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Electrically tunable, room-temperature quantum-cascade lasers
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University of Neuchaˆtel, CH-2000 Neuchaˆtel, Switzerland

Ursula Oesterled) and Marc Ilegemse)

Swiss Institute of Technology, CH-1015 Lausanne, Switzerland
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Electrical tuning of two-section quantum-cascade lasers is systematically investigated as a function
of temperature and optical power. In pulsed operation, the active region design exhibits a low
threshold current density (5.2 kA/cm2), a high peak~100 mW!, and average~3 mW! powers at 300
K. The strong linear Stark tuning of the laser transition allows large tuning ranges of 40 cm21,
corresponding to a wavelength tune from 9.75 to 10.15mm at 260 K for a peak optical output power
of 10 mW. The tuning range is still 20 cm21 at the same optical output power atT5300 K.
© 1999 American Institute of Physics.@S0003-6951~99!04137-6#
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There is a strong interest in the use of quantum-casc
~QC! lasers based on intersubband transitions1 operating at
room temperature in the midinfrared for sensing appli
tions. Distributed feedback quantum-cascade lasers exh
even in pulsed operation, the narrow linewidth (Dn
;0.1 cm21) needed for atmospheric and low-pressure
sensing applications.2,3 The wavelength tunability offered b
these devices~Dn;2 – 10 cm21, Ref. 2!, obtained by chang-
ing their temperature, is also sufficient for most of the
applications. Spectroscopy of liquids or solids, on the ot
hand, do not usually require such narrow linewidth but at
same time require much broader tunability when, for e
ample, one attempts the detection of a chemical in the p
ence of strong interference from other lines. Lead salt las
would exhibit this wide tuning range by temperature tuni
but at the cost of a cryogenic operation.4 In this work, we
demonstrated a QC laser based on an anticrossed diag
active region whose wavelength can be strongly tuned e
trically at room temperature.

As shown in Fig. 1, the active region of our structure
based on three quantum wells.1,5–7 In this configuration, the
radiative transition occurs between statesn53 and n52
which have a reduced spatial overlap. For this reason,
transition energy is expected to vary linearly with the appl
field through a first order Stark effect.8,9 Our calculation of
the transition energy as a function of the applied electric fi
confirms this expectation, as shown in Fig 1. In a previo
published work, an even larger field tunability was observ
at cryogenic temperatures in a structure based on a pho
assisted tunneling.9 However, our structure is qualitativel
different from this previous work because in our case b
upper (n53) and lower (n52) state of the transition ar
anticrossed with the uppern54, respectively, lowern51
level.5 This anticrossing reduces the field tunability of t
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laser transition but increases its oscillator strength, enab
very high performances at temperatures above room t
perature to be achieved.6,7 Note also that in our case, con
trary to the work of Ref. 9, the laser action does not proce
by oscillator strength tuning because the lasing threshol
reached by increasing the upper state population.

The structure is grown by molecular-beam epitaxy us
InGaAs and AlInAs alloys lattice matched on an InP su
strate and consists of a 35 periods active region embedde
an optical waveguide similar to the one used in a previo
work.6 Square mesa etched samples were processed to s
the field and temperature dependence of the luminesce
spectrum. A summary of the results, whose details will
published elsewhere, are displayed in Fig. 1 where the
ergy of the luminescence peak is displayed as a function
the field for various temperatures. Surprisingly, the agr
ment between the calculated measured value of the tu
rate is better at room temperature than at 80 K. We do
have a good explanation for this surprising behavior that w
not observed in the study of photon-assisted tunneling tr
sition lasers.9

:

FIG. 1. Solid line: calculated transition energy as a function of appl
electric field in the active region. Marks: Transition energy as a function
applied electric field measured for various temperatures. Inset: Schem
band structure of the active region.
9 © 1999 American Institute of Physics
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The laser samples were processed into 28-mm-wide
mesa etched ridge waveguides by wet etching across the
tive region, ZnSe passivation, and Ti/Au metallization. Zn
has been chosen for its good optical properties allowing
lower waveguide losses than Si3N4. Figure 2 shows the pea
optical power from a single facet versus the drive current
temperatures ofT5300 and 320 K. The device was drive
by 100 ns long pulses with a 5 kHz repetition rate. The
average slope efficiency isdP/dI5100 mW/A at T
5300 K, with a maximum power of 90 mW at this temper
ture. The current is limited by resonant tunneling injectio
as shown by the abrupt increase in voltage from 10 to m
than 12 V at the maximum injection current~3.2 A!. This
behavior has been extensively discussed in a previous wo5

In the inset of Fig. 2, the threshold current densityJth is
plotted as a function of temperature. It has a value of o
5.2 kA/cm2 at 300 K. The data between;100 and 320 K can
be described by the usual exponential behaviorJ
;exp(T/T0) with an averageT0;170 K. These data are re
producible across growth and processing runs, with aT0

value always between 170 and 200 K. This weak depende
of the threshold current on the temperature is typical of
laser based intersubband transitions, especially those op
ing at long wavelengths. The output power and range
operating temperatures of this device are thus perfectly s
able for room-temperature spectroscopy. These devices
been also tested with a high duty cycle (;4%), the total
output power being collected from one facet with a co
optics into a thermopile detector goes up to a maximum
2–3 mW.

To enable the separate control of the emitted wavelen
and optical power, the top contact metallization consists
two segments of equal length~750mm!, separated by a sma
gap. The resistance between two section~20 V! is much
larger than the differential resistance of a single section~2
V!, allowing us to inject different current densitiesJ1 andJ2

~Ref. 8!. The total gain spectrum is now the sum of the tw
gain spectra of the individual sections. In this way, the va

FIG. 2. Voltage measured at 300 K~left curve! and peak optical power
measured at 300 and 320 K displayed as a function of injected current.
pulse duration is 100 ns and the repetition rate 5 kHz. The abrupt increa
the voltage and the concomitants decrease in optical power is due
resonant tunneling effect. Inset: Threshold current density as a functio
temperature.
ac-
e
r

r

,
re

k.

y

ce
e
rat-
f

it-
ve

e
f

th
f

e

of the peak gainand its location can be controlled. More
over, it can easily be shown that the tuning is continuous
sections of equal lengths.

In Fig. 3, the tunable operation of a 1.5-mm-long las
with two sections of equal lengths is displayed. The m
surement was performed in pulsed operation, with 100
long pulsed at a 5 kHz repetition rate. The temperature w
set atT5260 K. For this measurement, the currentI 1 in the
first section was set to some value. The currentI 2 in the
second section was then increased until a fixed amoun
power ~5 mW in Fig. 3! was obtained. A few representativ
spectra for various injected currents pairs are displayed
Fig. 3~a!. For these low powers, the spectra are limited to
few ~one or two! longitudinal modes of the Fabry–Perot ca
ity. The mode jumps between the different spectra reflect
continuous tuning of the gain curve. Some longitudin
modes do not appear, however. This behavior, already
served in the tuning of Fabry–Perot QC laser operating
continuous wave, is attributed to defects in the wavegu
which will force a mode selection by slightly varying th
loss of each individual mode. The total tuning range
40 cm21, which represents a relative tuning ofDn/n of about
4%. The two drive currentsI 1 andI 2 as a function of emitted
photon energy are displayed for the same measuremen
Fig. 3~b!, along with the results of a simplified theoretic
model. In the latter, the two gain spectra of the individu
sections are assumed to have a Gaussian line shape w
full width at half maximum of 15 meV as measured from t
electroluminescence data. We assumed a linear depend
of the transition energy with applied voltage~as given by the
experimental data of Fig. 1! and a linear dependence of th
peak gain on current. The value of the gain coefficient
inferred from the measurement of the waveguide lo
(40 cm21) of the device by the analysis of the subthresho

he
of
a

of

FIG. 3. Laser tuning at atT210 C and constant optical powerP55 mW.
~a! A few representative spectra for various currents.~b! Marks: currents in
both sections for each tuning energy. Solid lines: prediction of the mod
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luminescence and the value of the threshold current den
We also assumed a linear I–V relationship in the curr
range in which the laser would be tuned with a different
specific conductance ofsb51.34 103 V21 cm22 obtained
from the experimental data of Fig. 2. The radiative comp
nent of the current is neglected, which is a good approxim
tion at those low powers. As shown in Fig. 3, the mod
slightly underestimates the current needed for the sec
driven by the highest current. We attribute this discrepa
to gain saturation which is not included in our model.

Tuning is then studied systematically as a function
power and temperature. The results are displayed in Fig
Let us note that at this temperature, the tuning range rea
the theoretical maximum, given simply by

Dnmax>
dn

dV

J0

sd
,

whereJ0 is the threshold current density for a homogenou
pumped structure,sd is the differential conductance per un
area, anddn/dV51.3@mev/V# the tuning rate of the transi
tion is given by the slope of the characteristics of Fig. 1. T
laser reaches its maximum tuning rangeDnmax when it is
able to operate on one section only, the other one be
switched off. The tuning range atT5300 K and 4.2 mW is
still of 30 cm21. The decrease of the tuning range with
increasing temperature above 260 K is relatively easy to
plain. Because the maximum current that may be injecte
the device is weakly dependent of temperature,5 the reduc-
tion of the gain coefficient with increasing temperature~with
translates into a increase of the threshold current! reduces the
maximum gain that can be reached in the device and th
fore limits its tuning range. The reduction of the tuning ran
for temperatures lower than 260 K is caused by the reduc
of the tuning rate of the active regiondn/dV shown by the
luminescence data and an increase ofsd .

Besides the large tuning obtained by shifting the g
curve, fine tuning of the individual Fabry–Perot longitudin
modes can be further performed if, for example, a narr

FIG. 4. Maximum tuning range as a function of the optical power a
temperature.
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molecular absorption line has to be reached by varying
device temperature. Indeed, measurements of distrib
feedback QC lasers made of the same material show
temperature tuning of the individual modes will occur at
rate (1/l)(Dl/DT)5531025. For our device which dis-
plays a mode spacing of 1/2neffL 51.04 cm21, this translates
into a temperature difference of1/210°.

As it is demonstrated in this work, electrical tuning
the gain curve is fairly straightforward to implement in
structure based on intersubband transitions. Because of
similar designs, this tuning should also be observed in Ga
based QC lasers.10 However, in general, interband semico
ductor lasers11 do not tune easily because the active region
based on a direct~type I! transition between electron an
hole sates, which experience a weaker second-order S
shift. In addition, the electric field in the active region of
p-n junction under direct injection is by definition ver
small. A notable exception would be asymmetric sing
heterojunction12 or cascaded heterojunction interban
lasers13 based on type II transitions.

The authors would like to thank T. Aellen for processin
some of the device used in this work. This work was su
ported by the Ministry for Education and Science~OFES!
through the European project UNISEL under the Contr
No. CT97-0557.
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