal an
object that is placed under a curved reflecting surface by imitating the reflection of a flat surface [15].
The cloak consists only of isotropic dielectric materials, which enables broadband and low-loss
invisibility at a wavelength range of 1400–1800 nm. Another approach to obtain cloaking at optical
frequencies is recently demonstrated by Cornell researchers [16]. The cloak operates in the near
infrared at a wavelength of 1550 nm and it is composed of nanometer-size silicon structures with
spatially varying densities across the cloak. The cloak conceals a deformation on a flat reflecting
surface, under which an object can be hidden. The density variation is defined using transformation
optics to define the effective index distribution of the cloak.

Although Chirality can be observed in nature, this effect is usually very weak, and to observe a
significant polarization rotation effect, the light would have to propagate more than several
centimeters (tens of thousands of visible wavelengths). Metamaterials can boost this effect by
several orders of magnitude. In place of molecules, one can engineer tiny, subwavelength resonant
electromagnets that act as magnetic dipoles [17]. Instead of using a resonant particle with a very
narrow bandwidth, researchers at Karlsruhe University developed a uniaxial photonic metamaterial
composed of 3-D gold helices arranged on a 2-D square lattice [18]. For propagation of light along
the helix axis, the structure blocks the circular polarization with the same handedness as the
helices, whereas it transmits the other, for a frequency range exceeding one octave. The structure
is scalable to other frequency ranges and can be used as a compact broadband circular polarizer.

Photonic metamaterials are definitely one of the most active research areas within the photonics
research community. Thanks to the recent experimental and theoretical demonstrations, the optical
magic behind these structures has already been partially unveiled, in which we will definitely see
more magic appear from photonic metamaterials in the coming years. The true magic behind
photonic metamaterials is to create optical materials with new and unusual optical properties, and
our imagination and creativity will continue to shape and advance this new research area.
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Abstract: Femtosecond (fs) lasers have become common tools for microfabrication and
nanofabrication, and a large amount of research has been carried out in this field in 2009.
This paper reviews the major areas of achievement in 2009 relating to bio-microchips such
as the so-called lab-on-a-chip (LOC) and optofluidics.

Index Terms: Femtosecond laser, microfabrication, bio-microchip, lab-on-a-chip,
optofludics.

Over the past few decades, the rapid development of femtosecond (fs) lasers has opened up new
avenues for materials processing, and they have already become common tools for microfabrication
and nanofabrication. Fabrication using fs lasers is still a highly active research field inmaterial science
from the standpoint of both fundamental physics and the development of practical applications. One
important recent advancement is the development of both spatial and temporal beam-shaping
techniques that allow higher efficiency, quality, and resolution during fabrication [1]. Using the ISIWeb
of Knowledge, a search for scientific papers published in 2009 with the keywords Bfemtosecond
laser[ and Bfabrication[ produced 157 hits in subjects including micromachining [2], surface
modification [3], surface nanostructuring [4], waveguide writing [5], photonic device fabrication [6],
3-Dmicrofabrication and nanofabrication [7], two-photon polymerization [8], nanomaterial synthesis [9],
and bio-tissue treatment [10]. Among these research areas, the number of papers describing
fabrication of bio-microchips, such as the so-called lab-on-a-chip (LOC), optofluidics, and micro total
analysis systems (�-TAS), is significantly increasing. In this review, some relevant accomplishments
related to the fabrication of bio-microchips using fs lasers in 2009 are introduced.

Optofludic devices have been fabricated by integrating optical waveguides into commercial
fused-silica LOCs for photonic biosensing [11]. High-quality waveguides intersecting the
microfluidic channel in the LOC were written by internal modification of the refractive index using
a focused scanned fs laser beam. The fabricated devices had the capability to excite fluorescent
molecules flowing in the microfluidic channels with high spatial selectivity. Further, the optofluidic
devices were fabricated using only an fs laser [12], [13]. 3-D microfluidic channels were first formed
in fused silica by fs laser direct writing followed by selective wet etching in a hydrofluoric (HF) acid
solution [14]. The optical waveguides intersecting the microchannel were subsequently integrated
into the microchannels by refractive-index modification using the fs laser beam. A single red blood
cell (RBC) in diluted human blood introduced into the microchannel was detected by two different
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optical methods. In the first, the transmitted light intensity of an He-Ne laser beam coupled into the
optical waveguideswasmeasured.When the cell arrived at a specific region in themicrochannel where
the waveguides crossed, a decrease occurred in the intensity of the transmitted light due to scattering
by the cell, resulting in detection of the cell. The second method involved detection of fluorescence
emission from a dyed RBC excited by an Ar laser beam delivered through the optical waveguide.

A more sophisticated demonstration of the capabilities of fs lasers in the fabrication of optofluidics
was the integration of a Mach–Zehnder interferometer into a microfluidic channel for label-free
sensing of liquid samples [15]. The simple 3-D microfluidic channel was fabricated in fused silica by
fs laser direct writing followed by HF etching. A Mach–Zehnder unbalanced interferometer was then
integrated with the fabricated microchannel. The interferometer had two optical-waveguide arms of
slightly different length, one of which intersected the microchannel, while the other passed above it.
The interferometer can produce fringes when a sufficiently large spectral region is scanned with a
tunable laser. When the light propagating through one of arms travels through a different medium,
the fringe pattern becomes shifted due to the slight change in refractive index. Thus, variations in
the refractive index of the content of the microchannel can be detected by measuring the shift in
wavelength of the fringes. The sensitivity of the integrated interferometer was tested by filling the
microchannel with glucose-D solutions of different concentrations. The fabricated optofluidic
devices succeeded in clearly distinguishing solutions with concentration differences of just 50 mM,
which was equivalent to a sensitivity of 1� 10�3 in refractive index.

Another interesting application of bio-microchips is dynamic observation of aquatic microorgan-
isms [16], [17]. Some species of microorganisms have survived almost unchanged for more than
500 million years. Some of them undergo extremely rapid motion, which is unusual in the
macroworld in which we live, and display unique 3-D patterns of movement defying gravity. Most of
these microorganisms are single-celled, and thereby, it is very important to explore the dynamics of
their movement and their physiological energy-generation mechanisms in order to fully understand
the functioning and potential abilities of the individual cells that make up multicellular organisms,
including human beings. Therefore, observation of microorganisms is currently a challenging
subject for cell biologists. However, using the conventional observation method, in which the
microorganisms are placed in a Petri dish with water and are observed using an optical microscope
with a high-numerical-aperture objective lens, it is often difficult to capture clear images due to their
rapid movement and their small size. The use of a microchip with a 3-D microfluidic structure, which
is referred to as a nanoaquarium, scales down the observation site, that is, the microorganisms
become three-dimensionally encapsulated within a limited volume, which still provides sufficient
space for movement. This makes it much easier to capture images of their movements, as shown in
Fig. 1(a). The nanoaquarium was fabricated in a photosensitive glass microchip by fs laser direct

Fig. 1. (a) Schematic illustration of the concept of a nanoaquarium and (b) microscopic image of the
front view of Euglena gracilis swimming upward in the microchannel in the nanoaquarium.
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writing followed by thermal treatment, HF etching, and additional thermal treatment. It enabled us,
for the first time, to obtain an image of the front view of Euglena gracilis swimming upward in the
microchannel, as shown in Fig. 1(b). The rapid motion of the flagellum, whose diameter was several
hundred nanometers, was also clearly observed. To date, several kinds of nanoaquariums with
different structures and functionalities have been successfully fabricated for specific purposes,
including the analysis of flagellum motion of Euglena gracilis, determining the information-
transmission process used by Pleurosira laevis, observations of high-speed motion of
Cryptomonas, and Phormidium assemblage to seedling roots for the promotion of vegetable
growth.

Fabrication using fs lasers allows the 3-D integration of various functions in a single glass
microchip with easy assembly of each microcomponent and without the need for cumbersome
processes for stacking and joining substrates. Such direct fabrication of truly 3-D microstructures
can be realized only by fs laser fabrication. Finally, we emphasize that such 3-D microfabrication
techniques will have a significant impact on the manufacture of integrated microchips that are highly
efficient for on-chip biosensing and analysis.
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Abstract: The integration of information photonics and 3-D imaging systems for low-cost
automated screening and characterization of biological specimen is presented. In particular,
3-D holographic imaging and computational models are described that provide potentially
powerful tools for rapid noninvasive 3-D sensing, identification, and tracking of biological
micro/nanoorganisms.

Index Terms: Digital holography, 3-D microscopy, cell analysis, computational imaging,
medical and biological imaging.

Traditionally, 3-D imaging, visualization, and displays have been investigated with broad applica-
tions in entertainment, manufacturing, medical diagnosis, robotics, defense, and security [1], [2].
Recently, information photonics based 3-D imaging systems have been utilized for automated iden-
tification of unicellular microorganisms [3]–[5]. Low-cost, rapid and automated detection and
identification of biological micro/nanoorganisms can play a central role in future point of care health
solutions, environmental monitoring, food safety, early detection of pandemics, and combating
biological terrorism [5]. Althoughmorphologically simple andminute, biological micro/nanoorganisms
exhibit complex machinery resulting in sophisticated behavior and interaction with their environment.
These properties make such organisms difficult to inspect and characterize with automated
systems. Here, we overview some of recent advances in 3-D imaging systems integrated with
information photonics for rapid, high-throughput sensing, visualization and identification of micro/
nanoorganisms [3]–[8].

Interface between information photonics and 3-D imaging has been enabled by advances in
sensors, sources, electronic hardware, and complex computational algorithms that can interpret the
data provided by sensor for task-specific applications. In this capacity, computers are used to
interpret sensor information according to physical laws governing the imaging system (e.g.,
diffraction), as well as performing various information processing algorithms for the desired task at
hand (e.g., identification). Digital Holographic Microscopy is one such system in which digital
holograms are processed by computer to recover specimen information in 3-D [9]–[11].

Microorganisms are usually semitransparent resulting in low contrast when imaged with con-
ventional bright-field microscopes. It is thus a common practice to stain the cells or label them with
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fluorescent markers to image them in detail. This process is invasive for cells and can adversely
affect their viability or disturb their natural life cycle, which can be undesirable for certain studies
where noninvasiveness is required, e.g., stem-cell screening. Although semitransparency of
microorganisms results in low contrast in intensity-based imaging techniques, the phase of the light
can be significantly modulated by these specimen due to sensitivity of phase of light to refractive
index variation inside the organism [9], [10]. Hence, complex amplitude wavefront modulated by the
specimen contains a rich data set for quantitative characterization and recognition of micro/
nanoorganisms [3].

Among various 3-D microscopy techniques [12], digital holography (DH) captures the complex
amplitude of the object wavefront interferometrically in a coherent optical system. The four
components recorded by a sensor are [13]

Iðx ; yÞ ¼ R þOðx ; yÞj j2

¼ jRj2 þ Oðx ; yÞj j2þR�Oðx ; yÞ þ RO�ðx ; yÞ (1)

in which R and O denote the plane reference wave and the object wave, respectively. The recorded
holograms convey the information of intricate interactions of incident light with the specimen in 3-D.
Digital holograms can be used to computationally reconstruct the in-focus images of microorgan-
isms at different depths with no mechanical scanning, hence extending the depth of field of the
imaging system (e.g., microscope objective) [3], [13], [14].

For dynamic objects, single exposure DH microscopy has been adapted to biological imaging
in on-axis and off-axis configurations [3], [9]–[11]. Off-axis configuration allows for quantitative
phase measurement by separating real and conjugate terms [see eq. (1)] in expense of larger
requirements on the space-bandwidth product of the sensor [14]. Nevertheless, it has been shown

Fig. 1. (a) Three-dimensional imaging microscopy system under partially coherent illumination in
Gabor configuration provides a compact and stable tool for characterization of biological specimen. A
laser diode or laser-emitting diode source provides quasi-coherent illumination. The object wavefront
is magnified with a microscope objective, and the interference pattern is recorded at the sensor
plane. (b) Computational reconstruction of a corn stem cell sample at 25 �m from the hologram
plane. (c) Real part of the test statistic in between nontraining true class and false class. (d) Same as
(c) with Gabor-transformed digital holograms [3], [6].
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that crosstalk between real and conjugate terms are bound to low spatial frequencies in Fresnel
on-axis DH [14].

In certain applications where recognition of semitransparent micro/nanoorganisms is the primary
objective, the two arms of an on-axis interferometer can collapse into a single path in Gabor
geometry as shown in Fig. 1. The ballistic photons that pass through the specimen (and its
surrounding medium) without any scattering provide the necessary reference wavefront for
interferometery. In this configuration, the system can be drastically simplified and built with low-
cost components. In particular, in Gabor geometry, the laser can be replaced with inexpensive,
spatially incoherent and temporally quasi-coherent LEDs [8], [15], [16]. The coherence length of a
typical 600-nm (red) LED of 25-nm bandwidth is 15 �m, thus reducing the speckle noise while
retaining the sought-after information about the specimen, within the coherence length, at the
hologram plane (see Fig. 1) [8]. After recording the hologram, a number of methods can be used
for computational reconstruction including Fresnel transformation, convolution, and angular spec-
trum approaches [13].

Involvement of computational algorithms can be extended further into task-specific decision-
making process based on information rich digital holograms of the specimen. It has been shown
that digital holograms can be used for recognition and classification of macro objects [17] and
biological micro/nanoorganisms [3]–[5], as well as for tracking them in 3-D [7]. In [3] it has been
shown that statistical hypothesis testing can be applied to distinguish between different classes of
microorganisms. By applying Gabor transformation and filtering at computationally reconstructed
image plane, one can selectively target specific features of recorded diffraction patterns that are
mostly discriminating between different classes of microorganisms. Fig. 1(c) and (d) illustrates how
Gabor transformation can help in separating nontraining true class from false class on plant stem
cells as a model.

In summary, 3-D holographic imaging and information photonics provide a potentially powerful tool
for low-cost 3-D sensing, visualization, and rapid identification of biological micro/nanoorganisms.
The applications range from detection of diseased cells, marker-less cell sorting and pathogen
identification, among others.
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Abstract: Imaging nanoscale magnetic structures and their fast dynamics is scientifically
interesting and technologically of highest relevance. The combination of circularly polarized
soft X-ray photons, which provide a strong X-ray magnetic circular dichroism effect at
characteristic X-ray absorption edges, with a high-resolution soft X-ray microscope utilizing
Fresnel zone plate optics allows, in a unique way, the study of the stochastical behavior in
the magnetization reversal process of thin films and the ultrafast dynamics of magnetic
vortices and domain walls in confined ferromagnetic structures. Future sources of
femtosecond-short and highly intense soft X-ray photon pulses hold the promise of
magnetic imaging down to fundamental magnetic length and time scales.

Index Terms: Magnetic domain imaging, magnetophotonics, picosecond phenomena,
synchrotron sources, time-resolved imaging, ultrafast, X-ray imaging, X-ray optics.

The magnetic properties of matter are one of the most vibrant research areas [1], [2], not only
because the phenomenon of magnetism itself is scientifically very attractive, but it also has
immense implications to modern magnetic storage and sensor device technologies. Nanomagnet-
ism investigates magnetism approaching fundamental magnetic length scales which are given by
material specific properties such as exchange lengths or anisotropy constants being in the few-
nanometer regime for common materials.

To minimize the competing magnetic interactions, e.g., exchange and anisotropy, in ferromag-
netic systems, the ground state is often not the single domain state, where all spins are aligned
parallel, but breaks up into multiple magnetic domains [3]. The transition region between domains is
referred to as a domain wall (DW). In confined geometries, e.g., micrometer-sized disk structures,
the spin configuration forms a magnetic vortex (MV) [4], [5], with a singularity occurring at the
center, i.e., the MV core, which overcomes shape anisotropy and points perpendicular to the disk
plane. The sizes of DWs and vortex cores are proportional to magnetic exchange lengths.

With a typical bit size of only a few tens of nanometers in high-density magnetic storage media of
1 Tb/in2 and the capability to artificially fabricate nanoscale magnetic structures either top-down or
bottom-up, e.g., by state-of-the-art lithographical techniques [6], an abundance of analytical tools to
characterize the magnetic behavior of these structures has been developed. Imaging methods are
very attractive, since they give detailed and direct insight into the mechanisms involved.

There are several interaction mechanisms to control and manipulate the spin structure on a
nanoscale. For example, reversal of the magnetic moments can be achieved by applying an
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external magnetic field pointing in opposite direction. Although discovered in the 1820’s, Oersted
switching is still used in magnetic storage. In the realm of spintronics, where in addition to the
charge also the electron spin is exploited, the torque created by a spin polarized current on the
spins can be used to reverse the magnetization [7]–[9]. In the future, the torque created by a photon
onto the spins (opto-magnetics) is considered as the fastest way to switch the spins [10], [11].

The functionality of a spin system is determined by its dynamic behavior and therefore the spin
dynamics of nanoscale magnetic structures down to fundamental time scales, which are again
determined by inherent magnetic interactions has received significant scientific interest recently
[12]–[19].

Powerful imaging techniques have been developed utilizing various probes. To name but a few,
there are optical Kerr microscopies, electron microscopies, e.g., SEM with polarization analysis
(SEMPA) [20], [21], Lorentz TEM [22], [23], spin-polarized LEEM [24], [25], or spin-polarized STM
[26], [27], as well as scanning probe microscopies, such as Magnetic Force microscopy (MFM) or
Magnetic resonant force microscopy (MRFM) [28]–[30].

The counterpart to the Kerr effect in the X-ray regime is X-ray magnetic circular dichroism
(XMCD) [31], which describes the difference in X-ray absorption for circular polarized photons,
depending on the relative orientation between helicity and magnetization of the sample. XMCD
serves as large and element specific magnetic contrast mechanism for several magnetic X-ray
microscopies. Photoemission electron microscopy (X-PEEM) [32] detects the secondary electrons
generated in the X-ray absorption process, while Fresnel zone plates [33] provide high-spatial-
resolution optics for both scanning (STXM) [34] and full-field transmission X-ray microscopy for

Fig. 1. Images of various magnetic nanostructures obtained with magnetic soft X-ray transmission
microscopy. (a) Magnetic domains of a nanogranular 50-nm-thin ðCo82Cr18Þ87Pt13 alloy film
exhibiting a pronounced perpendicular magnetic anisotropy during nucleation and reversal process
[38]. Spatial resolution better than 15 nm. (b) Study of the field-driven depinning process of a
magnetic DW in a 450-nm-wide notched Permalloy ðFe20Ni80Þ nanowire [39]. Spatial resolution
better than 25 nm. (c) Circulating in-plane MV structure (chirality) of a 3 � 3 array of Permalloy
disks with a diameter of 850 nm. Spatial resolution better than 25 nm. (d) In perpendicular geometry
the images show directly the MV cores (polarity) in a 2 � 2 array of Permalloy disks with a diameter
of 850 nm. Spatial resolution better than 25 nm.
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magnetic imaging (MTXM) [35]. State-of-the-art zone plates have demonstrated a better than 12-nm
spatial resolution [36]. While X-PEEM is surface sensitive, STXM and MTXM give access to the bulk
and particularly to buried layers. External parameters such as magnetic fields or radio-frequency
current pulses can be applied easily during the data acquisition process which enables studies of
nucleation, swiching, or DW motion upon spin injection [37].

Recently, MTXM has addressed the fundamental scientific question as to whether the magnetic
behavior on the nanoscale exhibits a deterministic character in nanogranular thin magnetic films
[38] [see Fig. 1(a)], DW depinning in nanowires [39] [see Fig. 1(b)], and in MV structures [see
Fig. 1(c) and (d)]. A stochastic component has been identified in all those systems, which could be
traced back to thermal fluctuations in the nanogranular system, geometrical, and multiplicity effects
for the DW depinning in the nanowires and a Dzyaloshinsky–Moriya coupling effect for the
switching of MV cores.

X-rays pulses from synchrotron sources have an inherent time structure with less than 100-ps
length at typically megahertz frequencies. This matches perfectly magnetization dynamics such as
precession and relaxation time of MVs and DW motion. Due to the low intensity per photon pulse at
third-generation sources, stroboscopic pump–probe schemes are used, which requires the dynamic
processes to be fully repeatable [40]. Fine details of MV motion [41], switching of a MV core by a
single pulse [42], dynamics of a constricted DW [43], but also quantitative measurements of the spin
polarization of currents [44] have been reported. The excellent agreement with micromagnetic
simulations [45] indicates that a description by micromagnetic theory is still valid at these length
scales. While this is good news for potential applications of e.g., MV cores [46], there is increased
interest to explore the nonlinear regime of magnetization dynamics on the nanoscale [47].

Although the spatial resolution with X-ray microscopies is close to fundamental length scales, the
fundamental femtosecond time scale is still far away. In the few picosecond regime, which is
accessible already today e.g., with slicing sources, albeit at largely reduced photon intensities, first,
spectroscopic XMCD experiments have shown the evolution of orbital moments as function of time
[48], which helps to understand magnetic anisotropies. On the femtosecond time scale, one
expects to explore the very origin of exchange interaction. This will be the realm at X-ray FELs [49]
which are planned or have started operation very recently. HHG lab sources could serve as an
alternative. Today, they are already capable of addressing femtosecond dynamics at M edges in
transition metals covering the transient regime between delocalized bands and localized atomic
levels [50].

At these highly brilliant and highly coherent femtosecond sources, lensless imaging techniques
using XMCD [51], [52] hold great promise as a reciprocal space alternative to lens-based
techniques for single shot and femtosecond magnetic X-ray imaging.
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Abstract: Solution processed solar cells and photodetectors have been investigated
extensively due to their potential for low-cost, high throughput fabrication. Colloidal quantum
dots (CQDs) and conjugated polymers are two of the most promising materials systems for
these applications, due to their processibility and their tunability, the latter achieved by
varying their size or molecular structure. Several breakthroughs in the past year highlight the
rapid progress that continues to be made in understanding these materials and engineering
devices to realize their full potential. CQD photodiodes, which had already shown greater
detectivity than commercially available photodetectors, have now reached MHz bandwidths.
Polymer solar cells with near-perfect internal quantum efficiencies have been realized, and
improved 3-D imaging of these systems has allowed theorists to link structure and function
quantitatively. Organic photodetectors with sensitivities at wavelengths longer than 1 �m
have been achieved, and multiexciton generation has been unambiguously observed in a
functioning CQD device, indicating its viability in further improving detector sensitivity.

Solution-processed semiconductors are fabricated with ease, at low cost, and on any reasonable
substrate including a flexible one. Both polymer and colloidal quantum-dot-based devices continue to
showpromise to replace current commercially available technologies, and a number of breakthroughs
in the past year have brought them significantly closer to that goal by advancing our understanding of
device operation and by highlighting ways to harness absorbed photons more efficiently.

Photodetectors, which underpin the sensitive capture of digital images, saw several major leaps
forward in the past year. First, 2009 saw the advent of the first sensitive megahertz-bandwidth solution-
processed photodetectors [1]. Earlier years had seen huge advances in sensitivity but, by exploiting
photoconductivity, often did so at the expense of speed [2]. The realization of a fully depleted Schottky
photodiode employing 1.55-um-bandgap colloidal quantum dots overcame slow diffusive transport in
these materials. The resultant devices exhibited D� (normalized detectivity) in the 1012 Jones,
competing with sensitivities achieved by room-temperature InGaAs detectors. The colloidal quantum
dot devices provided light sensing across the entire spectrum spanning 400 nm to 1.6 um (see Fig. 1).

A new avenue to even further-enhanced sensitivityVone distinctive to quantum solidsVwas
proven in device form. Multiple-exciton generation (MEG), a process in which a single photon creates
more than one excited electron-hole pair, has gained attention due to its potential for increasing the
sensitivity and efficiency of photodetectors and photovoltaics. Despite this interest, evidence forMEG
has so far been confined to spectroscopic signatures in ultrafast experiments which probe the
relaxation dynamics of excitons in order to infer the presence of MEG [3]. An optoelectronic device
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showing increased photocurrent at photon energies of more than twice the bandgap ð2EgÞ could help
prove not only the existence ofMEGbut its usefulness in enhancing device performance aswell. 2009
saw the arrival of such a device in the formof a solution-processed photoconductive photodetector [4].
Consisting of a film of infrared-bandgap colloidal quantum dots addressed using coplanar electrical
contacts, the device showed constant internal photoconductive gain as a function of photon energy
for photon energies below 2Eg. As the photon energywas increased to 2:7Eg and beyond,which is the
MEG threshold in these materials, the internal gain grew significantly, reaching nearly four times the
long-wavelength valuewhen the photon energy reached 4:1Eg (see Fig. 2). MEGwas thus harnessed
to create a more sensitive photodetector.

Fig. 1. Spectral responsivity of a solution processed quantum dot photodetector.

Fig. 2. Internal photoconductive gain as a function of photon energy for CQDs of three different sizes,
showing increased sensitivity for photon energies above 2:7Eg as a result of MEG.
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Because they offer convenient integration combined with exceptional sensitivity and speed, these
materials became poised for incorporation into commercial imaging arrays. This dream became a
reality [5], with a multimegapixel light imager being created based on a CMOS silicon integrated
circuit providing pixel read-out and a continuous 100%-fill-factor top-surface colloidal quantum dot
layer providing high-performance low-light imaging.

Photovoltaics for energy conversion saw major advances as well. Polymer bulk heterojunction
solar cells had seen many years of rapid progress, reaching 5% solar-power-conversion efficiencies
in 2008. In 2009, three separate groups reported a significant further advance, creating bulk
heterojunction solar cells with efficiencies above 6% [6]–[8]. All of the groups exercised careful
control over nanoscale separation between electron-donating and electron-accepting phases to
achieve optimal exciton dissociation and charge transport, emphasizing the crucial role these two
processes play in efficient device operation. The best devices achieved near-perfect internal
quantum efficiency (electrons collected for every photon absorbed). Combined with careful
manipulation of the optical field in the device by the introduction of a transparent TiOx spacer layer,
this resulted in impressive short-circuit current densities greater than 10 mA=cm2.

These findings put an even sharper focus on the critical importance of nanoscale morphology in
polymer photovoltaicsVand as such mandated further advances in its detailed characterization.
Rough estimates of morphology from AFM [9], [10], TEM [11], or various photocurrent mapping
techniques [12]–[14] are instructive, but the direct morphological information obtained from these
techniques tends to be confined to surface or in-plane morphology of the films, while both exciton
dissociation and carrier transport depend sensitively on the bulk and out-of-plane domainmorphology
as well. 2009 heralded nanometer-scale mapping of the 3-D morphology of polymer/ZnO bulk
heterojunction solar cells, enabling quantitative correlation of device performance with nanoscale
morphology [15]. The roles of transport and exciton dissociation in limiting device performance are
today much better quantified.

Colloidal quantum dot photovoltaics saw a similarly brisk pace of progress. These materials offer
the potential to absorb not only the visible but the infrared half of the sun’s spectrum reaching the
earth [16] as well. These devices, which were first reported in 2005 with subpercent efficiencies,
[17] rose to multipercent efficiencies in 2009 [18]–[20].

In both polymers and colloidal quantum dots, one of the major outstanding questions is the
stability of devices and materials. It is known that, with rigorous encapsulation, commercially
relevant device lifetimes may be achieved in organic semiconductor materials and devices [21],
[22]. Polymer solar cells already have shown illumination stability over hundreds of hours, but
degrade quickly on exposure to moisture or oxygen, [23] while early quantum dot devices exhibited
exceptionally short lifetimes upon exposure to air [24]. It is of interest to build materials that are
amenable to processing in minimally controlled environments (ideally room air) and that survive
either under ambient conditions or with low-cost encapsulation. One recent report [25] introduces a
new concept: the idea of building active photovoltaic semiconductor materials thatVrather than
being resistant to oxidationVare tolerant of oxidation. Specifically, the materials employed cation-
rich surfaces that form oxides that produced shallow, rather than deep, traps, enabling the
extension of photocarrier lifetimes without excessively compromising their extraction times [26].

In sum, optoelectronic devices based on printable materials advanced in 2009 both in concept and
in quantitative performance. Light sensors achieved photodetection capability comparablewith that of
their single-crystal counterparts, and photovoltaics made significant progress toward the 10% solar
power conversion efficiency often touted as the threshold for commercial competitiveness of low-cost
solar technologies. There remains a great deal of work to do to reach this goal, including
understanding and controlling degradation mechanisms to achieve long-term device stability and
making devices that absorb fully, and convert efficiently, the IR portion of the spectrum. Finally, two
important issues have shown recent promise and demand further development. Colloidal quantum
dots based on heavy-metal-free constituents have shown encouraging initial performance [27] and
merit further optimization. In addition, there are initial indications that organic semiconductors can
harness infrared light at wavelengths not previously addressed by such materials [28], potentially
paving the way to polymer solar cells converting a greater fraction of the sun’s broad spectrum.
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Abstract: Photonic integration technologies, which have been developed since the deploy-
ment of optical communications, are essential for increasing the network capacity at a low
cost and with efficient power consumption. This paper reviews recent progress on photonic
integrated devices for higher bit-rate and long-distance transmission technologies with
advanced modulation formats.

Internet protocol (IP) data traffic has increased hugely with the increased access to such broadband
access environments as fiber to the home (FTTH) and asynchronous digital subscriber lines
(ADSLs), which have enabled the provision of video on demand, video chat, and other similar
services. In Japan, IP data traffic doubles annually, and if this trend continues, in 10 years, the
traffic will be 100 to 1000 times that of today.

A very-large-capacity backbone network is needed to support the huge traffic volume generated
by access networks. For this purpose, various technologies, including time-division multiplexing
(TDM) up to 40 Gb/s per channel, wavelength-division multiplexing (WDM), and a phase-shift
keying (PSK) modulation method, have been developed and installed to support the existing IP
traffic demand. In the near future, we will require WDM transmission systems with even greater
transmission capacity. Recently, optical transmission technologies combined with coherent
detection and digital signal processing technologies (digital coherent technologies) have been
attracting a great deal of attention with a view to improving optical transmission performance.

Various optical components have been developed to construct telecommunication systems with
large capacities and a variety of functions including WDM, FTTH, and ROADM using silica-based
planar lightwave circuits (PLCs) [1], InP-based active components [2], and micro-optics
technologies. PLC-based integrated devices have the advantages of high stability, reliability, and
excellent optical performance, and we have recently been developing PLC-based components for
high-bit-rate and large-capacity transmission systems [1]. InP-based active devices such as laser
diodes and photodiodes are essential for optical telecommunications. Integration technologies
based on InP active components have progressed greatly and can be used to construct highly
functional devices. Micro-optics devices have continued to provide high levels of performance over
many years. Photonic network systems are becoming more complicated, thus making it necessary
to integrate more passive and active optical components on PLC platforms to achieve low cost and
high flexibility. This paper reviews recent progress on such integrated components for large-
capacity transmission technologies with advanced modulation formats.

Vol. 2, No. 2, April 2010 Page 269

IEEE Photonics Journal Photonic Integration Technologies

Authorized licensed use limited to: ETH BIBLIOTHEK ZURICH. Downloaded on May 11,2010 at 11:24:39 UTC from IEEE Xplore.  Restrictions apply. 



Non-return-to-zero (NRZ) modulation formats have generally been used for systems operating at
up to 10 Gb/s. However, advanced modulation formats are needed if we are to increase the capacity
of transmission systems with high-bit-rate technologies of 40 Gb/s or more in WDM systems. Espe-
cially, the combination of advanced modulation formats and digital coherent detection techniques is
emerging as one of the most promising solutions for these high-bit-rate transmission systems,
because of the high tolerance to fiber dispersion and band filtering in the add/drop nodes [3]. With
regard to advancedmodulation formats, there have been reports on polarization-divisionmultiplexing
(PDM) and spectrally efficient modulation formats such as quadrature PSK (QPSK), orthogonal
frequency-divisionmultiplexing (OFDM), andmultilevel quadrature amplitudemultiplexing (QAM). By
employing digital coherent detection techniques, the transmission performance, namely the product
of transmission capacity and fiber length, has been greatly improved compared with direct detection
methods such as RZ-DQPSK. The top data was currently obtained as about 112 Pb/s � km
(15.5 Tb/s � 7200 km) [4].

Recently, transmission technologies with a PDM-QPSK modulation format and digital coherent
detection have been extensively developed for 100-Gb/s-classWDM systems [5]–[7]. A transceiver for
the 100G-level PDM-QPSK format consists of a digital signal processor (DSP), analog–digital
converters (ADCs), and optical components. The role of digital signal processing in digital coherent
technology is to recover the received signal data, which are degraded owing to such factors as
chromatic dispersion andPMDduring signal propagation through optical fibers. At the receiver, the data
are digitally sampledby theADCs. TheADC requires at least two samples per symbol. For instance, the
ADC sampling speed for the PDM-QPSK modulation format with 112 Gb/s (28 GBd) is more than
56 GS/s. The digitized signal data are transported to the DSP and processed to compensate for the
chromatic dispersion, polarization-mode dispersion (PMD), frequency offsets, and phase offsets. The
digital coherent techniques have the advantages of being able to extract phase-modulation formats,
utilize polarization modes, and increase sensitivity with a high power local oscillator.

It will become essential to integrate modulators and PDM components in the transmitter part in the
transceiver for the PDM-QPSK schemes. To integrate two QPSK modulators and a PDM circuit with
practical performance levels, we have developed a hybrid assembly technique with silica-based
planar PLCs and LiNbO3 (LN) phase modulators [8], in which we use a simple straight-line phase
modulator arraywith LN, andbutt joint it with PLCsoneither side. Thus,we canachieve interferometer-
type high-speed modulators with low losses and various circuit designs. We constructed the PDM-
QPSKmodulator using the PLC and LN hybrid-integration technique. Themodulator consists of three
chips: two 1.5%-� PLCs, PLC-L and PLC-R, and an eight-channel array of LN phasemodulators. This
multichip circuit integrates twoQPSKmodulators (QPSK1 and 2) with two sub-MZMs (I andQ) nested
in each, a polarization rotator using a half-wavelength plate (HWP), and a polarization beam combiner
(PBC). The performance of the module is acceptable for the 100G-level PDM-QPSK. Using the
modulator, we obtained the transmission data of 84 Pb/s � km (13.5 Tb/s � 6200 km) [9].

Higher order multilevel modulation formats are indispensable if we are to achieve systems with
higher bit rates of more than 100 Gb/s and large capacities of over 10 Tb/s [10]–[15]. We have
demonstrated the signal modulation and detection of a 240-Gb/s PDM 64-QAM signal [16]. A
20-GBd PDM 64-QAM signal was successfully generated by employing the optical synthesis tech-
nique with the PLC-LN hybrid modulator, in which six MZMs and low-loss asymmetric couplers are
integrated with the PLC-LN hybrid configuration. The modulator generates a 64QAM signal through
an optical signal synthesis with QPSK signals [28]–[30]. Fig. 1(a) shows the circuit configuration of
the 64-QAM modulator. The modulator consists of two 1.5%-� PLCs, PLC-L and PLC-R, and a
X-cutLN chip with an array of 12 high-speed phase modulators and six signal electrodes
(coplanar waveguides). The asymmetric 1 � 3 splitter and 3 � 1 combiner (cascaded 4 : 3 and 2 : 1
Y-branches) were fabricated in PLC-L and PLC-R, respectively.

In the transmission experiment, the 64-QAM signal was generated by superposing three QPSK
signals with an amplitude ratio of 4 : 2 : 1. The 20-GBd 64-QAM signals were then polarization
multiplexed to form a 240-Gb/s PDM 64-QAM signal and were detected with a digital storage
oscilloscope at 50 GS/s and postprocessed offline. Fig. 1(b) shows the constellation diagrams after
equalization when the independent LO was used. The 64 signal points are clearly distinguished in
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both polarizations, confirming that we achieved successful polarization demultiplexing and equal-
ization. The spectral width of the main lobe of this modulation format was 40 GHz, which was one
sixth of the line rate. Because of this narrow spectral width, an SE of 8 b/s/Hz, which is the highest
so far, can be expected for WDM transmission with a spacing of 25 GHz.

This review described photonics-integrated devices for the high-bit-rate transmission technologies
with advanced modulation formats such as 100G-class PDM-QPSK and 64-QAM. The devices
exhibited sufficiently high levels of performance for practical use. Since they provide the advantages
of mass producibility, dense integration, and high stability, photonics-integrated devices will
contribute to further advances in high-bit-rate transmission.
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Fig. 1. (a) Configuration of 64-QAM modulator. (b) Constellation diagrams of 64-QAM modulation.
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Abstract: Vertical-cavity surface-emitting lasers (VCSELs) are broadly used as low-cost
reliable light sources for high-speed data communication in local area and storage area
networks (LANs/SANs), as well as for computer and consumer applications. The rapid
increase of the serial transmission speed and the limitations of copper-based links at bit
rates beyond 10 Gb/s and distances beyond 1 m extend the applications of fiber-optic
interconnects to progressively shorter distances. The wavelength of 850 nm is standard for
LAN/SAN applications over OM3 and OM4 multimode fibers and will continue playing an
important role in future standards. In the last year, impressive results were achieved with
oxide-confined VCSELs emitting at 850 nm. The data transmission rate could be shifted
from 30 to 38 Gb/s, which is presently the highest data rate for any oxide-confined VCSELs.

Index Terms: Data communication, interconnections, local area networks, optical
interconnects, semiconductor lasers, storage area networks, vertical cavity surface
emitting lasers.

Our modern communication society is increasingly hungry for bandwidth. Over the past few years,
this hunger has been a driver for fast increases of memory capacity, in particular of flashmemories, of
the computational power of microprocessors, and the rapidly increasing demand for higher bit rates of
data communication links. Interfaces for serial transmission at rates beyond 10 Gb/s are presently
standardized for a variety of applications, including (with an expected data rate) Fibre Channel
FC32G (34 Gb/s), InfiniBand (20 Gb/s), common electrical interface CEI (25–28 Gb/s), and universal
serial bus protocol USB 4.0 (25 Gb/s or beyond). Because of the fundamental electro-magnetic
limitations of copper-based links for bit rates beyond 10 Gb/s and distances beyond 1 m, fiber-based
optics has now become indispensable for ultrafast data communication [1]–[4]. The rapidly increasing
acceptance of short-reach optical interconnects and their penetration into traditional copper
interconnect markets is enabled by the unique properties of advanced vertical-cavity surface-
emitting lasers (VCSELs) such as a near-circular output beam with a small divergence angle, low
threshold current and power consumption, planar processing and on-wafer characterization enabling
inexpensive production and testing, high reliability, and easy packaging.

Oxide-confinedVCSELsdominate today [5], [6]. Such devices have been available on themarket for
about 10 years, having established themselves as being very reliable, with impressive possibilities for
high-volume, high-yield, and inexpensive manufacturing. Currently, up to 10-Gb/s oxide-confined
VCSELs can be acquired from a variety of companies. Higher bit rates created a need for further
research, and development in this area focused on increasing the modulation bandwidth, while
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simultaneously improving device reliability, power efficiency, modal and spectral characteristics,
thermal management, and other figures of merit. The development of VCSELs at a few standard
wavelengths (primarily around 850, 980, 1100, 1300 and 1550 nm) are presently in focus. The wave-
length of 850 nm is particularly important, since it is the standard wavelength for local area and storage
area networks (LANs/SANs) and is expected to play an increasingly important role for other standards.

Rate equation theory [7] predicts that the high-frequency properties of a semiconductor laser are
described by the small-signal modulation transfer function, which depends on three parameters: relax-
ation oscillation frequency, damping, and the cutoff frequency of electric parasitics. Consequently, three
types of limits exist, which can prevent high-speed operation: the thermal limit, the damping or internal
limit, and the limit caused by electrical parasitics. Commonly, all three types of limitations are of impor-
tance, such that combined concepts must be developed to increase the laser bandwidth. Additionally,
practical requirements like device reliability and simple fabrication technologymust be considered aswell.

Over the past few years, immense progress has been made and concepts have been developed
to shift the limits to ever higher speed. Small-signal modulation bandwidths of 21 GHz and 24 GHz
have been demonstrated for 4-�m-aperture-diameter VCSELs emitting at 850-nm [8] and 1100-nm
devices based on a buried tunnel junction [9]. Thermal, intrinsic, and parasitic properties of the
VCSELs were improved simultaneously. Large signal modulation at 35 Gb/s using 980-nm VCSELs
with a tapered oxide aperture and deep oxidation layers [10] at 40 Gb/s using 1100-nm VCSELs
with tunnel junctions [11] and at 22 Gb/s using 1550-nm VCSELs with a buried tunnel junction [12]
have been reported. No data rates at or beyond 30 Gb/s were reported until 2008 for the
commercially most relevant wavelength of 850 nm. Progress at 850 nm is more difficult to achieve,
since e.g., the depth of the potential localizing the carriers is minimal.

Eventually, in 2008, large signal modulation at 30 Gb/s was demonstrated for oxide-confined
VCSELs emitting at 850 nm [13]. Data rates higher than 30Gb/s with 850-nm oxide-confined VCSELs
were then reported last year by the group of A. Larsson theChalmers University of Technology and by
the Technical University of Berlin. 32-Gb/s error-free operation was demonstrated at sensationally
low current densities of�10 kA/cm2 [14], [15]. Themain concepts used for these deviceswere double
oxide apertures to reduce parasitic capacitance and InGaAs strained quantum wells (QWs) for the
active layer to increase the differential gain and binary alloys in most of the bottom mirror to
decrease the thermal resistance of the laser. It appeared that the 40-Gb/s directly modulated
VCSELs were still a long way off.

A little bit later, a big step forward followed. The Technical University of Berlin and VI Systems
GmbH demonstrated 38-Gb/s error-free operation of 850-nm oxide-confined VCSELs [16], [17].
By applying several concepts, among other strained InGaAs QWs in the active region, optimized

Fig. 1. Bit-error-rate measurements at 20 �C in a back-to-back configuration for the oxide-confined
InGaAlAs VCSEL with the aperture diameter of 9 �m at 20, 25, 32, and 38 Gb/s for a bias current of 9 mA;
the inset shows the corresponding optical eye diagrams.
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device design with thick dielectric layers for smaller parasitic capacitances, and two mesas for
better thermal conductivity, it was possible to demonstrate the first oxide-confined VCSELs ever
operating at data rates up to 38 Gb/s (see Fig. 1). These are the fastest 850-nm VCSELs in use
today. Electrical parasitics and the thermal resistance of the laser were appreciably reduced, and
the internal properties of the gain medium were improved. Optimization of both epitaxial structure
and design has led to high-speed operation without increasing the current density beyond the
range of �10 kA/cm2, which is an important consideration for device reliability. Cutoff frequencies
of electrical parasitics up to 27 GHz were extracted from the measurements, showing the positive
impact of applying thick dielectric layers and small mesa sizes.

Thus, 2009 has seen great progress in the field of high-speed 850-nm VCSELs for datacom
applications. Large-signal operation of oxide-confined VCSELs at or beyond 40 Gb/s, which
seemed hardly possible at the beginning of the year, is now within reach. Oxide-confined VCSELs
operating reliably at 25 and 40 Gb/s will be on the market in a few years time. This development will
serve the need of society for faster communication and drive progress for a better future.
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