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The cw operation of chirped-superlattice quantum-cascade lasers emitting atl;67 mm ~4.4 THz!
is analyzed. Collected~min. 33% efficiency! output powers of 4 mW per facet are measured at liquid
helium temperatures and a maximum operating temperature of 48 K is reached. Under pulsed
excitation at duty cycles of 0.5%–1%, slightly higher~10%! peak powers are reached, and the
device can be operated up to 67 K. Low threshold current densities of 165 and 185 A cm22 are
observed in pulsed and cw operation, respectively. The operation of the laser is examined using the
Hakki–Paoli technique to estimate the net gain of the structure. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1559419#

Solid-state devices are nowadays extensively used to
generate electromagnetic radiation with frequencies ranging
from kilohertz up to petahertz. However, for the region from
1 to 10 THz, no compact and coherent sources are available,
as electronics currently does not reach frequencies above 1
THz and laser diodes have not been able to operate at wave-
lengths longer than 30mm ~10 THz!. Thep-doped Ge laser1

has for long time been the only semiconductor laser capable
of emitting terahertz radiation, yet a device-like implemen-
tation appears to be unlikely in view of both technological
and fundamental limitations. Quantum-cascade~QC! lasers,2

on the other hand, soon after their demonstration at mid-
infrared wavelengths, were considered to be promising can-
didates for a terahertz semiconductor laser. Several groups
have reported electroluminescence from such structures,3–6

and finally terahertz QC lasers have been demonstrated.7

These latter devices emit several milliwatts peak power and
operate up to 50 K heat sink temperature with low threshold
current densities of 300 A cm22 more recently, even lower
threshold values of 200 A cm22 have been obtained.8 Cw
operation, a capability desired by many applications in as-
tronomy, chemical sensing, and telecommunications, has
been achieved very recently,9,10 thanks to improved fabrica-
tion and size reduction of the devices. Output powers up to a
few hundred microwatts have been obtained.

In this letter, we report high-performance cw operation
of a terahertz superlattice QC laser. A nominally identical
replica of the original heterostructure of Ref. 7 was grown by
molecular-beam epitaxy. Samples were processed by optical
lithography and wet chemical etching into 150–180-mm-
wide ridge stripes of depth 11.2mm, exposing the bottom
contact layer. Thermal evaporation of GeAu/Au~60 nm/60
nm! onto two 15mm wide stripes on top of the ridges as well
as on selective areas on the bottom contact layer~separated

by 25mm from the laser ridges!, followed by thermal anneal-
ing for 60 s at 420 °C under nitrogen atmosphere, provided
ohmic contacts. The use of just two narrow stripes on the top
reduces the waveguide losses, which are believed to be
higher in annealed material, while the close side contacts
reduce heating effects in the bottom layer. Evaporation of
Cr/Au ~10 nm/170 nm! covering both the bottom contact and
the entire ridge allows for wire bonding~see inset of Fig. 1!.
The substrates were then thinned down to about 250mm,
their back was metallized with Cr/Au, and laser bars cleaved.
The facets were left either untreated, or a high-reflection
coating (Al2O3 /Ti/Au/Al 2O3) was deposited on the back
facet. The devices were finally soldered onto copper blocks,
wire-bonded, and mounted onto the cold finger of a
continuous-flow cryostat. Light–current (L – I ) characteris-
tics under continuous excitation have been recorded by
mounting af /3.5 Winston cone with an exit diameter of 6
mm in front of one laser facet and using a calibrated pyro-
electric radiometer. While the cone gathers all light from the
facet, it still provides a divergent beam at the exit. This re-
sults in a collection efficiency much lower than unity~ideally
0.33 if the laser output were isotropic! for a detection ele-
ment of area 1 cm2 at a distance of 69 mm.

The measured power of a typical uncoated laser device
is reported in Fig. 1 as a function of cw drive current. At low
temperatures, we obtain almost 2.5 mW, with still more than
500 mW at 40 K. Lasing ceases at around a 45 K heat sink
temperature. These values would translate into 7.5 and 1.5
mW, respectively, of total emitted power per facet, using the
0.33 collection efficiency. At 10 K, a low threshold current
density of 210 A cm22 is recorded. In the linear regime from
threshold to 1 A, the slope efficiency, again corrected with
the factor of 0.33, is 17 mW/A. This can be compared with
the expected value
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whereP is the optical output power,I the injection current,
aM ,aW the outcoupling and waveguide loss, respectively,
hn the photon energy,Np5104 the number of periods, and
q0 the electronic charge.t is a dimensionless constant that
takes into account that, in QC lasers, the lower state popula-
tion differs significantly from zero, and that the injection
efficiencyh i of carriers into the upper laser state can deviate
from unity. In a rate equation framework,t can be derived to
be11,12
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wheret3 , t2 are the total lifetimes of the upper and lower
laser levels, respectively, andt32 denotes the scattering time
of electrons from level 3 to level 2. The presence of a con-
siderable population in the lower laser level at threshold,13

indicated by the ratio of lifetimest2 /t32, is the main reason
for the reduction of the slope efficiency from its ideal value.
Inserting lifetimes calculated using Monte Carlo
simulations,13,14 a slope efficiency of 55 mW/A can be com-
puted, assuming a unity injection efficiency. The difference
to the experimental value could be due to heating effects,
uncertainties in the measurements, other scattering mecha-
nisms not included in the simulations, and a nonunity injec-
tion efficiency. In Fig. 1, we also show the voltage and the
differential resistance across the device as a function of the
cw injected current. The voltage–current characteristic fol-
lows the well-known behavior of high resistance at low cur-
rents, and a turn-on towards lower differential resistance
when the minibands align. The differential resistance shows
the characteristic drop at threshold when the onset of stimu-
lated emission reduces the lifetimet3 . Its clear visibility is

in general a good indication of a high injection efficiency.11

Substantial improvements in threshold current density, out-
put power, and slope efficiency are obtained from a laser
with its back facet covered with the high-reflection coating.
Data recorded from this device are represented by the dashed
lines in Fig. 1. A reduction of the threshold current density
by about 10%~to 185 A cm22) is achieved, and simulta-
neously the maximum output power increases to more than 4
mW.

For pulsed measurements, terahertz radiation was col-
lected by anf /1 off-axis parabolic mirror, sent through a
Fourier transform interferometer and focused again onto a
liquid-He-cooled Si bolometer. The entire beam path was
purged with purified air in order to minimize water vapor
absorption. In Fig. 2, we show theL – I characteristics mea-
sured at a local duty cycle of 1%; that is, current pulses of
200-ns length were separated by 20ms. In order to calibrate
the power reading at the bolometer, we first measured the
average power of the device with the pyroelectric detector
and found a value of 26mW, corresponding to 2.6 mW peak
power. Since the preamplifier of the bolometer saturates at
these power levels, we had to decrease the global duty cycle
to obtain a reliable reading of the optical power. To this end,
bursts of 200 pulses, each 200 ns long and separated by 20
ms, were applied to the device at a repetition rate of 4 Hz,
maintaining locally the duty cycle of the calibration mea-
surements. This low repetition rate also provides sufficient
cooling time for the detector element between two bursts.
The output voltage of the bolometer was then monitored with
an oscilloscope and read by a gated integrator. It was verified
that increasing or decreasing the number of pulses did not
affect the amplitude but only the length of the bolometer
slow output pulse. Compared to cw operation, the threshold
current density is reduced to 185 A cm22 at 5 K, which is a

FIG. 1. L – I and V– I characteristics of 1.96-mm-long and 150-mm-wide
laser stripe, recorded in cw operation at different heat sink temperatures, are
plotted in solid lines. The power values represent what was collected from
one facet onto a calibrated pyroelectric detector after correction for the
transmittance of the polyethylene window~0.63!. The 7 KV– I characteris-
tics and its derivative are shown in the left panel. Dashed lines represent
data collected from a 2.23-mm-long device with a coated back-facet. Output
powers are in this case more than 4 mW at 10 K and still 1.6 mW at 40 K.
The maximum operating temperature increases only slightly to about 48 K.
Due to the slightly different device size, the scale of the current refers only
to the solid lines. The inset shows a schematic view of a processed laser
stripe.

FIG. 2. L – I characteristics of the same device as in Fig. 1, recorded in
pulsed operation at a duty cycle of 1% with a He-cooled Si bolometer.
Dashed lines represent data collected from the device with a coated back-
facet at a duty cycle of 0.5%. Due to the slightly different device size, the
scale of the current density refers only to the solid lines.
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very low value for a QC laser. This reduction is most likely
due to the reduced heating of the device, which might lessen
thermal backfilling and improve injection efficiency. This
could also explain the higher slope efficiency of 25 mW/A
observed in pulsed operation, a number much closer to the
theoretical one. The decrease in optical output power be-
tween 0.8 and 1.0 A is reproducible and corresponds to the
onset of multimode lasing~see inset of Fig. 2!; a similar
behavior, although less pronounced, is observed also in cw
operation. Lasing is achieved up to a 67-K heat sink tem-
perature with a 90-mW peak power at 65 K. The character-
istics of the device with a coated back facet are shown as
well. For this laser, output powers of about 4.5 mW are mea-
sured at 10 K with a reduction in threshold to 165 A cm22.
More than 1 mW is emitted at 65 K.

We have then performed measurements of the net gainG
as a function of continuous injection current densityJ fol-
lowing the technique pioneered by Hakki and Paoli.15 Sub-
threshold spectra from the 1.96-mm-long device of Fig. 1
were collected in rapid-scan mode with a resolution of
0.125 cm21 averaging over 400 scans, and the net gain was
extracted from the fringe contrast.15 The results obtained at 8
K are reported in Fig. 3. Close to threshold, the dependence
appears to be reasonably linear, and a net modal gaingG
50.164 cm/A is extracted. Unlike in mid-infrared QC lasers,
where the transparency condition of the laser transition is
readily reached close to zero injection current, in our struc-
ture the lower laser level is populated up to threshold and
above.13 There is thus a minimum current densityJ0 for
which the transparency condition is reached. Therefore, an
extrapolation of the data collected close to threshold to zero

current density cannot be used to extract the waveguide
losses. In fact, such an interpolation would yield an unrea-
sonably high value of 30 cm21, if corrected for the mirror
losses of 5 cm21. For the same reason, the threshold gain,
even assuming a linear behavior over the whole current
range cannot be calculated asgGJth . Nevertheless, in the
linear part, the gain in the structure can be written as

G5gG~J2J0!5
4pz2q0

2

e0lnLp~2g32!
~N32N2!, ~3!

where N3 , N2 are the sheet densities in levels 3,2,z
57.8 nm~the dipole matrix element between states 3 and 2!,
e058.85310212 C/V m, l567 mm, Lp is the length of one
period,n53.6, and 2g3252 meV. This allows us to define
an effective timet0 for the relaxation of population inver-
sion, which can be extracted from the Hakki–Paoli analysis:

t05q0

]G

]J Y ]G

]~N32N2!
. ~4!

We obtain a value of 0.96 ps, which is in fair agreement with
previous Monte Carlo simulations.13

This work was supported in part by the European Com-
mission through an IST Framework V FET project-
WANTED. Two of the authors~R.K.! and ~A.T.! acknowl-
edge support by the C.N.R. and the Fondazione Cassa di
Risparmio di Pisa; two others~E.H.L.! and ~A.G.D.! ac-
knowledge support from Toshiba Research Europe Ltd. and
the Royal Society, respectively. The authors would like to
thank J. Faist for communicating his results prior to publica-
tion.

1A. A. Andronov, I. V. Zverev, V. A. Kozlov, Yu N. Nozdrin, S. A. Pavlov,
and V. N. Shastin, JETP Lett.40, 804 ~1984!.

2J. Faist, F. Capasso, D. L. Sivco, C. Sirtori, A. L. Hutchinson, and A. Y.
Cho, Science264, 553 ~1994!.

3M. Rochat, J. Faist, M. Beck, U. Oesterle, and M. Ilegems, Appl. Phys.
Lett. 73, 3724~1998!.

4B. S. Williams, B. Xu, Q. Hu, and M. R. Melloch, Appl. Phys. Lett.75,
2927 ~1998!.

5J. Ulrich, R. Zobl, K. Unterrainer, G. Strasser, and E. Gornik, Appl. Phys.
Lett. 76, 19 ~2000!.
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FIG. 3. Measurement of peak net gain as a function of injection current
density at 8 K using the Hakki–Paoli technique; the dashed horizontal line
indicates laser threshold. The slope of a linear fit to the data yields the gain
constant. In the inset an example subthreshold spectrum is reported. Al-
though the optical path was purged with purified air, some water-vapor
absorption features are observable at 141 and 149 cm21; as can be seen
however, they do not affect the peak gain measurement at around 145 cm21.
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