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Abstract—We present an overview of our results on the design,
material growth, device characterization, and spectroscopic applications of MOVPE-grown quantum cascade lasers (QCLs). These
devices are capable of room-temperature (RT) continuous-wave
operation and high power emission. The first section focuses on
growth of laser material, device fabrication, and quantum design
The second section discusses RT pulsed operation, in particular
the doping dependence of laser performance and broadband
emission. Near-field measurements performed on the devices’
facets correlating lateral modes to device size are also discussed.
Section III deals with continuous-wave high-temperature operation from lasers with different active region designs, including
their spectral characteristics and in the emergence of coherent
phenomena at high power levels. Section IV analyses the devices
thermal dissipation capabilities, while in Section V we report
reliability data. The final section focuses on spectroscopic applications and tunability. Optofluidic narrow ridge lasers and
their application to chemical sensing are reported along with
recent data on a broadband on chip spectrometer consisting of
individually addressable distributed feedback QCLs. Various
spectroscopic techniques and in particular quartz-enhanced
photoacoustic absorption spectroscopy and its use in gas sensing
systems are discussed. Finally, optofluidic narrow ridge lasers and
their applications to fluid sensing are presented.
Index Terms—Infrared spectroscopy, semiconductor device fabrication, semiconductor lasers.
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I. INTRODUCTION

Q

UANTUM CASCADE (QC) lasers have experienced a
constant development since their invention at Bell Labs
in 1994 [1] and represent so far the most interesting new
source for optical systems operating in the mid-infrared (mid–25
, and in the THz region of the spectrum
IR), i.e.
–180
) [2], [3]. Innovation in device engineering
(
of QC lasers has been supported all along by an equally intensive material development effort. The operating principle of QC
lasers has in fact been demonstrated in different material systems [4]–[6] and with various growth techniques [7]–[9], overall
proving QC lasers to be a robust technology platform for the
mid-infrared.
The QC laser material structure poses several challenges to
the growth process: the total thickness can easily reach ten microns, the number of interfaces is typically in the hundreds, the
smallest layer thickness can be as little as few monolayers, and
the laser performance is sensitive to background doping and
interface roughness. Having a consistently reproducible highquality source of material for QC lasers is therefore one of the
key elements to its manufacturability.
The main characteristic that sets QC lasers apart from
common diode lasers is that they are unipolar devices, i.e. they
employ only one type of carrier/doping. QCL operation relies
on transitions between electronic states created by quantum
confinement within the conduction band of the laser materials
(intra-band), as opposed to the inter-band transitions taking
place in p-n junction diode lasers. Band structure engineering
in QC devices allows significant control over important laser
characteristics such as its wavelength, threshold, optical power,
and even its high-temperature performance.
Band structure engineering makes it possible to tailor the
laser design so that its optical emission characteristics can be targeted to specific purposes. QC lasers design innovations so far
have included: short-wavelength [5], [10] or long-wavelength
[11] emission, high power output [12], nonlinear optical generation [13]–[15] vertical emission [16], and Terahertz generation
[17], among others.
The resulting complexity of the active region structure has
been in most cases a drawback for the optimization of the
laser thermal performances. A typical QC laser has a 1- to
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Fig. 1. Compact tunable source can enable high-sensitivity portable photoacoustic sensors for gas analysis in the molecular fingerprint region (the mid-IR region
of the electromagnetic spectrum). Several important compounds have their signature absorption resonances in this region.

2- -thick active region including hundreds of interfaces,
whose typical thermal conductivity is therefore low (about 10
K/W) [18]. In addition, the active region transport is controlled
by intersubband transitions with intrinsically short lifetimes
(sub-picosecond) and typically requires a bias of several volts
at threshold for laser action. This results in high threshold
or more) and a large amount of
current densities (1
heat to be dissipated ( 5–10 W) in a device with low thermal
conductivity, thus pushing the QC active region temperature
several tens of degrees (30–80 K) above the heat sink one.
As a consequence, while room-temperature (RT) pulsed
operation was achieved soon after the first laser demonstration,
continuous-wave (CW) RT operation has been elusive for quite
a while. Room temperature CW operation was first demonstrated in a laser grown by MBE [19] but more recently we were
able to demonstrate CW RT operation in an MOVPE-grown
QC laser, both for lattice matched and for strained material
systems [20]–[24]. This is a key step towards the industrial
implementation and production of QC technology.
CW RT operation of QC lasers with high reliability and low
power consumption will enable compact and versatile optical sensors (see Fig. 1 for a schematic illustration of optical gas analysis).
, comIn the case of the more mature p-n diode lasers
pactness and reliability have been the key to high-volume lowcost applications of optical technology in data storage, imaging,
and telecommunications. Analogously, the emergence of volume
applications for QCL-based systems will depend on the efficiency
and reliability of the optical sources, thus allowing the deployment of small and portable sensing systems.
Presently, interesting applications employing mid-IR sources
are in the fields of industrial process monitoring, noninvasive
diagnostics, security and defense, free space communications,
among others. Most of these are based on some type of spectroscopic analysis (chemical process monitoring, hazardous substance detection, biomedical diagnostics) but a significant frac-

tion of present applications is also concerned with high-power
laser operation over long distances (IR countermeasures, freespace optics, remote sensing). In all these fields, QCLs can have
an impact because of their portability, wavelength agility, robustness, and power.
II. MATERIAL GROWTH AND CHARACTERIZATION
For growth of high-performance QCL heterostructures, several requirements must be fulfilled. Foremost among these is
the ability to form atomically abrupt interfaces between layers
of nanometer or even sub-nm thickness. Molecular beam epitaxy (MBE) is exemplary in this regard, however a properly designed MOCVD reactor can approach the interface abruptness
associated with MBE. Low background doping, in concert with
controlled intentional-doping profiles, are also critical for QC
lasers in order to minimize the gain spectrum width and to reduce thresholds. This requirement may represent a limitation
for AlGaAs-based QCLs by MOCVD, since carbon contamination is always present in MOCVD-grown AlGaAs. However,
carbon contamination is generally not present in the AlInAs and
GaInAs alloys grown by MOCVD. Therefore these InP-based
alloys are a natural choice for MOCVD-grown QCLs. In addition, MOCVD may even offer some advantages over MBE for
QCL growth.
Among the anticipated benefits of MOCVD are stability of
growth rate and composition over very long runs, the ease of
achieving low oxygen contamination in aluminum-containing
materials, the ability to grow thick InP cladding- and buryinglayers, and the potential for very fast growth rates. On the other
hand, it is expected that interface formation is more challenging
for MOCVD; and also the requirement for organic precursors
might lead to unacceptably high carbon background for some
materials.
We have grown AlInAs/GaInAs quantum cascade laser
(QCL) structures by conventional, low-pressure (76 Torr)
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MOVPE. Growth was performed at Agilent Labs facilities.
Both lattice matched (to the InP substrate) and strain balanced
structures were prepared, similar to those described in [25],
[26]. Our reactor incorporates a purged and pressure-balanced switching manifold and a close-spaced showerhead
injector. Similar to the conditions employed in [7], the optimum growth rate for the quantum cascade active region was
set very low (0.1 nm/s). The remainder of the structure was
grown at approximately 5 times this rate. Prescursors include
trimethylindium, triethylgallium (for the slow-grown QC structure only), trimethylgallium, trimethylaluminum, arsine, and
phosphine. Since the n-type doping profile in the injector region
is critical for QCL operation, silicon was chosen as the n-type
dopant, from the precursor disilane (0.01% in H2). Disilane
exhibits excellent transient characteristics during MOCVD
growth, in contrast to the group-VI donors, whose precursors
tend to suffer from a turn-on-delay and memory effect in the
reactor. The samples were grown on (001)-oriented InP:S
substrates.
The choice of growth temperature represents a tradeoff between the need for low oxygen contamination and smooth surfaces during growth, favored by high growth temperature, and
the need for low background shallow impurity concentration
and preservation of the interface quality, improved at lower temperatures.
To avoid excessive free-carrier loss associated with the high
) low-doped
doping in the substrate, a relatively thick (3
n-type InP:Si
cladding layer was grown
before the InGaAs separate confinement heterostructure (SCH)
and quantum cascade active region. The InGaAs SCH was
.
doped to give an electron concentration
The SCH thickness was 0.3–0.5
, depending on wavelength
and optimized through waveguide simulations to maximize
the spatial overlap between the QC active region and the
fundamental guided mode. Likewise, the upper cladding
layer is similarly thick, to minimize the loss arising from
the plasmon-enhanced confinement top layer (500-nm InP:Si
for the
structures, and
with
for the
structures) and metal
contact. To reduce the series resistance, the interfaces between
the InGaAs SCH and the InP cladding layers comprise a
step-graded InGaAsP layer.
During growth, the reflectance was measured in-situ, using a
red (650 nm) laser in a normal-incidence geometry. An example
of the in-situ reflectance is shown in Fig. 2, which shows the reflectance for several stages of the QC active region growth. The
growth of each InGaAs and AlInAs layer is easily observed due
to the refractive index change at each interface. The observation
of this fine detail indicates that the surface is very smooth and
the interfaces are abrupt; we also found from observing the in
situ reflectance that the growth was very stable over the several
hours required to grow the QC active region.
The structural quality of the QCL samples was evaluated by
x-ray diffraction (XRD) and transmission electron microscopy
(TEM); these techniques were also used to compare MOCVD
growth parameter variations such as growth rate and interfacial
growth interruptions. Accordingly, Fig. 3 shows the measured
(004) double-crystal x-ray diffraction spectrum of two QCLs,

Fig. 2. Reflectivity signal during growth of a QC laser in the MOCVD reactor.
Detail of active region growth is enlarged (below) to show the growth details of
each single layer in the active region.

Fig. 3. Comparison between simulations and x-ray diffraction spectra of the
fast- and slow-grown bound-to-continuum QCL measured along the (004)
crystal direction. The curves are shifted for clarity. No significant change in
wavelength emission was observed but 30% deterioration in laser performance
was recorded.

one grown at the slow rate of 0.1 nm/sec, the other at a fast rate
of 0.5 nm/s, in comparison to the simulated spectrum (bottom).
The satellite reflections are clearly visible, indicating the presence of a periodic structure. The comparison between the XRD
patterns of the fast- and slow-grown QCLs clearly show very
similar diffraction spectra, with no noticeable degradation of
the crystal quality as the growth rate changes, and an excellent
run-to-run reproducibility of the structure.
For both samples in Fig. 3, the zeroth order peak due to the
periodicity of the superlattice is very close to the InP substrate
peak, which indicates only a slight weighted-average lattice
mismatch in the structures. The average length of the QC stages
can be deduced from the spacing of the satellites in the spectra:
here the period of the active region is 49.3 and 49.7 nm for the
slow- and fast-grown structures, respectively, which is in both
cases slightly thinner than the targeted thickness. Finally, since
the satellite peaks are produced by coherent reflections from
each stage, their width is affected by any fluctuations in the
deposition rate and composition that occur during the growth.
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Fig. 4. (a) TEM picture of a partial section of the active region in a 3-quantum well active region QC laser. (b) SEM image of the finished device. (c) Close-up of
the laser facet showing the buried heterostructure processing details.

Satellite peak widths as narrow as 15 arc seconds have been
measured, approaching the system resolution of 12 arc-second.
This indicates the growth is very stable over the 4–5 hours
required to grow a typical QCL active region at the slow rate
by MOCVD.
To further investigate the interface quality, we performed
transmission electron microscopy (TEM) of the active region,
as shown in Fig. 4(a) for a lattice-matched AlInAs-GaInAs
QCL grown by MOCVD at a slow rate of 0.1 nm/s,, with
5-s c growth interruptions at all interfaces. Observations were
made with a JEM-4000EX high-resolution electron microscope
operated at 400 keV. Samples were viewed in bright-field
mode at or close to the common [110]-type projection. Clearest
differentiation between the various layers was achieved using
a small objective aperture. The TEM image confirms the good
quality of the interface abruptness that can be achieved by
MOVPE. Furthermore, TEM revealed no significant difference
in the interface abruptness, comparing fast- and slow-grown
(0.1 and 0.5 nm/s, respectively) QCLs. Similarly, there were no
significant differences in quality for structures grown continuously compared to those grown with growth interruptions at all
interfaces.
The laser threshold current and slope efficiency of QCLs
whose interfaces were formed by these different techniques
were also compared. Generally, roughly comparable QCL
performance was obtained for structures grown continuously
compared with those whose growth incorporated interruptions
at all interfaces. This is in qualitative agreement with the structural characterization. Nevertheless, in contrast to the TEM and
XRD comparisons of the various growth techniques, which
indicated no apparent difference in interface quality, the QCL
performance did reveal differences when fast and slow growth
were compared. Namely, the threshold current was higher and
slope efficiency lower, for structures grown at the higher rate.
This might indicate some more subtle differences in the structural quality of the materials grown at a fast rate, which were
not resolvable with TEM or XRD. On the other hand, other
possibilities for the degraded performance of the fast-grown
QCLs include higher background oxygen concentration in the

fast-grown heterostructures, since the V:III ratio could not be
made as high for the fast growth; and the critically-important
silicon doping calibration was not optimized for the fast-growth
rate.
Shown in Figs. 4(b) and (c) is also the scanning electron microscope (SEM) picture of a finished device and a close-up of
its front facet, after fabrication as buried heterostructure (BH)
waveguide. The active region is clearly visible in the middle of
the waveguide (light-colored area) and is surrounded by lowdoped InP cladding layers (top and bottom) and by insulating
InP layers (sides). The latter have been re-grown by MOCVD
after ridge waveguides were etched by a combination of dry and
wet etch into the material. InP re-growth was followed by metal
contact deposition on top and on the back of the device, and in
addition several microns of gold plating was deposited on the
top side to further enhance the thermal dissipation capabilities.
The devices were mounted epilayer-side up on a copper heat
sink and micro-bonded to a contact pad conveying the bias current.
The active region of the devices presented here is based on
three different types of designs that have been widely used in
the literature and have been chosen to directly compare these
MOCVD-grown lasers with previous results. Fig. 5 illustrates
schematically three variations (insets) around the QC laser operating principle. In general, the structure is formed by alternating
active and relaxation/injection regions [Fig. 5(a)]. The active region is where the optical transition takes place, while the “relaxation/injection” regions have the dual purpose of collecting
carriers from the previous active region and injecting them into
the following one.
A first optimized scheme for the active layers is the so-called
“three wells vertical transition” [25] [Fig. (5b)], where the active
region consists of two coupled wells, plus a third one that favors
injection into the initial state of the laser transition. The population inversion is generated by resonant optical phonon depletion
of the lower laser level, since the two lowest active region states
( and ) have an energy splitting corresponding to the longitudinal optical phonon energy. The injection of carriers into the
upper laser level (level ) starts when the electric field is large
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Fig. 5. Schematic illustration of QC laser energy band diagram and of the different active regions commonly employed in QC laser design. Horizontal lines
represent electronic energy states, while shaded areas in the injector region represent minibands of states.

enough to allow for the carriers to be injected from the lowest
level of the folenergy states of the previous injector to the
lowing active region. The injection barrier is optimally designed
to achieve hybridization between the upper laser level and the
injector ground state in order to ensure a large dynamic range
while limiting scattering to lower levels of the active region and
maintaining a high oscillator strength of the laser transition [27].
More recent active region designs, like the dual-phonon [19]
and the bound-to-continuum [28] shown in Fig. 5(c) and (d),
have been specifically improved to have a more efficient depletion of the lower laser level. This is achieved by creating multiple states and therefore multiple relaxation channels so that: 1)
the carriers effectively cool down to the injector’s ground state
after stimulated emission and 2) there is a limited back-filling of
electrons from the injector into the lower laser level. The latter
can be a problem particularly at high temperatures due to the
larger high-energy portion of the electronic population distribution. As a result, the dual-phonon (4QW) and bound-to-continuum (BtC) schemes are the most suitable for high-performance RT operation.
Different active region designs yield different gain characteristics. This can be shown by comparing sub-threshold luminescence spectra measured at the same temperature for different
materials. As shown in Fig. 6, the RT luminescence lineshapes
of a three-quantum-wells vertical transition (3QW) and of a BtC
active region have a considerably different FWHM, of 19 and 33
meV, respectively. This makes the BtC devices more suitable for
use in applications where wide range tunability is an important
requirement. Results will be shown later in this article on external cavity based widely tunable sources.

Fig. 6. Electroluminescence signals from bound-to-continuum (BtC) and
3-quantum-wells (3QW) active region materials. Dashed line is the horizontal
translation of the BtC spectrum to overlap with the 3QW peak for direct
comparison of the emission width.

differential quantum efficiency per facet. They read respectively
as [29]:
(1)
(2)
where
is the material gain coefficient, is the mode confineis the emission energy, q is the electron charge,
ment factor,
is the device internal efficiency, P the total output power,
is the waveguide loss, and
is the mirror loss. The latter is
defined as
(3)

III. PULSED-MODE LASER OPERATION
In order to understand the performance of a semiconductor
laser, it is important to recall the expression for the threshold
condition (gain equal to the optical losses) and for the external

where R is the reflectivity of the facets assumed to be equal
for both ends of the waveguide and L is the laser cavity length,
defined by the cleaved facets. In (2), it was assumed that there
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Fig. 7. (a) Optical power versus current characteristics of 3QW laser devices
with different ridge widths. The curves have been selected after a set of devices
had been tested per each width. Each curve is representative of the typical device
behavior for each width. Devices widths are (from left to right): 3 m, 7 m,
12 m, 17 m, 22 m. (b) Typical spectrum of the 7-m wide device above
threshold, measured at 300 mA and a duty cycle of 1%. All devices were L =
2 mm long.

is negligible population in the final state of the laser transition.
For QC lasers the gain coefficient is given by [30]
(4)
where
is the total upper/lower laser level lifetime,
and
are the 3-2 transition lifetime and dipole matrix element,
while
is the transition linewidth,
is the threshold curis the thickness of one active stage and
the
rent density,
effective refractive index.
RT pulsed operation characteristics of QC devices are shown
in Fig. 7(a). The measured devices are based on a 3QW ac[25]. In this
tive region designed for emission at
case, differently from the reference design of Gmachl et al., the
and the waveactive region doping is kept to
guide structure has thicker InP claddings. The active region was
-thick InGaAs waveguide core
grown in-between two 0.5
-thick InP claddings. The InGaAs
layers and two outer 3
and
, reand InP layers are doped to
spectively. The top layers are capped by a highly doped
, 0.5
-thick InP layer for plasmon-enhanced
confinement [31] and a thin InGaAs contact layer.
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Typical optical power versus current (L-I) characteristics in
Fig. (7a) are for different device widths, ranging from 3 to 22
. The active region size is defined by dry etching and the
ridge waveguide is then buried under a
-thick re-grown
InP layer doped with Fe for electrical insulation. The top of
the device is covered with a 5– -thick plated gold contact
for enhanced thermal dissipation. Devices are all cleaved to the
. Devices are mounted epi-side
same cavity length
up on copper heat spreaders.
Wider stripes are characterized by a larger threshold current,
while the slope efficiency does not always increase as function
of laser width. In addition, some of the L-I curves for wider
stripes show kinks and changes in slope at high currents, which
is a consequence of their multimode behavior in the lateral direction. A typical spectrum for devices operated in pulsed mode
is displayed in Fig. 7(b). The emission is cenat
and shows several longitudinal FP modes.
tered around 7.21
The spectrum was recorded from a 7– -wide device operated
close to threshold with a duty cycle of 1%.
For a finer analysis of the L-I characteristics, Fig. 8 displays
the threshold current densities and the slope efficiencies of the
same lasers of Fig. 7 as function of device width. The threshold
current density does not change significantly with device width
, which indicates that waveguide losses do not deabove 7
crease significantly beyond this point. For widths smaller than
instead, the threshold current density increases consider7
width have on average
ably. Very small area devices with 3–
a current density threshold 45% higher than the devices of 7
and above.
The increase in threshold current density is partially due to a
of the optical mode as the laser wavesmaller overlap factor
guide width becomes comparable to the wavelength of the laser
. A reduction in the
emission in the material
overlap factor has a twofold effect on the threshold current density: it contributes to lowering the peak modal gain of the laser,
and it increases waveguide losses. The higher losses originate
from having a larger fraction of the optical mode outside of the
gain region, and in particular from the increased mode overlap
with the highly absorbing plasmon confinement layer and top
metal contact. Both effects lead to higher threshold currents that
can therefore be significantly affected by small changes in .
In addition, higher losses in narrow lasers can be originated by
a stronger interface scattering along the etched lateral walls of
the cavity, where imperfections due to surface roughness and
re-growth defects can significantly increase optical losses.
The slope efficiency in Fig. 8(b) is maximum for laser widths
. The decrease in laser efficiency at small
between 7 and 12
widths, as for the increase in threshold current density, is due
to the decrease in the overlap factor observed in narrow laser
stripes. The decrease in efficiency for large widths can be explained by an increase of the average active region temperature
due to the much higher currents needed for broad area devices.
The result is an optimal trade-off in the laser width in the range
.
7–12
The three different sets of curves in each panel of Fig. 8 correspond to different injector region doping. The doping levels
,
considered in these measurements are
, and
. Changing the doping from
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Fig. 9. Voltage-current (I-V) and optical power-current (L-I) characteristics of
a bound-to-continuum device processed in 16 m wide ridges measured at various heat sink temperatures: 300, 320, 340, 360, and 380 K, from the topmost
to the bottom curve, both for the I-V and the L-I characteristics. The emission
wavelength at threshold at 300 K is  = 8:9 m.

Fig. 8. Pulsed threshold current densities (left) and slope efficiencies (right)
as a function of device width for different injector region doping at RT (T =
300 K). Dots: n = 2
10 cm , squares: n = 1
10 cm , triangles:
n = 5
10 cm .

2

2

2

to
increases the threshold current density. In fact, optical waveguide losses increase with doping due
to higher optical absorption by carriers in the active region. For
the threshold current density does
doping below
not improve sensibly, since below this point it is most likely
dominated by losses due to the highly doped top waveguide
layers and metal contact.
Lasers based on highly doped material show higher slope efficiency, although from the data in Fig. 8(b) the efficiency into
crease is only 25% for a 2X doping increase from
, since absorption losses increase with doping as
well. On the other hand, devices with the lowest doping (open
triangles in Fig. 8) have a significantly smaller slope efficiency
and total power. The lasers with smallest width processed out
of this material did not operate at RT.
In the limiting case where all doping electrons are injected
into the active region states, the maximum operating current of
, where
is
QC lasers can be estimated as
the doping sheet density and is the lifetime of tunneling into
the upper laser level [27]. Thus, by reducing the injector region
doping in an effort to lower lasing threshold currents, we also
reduce the dynamic range available to the laser and so its output
is smaller than the
power. No laser action will occur if
threshold current density required to overcome optical losses
[32]. The optimal injector region doping level is therefore determined by the optical losses on the low side, and by the desired
optical power output on the high side.
This is particularly important for CW operation, and is mostly
dependent on the user requirements in terms of operating cur-

rents and maximum power outputs that are compatible with the
system needs.
Figs. 9 and 10 show results from broad gain lasers processed
as wide area devices. The two structures were grown following
the BtC and the 3QW heterogeneous cascade (3QWH) schemes.
In the former, the injector/active region stack is composed of 35
identical repetitions of the same active and injector layers described in [26]. In the latter instead, the stack growth included
a variation of the active and injector layers thickness from the
bottom to the top of the structure. The 3QWH active region consists of 36 stages grown in groups of 3. Within one group, the
active region/injector layers are identical, while each group of
stages has a slightly different thickness respect to the neighboring ones. Thicknesses decrease from the bottom to the top of
the laser structure, in order to have stages designed for longer
wavelength emission farther away from the top metal contact,
as outlined in [33]. Thickness changes have been designed so
that the expected emissions from neighboring groups of stages
differ by about the half-width of the 3QW electro-luminescence
spectrum at low temperature ( 5 meV).
The two sets of devices show in both cases a high power
output, as illustrated in Figs. 9 and 10. The BtC has a higher
output power, reaching a maximum peak power of more than 1
W at 300 K. The 3QWH device is still capable of emitting 0.8
W of peak output power but it operates at higher currents due
to the slightly larger area of this second set of devices (18
wide versus the 16
wide BtC lasers). The 3QWH devices
, while for the
have an emission wavelength around
BtC devices the center wavelength is
.
If we compare the spectral emission bandwidth as function of
injected current density, illustrated in Fig. 11, the BtC structure
shows the broadest emission at high currents. On the other hand,
the 3QWH structure has a behavior more similar to a supercontinuum emission [33]. The 3QWH lasers have a broader emission at low current densities and the bandwidth is quite flat over
most of the current range. From the data in Fig. 11, it therefore
appears that the BtC lasers have the broadest gain bandwidth,

Authorized licensed use limited to: Mariano Troccoli. Downloaded on February 11, 2009 at 14:51 from IEEE Xplore. Restrictions apply.

TROCCOLI et al.: HIGH-PERFORMANCE QCLS GROWN BY METAL-ORGANIC VAPOR PHASE EPITAXY

Fig. 10. Voltage-current (I-V) and optical power-current (L-I) characteristics of
a 3-well-heterogeneous cascade device processed in 18-m wide ridges measured at various heat sink temperatures: 300, 320, 340, and 360 K, from the
topmost to the bottom curve, both for the I-V and the L-I characteristics. The
emission wavelength at threshold at 300 K is  = 7:3 m.

Fig. 11. Laser emission bandwidth as a function of the injected current densities for the B-C (circles) and the 3QWH (full squares) devices at RT (T =
300 K). The laser cavity length is L = 2 mm for both devices.

while the 3QWH structures have a more uniform gain across
the emission spectrum. In optimized designs of the 3QWH active gain media, the thresholds for laser action at different emission wavelengths should be close enough so to have emission
over the whole spectrum within all of the laser dynamic range.
A combination of the BtC and 3QWH approaches will eventually be the best compromise to realize broadband sources, as
reported in [34].
A. Near-Field Mode Profiles
The mode profile and its stability as a function of pumping
current are crucial for applications in which the output of a
QC laser needs to be coupled into an optical fiber or an external cavity. We measured the near-field mode profile of BH
devices using an atomic force microscope (AFM) operated in
tapping mode. A sketch of our experimental setup is shown in
Fig. 12. The QCLs were operated in pulsed mode (repetition rate
500 800 kHz, pulsewidth 125 ns) at RT. The AFM tip was used
to scan the laser facet, scattering light from the near-field into
the far-field, where it was collected by a ZnSe lens and focused
with a second one on a liquid nitrogen cooled HgCdTe detector.
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Fig. 12. Experimental setup consisting of a conventional AFM operated in tapping mode, used to obtain simultaneously the topography of the QCL facet and
the near field images of the laser transverse modes. The light scattered by the
AFM tip is focused on a liquid nitrogen cooled detector. The near field of the
laser emission is measured by lock-in detection at twice the cantilever oscillation frequency. This configuration corresponds to an apertureless near-field
scanning optical microscope.

This configuration corresponds to that of an apertureless scanning near-field optical microscope (a-SNOM) [35], [36]. This
technique was recently used to image the longitudinal modes of
so-called air-waveguide QC lasers [37] and the near field of an
optical antenna built on the facet of a near infrared diode laser.
Note that the interference between the near field scattered by
the apex of the AFM tip and the light reflected from the mirror,
which also originates from scattering by the tip, enhances the
detection sensitivity.
The signal from the HgCdTe detector was fed into a lock-in
amplifier. The cantilever oscillation frequency (typically 40
to 80 kHz) was significantly lower than the current pulse repetition rate used to drive the QCL and the lock-in detection
was carried at twice in order to maximize the contribution
originating from the near-field [38]. The topography and the
near-field emission of the QCL were measured simultaneously.
Small markers sculpted directly on the laser facet with focused
ion beam (see SEM image in Fig. 13) allowed the position of
the laser active core to be precisely determined with respect to
the features observed in the near-field images.
Figs. 13(a) and 14 show the near field images obtained at
different pumping current with BH QCLs with different ridge
width. The devices used in the present experiment are similar
to the ones described in Sections I and III. The optical mode
, active region
emitted by the narrowest device (
, see inset in Fig. (13a)) corresponds to the funwidth: 3
while in the case of the broader devices
damental mode
, active region widths: 12, 17, and 22
, see Fig. 14)
(
higher order lateral modes were measured. All devices were 2
mm long. The characteristics of the near field measured for the
wide laser does not change over the entire dynamic range
3
to
). Two-dimensional mode
of the laser (
simulations performed using a commercial software (COMSOL
Multiphysics 3.3) show that only a single lateral mode is supported in this case, thus explaining the stability of the mode profile as the current is increased.
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TABLE I
CALCULATED VALUES OF THE OVERLAP FACTOR, MIRROR LOSSES,
WAVEGUIDE LOSSES, AND THE FIGURE OF MERIT FOR THE VARIOUS LATERAL
MODES SUPPORTED BY A 
7 m, 17 m WIDE DEVICE. THE LINE IN
BOLD INDICATES THE MODE WHICH DOMINATES LASER EMISSION CLOSE TO
THRESHOLD [SEE FIG. 14(b)]





Fig. 13. (a) LI curve obtained at RT for a  5:29 m, 3 m wide BH QCL
operated in pulsed mode. The black points on the curve indicate the currents at
which the near-field measurements were performed. Inset: SEM image showing
the cleaved facet of the device. The four markers placed at the corner of the cross
section of the active core are clearly visible. (b)–(d) Near-field optical images
at different currents: (b) 300 mA, (c) 350 mA, and (d) 400 mA. The white dots
indicate the position of the waveguide core.

In order to select the mode with the lowest threshold, we calproportional
culated in each case the quantity
to the threshold current. Our calculations show that the value
, is the lowest for the
,
, and
modes in the case of 12, 17, and 22
wide devices, respectively, in good agreement with our measurements.
Note that beam steering of the far field pattern was observed
as the current was increased well above threshold with the 12-,
wide ridge BH devices. This phenomenon was
17-, and 22already reported and modeled in interband laser diodes [39] and
high-power QC lasers [40]. In devices showing far field steering,
we observed asymmetric near field patterns. A detailed analysis
of our measurements will be published elsewhere [41].
IV. CONTINUOUS-WAVE OPERATION



Fig. 14. Near-field optical images measured with three broad 
7 m BH
QCLs operated in pulsed mode close to threshold. The devices used in this experiment are (a) 12, (b) 17, and (c) 22 m wide respectively. The white dots
indicate the position of the waveguide core. The data were recorded at RT with
pulsewidth of 125 ns and repetition rates between 500 and 800 kHz.

Higher order lateral modes are supported when the ratio of
the ridge width to the emission wavelength is increased. The
mode patterns observed experimentally in wider lasers operated
[Fig. 14(a)],
close to threshold can be assigned to
[Fig. 14(b)], and
[Fig. 14(c)], for the 12, 17, and 22
wide lasers, respectively. In order to understand why these particular modes are selected, we calculated the confinement factor
as well as the waveguide and mirror losses ( and
) for all
the possible modes supported by each ridge width. The mirror
was estimated by calculating the facet reflectivity for
loss
each mode using a simple ray optics model and the Fresnel formula, which is a good approximation in our case given that the
active region is much wider than the wavelength in the laser
. The waveguide loss
was
material
calculated with a simplified Drude model. The results obtained
wide ridge are summarized in Table I.
in the case of the 17

Fig. 15 shows the CW operation of 3QW lasers at RT. The
lasers were processed as buried heterostructure ridge waveguides as discussed in [21] and were mounted epi-side up on a
copper heat spreader bolted to a TEC cooled heat sink. Two sets
of devices were investigated, with two different doping levels,
and
, following the description of the previous section. The two upper panels of Fig. 15
illustrate the L-I characteristics of both types of device. The
low-doped devices have lower threshold currents but also lower
output power and a smaller dynamic range. Typical powers in
the 10 mW’s range were achieved at 300 K for both sets of devices, while at a heat sink temperature of 240 K powers of more
than 100 mW were measured from the highly doped lasers. The
and
low-doped devices have a power roll-off around
a maximum power at 240 K of 50 mW. All devices have an HR
on the back facet, and their emission
coating
[see inset of Fig. 15(a)].
wavelength at 300 K is 7.2
The I-V characteristics are displayed in Fig. (15c), where a
larger differential resistance and operating voltage was measured
for devices with lower doping. A smaller dose of doping
electrons will in fact limit the total current at a given bias. The
is a simplified
previously discussed equation
description of carrier transport in the limiting case of optimal
tunnel injection into the upper laser level. In general, the
current density will have a more elaborate expression, where
represents the total lifetime for all allowed electronic transitions
from the injector states. The numerical calculation of this
quantity can be quite complex and leads to an injection efficiency
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Fig. 15. CW characterization of 3QW samples doped to different levels and
operated at various temperatures. (a) Optical power-current characteristics of
the low doped sample at heat sink temperatures (from top to bottom) of: 240,
260, 280, and 300 K. (b) Optical power-current characteristics of the highly
doped sample at heat sink temperatures (from top to bottom) of: 240, 260, 280,
and 300 K. (c) voltage-current characteristics at 300 K for two different dopings. The topmost curve (from the low-doped sample) has the highest differential resistance. (d) Threshold current densities plotted as function of heat sink
temperature. Dashed lines are numerical fitting lines following the expression:
= , where
is the laser characteristic temperature. Inset:
spectrum recorded at 300 K for the low-doped sample. The spectrum for the
highly doped sample has similar characteristics and emission wavelength.

J = J exp[T T ]

T

lower than 1 for transitions into the upper laser state [32].
will depend on the electronic band
The actual value of
structure, and therefore contains the dependence of J on the
external bias voltage.
At the low doping levels typical of most QC laser designs
the band structure, and so , will not be
significantly dependent on the carrier concentration. Thus, if we
consider two identical active regions at the same bias voltage,
and therethe total current will be roughly proportional to
fore will be lower for devices with lower doping.
In addition, low-doped devices will have a narrower energy
distribution (lower Fermi level) of electrons in the injection
regions. This will allow for an efficient tunneling transport
between the injector and active regions only within a small
bias voltage range. As a consequence, low-doped devices
have a limited dynamic range, evident from the comparison of
Figs. 15(a) and (b).
If we compare the threshold current densities as function of
temperature, we can extract the value of the laser characteristic
from the best-fit of the threshold data with the
temperature
. The extracted values are 90 K
expression
for the low-doped devices and 82 K for the highly doped ones
values are lower than what measured
[see Fig. 15(d)]. These
in devices optimized for RT operation like the 4QW and BtC
lasers [42].

3543

The characteristic temperature is an index of the laser sensitivity to temperature changes. Lasers that show a faster degradation of their performances for increasing temperatures usually are based on active region designs that are more sensitive to
variations in the high-energy part of the electronic distribution.
So-called “hot” electrons in the injection/relaxation regions [43]
can reduce the injection efficiency and increase leakage currents
into higher-lying conduction band states [31]. “Hot” electrons
also contribute to the population of the lower energy level of the
laser transition. Both effects reduce the population inversion and
laser gain.
From our observations, consistent with previous literature,
devices based on a 3QW designs have a limited RT output power
and low value of , although their performance may be good
enough for several spectroscopic applications.
In order to reach higher powers and higher operating temperatures, we grew and investigated [22]–[24] QC lasers based
on BtC and in particular dual phonon (4QW) active regions. A
and 5.3
summary of the results obtained with
devices based 4QW designs are shown in Figs. 16 and 17. The
short wavelength laser was grown with a strain-compensated InGaAs/InAlAs active region, as specified in [22]. Both sets of devices were processed as buried heterostructures and had a HR
coating deposited on the back facet.
Fig. 16 shows the voltage-current and power-current characdevices with different width. The maxteristics for
imum power output is one order of magnitude larger than for
the 3QW devices, reaching at a heat sink temperature of 300
K, maximum powers of more than 100 mW for a 3- -wide
laser [Fig. 16(a)] and about 300 mW for a 7.5- -wide device
[Fig. 16(b)]. Both devices operate at temperatures up to 400 K
in continuous mode. A more complete discussion of these data
can be found in [23].
The high power of these lasers is a combined result of multiple effects. The 4QW active region band structure, while improving RT operation and optimizing population inversion, also
enhances the oscillator strength of the optical transition. This,
together with the optimization of the doping distribution, leads
as
to threshold current densities in the range of 1.5 to 2
opposed to the 2.5 to 3.5
exhibited by 3QW devices. In
this way, the electrical power used to drive the laser is reduced
which helps lowering the active region temperature, leading to
overall higher power efficiency in CW mode. In addition, lower
thresholds allow for a wider dynamic range, therefore yielding
a total power considerably larger than 3QW devices.
material, similar perIn the case of strained
formance has been achieved. Fig. 17(a) shows the characteristics for a 3- -wide device, reaching about 100 mW of output
power at 300 K and 0.25 A. These devices show CW operation up to heat sink temperatures of 380 K. In the right panel of
Fig. 17, we compared the optical power characteristics as funcwide devices of different length.
tion of current density for 3
In this case, longer devices have higher output power and slope
efficiency.
From the data in Fig. 17(b) we find that the shortest
and the longest
devices have the
largest threshold current densities while the lowest threshold
. The larger current dencorresponds to a length of
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Fig. 16. CW characteristics measured at different heat sink temperatures for buried heterostructure devices with double phonon active region and emission wavelength of  8:4 m. (a) 3-m-wide device. (b) 7.5-m-wide device. The I-V characteristics are measured simultaneously with the L-I curves: higher currents
at a given bias correspond to lower temperatures.



sities at smaller L can be understood in terms of higher mirror
losses, being
, where
is the
reflectivity of the front/back facet, assumed the same for all
lasers. The increase in threshold current density for the longest
devices instead can be ascribed to a higher average active region
temperature due to the larger total current required for laser operation. This increase can be also partially due to the fact that
longer devices may have a worse adhesion to the substrate since
the soldering process can be more challenging for very long
lasers.
Equations (1)–(3) in Section II can be used to estimate the optimal cavity length in order to extract the desired output power
with the minimal amount of current, and therefore the best efficiency. This depends on an accurate estimate of the internal
waveguide losses and on the control of the facet reflectivity by
careful design of HR and AR coatings. [29] The lasers shown in
Fig. 17 have a HR coating deposited on their back facets while
the front facets are left uncoated. In this case, for example, to
obtain a power of 20 mW, the shortest lasers (1.75 mm) could
(Fig. 17). For
be operated with a current of only
powers around 80 mW instead, the best efficiency would be ob, while the longest
tained with the 3.25 mm lasers at
to emit the same power.
lasers would need
A. Spectral Characteristics
Many applications such as high-resolution gas spectroscopy
require a single-frequency light source with a narrow linewidth.
Narrow single mode emission can be obtained from distributed-feedback or external-cavity QC lasers operated in
continuous mode. Fabry-Perot (FP) QC lasers have usually
very broad spectra consisting of hundreds of longitudinal
modes [44]–[46]. In this section, important details of the
spectral characteristics of the high-power devices described in
previous sections are discussed.
In Fig. 18(a), we show the dependence of the optical spectrum on the ratio between injected current and threshold current

for a two-phonon QC laser identical to the ones described in
device
Section I (see Fig. 16). This 3-mm-long,
was processed into a 3- -wide buried heterostructure laser
and its back facet was left uncoated. This device, which was operated in continuous mode, is single mode close to threshold, but
as the current is increased, many longitudinal modes appear and
the spectrum broadens dramatically. Two humps clearly emerge
in the envelope of the spectra at currents 20% larger than the
threshold current.
As shown in Fig. 18(b), the splitting observed experimentally is proportional to the square root of the laser output power.
has the same power dependence,
The Rabi frequency
indicating therefore that coherent effects likely play a role in
shaping the envelope of the laser spectrum [Fig. 18(a)]. We recently demonstrated that this is actually the case; an exhaustive explanation can be found in [45]. Simulations based on the
full Maxwell-Bloch equations could reproduce the spectral envelope of the measurements shown in Fig. 18(a). It is important
to point out that the model developed was based on a few parameters only and that both spatial hole burning as well as a
saturable absorber had to be included in order to obtain a good
agreement between theory and experiment.
The work presented in [47] and [48] established that the
origin of the splitting observed for example in the data presented
here is parametric gain due to the oscillation of the population
inversion at the Rabi frequency. Even though modeling shows
that the modulation of the inversion is only a small percentage,
it greatly modifies the spectrum. This leads to additional gain
with respect to the maximum
positioned at multiples of
of the gain curve when the intracavity power is large. This coherent phenomenon resembles the one predicted by H. Risken,
K. Nummedal and independently P. Graham, H. Haken almost
40 years ago, known as the RNGH instability [47], [48]. Note
however that the RNGH instability was predicted to occur at
nine times above the laser threshold. In our experiment instead,
the threshold for the instability is much closer to the laser
threshold, within a factor as low as 1.2. As explained in [42],
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Fig. 17. CW characterization of a strained double phonon device processed as buried heterostructure. The emission wavelength at RT is  5:2 m (see inset
for a typical emission spectrum of a 3.25-mm-long device). (a) I-V and L-I characteristics for a 3-m-wide, 3.25-mm-long device, measured at various heat sink
temperatures in the range T = 300–380 K. The topmost I-V curves are the ones measured at the lowest temperatures. (b) Comparison of the optical power versus
current density characteristics from devices of same width but different cavity length: L =1.75, 3.25, and 4.25 mm, measured at T = 300 K.

For devices operating in the RNGH regime, i.e. with an intracavity power large enough to lead to the type of spectra shown
in Fig. 18(a), the time-dependence of the laser output power is
complex. The model described in [47] and [48] predicts indeed
that trains of irregular pulses separated by roughly the gain recovery time are emitted. Under these conditions, the phase relation between both the pulses and the FP modes is also nontrivial.
The optical spectrum of a QCL operated in the RNGH regime
can vary significantly depending on the time scale considered.
The measurements shown in Fig. 18(a) correspond instead to an
average of the optical spectrum over many cavity round-trips.
The output of these lasers driven by a DC power supply varies
in time with a high average power, as seen in Fig. 18(b).
The theory developed in [42] and [43] illustrates how spatial
hole burning (i.e., the formation of a gain grating due to the gain
saturation and to the standing waves corresponding to the FP
modes) contributes to the mode proliferation in the spectra such
as in Fig. 18(a). This is very pronounced in QCLs due to the
fact that the gain recovery time is much shorter than the grating
diffusion time, in contrast to interband semiconductor lasers.
V. THERMAL ANALYSIS AND PERFORMANCE IMPROVEMENTS



Fig. 18. (a) Optical spectra of a  8:47 m BH device measured at 300 K
in CW mode at different pumping ratios j=j . For 1 < j=j < 1:2 the spectra
are identical to j=j = 1:2. Note that the curves are shifted for clarity. (b)
=(2) versus the square
Spectral splitting and twice the Rabi frequency
root of output power collected from a single laser facet. The different quantities
reported on the graph were deduced from the experimental data shown in (a).
Dashed line is a least-square linear fit of the data.

this lowering is caused by the presence of a saturable absorber
in the cavity.

Threshold currents and operating voltages are typically high
in QC lasers, typically in the 0.2–0.7 A and 8–12 V range, respectively, thus easily leading to several (3–6) watts of electrical
power. Hence, efficient dissipation of the generated heat is crucial to operate these devices in continuous mode at high temperature.
We performed thermal 2-D simulations using the commercial
, 7.5
-wide BH QC laser
software COMSOL of a
capable of working in CW above 400 K. The performance of this
particular laser is described in Section III and shown in Fig. 16.
In our calculations, the temperature-dependent thermal conductivity of the different semiconductor layers (including the active
region) as well as that of copper (submount), gold (electrical
contact) and indium (solder) were taken from [18]. We tried
in our model to reproduce realistically the Cu submount used
in the experiment and the way the laser is attached to it. The
Peltier cooler was replaced in our model by assuming a perfect
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Fig. 19. (a) Results of the thermal modeling applied to a  = 8:4 mm 7.5
m wide BH QCL mounted epi-side up. The electrical power-in corresponds to
the experimental value obtained at threshold at 300 K in continuous mode. The
symbols in the figure indicate the different elements entering in the geometry
of the device: (1) regrown Fe:InP, (2) electroplated Au contact, (3) plasmon
layer, (4) cladding layers, (5) InGaAs layers, (6) active region. (b) Temperature
profile obtained for the same device mounted epi-down under the same electrical
injection conditions.

Fig. 19(a), but with the QC laser mounted epi-side down. Compared to the values obtained in the case of the epi-up laser close
to threshold, the implementation of the flip-chip mounting technique leads to a decrease of the maximum core temperature by
. Similarly, the average temperature of the acclose to threshold (i.e. for
tive region drops to
) and to
, at the peak power of
the LI-curve (i.e. for
).
These values correspond to a decrease in the temperature difof 40% to 50% in the case of flip-chip bonding.
ference
This is quite a large difference especially if we consider that the
simulated devices have a BH waveguide that should minimize
thermal effects. It is important to remark though, that the simulated case is an ideal case where the thermal contact at interfaces
does not introduce additional resistance. In practice, flip-chip
bonding is more challenging than epi-side up bonding and the
actual improvement obtained could be significantly lower.
From the above calculations, it is difficult to quantify exactly
how much the flip-chip mounting would improve the threshold
current or the output power of the device. Because epi-down
mounting leads to an estimated decrease of the average core
, one can extemperature by about 14 K for
pect the CW threshold current density for a flip-chip device at
to be roughly equal to the value obtained for
. According to the
an epi-up laser measured at
data published in [23], this corresponds to a 13% decrease of
the threshold current density. Likewise, the slope efficiency of
a flip-chip device would not deteriorate as much. A maximum
output power close to 400 mW at 300 K would therefore be an7.5- -wide BH QCL.
ticipated for a flip-chip
VI. ACCELERATED AGING

heat sink at the bottom of the submount. The temperature at this
boundary was defined taking into consideration that in the experiment, the temperature sensor was placed approximately 1
cm away from the sample; therefore, we made sure in our simulations that the temperature at this distance was 300 K.
Fig. (19a) shows the calculated temperature profile obtained
for injection conditions near laser threshold (corresponding to
), and at a heat sink
a total injected power of
. As expected, the temperature in
temperature of
the active region is significantly higher than 300 K. The spatial
average over the active region cross section and the maximum
and
temperature reached in the active region are
, respectively. From the ratio of the temperature difference
and the electrical
, we can extract an estimated thermal resistance at
power
threshold for this device of 13 K/W. This number is actually
in good agreement with the value measured experimentally (12
K/W) [23]. Note that our model predicts an average temperature
as high as 432.6 K for the active region with an injected electrical power corresponding to the maximum of the L–I curve
[23].
Flip-chip mounting is a widely used technique to improve
the thermal management in semiconductor lasers. Fig. 19(b)
shows the temperature distribution calculated for the same parameters and device geometry used to obtain the thermal map in

Preliminary accelerated aging measurements have been performed on CW operated BH devices similar to the one shown in
Fig. 4. The devices were based on a lattice-matched InGaAs/InAlAs active region, and each was bonded to a separate AlN submount and mounted on a copper heat sink. No coating was applied to the device facets. The devices were biased in CW mode
with stabilized current sources on a heat sink kept constantly at
(85 C) with typical operating currents. Samples
of different area were biased with different currents in order to
maintain approximately the same current density in each laser.
The details of the aging study for one of the investigated devices are displayed in Fig. 20. The operating current for this
, corresponding to a current density of 2.5
laser is
. At this current level the device is capable of emitting
(20 C),
50 mW of continuous power per facet at
is more
while its maximum power output measured at
as
than 100 mW. The maximum power output at
a function of hours of operation at
was periodically measured and is displayed in Fig. 20. Power was measured
with a calibrated thermopile detector without any optics so to
avoid differences in collection efficiency. The average value of
the maximum power output over time is 106 mW (dashed line
in Fig. 20), with fluctuations of the measured intensity within
5%. These fluctuations can be partially due to differences in the
measurement conditions such as the actual device temperature,

Authorized licensed use limited to: Mariano Troccoli. Downloaded on February 11, 2009 at 14:51 from IEEE Xplore. Restrictions apply.

TROCCOLI et al.: HIGH-PERFORMANCE QCLS GROWN BY METAL-ORGANIC VAPOR PHASE EPITAXY

Fig. 20. Accelerated aging measurements from a typical device running continuously at a heat sink temperature of 85 C with a bias current of 0.4 A. The device emits at  = 8:6 m and was periodically tested at a heat sink T = 20 C.
The figure shows the maximum output power at 20 C recorded as a function
of hours of operation at 85 C. Data courtesy of Argos Tech.
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to hundreds of milliwatts in single-frequency operation) that
make these devices effective in laser absorption spectroscopy.
These characteristics allow the use of advanced spectroscopic
detection techniques as well as the implementation of compact
and robust trace gas sensor architectures. This applies specifically to QC laser sensor systems based on long/open path laser
absorption spectroscopy [including remote sensing techniques
such as light detection and ranging (LIDAR) or differential
absorption LIDAR (DIAL)], cavity enhanced spectroscopy and
photoacoustic spectroscopy. The large available wavelength
to 24
with IC and QC lasers in the
coverage from
molecular fingerprint region allows the detection, quantification and monitoring of numerous molecular trace gas species,
especially those with resolved rotational-vibrational spectra.
Several applications which demonstrate the excellent potential
of QC lasers as mid-IR spectroscopic sources are discussed
below.
A. Chemical Sensing Based on Tunable Thermoelectrically
Cooled CW Quantum-Cascade Lasers

the detector calibration, or different background temperature effects.
For the sample shown in Fig. 20, no significant power degradation (i.e., 10% or more) is observed after almost 5000 h.
VII. APPLICATIONS
Infrared laser absorption spectroscopy (LAS) is an extremely
effective tool for the detection and quantification of molecular
trace gases. The demonstrated detection sensitivity of LAS
ranges from ppmv and ppbv to even pptv levels depending on
the specific gas species and the detection method employed
[49], [50]. The spectral region of fundamental vibrational
molecular absorption bands in the wavelength range from 3
is the most suitable for high-sensitivity trace gas
to 24
detection. However, the usefulness of laser spectroscopy in this
region is limited by the availability of convenient tunable laser
sources. Real world spectroscopic applications require the laser
sources to be compact, efficient, reliable and operating at near
RT. Existing options include lead salt diode lasers, coherent
sources based on difference frequency generation (DFG), optical parametric oscillators (OPOs), tunable solid-state lasers,
quantum and interband cascade lasers. Sensors based upon
lead salt diode lasers are typically large in size and require
cryogenic cooling, because these lasers operate at tempera. DFG sources (especially periodically poled
tures of
lithium niobate based bulk and waveguide) have been shown
to be robust and compact [51], [52] enough for desktop-type
applications but have limited mid-infrared output power.
The recent advances of quantum cascade (QC) and interband
cascade (IC) lasers fabricated by band structure engineering
offer an attractive new source option for ultra sensitive and
highly selective, mid-infrared absorption spectroscopy [53].
As discussed in previous sections, the most technologically
developed mid-infrared QC laser source to date is based on
type-I intersubband transitions in InGaAs/InAlAs heterostructures. Both pulsed and CW, thermo-electrically cooled (TEC)
distributed feedback (DFB) QC lasers possess the key characteristics such as narrow linewidth and high powers (tens

High optical power and single-frequency operation with good
spectral purity or wide tunability of the laser source are the
most critical characteristics for chemical trace gas sensing using
spectroscopic techniques. Single frequency operation is usually
achieved by introducing a distributed feedback (DFB) structure
into the QCL active region. Although state-of-the art DFB QCLs
show high performance and reliability, the ability to obtain the
optimum emission wavelength for a desired target analyte is
costly and the range of wavelength tuning of the emitted laser radiation is strongly limited by the wavelength tuning range of the
embedded DFB structure. Typically, the maximum tuning range
of DFB-QCLs achieved by changing the laser injection current
and can be increased to
by varying
is
the temperature of the QCL chip. However, the spectral width
of the QCL optical gain profile is usually significantly broader
and therefore QCLs can provide in fact a much
than 10
broader wavelength tuning range.
As previously discussed in Section II, the bound-to-continuum QC laser design first proposed by Faist et al. [28] and the
heterogeneous QC structure first demonstrated by Gmachl et al.
as a supercontinuum QCL [33], have been the most promising
in terms of broadband emission, and have been further developed for wide single-mode-frequency tuning spectroscopic
applications by Maulini et al. [34]. A luminescence spectrum
FWHM at RT was observed for
QCL
of 297
devices employing bound-to-continuum transitions [54], while
were
even broader gain profiles with FWHM of
achieved in [34] using both concepts of heterogeneous quantum
cascade structure based on two bound-to-continuum designs
, as briefly discussed in Section II. To
emitting at 8.4 and 9.6
take advantage of the broadband gain of such QCLs, an external
cavity (EC) configuration can be used to obtain a single mode
operation at any wavelength within the laser gain profile [55],
[56].
A widely tunable QC laser spectrometer implementing a
novel EC-QCL architecture for high-resolution spectroscopic
applications and multi species trace-gas detection was recently
demonstrated with a thermoelectrically cooled FP gain medium
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Fig. 21. (a) Photograph and (b) a 3-D mechanical model of a compact tunable external grating cavity QCL. (c) Nitric oxide absorption spectra simulated for a 1
ppm NO mixture at atmospheric pressure and open path of 286 m (in red) shown together with an external cavity-QCL tunability range. Atmospheric absorption
caused by H O (mixing ratio = 0:006) and CO (mixing ratio = 380 ppm) is depicted in blue. (d) Spectral measurements performed for NO lines, which
are optimal for atmospheric measurements (the narrow QCL linewidth allows spectral resolution of < 0:001 cm ).

operating in a CW mode at
. The instrument
depicted in Fig. 21(a) and (b) employs a piezo-activated
cavity mode tracking system for mode-hop free operation. The
mode-tracking system provides independent control of the EC
length, diffraction grating angle and laser current. The QCL
gain medium allowed a coarse laser frequency tuning range of
and a high resolution (better than 0.001
)
continuous mode-hop free fine tuning within a range of up
with a maximum available optical power of 11
to 2
allows
mW. Wide wavelength tunability around
accessing most of the absorption lines within the fundamental
vibrational band of NO as shown in the HITRAN simulation
presented in Fig. 21(c).
A narrow laser linewidth of 30 MHz, which allowed remakes the
solving spectral features separated by
EC-QCL an excellent light source suitable for high-resolution
spectroscopic applications and multiple species trace-gas detection [see measurements performed for a NO gas sample at
both atmospheric and reduced pressure of 10 Torr shown in
Fig. 21(d)]. The flexibility of this arrangement makes it possible to use it with any QCL gain media without the need of an
embedded DFB structure and at any mid-infrared wavelength
without changing the EC configuration.
The use of a MOCVD grown buried heterostrusture FP QCL
in the above described
gain medium operating at
EC-QCL sensor architecture resulted in considerably higher
levels of optical output power. The maximum single frequency
output power obtained in the EC-QCL configuration was 50
mW, which represents a significant improvement compared
with results obtained in [55] using a previous version of this
system.
B. Trace Gas Detection Based on Laser Photoacoustic
Spectroscopy (PAS)
PAS, based on the photoacoustic effect, in which acoustic
waves result from the absorption of laser radiation by a se-

lected target compound in a specially designed cell is an effective method for sensitive trace gas detection. In contrast to
other infrared absorption techniques, PAS is an indirect technique in which the effect in the absorbing medium and not the
direct light absorption is detected. Light absorption results in
a transient temperature effect, which translates into kinetic energy or pressure variations in the absorbing medium via nonradiative relaxation processes that can be detected with a sensitive microphone. PAS is ideally a background-free technique,
since the signal is generated only by the absorbing gas. However, background signals can originate from nonselective absorption of the gas cell windows (coherent noise) and external
acoustic (incoherent) noise. PAS signals are proportional to the
pump laser power and therefore the maximum detection sensitivity that can be realized by means of the PAS technique is
most effective with high-power laser excitation. A sensitivity of
8 ppmv was demonstrated with only 2 mW of modulated diode
overtone region [57], [58]. The implelaser power in the
mentation of high-power CW TEC QCL laser excitation in the
fundamental absorption region leads to considerably improved
trace gas detection sensitivity. The MOCVD-grown QC lasers
based on buried heterostructure design, which offer high output
power levels, are at this time the most promising QC mid-IR
laser sources for PAS.
A recently introduced novel approach to photoacoustic detection of trace gases utilizing a quartz tuning fork (QTF)
as a sharply resonant acoustic transducer was first reported
in 2002 [59], [60]. The basic idea of quartz enhanced photoacoustic spectroscopy (QEPAS) is to invert the common
PAS approach and accumulate the acoustic energy not in a
gas-filled cell but in a sharply resonant acoustic transducer.
A natural candidate for such an application is crystal quartz,
because it is a low-loss piezoelectric material. Readily available quartz crystals are quartz tuning forks (QTF) intended
for use in electronic clocks as frequency standards. QTFs
in vacuum. A typical
typically resonate at 32 768

Authorized licensed use limited to: Mariano Troccoli. Downloaded on February 11, 2009 at 14:51 from IEEE Xplore. Restrictions apply.

TROCCOLI et al.: HIGH-PERFORMANCE QCLS GROWN BY METAL-ORGANIC VAPOR PHASE EPITAXY

3549

Fig. 22. (a) Schematic of a QCL-based quartz-enhanced photo-acoustic spectroscopy sensor platform showing a quartz tuning fork and acoustic
micro-resonator. (b) Picture of a QEPAS absorption detection module consisting of QTF and micro-resonator.

sensor architecture is depicted in Fig. 22(a) together with
a picture of a QEPAS absorption detection module (ADM)
consisting of a QTF equipped with a micro-resonator as shown
in Fig. 22(b). The laser radiation is focused between the prongs
of the QTF and its wavelength is modulated at
frequency or its intensity is modulated at
frequency
is the QTF resonant frequency) depending on the
(where
type of detection scheme used: a wavelength modulation or
an amplitude modulation technique, respectively. The laser
becomes the driving force to
induced acoustic wave at
excite the symmetric fundamental mechanical vibration of the
QTF prongs (i.e., the two QTF prongs move in opposite directions). The electrical signal produced by this piezo-electrically
active mode of vibration is measured using lock-in detection
at . Spectral data can be acquired if the laser wavelength is
scanned. To increase the effective interaction length between
the radiation-induced sound and the QTF, a gas-filled acoustic
resonator can be added similarly as in the traditional PAS
approach. Sound waves from distant acoustic sources tend to
move the QTF prongs in the same direction, which results in
zero net piezo-current thus making this element insensitive
to such excitation. Advantages of QEPAS compared to conventional resonant photoacoustic spectroscopy include QEPAS
sensor immunity to environmental acoustic noise, a simple
absorption detection module design, no spectrally selective
element required, its being applicable over a wide range of
pressures, including atmospheric pressure and its capability
in volume.
to analyze small gas samples, down to 1
QEPAS sensor technology has already been demonstrated in
trace gas measurements of 10 target analytes, including
[61],
[62], [63],
[64], HCN [65], CO in propylene
[67]. A normalized noise equivalent absorption
[66] and
was measured to
coefficient of
date using QEPAS [68]. An experimental study of the long-term
sensor showed that the sensor
stability of a QEPAS-based
exhibits very low drift, which allows long term data averaging

( 3 h) and thus leads to a significant improvement of the
signal-to-noise ratio in concentration measurements.
Recently Wojcik et al. [69] reported the performance of an
QC laser-based QEPAS
amplitude modulated (AM) 8.4sensor system that demonstrated the detection of broadband
absorbing target species in the mid-infrared spectroscopic
fingerprint region. Using a similar approach, we developed a
QEPAS sensor employing an external cavity laser utilizing a
MOCVD-grown FP BH QCL gain medium like the ones described in Sections II and III, targeting the broadband absorption
(Freon 125) at
. The laser
spectrum of
. In this
source exhibits single-frequency tuning of 135
sensor a photoacoustic signal is generated by modulating the
amplitude of the laser radiation with 100% modulation depth
and a 50% duty cycle at the exact resonance frequency of the
applied quartz tuning fork. The sensitivity of this sensor was
determined both for single point measurement as well as in a
broadband wavelength scan using a calibration mixture of 5
ppm Freon-125 A in dry nitrogen. With a laser frequency set to
, which corresponds to the maximum absorption
1208.62
of Freon 125 in this spectral region, a continuous concentration
measurement was performed. An example of an AM-QEPAS
signal of the Freon 125 calibration mixture recorded between
several subsequent zero gas flushes is shown in Fig. (23a). A
of 3 ppb was calculated for
minimum detection limit
these conditions based on the scatter of the background signal
measurements. The power and measurement bandwidth normalized noise equivalent absorption coefficient (NNEA) of this
for
sensor was determined to be
Freon 125. The applied CW TEC EC QC laser is able to provide
50 mW of optical power. This translates into a minimum
of
detection sensitivity limit for
for a
averaging time and amplitude modulation with a
50% duty cycle.
AM detection of a broad band absorber at a single spectral
point can only be performed for gas mixtures that do not con-
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Fig. 23. (a) Freon 125A concentration measurement performed with a 8.6 m QCL-based amplitude modulation—quartz enhanced photo-acoustic spectroscopy
trace gas sensor system at the spectral location of a maximum absorption. The inset shows a spectral location of the laser frequency on the Freon 125 absorption
. (b) Photoacoustic spectrum of Freon 125 measured between 1125 and 1250 cm fitted by the reference
spectrum. NNEA = 2:55 10 Wcm Hz
spectrum from the spectral database.

2

tain species absorbing in the same spectral region. This inconvenience can be avoided by application of broadly tunable lasers,
which can be tuned over a wide range of wavelengths and allows measurement of a unique spectral envelope of the target
broadband absorption feature. EC-QCL seems to be an ideal
tool for such application. Fig. 23(b) depicts a spectrum of the
), which
same calibration mixture (5 ppm of Freon 125 in
was recorded with our EC-QCL based AM-QEPAS system. Excellent agreement of a measured spectrum with a spectrum obtained from spectroscopic database (Pacific Northwest National
Laboratory Infrared Spectral Library) was observed. This in
combination with appropriate data acquisition processing and
analysis methods (see [70]) allows concentration measurements
with high molecular selectivity even in presence of spectrally interfering molecular species. The Freon 125 minimum detection
limit at the level of 4.5 ppb was calculated using a parameter-determination error yielded by the fitting process.
C. Trace Gas Sensing Using a High-Finesse Optical Cavity
Sensitive laser absorption spectroscopy often requires a long
effective pathlength of the probing laser beam in media that are
to be analyzed. Traditionally, this requirement is satisfied using
an optical multipass cell. Such an approach can be difficult to
implement in certain field applications, requiring compact gas
sensor configurations. For example, a typical commercial 100-m
pathlength multipass cell has a volume of 3.5 L. An alternative
way to obtain a long optical path is to make the light bounce
along the same path between two ultralow-loss dielectric mirrors forming a high-finesse optical resonator. An effective optical pathlength of several kilometers can be obtained in a very
small volume. The light leaking out of such an optical cavity can
be used to characterize the absorption of the intracavity medium.
Presently a variety of techniques exists to perform high-sensitivity absorption spectroscopy in a high-finesse optical cavity

such as cavity ringdown spectroscopy (CRDS) [71], [72] or integrated cavity output spectroscopy (ICOS) [73], [74]. In these
techniques the coupling efficiency of the laser radiation into the
resonant cavity is extremely critical and determines the amount
of light which can be colleted by a photodetector placed after
the absorption cell. In an off-axis ICOS (OA-ICOS) arrangement, in which the optical system is aligned in such a way that
the maximum number of longitudinal and transverse modes is
excited within the cavity, the typical optical throughput of the
cavity is on the order of 0.1%. In this case, the system requires
a very sensitive detector (usually cryogenically cooled) in order
not to be limited by the detector noise floor. Therefore, these
techniques can also benefit from the increased laser power available from CW, high-power QCLs, which results in substantial
improvement of their detection sensitivity and/or allow to use
less sensitive, but thermoelectrically cooled detectors, which is
critical in a field-deployable gas sensor system.
A nitric oxide sensor based on a thermoelectrically cooled,
(1835
)
CW DFB QCL laser operating at
and off-axis ICOS combined with a wavelength-modulation
technique was developed to determine NO concentrations at the
sub-ppbv levels that are essential for a number of applications,
such as in medical diagnostics (specifically in detecting NO
in exhaled human breath) and environmental monitoring [75].
Exhaled nitric oxide (eNO) is an important biomarker in many
respiratory diseases [76] and the exhaled NO levels have been
extensively studied in asthma cases. These measurements may
be clinically useful in other chronic respiratory conditions,
such as chronic obstructive pulmonary disease (COPD), particularly if the NO contributions are partitioned into alveolar and
conducting airway regions. Exhaled NO levels generally range
between 4 to 15 ppbv in healthy human subjects and 10–160
ppbv in subjects with untreated asthma when breath is collected
at the standard 3 L/min, in accordance with the American
Thoracic Society (ATS) recommendations. The optical power
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TM

Fig. 24. (a) Simulated electric field distribution for a
mode in a deepetched 2- -wide ridge QCL with a gold electrical contact on top, surrounded
laser mode losses on liquid absorbance
by a liquid. (b) Dependence of the
for deep-etched ridge waveguide QCLs with various ridge widths. Also listed
is the percentage of modal overlap with the liquid (in intensity) for ridges of
various widths. Liquid refractive index, Re(n), is assumed to be 1.3 in the simulations. Simulations were performed using BeamPROP (R-Soft Design Group,
Inc.) and COMSOL Multiphysics (COMSOL, Inc).

TM

of the applied laser available at the target wavelength was
10 mW. At this operating condition and utilizing a liquid
nitrogen cooled photodetector
)
of the sensor to NO conthe normalized sensitivity
centration was 2.4 ppb
, which allows a real time
exhaled NO analysis (with single point averaging time of 1
sec) with a 2.4 ppbv precision. Application of a more powerful
QC laser (e.g., 100 mW, which is
a realistic assumption at this wavelength [77]) would allow to
use a thermoelectrically cooled mid-IR detector (such detectors
are commercially available)
with a
to improve NO sensor performance with a sub-ppbv precision.
Such an improvement will lead to a truly portable, compact
sensor suitable for in situ clinical studies.
D. Sensing of Fluids Using Quantum Cascade Lasers
Another promising area of QCL applications is mid-IR
spectroscopic measurement of fluids, in particular for various microfluidic “lab-on-a-chip” systems. Microfluidics is a

Fig. 25. (a) Emission spectra of an encapsulated device immersed in various
mixtures of isopropanol and acetone. (b) Absorption spectra of isopropanol and
acetone, represented as imaginary part of refractive index versus wavenumbers. (c) Emission power from an encapsulated device immersed in (a) acetone
(shaded areas) and a 1% volume solution of isopropanol in acetone (clear areas).

growing field with important applications in biotechnology,
chemical synthesis, and medicine [75]–[77], [81]. Microfluidic
devices offer the ability to work with smaller reagent volumes,
shorter reaction times, and the possibility of parallel operation.
For a truly compact “lab-on-a-chip” system, one needs to have
miniature elements for chemical analysis.
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The small volume of analyte used in microfluidic systems
often makes it difficult to use conventional absorption measurements for analysis because of the limited optical path length
[81]. To address this problem, we have demonstrated a microfluidic QCL-based intra-cavity absorption spectroscopy (ICAS)
sensor [83]. Laser ICAS has been long used as a highly sensitive spectroscopic technique [84]. In this method, the analyte is
placed within the laser cavity and absorption lines of the analyte
modify the laser losses, causing significant changes in the laser
threshold and emission spectrum. QCLs can be designed with
a very large homogeneously broadened gain bandwidth, with
[28],
full-width at half-maximum (FWHM) of
which is significantly larger than a typical FWHM of the aband makes
sorption lines of liquids in mid-IR
sensitive microfluidic ICAS possible [6].
Our sensor is based a deep-etched narrow-ridge QCL with
the ridge walls exposed to a liquid [83]. For a sufficiently
small ridge width, the evanescent tails of the laser mode have
significant overlap with the liquid on both sides of the ridge
[Fig. 24(a)]. The liquid absorption lines modify the modal
loss, as shown in Fig. 24(b), and cause a change in the QCL
threshold current and emission spectrum. The evanescent tails
of the laser mode are localized within 200 nm of the ridge
walls, and the required liquid volume for sensing is only 10
picoliters, assuming a 2.5-mm-long, 10- -high laser ridge.
For an experimental demonstration of a microfluidic ICAS
QCL sensor, we used a 5- -wide 2.5-mm-long ridge devices
with back facet coating, processed from a BtC material and
encapsulated into poly-dimethyl-siloxane (PDMS) chambers
with a silicon window in front of the laser facet. For chemical
detection, laser ICAS techniques utilize either laser emission
spectrum changes or laser threshold changes due to analyte
absorption [84]. We demonstrated both approaches with our
QCL ICAS microfluidic sensors, using different mixtures of
isopropanol and acetone. In Fig. 25(a), we show the emission
spectra a device submerged in different mixtures of isopropanol
and acetone. The spectra were taken at pump currents close to
the peak of the laser light output, using 20-ns pulses at a repetition rate of 80 kHz. The absorption spectra of the liquids are
shown in Fig. 25(b). The laser emission frequency clearly shifts
from the peak of the laser gain position at approximately 1134
to the minimum of isopropanol absorption position at
as the fraction of isopropanol in the solution
1143–1146
rises.
In the other approach for chemical detection, we set the
pump current slightly above threshold for a device on a temperature-stabilized heatsink and detect the laser peak output
power change as the device becomes sequentially immersed in
acetone and a 1% volume solution of isopropanol in acetone,
Fig. 25(c). Here, we utilize the fact that the laser emission
power near threshold is very sensitive to the amount of pump
current in excess of the threshold value [84]. The laser power
stabilizes shortly after the liquid is injected in PDMS chamber
as the temperature of the liquid becomes that of the heat-sink.
Because of isopropanol absorption, the threshold current for
a device submerged in a 1% isopropanol solution in acetone
is higher than that for a device submerged in acetone only,
resulting in lower laser output power at a fixed current.

The sensitivity of ICAS is described using the effective ab, defined as the cell path length required to
sorption length,
obtain the equivalent signal change due to analyte absorption in
traditional absorption spectroscopy [84],
(5)
where is the ICAS signal without analyte, is the signal with
is the absorbance of the analyte,
analyte, and
being the refractive index. For the data presented in Fig. 25(c),
and obtain
. We expect
we estimate
to improve
in our sensors several fold in our future work,
by utilizing devices with narrower ridges, improved processing,
better temperature control, and a more stable power supply [83].
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