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Terahertz quantum-cascade lasers

Six years after their birth, terahertz quantum-cascade lasers can now deliver miliwatts or more of

continuous-wave coherent radiation throughout the terahertz range — the spectral regime between

milimetre and infrared wavelengths, which has long resisted development. This paper reviews the

state-of-the-art and future prospects for these lasers, including efforts to increase their operating

temperatures, deliver higher output powers and emit longer wavelengths.

BENJAMIN S. WILLIAMS

University of California at Los Angeles, Department of Electrical Engineering,
Los Angeles, California 90095-1594, USA
e-mail: bwilliam@ee.ucla.edu

The terahertz frequency range, loosely defined as the frequencies
from 300 GHz to 10 THz, or the wavelengths from 30 um to
1,000 um, has historically been characterized by a relative lack
of convenient radiation sources, detectors and transmission
technology. It remains one of the least developed spectral regions,
although a surge of activity in the past decade has advanced its
potential for applications including but not limited to: astrophysics
and atmospheric science, biological and medical sciences, security
screening and illicit material detection, non-destructive evaluation,
communications technology, and ultrafast spectroscopy. Greatly
desired for many applications is a compact, coherent, continuous-
wave (c.w.) solid-state source, analogous to the semiconductor laser
diode in the visible and infrared, or to transistor oscillators and
amplifiers in the microwave. However, at high frequencies the power
generated by solid-state electronic devices, such as transistors, Gunn
oscillators and Schottky diode multipliers, rolls off owing to both
transit-time and resistance—capacitance effects'?, and even for the
best devices, the available power generated above 1 THz is generally
well below the milliwatt level (for example, 50 yW at 1.8 THz for a
Schottky multiplier chain)**.

Photonic approaches to direct terahertz generation are limited by
the lack of appropriate materials with sufficiently small bandgaps: for
example the longest wavelength lead salt laser diodes do not extend
below 15 THz. Despite these limitations, a wide variety of techniques
have been developed to generate radiation above 1 THz, many, for
example, based on down-conversion from the visible regime by using
nonlinear or photoconductive effects, or by multiplication up from
the millimetre-wave regime, or through direct generation, such as
with optically pumped molecular gas lasers or free-electron lasers.
Although many of these sources are very useful, they each have their
own limitations. Some are inherently limited to pulsed operation,
many are limited in output power or require extensive cryogenic
cooling, and others are limited by their size, cost or complexity. And
so the search for the ‘perfect’ terahertz source continues. (An extensive
review of terahertz sources and applications is beyond the scope of
this paper, but there have been several excellent reviews in recent
years">¢, as well as several books”~’.)

The semiconductor-laser model for terahertz generation is an
appealing one, given their success and ubiquity throughout the
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visible and near-infrared frequency range. Because of the lack
of appropriate interband materials, in the past, semiconductor
terahertz lasers have relied on more exotic gain mechanisms, such
as impurity-state-transition lasers'’, or the p-Ge hot-hole laser'>'%
In this context, the idea of using artificially engineered materials to
obtain the desired transitions has seemed a natural route for terahertz
devices. In 1971 Kazarinov and Suris proposed amplification by
means of stimulated emission of electrons between quantized
subbands in two-dimensional quantum wells that could be obtained
by growing atomically sharp semiconductor heterostructures®.
Indeed, many of the early proposals for intersubband lasers
focused on generation of radiation with photon energies below
the longitudinal-optical (LO) phonon energy (E;,=36 meV in
GaAs, equivalent to 8.7 THz)"". At low temperatures, electrons
in the upper subband would possess insufficient energy to emit an
LO-phonon and relax to the lower radiative state; this suppression
would result in a relatively long upper-state lifetime, and would
ease the task of obtaining a population inversion between levels.
Furthermore, the first experimental observations of intersubband
emission in 1988 took place in the terahertz', perhaps belying the
difficulty in demonstrating a terahertz quantum-cascade (QC) laser.
The first QC laser was demonstrated at the much shorter wavelength
of 4 um (75 THz) at Bell Labs in 1994 (ref. 17). Since then QC lasers
have become the dominant mid-infrared semiconductor laser
sources, with spectral coverage from wavelengths of A = 3-24 um
(refs18-20); room-temperature, c.w. operation with hundreds
of milliwatts has been demonstrated for many lasers in the ever-
expanding ‘sweet-spot’ from 3.8-10.6 pm (refs 21,22).

It was in October of 2001 that the first QC laser with a photon
energy less than the semiconductor optical phonon energy was
demonstrated at 4.4 THz (equivalent to a wavelength of 67 um)
by Kohler et al. at the Scuola Normale Superiore in Pisa, Italy,
in a collaboration with Cambridge University?. In fact, several
groups were pursuing this goal, and terahertz lasers were reported
soon afterwards by the University of Neuchatel/Cambridge
collaboration®, the MIT/Sandia collaboration®, and still others
since then?-*2. Although these first devices lased only in pulsed
mode with peak powers of a few milliwatts and ceased lasing above
temperatures of several tens of kelvin, intensive research over
the past few years has produced rapid improvements. At present,
spectral coverage has been demonstrated from 0.84-5.0 THz
(refs 33-35), at maximum temperatures up to 169 K, pulsed, and
117 K, c.w. (ref. 36), and output powers of up to 250 mW, pulsed,
and 130 mW, c.w. (ref. 37) — although unfortunately these figures
are not all from the same device. A survey of the temperature and
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Figure 1 Survey of the reported peak performance of terahertz QC lasers. a, Peak optical power and, b, peak operating temperatures are shown as a function of lasing
frequency. Data are sorted by pulsed or c.w. performance and active-region design: RP, BTC or CSL. Several of the low-frequency designs operate with the assistance of a

magnetic field (B-field).

power performance for various devices reported in the literature
is illustrated in Fig. 1, separated according to the various types of
active regions that are discussed below. Although terahertz-QC-
laser development is still progressing at a rapid pace, just past the
five-year mark, it seems a reasonable time to take stock of the field,
and to identify applications and future research directions.

The task of demonstrating long-wavelength QC lasers proved to
be considerably more difficult than the mid-infrared for two reasons.
First, because terahertz photon energies are small (hv =~ 4-20 meV),
it is difficult to selectively inject and remove electrons, either by
tunnelling or scattering, from such closely spaced subbands so as
to achieve the population inversion necessary for gain. Second, as
losses due to the absorption of radiation by free carriers increase
proportionally to the square of the wavelength, waveguides
are required that minimize the modal overlap with any doped
semiconductor cladding layers. In the years following the first
demonstration of mid-infrared QC lasers, many groups attacked the
problem of designing terahertz intersubband emitters, and indeed
electroluminescence (but not gain) was observed in a wide variety
of structures®*-*. The breakthrough came in 2001, when Alessandro
Tredicucci’s group at Pisa demonstrated a terahertz QC laser
with a chirped superlattice active region, using a semi-insulating
surface-plasmon (SI-SP) waveguide (see below) — the first time a
QC structure with significant terahertz gain was paired with a low-
loss waveguide®. With this introduction, let us consider the various
designs for multiple quantum-well active regions and waveguides
that are used for terahertz QC lasers.

ACTIVE-REGIONDESGN =

The multiple-quantum-well active region is usually grown using
molecular-beam epitaxy in the GaAs/Al,Ga, ,As material system,
and is the heart of any QC laser. To obtain gain for electromagnetic
waves at the frequency v, energy levels, wavefunctions and scattering
rates must be properly engineered to provide a population inversion
between two states separated by an energy hv. To compare some
of the various active region designs, it is helpful to know that the
peak gain for an intersubband transition between levels 2 and 1 is
g(vy) < ANf,,/Av, where AN is the three-dimensional intersubband
population inversion, and Av is the transition linewidth*. The
oscillator strength f,, is the ratio of the quantum optical strength of
the transition to that of a classical electron oscillator. It is proportional
to the stimulated-emission cross-section, and depends heavily on the
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overlap and symmetry of the initial and final wavefunctions. Aside
from the chirped superlattice (CSL) active region, two major design
classes of active regions have emerged: bound-to-continuum (BTC)
and resonant-phonon (RP) designs. In fact, a handful of hybrid
‘interlaced” designs have been demonstrated, in which BTC designs
have been combined with phonon-assisted depopulation*®*.

CHIRPED SUPERLATTICE

The CSL active region, shown in Fig. 2a, is based on the coupling
of several quantum wells together in a superlattice to create so-
called minibands of states when the appropriate electric field is
applied. The radiative transition is designed to take place from
the lowest state of the upper miniband 2’ to the top state of the
lower miniband ‘1’ — analogous to a conventional band-to-band
transition. Generally speaking, a population inversion is established
because scattering of electrons between the tightly coupled states
within the miniband (intra-miniband scattering) is favoured over
inter-miniband scattering. Thus electrons tend to relax to the
bottom of the minibands, leaving the lower radiative state relatively
empty. Population inversion is further favoured by a density-of-
states argument, that is, the fact that electrons in the upper radiative
state 2’ can scatter into any of the lower states in the miniband, but
photons will probably only be emitted on the 21 transition, that
is, between band-edge states. Owing to the relatively small widths
of the minibands (about 15-20 meV), LO-phonons are not directly
involved in the depopulation process, although they are indirectly
involved, as spontaneous emission of LO-phonons is the dominant
channel by which the electron gas cools®’.

BOUND-TO-CONTINUUM

The original CSL design has given way to the BTC design (Fig. 2b);
the lower radiative state and miniband-based depopulation remains
the same, but the upper radiative state is essentially made to be a
bound ‘defect’ state in the minigap®*®. The effect is a radiative
transition, which is more diagonal in real space. Compared with a
CSL design, the oscillator strength of the transition drops slightly
(from f,, = 2.5-3 to f,, = 1.5-2), as the overlap with the miniband
states drops, but the upper-state lifetime increases as non-radiative
scattering is similarly reduced. The injection process also becomes
more selective, as the injector states couple more strongly with the
upper state than with the lower miniband. As a result, these designs
displayed improved temperature and power performance compared
with the CSL designs (see Fig. 1, ref. 29,53).
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Figure 2 Conduction-band diagrams for major terahertz QC design schemes. Examples are shown for: a, CSL, b, BTC, ¢, RP and d, hybrid/interlaced designs. Two identical
modules of each are shown here, although typically 100-200 cascaded modules are grown to form active regions 10—15-um thick. The squared magnitude of the
wavefunctions for the various subband states are plotted, with the upper- and lower-radiative state shown in red and blue respectively and the injector states specifically

labelled.The grey shaded regions correspond to minibands of states.

RESONANT-PHONON

The other major active region type is the RP scheme (shown
in Fig. 2¢c, refs 25,54,55). As is common for most mid-infrared
QCllasers, collector and injector states are designed to be below
the lower radiative state ‘1’ by approximately E,, = 36 meV, so that
electrons in the lower state will scatter very quickly into the injector
states by emitting an LO-phonon. Many early terahertz QC emitter
designs suffered from a fundamental difficulty: because of the close
subband energy spacing, it was difficult to use LO-phonon scattering
to depopulate the lower radiative state without also depopulating the
upper state’*. The key development of the RP scheme was bringing
the lower radiative state into a broad tunnelling resonance with the
excited state in the adjacent quantum wells, so that its wavefunction
is spread over several quantum wells. As a result, the lower radiative
state maintains a strong spatial overlap with the injector states and
experiences subpicosecond LO-phonon scattering. The upper state 2}
however, remains localized and has very little overlap with the injector
states, which suppresses scattering to the injector states and preserves
a lifetime of several picoseconds. The lack of a miniband means that
RP designs tend to have a smaller oscillator strength (f,, =~ 0.5-1) than
the BTC designs, but this is partially compensated by the fact that the
length L, of an RP module is typically half that of a BTC module,
which results in a higher density of gain producing transitions (that is,
gL, ref. 47). In addition, hybrid structures have been developed
in which phonon-assisted depopulation has been incorporated with a
BTC optical transition (Fig. 2d). These are often known as ‘interlaced’
structures, owing to alternating photon- and phonon-emission events.
Their impact has been limited, but they are particularly notable for
achieving very long wavelength operation.
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WAVEGUIDES

Because of the strong absorption owing to free carriers at long
wavelengths, unique waveguides for terahertz QC lasers have been
developed so as to minimize the overlap of the mode with any doped
cladding layers. There are two types of waveguides used at present
for terahertz QClasers: the semi-insulating surface-plasmon
(SI-SP), and the metal-metal (MM) waveguide, as shown in Fig. 3.
It is useful to characterize a laser waveguide by its loss coefficient «,,
which accounts for scattering and absorption inside the waveguide,
its confinement factor I', which describes the overlap of the mode
with the active region, and the mirror loss coeflicient a,,, which
accounts for losses due to optical coupling, usually owing to finite
facet reflectivities. These factors determine the required gain g, to
reach the lasing threshold, where the modal gain must equal the
total losses: I'gy, = a,, + a,,.

The SI-SP waveguide involves the growth of a thin (0.2-0.8 pm
thick) heavily doped layer underneath the 10-pm-thick active
region, but on top of a semi-insulating GaAs substrate?****. The
result is a compound surface-plasmon mode bound to the top
metal contact and the lower plasma layer. Although the mode
extends substantially into the substrate, the overlap with any doped
semiconductor is small, so that the free-carrier loss is minimized.
The confinement factor typically lies in the range I' = 0.1-0.5, and
in general, modes are somewhat loosely confined, which enables
there to be relatively wide ridges without supporting multiple lateral
modes. The downside is that ridges narrower than about 100 pm
tend to squeeze the mode into the substrate, which limits the
minimum device area®.
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Figure 3 Terahertz QC-laser waveguides. Schematic diagram (left) and typical two-dimensional mode intensity pattern (right) for a, SI-SP and b, MM waveguides. n+ indicates
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The alternative to the SI-SP, the MM waveguide, uses metal
layers, which are placed immediately above and below the epitaxial
active region by metallic wafer-bonding to obtain a mode almost
completely confined to the active region (I'= 1, refs 36,50,58,59).
After wafer-bonding and substrate removal, the remaining
approximately 10-um-thick epitaxial active region is patterned
by photolithography and typically etched into ridges to produce a
structure similar to a microstrip transmission line. As any doped
contact layers are usually quite thin, waveguide losses are dominated
by absorption in the metal, and any re-absorption from inside the
active region itself (which is often not negligible).

At present, MM waveguides tend to have the best high-
temperature performance, and SI-SP waveguides have higher output
powers and better beam patterns. Despite their differences in mode
confinement, the scaled waveguide loss «,/I', which determines the
lasing threshold, is of similar magnitude for both, or even slightly
better for MM waveguides. However, because of the impedance
mismatch of the subwavelength mode at the waveguide facet with free-
space propagating modes, MM waveguides exhibit enhanced facet
reflectivities of R = 0.5-0.9 (depending on the waveguide dimensions
relative to the wavelength), which is much higher than the expected
Fresnel value of R = 0.32 calculated from the index mismatch®. As a
result, MM waveguides are characterized by relatively small mirror
losses, and they often exhibit smaller threshold current densities
Ji and higher operating temperatures®#, although some other
groups have observed little difference in ], between the two types®.
Furthermore, the strong mode confinement of MM waveguides
enables both the vertical and lateral dimensions to be made smaller
than the wavelength. This in turn reduces the total thermal dissipation
and required cooling power, which enables improved c.w. operation
(up to 117 K, refs 30,36).

At the moment, cavity engineering beyond basic Fabry-Pérot
configurations is an active area of research. For robust single-mode
operation, distributed-feedback resonators can be readily fabricated
by patterning or opening apertures in the metal contact to interrupt
propagation of the SP mode®-, such as shown in Fig. 4a. Recent
work has focused on demonstrating MM-waveguide-based
microcavities with modal volumes on the order of A°, where only a
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few modes are supported, and threshold currents can be reduced to
a few milliamps®~*. An example of such a cavity is shown in Fig. 4b.
The long wavelength of terahertz radiation means that microcavities
can be readily fabricated with photolithography. In addition, field
enhancements associated with the cavity structure can maximize
nonlinear effects. A notable example is the generation of terahertz
sidebands on a A = 1.55 pum laser carrier, performed by passing the
optical signal through the MM-waveguide cavity of a terahertz
QC laser, which enables detection of the terahertz signal using
conventional telecom technology®-”.

Unfortunately, the subwavelength nature of MM waveguides
causes several difficulties, in particular poor beam patterns and low
output powers. As the free-space wavelength is typically between
60 um and 200 pm, the output beam diffracts nearly omnidirectionally
from the facet (typically 10 um high), which leads to highly divergent
beam patterns, often with interference fringes"’2. Furthermore,
because the mirror losses («,, = 1-2 cm™) are much smaller than the
waveguide losses (a,, = 10-20 cm™), only a small fraction (5-20%) of
the generated photons escape the cavity without being reabsorbed. In
other words, most MM-waveguidelasers operate far from the optimum
coupling condition and radiate only milliwatts of terahertz power”,
of which only a fraction is collected owing to the beam divergence.
In comparison, the large mode size of SI-SP waveguides results in a
less-divergent beam’”°, and a more favourable ratio of mirror losses
to waveguide losses yields higher output powers and efficiencies. The
highest output powers from terahertz QC lasers have been observed
using SI-SP waveguides, such as 248 mW (pulsed) with an RP active
region”, and about 100 mW (pulsed) with BTC active regions?>>7°.
In fact, recent thermal analysis of a BTC device using a microprobe
photoluminescence method suggests that poor collection efficiency
has been hampering power measurements, and in fact a value of 5.5%
for the wall-plug efficiency at 40 K was extracted, the highest value
yet reported*.

Because of the superior temperature performance of
MM-waveguide devices, there are many efforts underway at present
to improve their optical coupling efficiency and beam patterns.
One solution is to micromachine a mode-matching device such as
a horn antenna, similar to those used widely with microwave and
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millimetre- wave devices. Although the fabrication is challenging,
preliminary results have reported improvements to the collected
power by a factor of ten”. Some research groups have focused on
surface emission from MM waveguides using broad-area second-
order distributed-feedback structures** and two-dimensional
photonic crystals”. Ideally, proper design of the feedback structure
would enable engineering of the surface coupling to optimize the
lasing threshold, beam pattern and output power. Single-mode
operation with a narrowed beam pattern has been observed by
several groups, but achieving optimum performance has been
complicated by issues such as higher-order lateral modes and
strong facet reflections. An alternative approach is to place a silicon
hyperhemispherical lens next to the facet of an MM waveguide —
this serves the dual purpose of reducing the facet reflectivity through
index matching and better collimating the emitted radiation. This
scheme was used to boost the peak pulsed output power of a4.1-THz
MM-waveguide laser by more than a factor of five up to 145 mW (at
10 K), while only reducing the maximum lasing temperature from
165 K to 160 K (ref. 73). For all of these schemes, the fact that the
output power can be increased so substantially without significantly
increasing the threshold J, suggests that further efficiency gains
are possible.

HIGH-TEMPERATURE PERFORMANCE

Although the first terahertz QC laser operated only up to a maximum
temperature of T, = 40 K (ref. 23), improvements in active regions
and waveguides have brought previously unavailable performance:
milliwatts of c.w. power at the temperature of liquid nitrogen
(77 K) from a semiconductor laser, with T, up to 169 K in pulsed
mode at 2.9 THz. The next milestone is operation at temperatures
accessible by thermoelectric coolers (about 240 K) or even better, at
room temperature.

There are two major processes that are expected to cause the
degradation of population inversion (and thus gain) in terahertz
QC lasers at higher temperatures: thermal backfilling and thermally
activated phonon scattering. A schematic of these processes is shown
in Fig. 5b. Backfilling of the lower radiative state with electrons from
the heavily populated injector occurs either by thermal excitation
(according to the Boltzmann distribution), or by reabsorption of
non-equilibrium LO-phonons (the hot-phonon effect)”. The other
principal degradation mechanism is the onset of thermally activated
LO-phonon scattering, as electrons in the upper subband acquire
sufficient in-plane kinetic energy to emit an LO-phonon and relax
to the lower subband. This causes the upper-state lifetime 7,, to
decrease exponentially according to 7'« exp[—(E,, - hv)/kT,],
where hv is the terahertz photon energy, and k; is the Boltzmann
constant. Both of these mechanisms sensitively depend on the
electron gas temperature T, which Monte Carlo simulations as well as
microprobe photoluminescence measurements suggest is 50-100 K
higher than the lattice temperature during device operation®*®'.
The temperature dependence of waveguide losses is also not well
understood, but recent experiments that apply the powerful
technique of broadband time-domain terahertz spectroscopy to
measure loss and gain in QC lasers during operation should provide
a better understanding of absorption mechanisms, as well as gain
and transport dynamics®.

In general, RP designs have better temperature performance than
BTC designs. Well-designed RP lasers with MM waveguides regularly
operate above 130 Kand even as high as 169 K (refs 28,36,83), whereas
BTC designs tend to top out around 100-115 K (refs 29,49,53). The
explicit inclusion of an LO-phonon scattering event for depopulation
means that RP designs present a larger energetic barrier (about
36 meV) to thermal backfilling than most BTC designs (about
15-20 meV). Although this excess-voltage defect hurts the wall-plug
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a 2.2-mm-long didtributed-feedback SI-SP laser with a slit periodicity of 16.5 um.
The left inset shows linear-scale spectra of three lasers with different slit periodicities
(as indicated). The right inset shows a scanning electron microscope image of the
structure. Reproduced with permission from ref. 60. Copyright (2005) AIP. b, Left, a
schematic of the vertical structure of a 40-um-diameter MM-waveguide microdisk
cavity. Right, a scanning electron microscope image of the structure. (£, indicates the
direction of the transverse-magnetic electric field with respect to the x and z axes.)
Reproduced with permission from ref. 66. Copyright (2007) AIP.

efficiency of RP designs at very low temperatures, it appears to be an
advantage for higher-temperature operation.

For present RP designs, practical transport considerations play a
major role in limiting temperature performance, because for a given
design, the temperature range is largely determined by the dynamic
range between the J, and the maximum current density J ... When J, .. is
reached, subband misalignment occurs and the device exhibits negative
differential resistance (see Fig. 5a). This can be seen by examination of
plots of J,, versus temperature for three exemplar devices at different
frequencies in Fig. 5b. In general, devices with lower hv exhibit a weaker
increase in J, with temperature, probably owing to the larger energy
barrier, E,, — hv, for thermally activated phonon scattering. However,
lower-frequency devices tend to have a smaller dynamic range for
lasing, a consequence of reduced injection and depopulation selectivity
that results from the very closely spaced energy levels. Improvements
in designs to reduce subthreshold parasitic current channels that limit
reductions in J,,, and to raise the maximum current, will continue to
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improve temperature performance of current designs, especially at
lower frequencies where the dynamic range is particularly limited.

It is interesting to note that several of the reported lasers (see
Fig. 1) operate at temperatures such that the lattice thermal energy is
greater than the photon energy (k;T > hv). However, we should not be
overly concerned by this — there is no fundamental limit associated
with this condition, and in fact the electron gas is hotter still. As a
laser is a non-equilibrium system, as long as a favourable lifetime
ratio 7,,/ 7, > 1 (where 7, is the lower state lifetime) can be engineered
(no easy feat), a population inversion of some magnitude will exist
between the radiative states.

LONG-WAVEI ENGTHLASERS

Since the demonstration of the first terahertz QC laser at 4.4 THz,
there has been a strong interest in demonstrating terahertz QC lasers
at ever lower frequencies. Although this is partly motivated by
the desire to maximize the spectral coverage of QC lasers, many
materials, such as explosives and drugs, have relevant spectral features
in the 1-2 THz range®* ¥, and many other materials, such as water,
clothing and the atmosphere, become more transparent®*®, owing to
both reduced absorption and scattering. At present, performance in
terahertz QC lasers degrades significantly below 2.5 THz (see Fig. 1),
with the lowest reported frequencies (without a magnetic field) being
1.59 THz from an RP design®, and 1.2 THz from a hybrid BTC
design®. The barriers to achieving very-low-frequency operation
are simply more extreme versions of the difficulties associated with
all terahertz QC lasers: the small subband energy separations and
higher free-carrier losses. To generate a 1-THz photon requires
4-meV subband separation, which is approaching the intersubband
level broadening; this dephasing of the transition may set an eventual
lower limit on the emission frequency. Transport difficulties arise
even before this point, however. With many other subbands nearby
in energy space, it becomes increasingly difficult to selectively inject
carriers to the correct level, and parasitic coupling to other levels
increases at the expense of gain. Preventing this is a major focus of
design efforts®™.

At low frequencies, a large concern is the absorption at hv
caused by the high-energy tails of the intersubband transitions
inside the injector miniband. To address this issue, modified BTC
structures (shown in Fig. 2d) have replaced their many-level injector
manifold with a doublet state, and achieved frequencies of 1.6 THz
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(ref. 50), and less even down to 1.2 THz (A = 250 pum, reported by
C. Walther, M. Fischer, G. Scalari, & J. Faist, unpublished results). The
energy splitting of this doublet is a very narrow 1-2 meV, which helps
to keep the intersubband resonance smaller than the photon energy,
which is as low as 5 meV for 1.2 THz. It is also possible to reduce the
injector to a single state, thus eliminating any intersubband transitions
inside the injector®>®. Magnetic-field-assisted QC lasers are currently
pushing the ultimate long-wavelength limits, where lasing has been
demonstrated at 1.39 THz (ref. 34), and more recently as low as
840 GHz (A = 357 pm, ref. 33). The formation of Landau levels in high
magnetic fields (more than 6 T) effectively quantizes in-plane motion
and reduces the phase space for non-radiative scattering. This leads
to long upper-state lifetimes and ultralow threshold current densities
(Jn<1Acm™?at 10K, ref. 91). The reduced scattering also leads to
narrower intersublevel emission linewidths, and reduced free-carrier
absorption, both of which improve gain at low frequencies. Although
the magnetic fields required will limit practical applications of these
lasers, they are an impressive example of the limits achievable by
semiconductor lasers, and suggest the potential advantages in reducing
the density of states through additional quantum confinement.

APPLICATIONS

A full examination of the applications of terahertz QC lasers and
terahertz radiation in general is far beyond the scope of this article,
and has been explored in other review articles and books"”?%,
Nevertheless, I would like to highlight two applications as examples
for which terahertz QC lasers show great promise.

Much of the push for c.w. terahertz sources has historically
come from the astrophysics and space-science community, and
preliminary work has now been performed by several groups to
evaluate the suitability of QClasers as local oscillator sources
for submillimetre-wave heterodyne receivers used to perform
high-resolution spectroscopy™*®*. In separate experiments,
superconducting hot-electron bolometer mixers were pumped by
an RP device in an MM waveguide at 2.8 THz (ref. 94), and by a
BTC device in an SI-SP waveguide at 2.5 THz (ref. 74). In both
cases, the receiver-noise temperature was found to be just as good
or better than when the mixers were pumped by far-infrared gas
lasers. Further along these lines, a terahertz QC laser was frequency
locked to a gas laser source and displayed a stable time-averaged
linewidth of 65 kHz, far in excess of the 10 relative-frequency
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Figure 6 Terahertz imaging with a QC laser. A, Experimental set-up for imaging over a distance of 25 m, where a QC laser mounted in a pulse-tube cryocooler is used as the
illumination source, and a room-temperature microbolometer focal-plane array camera is used to perform imaging in two possible configurations, a and b. Also shown is a
seed pod visible image, B, and terahertz image, G, taken with a 1-s integration time in imaging configuration a. The inset of G shows the terahertz image from configuration b.

Reproduced with permission from ref. 35. Copyright (2006) AIP.

accuracy necessary for most spectroscopic applications”. Several
other experiments have measured relatively narrow short-term
linewidths (less than 30 kHz over 3-ms sweep time)**”. These
narrow linewidths are not surprising, as like all intersubband lasers,
these devices are expected to have small-linewidth enhancement
factors, and the free running linewidth is determined principally by
thermal fluctuations. The critical step of phase-locking a QC laser
to a stabilized microwave source has yet to be demonstrated.
Further waveguide development is also needed. For example, the
superior temperature performance of the MM waveguide, and
the ability to drastically reduce the active-region volume and thus
minimize the required cooling power, are highly attractive for any
local oscillator application. However, the poor beam pattern and
phase front observed from Fabry-Pérot MM ridge waveguides
severely impedes coupling into the mixer — a fact that gives further
incentive to efforts to improve the beam-pattern from MM devices.
Also, as single-mode operation is required, distributed-feedback
cavities will probably also be needed, although still better would be
an implementation of a cavity that enables wideband tunability®.
Although varying the temperature of the active region has yielded
a single-mode tuning range of at most 20 GHz, the prospects for
improvement are tantalizing, as measurements suggest an available
gain bandwidth of several hundred gigahertz or more®*. In short,
local oscillators are sorely needed above 2 THz, and QC lasers seem
to be well-suited for the task, although further work remains to be
done before they can be considered instrument-ready.

The second major application I would like to highlight is the use
of QClasers as high-average power sources for imaging. Terahertz
imaging has received considerable attention, partly because of the fact
that many materials such as clothing and packaging are transparent
at terahertz wavelengths, leading to possible applications in non-
invasive inspection for industrial and pharmaceutical processes,
security screening, mail inspection and biomedical imaging among
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others. Although the majority of the work on terahertz imaging
has been performed using broadband ultrafast time-domain
spectroscopic methods””, QC laser sources may have a role to play,
as they can deliver higher average powers (milliwatt-level compared
with microwatt-level), and narrowband sources can more readily take
advantage of the (modest) atmospheric transmission windows that
are scattered throughout the terahertz regime. Most terahertz imaging
using QC lasers has been performed in a single-pixel configuration
by mechanically scanning the sample with such detectors as liquid-
helium-cooled bolometers, Schottky diode mixers and Golay
cells”!1%-12 although more sophisticated tomographic configurations
have been used to perform three-dimensional imaging'®. However,
terahertz QC lasers can deliver sufficient average power to illuminate
focal-plane arrays of room-temperature direct detectors. Lee et al.
demonstrated real-time, video-rate, terahertz imaging using an
RP QC laser withan SI-SPwaveguide in conjunction withacommercial
room-temperature microbolometer camera'®. A 4.3-THz device was
cooled to 30K in a cryogen-free pulsed tube cryocooler to provide
the delivery of peak powers of 50 mW at a 33% duty cycle, which
enabled a video at 20 frames per second, with signal-to-noise ratios
of 20-30 dB — sufficient to enable imaging of pencil writing though
envelopes. By taking advantage of a transmission window at 4.9 THz,
imaging in transmission mode over a 25-m distance was also possible
(shown in Fig. 6, ref. 35). Improved sensitivity could be obtained by
optimizing the microbolometer absorber for terahertz (about10 dB
improvement), or by moving to cryogenic direct detectors, such as
quantum-well infrared photodetectors'®. Heterodyne detection
schemes would provide the ultimate in sensitivity, but are difficult to
implement in large-format focal-plane arrays. However, if scanned
imaging is acceptable, QC lasers could serve as substitutes for the
molecular gas lasers that serve as sources and local oscillators in
some of the single-detector heterodyne imaging schemes that have
been demonstrated'®'”.
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FUTURE OUTLOOK

WhentalkingaboutterahertzQC lasers, probably the mostfrequently
asked question is: “When will they operate at room temperature?”
Indeed, room-temperature lasers would lower the entry barrier for
many applications, particularly those where portability or power
efficiency (or both) are important. These might include hand-held
sensors for detection of explosives or bioagents, environmental gas
sensing or semiconductor-wafer inspection. It seems probable that
continuing advances with existing designs and epitaxial growth will
push operation over 200 K, and perhaps even within the range of
thermoelectric coolers at about 240 K, within several years. For
example, examination of the J,, versus temperature characteristics
shown in Fig. 5a suggests that even moderate increases in the
current dynamic range could provide significant improvements,
particularly for longer-wavelength devices.

In my opinion, room-temperature operation of terahertz
QC lasers will require an additional revolution in the field, either
through the invention of an alternative active-region design,
or more radically, through the use of a new material system. For
example, the GaN/AlGaN system has been suggested, because its
large LO-phonon energy (about 90 meV) would present a large
barrier to thermally activated phonon scattering and backfilling'%%%°.
However, material growth and modelling is notoriously difficult in
GaN/AlGaN materials, and a GaN-based QC laser has yet to be
demonstrated at any wavelength. Even more ambitious are proposals
to develop low-threshold, high-temperature, QC structures in
zero-dimensional heterostructures (that is, quantum dots or
semiconductor nanowires)'"*'*.  Like magnetic-field-assisted
QC lasers, the additional quantum confinement offers the prospect
of suppressed non-radiative LO-phonon scattering — a version of
the much debated phonon-bottleneck effect. However, it must be
remembered that the successful advent of QC lasers, particularly in
the terahertz regime, has depended on the exquisite material control
and flexibility of bandgap engineering provided by planar epitaxy,
and any new system must satisfy similar criteria.

It would be a mistake to focus exclusively on room-temperature
operation as a metric, as there are many applications, such as
heterodyne receivers for astronomy, or non-destructive inspection
in an industrial setting, where some form of cooling would be
acceptable. Terahertz QC lasers are now the brightest c.w. solid-
state sources that operate above liquid nitrogen temperatures in
the 1.2-5 THz range, and the successful extension of coverage to
frequencies below 1THz is exceeding expectations. In the near
future, we can expect that new cavity coupling schemes will provide
high-power single-mode terahertz beams from subwavelength
MM waveguides that operate in c.w. well above the temperature of
liquid nitrogen, and efforts to demonstrate widely tunable terahertz
QC lasers promise to be exceedingly active for many years to come.
Quantum-cascade lasers are a testament to our ability to engineer
the quantum properties of materials, and have now provided a
sorely needed convenient source of terahertz radiation. The degree
to which the non-trivial challenges that lie ahead for performance
and use are met with innovations in design and materials will go a
long way to determining their eventual technological impact.

doi:10.1038/nphoton.2007.166
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