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spin-polarized because the same number of spin-up and spin-down
electrons move in the same direction with the same velocity. In the
case of inelastic scattering the current may be polarized.
The uniformity of the spin polarization in space is preserved
during the scattering processes. Therefore, the spin-galvanic effect
differs from surface currents induced by inhomogeneous spin
orientation25. It also differs from other experiments where the
spin current is caused by gradients of potentials, concentrations
and so on, like the spin-voltaic effect26,27 and the photo-voltaic
effect, which occur in inhomogeneous samples, and like the ‘paramagnetic metal-ferromagnet’ junction or p-n junctions. When
considering spintronic devices involving heterojunctions, spingalvanic current must be taken into account.
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Semiconductor devices have become indispensable for generating electromagnetic radiation in everyday applications. Visible
and infrared diode lasers are at the core of information technology, and at the other end of the spectrum, microwave and radiofrequency emitters enable wireless communications. But the
terahertz region (1–10 THz; 1 THz 5 1012 Hz) between these
ranges has remained largely underdeveloped, despite the identification of various possible applications—for example, chemical
detection, astronomy and medical imaging1–4. Progress in this
area has been hampered by the lack of compact, low-consumption, solid-state terahertz sources5–9. Here we report a monolithic
terahertz injection laser that is based on interminiband transitions in the conduction band of a semiconductor (GaAs/
AlGaAs) heterostructure. The prototype demonstrated emits a
single mode at 4.4 THz, and already shows high output powers of
more than 2 mW with low threshold current densities of about a
few hundred A cm22 up to 50 K. These results are very promising
for extending the present laser concept to continuous-wave and
high-temperature operation, which would lead to implementation in practical photonic systems.
In conventional semiconductor lasers, light is generated by the
radiative recombination of conduction band electrons with valence
band holes across the bandgap of the active material; in contrast,
electrons in a quantum-cascade laser propagate through a potential
staircase of coupled quantum wells, where the conduction band is
split by quantum confinement into a number of distinct subbands10. By choice of layer thickness and applied electric field,
lifetimes and tunnelling probabilities of each level are engineered in
order to obtain population inversion between two sub-bands in a
series of identical repeat units. Injector/collector structures connect
these active regions, allowing electrical transport through injection
of carriers into the upper laser level, and extraction of carriers from
the lower laser level. The radiation frequency is determined by the
energy spacing of the lasing sub-bands, allowing in principle
operation at arbitrarily long wavelengths. The quantum-cascade
scheme has thus long been the preferred choice in many attempts to
fabricate a terahertz semiconductor laser. Although electroluminescent devices have been reported by several groups11–14, laser action
has been shown only at much shorter wavelengths15,16. In fact, above
the forbidden phonon band of the material, direct electron–longitudinal optical (LO) phonon scattering processes can be conveniently used to achieve large population inversions 16 .
Furthermore, an additional problematic issue for the terahertz
range stems from the fact that conventional laser waveguides are
not suitable, owing to large free-carrier absorption losses and
practical limitations on the thickness of epilayer growth.
As in all lasers, efficient depletion of the lower level is essential,
and long lifetimes of the upper level are highly desirable. Up until
now, proposed terahertz quantum-cascade designs focused mainly
on the latter aspect. To this end, structures have featured narrow
injector minibands to both suppress scattering of electrons from the
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upper laser state through LO-phonon emission and block crossabsorption of the emitted light. This, however, results in relatively
small tunnel coupling between the active region sub-bands and the
injector states. As a consequence, extraction of carriers from the
lower laser level is very slow, which, compounded with the limited
current densities supported by the narrow injector minibands,
hinders the achievement of population inversion17. On the contrary,
our design targets precisely these two issues, an objective best
fulfilled by the adoption of chirped superlattice active regions18.
In particular, one repeat unit in our structure comprises seven GaAs
quantum wells separated by Al0.15Ga0.85As barriers, with the active
region consisting of three closely coupled quantum wells.
A self-consistent calculation of the wavefunctions and energies in
our device is shown in Fig. 1a, and details of the design are given in

Figure 1 Conduction band structure of the laser active core and computed population
inversion and current density at several applied biases. a, Self-consistent calculation of
the conduction band structure of a portion of the layer stack in the waveguide core under a
field of 3.5 kV cm21. Injectors and superlattice (SL) active regions are alternating. The
layer thicknesses, in nm, starting from the injection barrier are 4.3/ 18.8/ 0.8/ 15.8/ 0.6/
11.7/ 2.5/ 10.3/ 2.9/ 10.2/ 3.0/ 10.8/ 3.3/ 9.9, where Al0.15Ga0.85As layers are in bold
face, the active region is in italic, and the 10.2-nm-wide well is Si-doped at
4 £ 1016 cm23. The moduli squared of the wavefunctions are shown, with miniband
regions represented by shaded areas. The optical transition takes place across the
18-meV-wide minigap between the second and first miniband (states 2 and 1) and, being
vertical in real space, presents a large dipole matrix element of 7.8 nm. Carriers are
injected into state 2 via resonant tunnelling from the injector ground state labelled g.
b, Calculated population inversion between states 2 and 1 of the active superlattice
(circles), expressed in terms of electron sheet density (n 2 and n 1 respectively), and
current density traversing the structure (diamonds). Both are computed as a function of
bias field at 10 K. Solid lines are polynomial fits. From the simulation we also extract the
level lifetimes: t2 ¼ 0.8 ps, t21 ¼ 8.3 ps, t1 ¼ 2.2 ps with t2 and t21 dominated by
carrier-phonon scattering processes. Note that t21 is much greater than t2 owing to the
superlattice nature of the active region. This implies that t1 , t21, which is the necessary
condition for population inversion.
NATURE | VOL 417 | 9 MAY 2002 | www.nature.com

Fig. 1 legend. The lower laser state 1 is strongly coupled to a wide
injector miniband, comprising seven sub-bands spanning an energy
of 17 meV. This provides a large phase space where electrons
scattered either from sub-band 2 or directly from the injector can
spread, at the same time ensuring fast depletion of state 1. Moreover,
the wide miniband allows efficient electrical transport, even at high
current densities, and simultaneously suppresses thermal backfilling. The validity of this design is supported by theoretical modelling17 employing a Monte Carlo scheme based on a coupled set of
fully three-dimensional Boltzmann equations19, including all relevant energy-relaxation mechanisms, like carrier–carrier and carrier–LO-phonon scattering processes20. The use of suitable periodic
boundary conditions allows simulation of sub-band populations as
well as current voltage characteristics without resorting to phenomenological parameters. The results displayed in Fig. 1b indeed
predict the build-up of a significant population inversion above
an applied electric field of 2 kV cm21, peaking at about
1.5 £ 109 cm22 just before the design field of 3.5 kV cm21. Large
current densities of the order of 1 kA cm22 are also obtained before
the onset of negative differential resistance that marks the end of
resonant tunnelling transport. It is worth noting that, contrary to
mid-infrared quantum-cascade lasers, where depletion of the lower
laser state is controlled by optical phonon emission, in this case the

Figure 2 Waveguide design principle and radiation mode confinement. a, Evolution of the
intensity profile of the optical mode bound to a 800-nm-thick GaAs n-doped layer within
undoped GaAs material calculated as a function of donor density. The dielectric constants
were derived from a Drude–Lorentz model. b, Calculated mode profile along the growth
direction of the final device structure. The origin of the abscissa is at the top metal–
semiconductor interface, and the waveguide core of 104 repetitions of the active region
shown in Fig. 1 is between the bottom contact and top metal layer.
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transparency condition of the interminiband transition is reached at
a current density significantly different from zero. Moreover, in our
calculations population inversion is reached only in the presence of
carrier–carrier scattering. This process provides the necessary inplane momentum to activate relaxation of electrons in state 1 via
carrier–phonon scattering17.
As stated above, the waveguide is a very important aspect of the
present device. Traditionally, long-wavelength quantum-cascade
lasers exploit the surface plasmon mode at the interface between
two materials with dielectric constants of opposite sign (normally a
metal and a semiconductor) to achieve a tight optical confinement
with low absorption losses15,21. At terahertz frequencies, however, a
simple surface-plasmon waveguide results in a small overlap of the
optical mode with any active region of reasonable thickness. Therefore, more sophisticated solutions have been considered, including
double-surface plasmon structures where the guided mode is totally
contained between two metallic claddings22. Here we have chosen to
use a thin (800 nm) nþ GaAs layer between 104 repeat periods of the
above active superlattice on one side and an undoped GaAs
substrate on the other in order to create a strongly confined low
loss TM mode bound to that layer. This is a result of the nþ layer
dielectric constant (1 A), which, by appropriately tuning the doping
density, can be made negative, albeit comparable in modulus to that
of the surrounding semiconductor (1 B). The two surface plasmons
existing at the two layer interfaces merge into a single mode because
of the relatively small thickness of the nþ layer with respect to the
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The penetration of this mode into the outside semiconductor is at
the same time
pffiffiffiffiminimized,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi being to a first approximation proportional to 2ð1A þ 1B Þ, resulting in a very tight confinement.
In fact the situation is more intricate, owing to the complex
nature of the dielectric constants, as can be seen in Fig. 2a where the
evolution of the mode profile is plotted as a function of the nþ layer
doping density. We chose a donor density n ¼ 2 £ 1018 cm23, which
yields a good compromise between absorption losses and overlap
with the active material. Additionally this makes it possible to use
the nþ layer for electrical contacting. The presence on top of the
active regions of a 200-nm-thick GaAs layer doped to
n ¼ 5 £ 1018 cm23 with its metallic contact leads to the final
mode profile of the actual device shown in Fig. 2b. A confinement
factor G ¼ 0.47 for the active material and an attenuation coefficient a W ¼ 16 cm21 are computed, which are extremely favourable
values at these long wavelengths.
The sample was grown by molecular beam epitaxy and further
processed into mesa-etched ridge stripes by optical contact lithography and wet chemical etching. It was then thinned down to
about 200 mm in order to improve heat dissipation, and top and
bottom Ge/Au ohmic contacts were provided by thermal evaporation and subsequent annealing under a nitrogen atmosphere. A
Fabry–Perot cavity was formed by cleaving the stripes into laser bars
with the facets left uncoated. The devices were finally soldered, using
an In-Ag alloy, onto a copper block, wire-bonded, and mounted
onto the cold finger of a liquid-helium flow cryostat equipped with
polyethylene windows.
Figure 3 shows the emission spectra of one such laser at 8 K for
different drive currents. The characteristic narrowing of the emis-
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Figure 3 Emission spectra from a 1.24-mm-long and 180-mm-wide laser device
recorded at 8 K for different drive currents. The lowest curve is multiplied by a factor of two
for clarity, while the 1,240-mA laser spectrum (shown red) is scaled down by several
orders of magnitude. Current macro-pulses were applied at a repetition rate of 333 Hz and
matched the frequency response of the detector; each macro-pulse comprised 750
micro-pulses of 200 ns width at intervals of 2 ms to avoid excess heating in the device. The
emitted radiation was collected by an f/1 off-axis parabolic mirror, passed through a
Fourier-transform interferometer (FTIR) and focused again onto a liquid-helium-cooled Si
bolometer. The entire beam path was purged with purified air in order to minimize watervapour absorption. Subthreshold spectra were recorded with a resolution of 2 cm21
(60 GHz) using the FTIR in step-scan mode and employing a lock-in amplifier for signal
detection. The spontaneous emission at low drive currents (300 mA) displays a full-width
at half-maximum of 2 meV, similar to the value obtained from previous luminescence
structures with only 40 periods23. It is best fitted with a lorentzian line shape, which,
together with the absence of any broadening when increasing the number of superlattice
periods, indicates the high quality and uniformity of the growth throughout the whole
10-mm-thick active material stack. Laser spectra were collected in rapid-scan mode with
the maximum possible resolution of 0.125 cm21 (3.75 GHz) using a DTGS (deuterated
triglycine sulphate) detector. Inset, the laser line on a logarithmic scale showing singlemode emission with a side-mode suppression ratio of 20 dB.
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surface plasmon skin depth (d A):
 rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 
l
21
dA ¼ Re 1A
2
1A þ 1B

Figure 4 Light–current (L–I ) characteristics of a 180-mm-wide and 3.1-mm-long laser
ridge. Data were recorded in pulsed mode, applying 100-ns-long pulses at a repetition
rate of 333 Hz. The peak power values represent what was collected from a single facet
onto our detector after correction by a factor of 2 to account for the FTIR retro-reflection.
At the lowest temperature the device emits more than 2 mW. When the duty cycle was
increased to 0.5%, the peak power reduced to 1 mW owing to the stronger heating of the
device, as shown by the dashed curve labelled with an asterisk. At the maximum
operating temperature of 50 K, we observed 120 mW of peak output power. The optical
output power was estimated using the responsivity of the bolometer as calibrated against
black-body radiation by the manufacturer (QMC Instruments). The V–I curve at a
temperature of 8 K is also displayed.
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sion line and nonlinear dependence of the intensity are clearly
observed up to a current of about 880 mA, where laser threshold is
reached. Lasing takes place at ,4.4 THz, on the high-energy side of
the luminescence line, probably owing to the reduced waveguide
losses at shorter wavelengths. Single-mode emission is obtained,
which is probably a consequence of the relatively narrow gain
spectrum and the wide Fabry–Perot mode spacing. A high-resolution laser spectrum is shown in the inset; the measured linewidth is
limited by the resolution of the spectrometer (3.75 GHz).
Figure 4 shows the light–current (L–I) and voltage–current (V–I)
characteristics of a representative device. At a heat-sink temperature
of 8 K, the output peak power is estimated to be more than 2 mW,
with a threshold current density of 290 A cm22. The latter is a very
small value for quantum-cascade lasers and allows operation at high
duty cycles (up to 10%) even in this large device. We expect that
narrower stripes and appropriate changes in sample processing
would readily lead to continuous-wave operation. The initial high
resistivity in the V–I characteristics stems from misalignment of the
sub-bands at low field; at higher fields, the injector miniband lines
up with the second miniband of the following stage and carrier
injection into the upper laser level takes place. The electric field at
threshold is 7.5 kV cm21. This is larger than the design value of
3.5 kV cm21, probably as a result of the non-negligible contact
resistance. As expected, a negative differential resistance feature
was observed at about 850 A cm22.
These experimental results match well the theoretical predictions
of Fig. 1b. The V–I curve has all the distinctive qualitative features
and the measured current densities are of the same order of the
computed ones, showing that even at these small energies carrier
relaxation and transport are dominated by electron–LO phonon
and electron–electron scattering. The discrepancy is a factor of
about 1.5, possibly related to acoustic phonon or impurity scattering or to a lower than specified free-carrier density in the sample. In
fact, the simulation indicates that a reduction in the doping density
of the injectors by 25% would lead to a reduction in current density
of 35%. From the theoretical values of population inversion and
confinement factor, we calculate a maximum modal gain of 23 cm21
(ref. 18). This value compares well with the estimated cavity losses
aW þ aM ¼ ð16 þ 4Þ cm21 ¼ 20 cm21 , a M being the mirror outcoupling of the 3.1-mm-long stripe. This consistency is confirmed
by the experimental observation that laser stripes shorter than
1 mm, with corresponding larger mirror losses, do not reach laser
threshold.
We believe that improved design of the active region of our device
(in particular aiming at the reduction of thermal backfilling),
together with optimized fabrication (junction-down mounting,
facet coating, lateral overgrowth), would rapidly lead to continuous-wave emission and to operation at liquid-nitrogen temperatures. The present demonstration of a terahertz quantum-cascade
laser, operating below the LO phonon band, represents a first step
towards the development of widely usable terahertz photonics. A
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After the evolution of oxygen-producing cyanobacteria at some
time before 2.7 billion years ago1, oxygen production on Earth is
thought to have depended on the availability of nutrients in the
oceans, such as phosphorus (in the form of orthophosphate). In
the modern oceans, a significant removal pathway for phosphorus occurs by way of its adsorption onto iron oxide deposits2,3. Such deposits were thought to be more abundant in the past
when, under low sulphate conditions, the formation of large
amounts of iron oxides resulted in the deposition of banded iron
formations4,5. Under these circumstances, phosphorus removal
by iron oxide adsorption could have been enhanced. Here we
analyse the phosphorus and iron content of banded iron formations to show that ocean orthophosphate concentrations from
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