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Optimization of broadband quantum cascade lasers for continuous
wave operation
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We have optimized the design of the broadband quantum cascade laser for cw operation. The
improved design leads to a gain ripple of only about 4 cm21 over more than a 0.5-mm spectral
range. Simultaneous cw emission at several wavelengths spanning the range between 6.7 and 7.4
mm has been achieved in a temperature interval from 20 to 77 K. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1588374#
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A broadband quantum cascade~QC! laser emitting in
pulsed mode from 6 to 8mm has recently been
demonstrated.1 The mid-infrared broadband QC laser is e
pected to be scientifically and technologically important
applications such as chemical and biological sensing.2 Due to
its broad spectrum, it has potential for the generation of
trashort pulses by mode-locking.3 Self-mode-locking of QC
lasers based on the optical Kerr effect has recently b
observed.4 The pulse width in this experiment was estimat
to be of several picoseconds. Pulse generation with bro
band QC lasers is expected to shorten the pulse width
siderably, to below 1 ps.

The previously demonstrated broadband QC laser c
sists of 36 stages with active regions centered at diffe
emitting wavelengths.1 The stages of active regions and i
jectors were calculated and designed to compensate tog
for the wavelength dependent losses and to achieve fla
gain over the desired wavelength region. Discrepancies
tween calculations and experiments were significant
caused considerable variations of the net modal gain ac
the spectrum that prevented broadband cw operation of t
lasers.

Here, we present a straightforward method for the o
mization of the broadband QC laser design. We achiev
small ~about 4 cm21) gain ripple across our target wave
length region and demonstrate the broadband cw opera
of QC lasers. These lasers simultaneously emit many mo
between 6.7 and 7.4mm at temperature range from 20
77 K.

The lasers were grown by molecular-beam epita
~MBE! using In0.53Ga0.47As and Al0.48In0.52As lattice
matched to InP substrate. The bottom waveguide claddin
formed by the lown-type doped (n;231017 cm23) InP
substrate. A 600-nm-thickn-doped (331016 cm23) InGaAs
layer followed by 35 injector-active regions designed
emission at 11 different wavelengths,1 and another 400-nm
thick (331016 cm23) InGaAs layer form the waveguid

a!Electronic mail: hsasha@lucent.com
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core. The top cladding consists of two 1.5-mm- and 800-nm-
thick, low-doped (531016 cm23 and 131017 cm23, respec-
tively! AlInAs layers, followed by a 500-nm-thick highly
doped (531018 cm23) InGaAs layer, which provides the so
called ‘‘plasmon enhanced’’ optical confinement.5

All active regions were chosen to be of the so-call
‘‘three-well vertical transition’’ type6 @Fig. 1~a!#. Optical ra-
diation is generated by electrons undergoing intersubb
transitions between levels 3 and 2. The wavelength can
varied by changing the thickness of the active region’s qu
tum wells and was designed to decrease monotonically f
the bottom to the top, spanning the range from 6.9 to 7.9mm
@Fig. 1~b!#.

In our first wafer~D2807!, we chose the number of ac
tive regions centered at any wavelength to be three, ex
for the ‘‘first’’ and ‘‘last’’ wavelengths, where four stage
were grown@Fig. 1~c!#. As we will discuss later in more
detail, lasers fabricated from D2807 wafers still exhibit
significant variations of modal gain across the desired sp
tral range. One way to compensate for the observed g
variations would be to redesign the cascade by adjusting
thickness of all quantum wells according to the results of
measurements. However, such an approach is ti
consuming and inefficient due to the difficulties in relatin
the detailed shape of the observed gain spectrum to the th
ness of the wells and barriers. We have demonstrated
other, much simpler method, which allowed us to achiev
sufficiently flat gain without additional elaborate efforts
redesign the cascades. In this approach, we have change
number of emitting active regions at each wavelength
cording to the measured gain envelope. Explicitly, we ha
increased the number of the emitting stages at the wa
lengths with low gain and have decreased the number of
stages at the spectral regions with high gain.7 In the resulting
design~wafer D2813!, the number of stages is modified from
three to two or four, as shown in Figs. 1~b! and 1~c!.

The lasers were processed as etched ridges about 1
14 mm wide and were cleaved to lengths of 3 to 4 mm. T
lasers were mounted inside a helium flow cryostat and
measurements were performed at cryogenic temperaturT
;20 K) under an applied dc bias. The optical spectra w
© 2003 American Institute of Physics
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measured with a Nicolet fast Fourier transform infrared sp
trometer and a cooled HgCdTe~MCT! detector and deuter
ated triglycine sulfate~DTGS! detector when the laser outpu
power was high.

The inset in Fig. 2 shows subthreshold electrolumin
cence spectra of lasers D2807 and D2813 operating in
The Fabry–Perot fringes are not resolved and appear as
bands, only interrupted by water vapor absorption lines. T
net modal gain can be calculated from the fringe amplitu
using the method developed by Hakki and Paoli.8 Figure 2
shows the net modal gain of both lasers calculated from
luminescence spectra at a dc bias current close to the th
old. The optimized D2813 wafer has a smoother and m
uniformly distributed gain across the targeted spectral reg
The gain ripple is about 4 cm21 in D2813, while the gain
ripple is more than 6.5 cm21 in D2807. The small wave-
length shift between the lasers results from unavoida
variations between MBE growth cycles.

The advantages of the more uniform gain of D2813
explicitly seen in laser operation above threshold. Figur
shows the optical spectra of both lasers operating in cw
different values of operating current. Just above thresh
both lasers are single mode at the position of peak gain
D2813, a smaller increase of the current by approxima

FIG. 1. ~a! Conduction band diagram of two active regions designed for
emission at 7.25mm ~right! and 7.40mm ~left! and the intermediate injector
The layer thickness in nm from right to left starting from the injectio
barrier ~indicated by an arrow!: 4.2/1.9/1.3/6.3/1.4/4.9/2.0/3.3/1.9/3.2/1.9/
3.1/2.0/3.0/2.1/3.0/2.2/3.0/4.2/2.0/1.3/6.3/1.3/5.0/2.0. AlInAs layers are in
bold. The moduli square of the wave functions involved in the laser em
sion are shown.~b! Calculated peak wavelength versus active region ind
~c! The number of active regions centered at each design wavelength v
wavelength. The design central wavelengths of the corresponding a
regions are the same for D2807 and D2813 and are offset for clarity.
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20% to I 50.85 A results in the appearance of several ad
tional modes.9 As the current is further increased, addition
modes appear across the entire gain spectra. AtI 51.2 A, the
laser emits 6 modes between 6.7 and 7.4mm.

In contrast, D2807 starts to emit multiple modes on
when the current is increased by almost 50% to 1.3 A. Ho
ever, even at higher current, the lasing modes exist only
part of the gain spectrum. This fact can be clearly seenI
51.35 A ~D2807! andI 51.2 A ~D2813! in Fig. 3, where the
gain is shown in overlap with the laser spectra. In D28
lasing modes exist only at long wavelengths, while in D28
lasing modes exist across the entire gain spectrum.

D2813 laser emits broadband up to a maximal tempe
ture aboutT577 K, as shown in Fig. 4. In D2813 the spe
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FIG. 2. Net modal gain calculated from the luminescence spectra at
current close to threshold, atI 50.6 A ~D2807! and I 50.8 A ~D2813!, re-
spectively. The 0 cm21 corresponds to the threshold condition, i.e., when t
modal gain~peak material gainx confinement factor! is equal to the optical
losses. Inset: Subthreshold electroluminescence spectra of two QC las
wafers D2807 and D2813 operating in cw atT520 K. The dc current isI
50.5 A for laser D2807~threshold 0.63 A! and I 50.73 A for laser D2813
~threshold 0.82 A!. The sharp peaks are caused by water absorption in the
between the laser and the detector.

FIG. 3. Laser spectra of D2807~left! and D2813~right! operating cw atT
520 K at different bias currents. The corresponding gain curves are sh
at I 51.35 A ~D2807! and I 51.2 A ~D2813!. The latter were calculated
from the luminescence spectra near threshold atI 50.6 andI 50.8 A, re-
spectively.
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tral range of optical emission atT577 K, 7.05–7.35mm, is
by more than a factor of 2 narrower than that atT520 K and
is comparable with the spectral range of the D2807 lase
T520 K. The optical spectra of D2813 exhibit a well-know
redshift with increasing of the temperature.6

The broadband cw QC laser with optimized design d
cussed in this letter can serve as a single mode sourc
mid-IR radiation tunable over a wide spectral range wh

FIG. 4. Optical spectra of a QC laser~D2813! at I 51.0 A operating cw at
T520 K ~bottom! andT577 K ~top!.
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used in conjunction with an external grating.10 Such a source
is of particular interest for chemical sensing.2

This work is supported in part by DARPA/US Arm
Research Office under Contract No. DAAD 19-00-C-009

1C. Gmachl, D. L. Sivco, R. Colombelli, F. Capasso, and A. Y. Cho, Nat
~London! 415, 883 ~2002!.

2A. A. Kosterev and F. K. Tittel., IEEE J. Quantum Electron.38, 582
~2002!.

3Ultrashort Laser Pulses: Generation and Applications, in Topics in Ap-
plied Physics Series Vol. 60, edited by W. Kaiser,~Springler, Berlin,
1993!.

4R. Paiella, F. Capasso, C. Gmachl, D. L. Sivco, J. N. Baillargeon, A
Hutchinson, A. Y. Cho, and H. C. Liu, Science290, 1739~2000!.

5C. Sirtori, J. Faist, F. Capasso, D. L. Sivco, A. L. Hutchinson, and A.
Cho, Appl. Phys. Lett.66, 3242~1995!.

6J. Faist, F. Capasso, C. Sirtori, D. L. Sivco, J. N. Baillargeon, A.
Hutchinson, S. G. Chu, and A. Y. Cho, Appl. Phys. Lett.68, 3680~1996!.

7This method cannot perfectly compensate for all variations of the g
Small variations may possibly be present due to the limited number of
designed wavelengths and digitization of the number of stages center
each wavelength. The remaining gain variations can be compensate
finer methods, such as change in the doping at different wavele
stages, variation of waveguide losses, etc.

8B. W. Hakki and T. L. Paoli, J. Appl. Phys.46, 1299~1975!.
9The increase in the operating current required to excite additional mo
slightly varies from device to device.

10G. Luo, C. Peng, H. Q. Le, S. Pei, H. Lee, W. Hwang, B. Ishaug, an
Zheng, IEEE J. Quantum Electron.38, 486 ~2002!.




