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Advances in semiconductor bandgap engineering have resulted
in the recent development of the terahertz quantum cascade
laser1. These compact optoelectronic devices now operate in
the frequency range 1.2–5 THz, although cryogenic cooling is
still required2,3. Further progress towards the realization of
devices operating at higher temperatures and emitting at
longer wavelengths (sub-terahertz quantum cascade lasers) is
difficult because it requires maintaining a population inversion
between closely spaced electronic sub-bands (1 THz� 4 meV).
Here, we demonstrate a magnetic-field-assisted quantum
cascade laser based on the resonant-phonon design. By applying
appropriate electrical bias and strong magnetic fields above 16 T,
it is possible to achieve laser emission from a single device over a
wide range of frequencies (0.68–3.33 THz). Owing to the sup-
pression of inter-Landau-level non-radiative scattering, the
device shows magnetic field assisted laser action at 1 THz at
temperatures up to 215 K, and 3 THz lasing up to 225 K.

In quantum cascade lasers (QCLs), radiative transitions take
place between size-quantized sub-bands within the conduction
band of a multi-quantum well system. Quantum well thickness
can therefore be varied, allowing the emission wavelength to be tai-
lored, using the same material, to cover a broad range of frequencies.
Since the first demonstration of a mid-infrared (MIR) QCL in 1994
(ref. 4), rapid progress has been made in QCL design and materials
growth, with the result that QCLs have become the dominant MIR
semiconductor laser source5–7.

In a terahertz QCL, the photon emission energy is smaller than
the longitudinal-optical (LO) phonon energy in the semiconductor
material of the quantum well, hn , hv � 36 meV (GaAs). In the
resonant-phonon design scheme, the population inversion is
ensured by selectively injecting electrons through resonant tunnel-
ling into the upper state of the laser transition. Relaxation from
the lower radiative state occurs on a subpicosecond timescale into
the injector states through LO-phonon emission8–10. This scheme
has the highest operation temperature of any terahertz QCL
design to date (Tmax ¼ 178 K)9,10.

Achieving high-temperature operation in terahertz QCLs is diffi-
cult, because although hn , hvLO, as the temperature increases, elec-
trons in the upper radiative state gain sufficient in-plane energy to
emit an LO-phonon, which results in a fast thermally activated scatter-
ing process and a reduction in gain. The use of zero-dimensional con-
finement in quantum cascade structures has been proposed as a
mechanism to suppress non-radiative intersub-band/level relaxation
and achieve lower threshold and higher temperature operation11–14.
Although appropriate technology does not exist at this time, a mag-
netic field is an effective tool to analyse and improve the performance
of MIR15,16 and terahertz17–19 QCLs in the zero-dimensional limit.

A magnetic field changes the two-dimensional parabolic energy
dispersion of each size-quantized sub-band 1n(k) into a set of discrete,
equidistant, zero-dimensional-like Landau levels (LLs), 1n,N ¼ En þ
(N þ 1/2)hvc, separated by the cyclotron energy hv ¼ heB/m*,
where n is the sub-band index, N is the LL index, B is the magnetic
field, and m* is the energy-dependent electron effective mass. As a
result, both radiative and non-radiative transitions are either
reduced or resonantly enhanced by the inelastic (LO-phonon
assisted15) or (quasi)-elastic (interface roughness, acoustical phonons
or impurities16) scattering between different LL states jn,Nl. Here,
we exploit this approach of ‘Landau-level engineering’ to explore the
ultimate limits of terahertz QCL operation.

The samples used were GaAs/Al0.15Ga0.85As terahertz QCLs
based on 178 four-quantum-well modules, similar to those in refs
9 and 10. Figure 1a illustrates QCL operation at the designed zero-
field operational bias. The laser transition takes place between levels
j6l and j5l (E6,5 � 13 meV! 3.1 THz) followed by a fast,
LO-phonon assisted relaxation towards the triplet ground states
j3l, j2l and j1l. A magnetic field allows controlled modulation of
the lifetime of the laser transition states when the resonance con-
dition is fulfilled (1i,021j,N2phvc ¼ 0), where i is either the
upper or lower lasing level, j is a lower sub-band, and p is 0 for
elastic scattering and 1 for inelastic scattering. When the upper
lasing state is off resonance (quenched non-radiative relaxation)
and the lower state is on resonance (enhanced relaxation), popu-
lation inversion between levels j6,0l and j5,0l increases, thus redu-
cing the lasing threshold current, and increasing laser power and
operational temperature.

Electronic structure calculations show that such a resonant
enhancement of the j6,0l! j5,0l transition (�3 THz),
14,0213,1 ¼ 0, takes place near 20 T and in a range of voltage biases
between �50 and 70 mV per period (Fig. 1). When the voltage bias
is increased above �60 mV per period, levels j5,0l and j4,0l are separ-
ated, but still have a large dipole-matrix element, resulting in the possi-
bility of dual-wavelength ‘cascaded’ laser transitions: j6,0l! j5,0l
(�3 THz) followed by j5,0l! j4,0l (�1 THz). Further increasing
the voltage bias separates levels j8,0l, j7,0l and j6,0l. At these biases,
both j8,0l! j7,0l and j5l! j4l transitions have large dipole-matrix
elements, and can be enhanced by a LL resonance at 31 T (Fig. 1e) and
23 T (see also Supplementary Information, Discussion). Following the
model of inhomogeneous LL broadening caused by the macroscopic
fluctuations of quantum well parameters20, a phenomenological
Gaussian broadening of the LLs with a width of d¼ 4 meV is intro-
duced, which is consistent with previous estimates in mid-infrared
and terahertz QCLs of 2–6 meV (refs 16, 19, 20).

The electrical characteristics, current density J, voltage/period
V, emitted optical power P as well as emission spectra were
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recorded as a function of the external magnetic field applied
perpendicular to the plane of the quantum wells. The optical
power was measured using two fast detectors: a Ge:Ga photodetec-
tor with a low-frequency cut-off at 2 THz and an InSb hot electron
bolometer with a high-frequency limit of 2.4 THz. Laser emission
measured with two spectrally selective detectors revealed strong
magnetic field dependence, as shown in Fig. 2. The differences
in relative intensities for both detectors at B . 15 T clearly indi-
cate changes of the emission energy. Sharp changes in the optical
power arise with the formation of well-defined plateaus in the
voltage curves, indicating three stable voltage alignments
(Fig. 2c,d). Plotting the optical power versus the recorded
voltage clearly shows these three distinct lasing zones (Fig. 3).
Zone 1 emission is observed at biases between 50 and
58 mV/period, with lasing in a single band centred on 3 THz. As
J increases, the QCL realigns to zone 2 (59–73 mV per period)
with strong sub-terahertz lasing in two fixed main modes, 0.97
and 0.85 THz, in addition to the 3 THz band. Calibrated terahertz
optical power measurements in high magnetic fields are difficult
to obtain. By comparing the measured terahertz emission power
from the same devices at zero field, we estimate the maximum
1 THz power at 20.5 T to be at least 1–2 mW. Further increasing
J results in a third zone between 78 and 96 mV, where the 3 THz
band disappears and the sub-terahertz lasing blueshifts towards
2 THz. The spectra over the measured J and B (Fig. 4a) show a
broad range of lasing, with modes as low as 0.68 THz at 31 T and

as high as 3.33 THz at 19 T. The possibility of multi-wavelength
lasing is enabled by the metal–metal waveguide, which has low
losses and strong modal confinement over the entire terahertz
range18,21. (See Supplementary Information, Discussion, for a
representative set of P(B,J), V(B,J) characteristics and spectra.)

In Fig. 3b, we compare the experimental lasing energies to
the calculated energies of the transitions with the highest probability
of lasing. This confirms that the 3 THz light is attributed to
a j6l ! j5l transition. For further analysis, we consider possible
current paths through the structure when each sub-band breaks
into a set of LLs, and compare the LL crossings to the positions of
the observed emission minima and maxima (see Supplementary
Information, Discussion). This unequivocally confirms that the
3 THz emission in zones 1 and 2 originates from a j6,0l ! j5,0l
transition. In zone 2, population inversion between j5,0l and j4,0l
is achieved by the field-induced depopulation of j4,0l, and the
continued long lifetime of level j6,0l. This allows for the observed
strong dual-frequency lasing (1 and 3 THz) that originates from
the simultaneous emission from two cascaded optical transitions
in each period: j6,0l! j5,0l and j5,0l ! j4,0l. A j8,0l ! j7,0l
optical transition is excluded because of the strong overlap of
the LLs in zone 2. This is the first terahertz dual-frequency
cascaded quantum cascade structure. It is also worth noting that a
‘cascaded’ dual-frequency emission has recently been successfully
implemented at MIR frequencies, opening up the possibility of
producing correlated photons in quantum cascade structures22,23.
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Figure 1 | Calculated electronic structure. a,b, Conduction band diagrams and squared wavefunctions of the relevant sub-band states. Levels 3,2,1 are levels

8,7,6 for the next period. At 53 mV per period, zero B-field operational bias, the laser transition takes place from 6! 5 with fast LO-phonon assisted relaxation

(5,4! 3,2). At higher biases, the closely spaced levels (8,7,6) and (5,4) split, making additional transitions possible. c–e, The electronic structure in a

magnetic field. Illustration (c) of the field-induced resonant enhancement of the lasing transition between LLs j6,0l and j5,0l (red arrow). Inelastic scattering

by LO-phonon emission from the upper laser transition state is quenched (arrow with an �), while elastic scattering from the final state j4,0l to another LL

(j3,1l) is allowed. Cascade lasing process (d) at V* ¼ 61 mV, j6,0l! j5,0l, j5,0l! j4,0l. Illustration (e) of the possible paths for light production in a

magnetic field at V* ¼ 78 mV. The inhomogeneous LL broadening is 4 meV. Blue arrows indicate LO-phonon assisted relaxation (hv ¼ 36 meV).
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In zone 3, the optical measurements show three maxima at 16 T,
23 T and 31 T (Fig. 2d). Two optical transitions are needed to
account for these maxima. Considering that the structure breaks
from the traditional resonant tunnelling regime to a Stark-like
ladder where j8l, j7l and j6l no longer overlap, the peak at 16 T
can only be accounted for by a j8,0l ! j7,0l transition,
whereas the brighter light at 23 T and 31 T is dominated by a
j5,0l ! j4,0l transition. In both situations, the lasing transition is
helped by elastic scattering and is followed by two LO-phonon
assisted relaxations. The difference between the measured and
calculated lasing energies is likely due to LL broadening.

Finally, we report QCL performance at high temperatures
(Fig. 4b). Lasing continues up to 215 K for 1 THz emission
(31 T), and up to 225 K for 3 THz (19.3 T). Fitting the measured
threshold temperature dependence to the common phenomenologi-
cal expression Jth/ J exp (T/T0), we obtain values for the figure of
merit of T0 ¼ (180 + 10) K for both cases, compared to
T0 ¼ 130 K (refs 9 and 10) measured without a magnetic field—a

significant improvement24. The effect of the magnetic field can be
understood from the gain coefficient25 g / tu(1 2 tl/tul)zul

2 /Dn,
where tu and tl are the upper- and lower-state lasing level lifetimes,
tul is the non-radiative scattering time, zul is the optical dipole
matrix element, and Dn is the spontaneous emission linewidth.
The main magnetic field contribution arises from an increase of
tu (quenched non-radiative relaxation) and a decrease of tl
(resonantly enhanced relaxation). In fact, at B � 20 T, scattering
from the upper radiative state j6,0l ! jn,Nl, as well as thermally
activated processes, are suppressed for any value of the sub-band
n and Landau index N; meanwhile, tl decreases, because
14,N213.N � hvc � hvLO.

Low-frequency lasing and high-temperature operation are also
assisted by a reduction in the homogeneous linewidth, while the
inhomogeneous broadening remains large at �4 meV. This
reduction is attributed to the quenching of intra-sub-band dephas-
ing in the magnetic fields26–28. The radiative transitions in fact occur
between localized micro-states (as opposed to extended plane-wave
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Figure 2 | Optical and electrical characteristics of a terahertz QCL device in a magnetic field. a,b, Three-dimensional plot of the optical power P versus the

magnetic field B and current density J measured at 8 K, with a Ge:Ga photoconductor (in blue, a) and an InSb hot electron bolometer (in red, b). c, Voltage V
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states in the absence of magnetic fields), which, because of their
sharp energy levels, will be able to maintain a population inversion.
The effect of the large inhomogeneous broadening is simply to
spread the gain over more frequencies, but as long as the population
inversion condition is maintained (tl , tul) positive gain is avail-
able, even when n , Dn.

In conclusion, we report strong, magnetic-field-assisted, multi-
wavelength emission in a QCL. By applying appropriate electrical
and magnetic fields, we have achieved 3 THz (1 THz) laser emission
at temperatures up to 225 K (215 K) at 19.3 T (31 T), or have
changed the emission frequency over an unprecedented range
( from 0.68 to 3.33 THz). We have therefore demonstrated the
longest wavelength, the widest spectral coverage, and the highest
operational temperatures in any single terahertz solid-state laser to
date. Furthermore, these results bear out the prediction that lateral

quantum confinement, provided either magnetically, electrostatically
or structurally (that is, a quantum box), is a route to higher temp-
erature operation for terahertz QCLs.

Methods
Devices and measurements. The devices used (labelled FL178C-M7) were
GaAs/Al0.15Ga0.85As terahertz QCLs based on 178 four-quantum-well modules
processed into metal–metal waveguides, similar to those in refs 9 and 10. Several
QCL devices processed into striped ridges 40 to 150 mm wide and from 0.6 to
1.0 mm long were measured mounted in a variable-temperature cryostat inserted in
the bore of a resistive magnet capable of producing fields up to 33.4 T such that the
magnetic field lines were perpendicular to the plane of the quantum wells and
parallel to the direction of the current. Measurements were performed with a current
pulser at 14 A cm – 2 and 1 T steps from 114 to 400 A cm – 2 and 0 to 33 T. The
pulsewidth was �1–3 ms, with a repetition frequency up to 3 kHz. The light was
monitored using two fast terahertz detectors: a spreadfield magnetically enhanced
InSb bolometer with a high-frequency limit of 2.4 THz and a Ge:Ga photoconductor
with a low-frequency cut-off at 2 THz. Spectra were taken with a Bruker 66 FTIR
spectrometer and normalized to the spectral response of the detectors (see
Supplementary Information, Discussion).
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