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In the short space of 15 years since their first demonstration, quantum cascade lasers have become the
most useful sources of tunable mid-infrared laser radiation. This Letter describes these developments
in laser technology and the burgeoning applications of quantum cascade lasers to infrared spectroscopy.
We foresee the potential application of quantum cascade lasers in other areas of chemical physics such as

research on helium droplets, in population pumping, and in matrix isolation infrared photochemistry.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

For more than 80 years, infrared spectroscopy research and
applications have played an increasingly important role in science
and technology. Infrared laser spectroscopy began almost 40 years
ago and has yielded many important results using a variety of tun-
able laser-based sources, particularly lead salt diodes, color center
lasers, difference frequency generation, optical parametric oscilla-
tors, and sidebands on fixed frequency gas lasers. Quantum cas-
cade lasers (QCLs) are a much more recent tunable laser source
of infrared light.

The first quantum cascade laser was invented and demon-
strated [1] at Bell Labs in 1994 by Faist, Capasso, Sivco, Hutchinson,
and Cho. Twenty-three years earlier, laser amplification based on a
similar emission principle had been proposed [2]. Since 1994,
quantum cascade lasers developed rapidly so that by 2001 the field
merited a review article [3] sixty-nine pages in length and in June
2002 a special issue of IEEE Journal of Quantum Electronics. Here we
describe the status of quantum cascade laser technology and sug-
gest new opportunities that these unique sources provide for infra-
red spectroscopy and its applications.

The first prototypes operated only in pulsed mode at a maxi-
mum temperature of 90 K. Advancements in band-engineering
and waveguide designs led within a few years to many important
achievements: pulsed room temperature operation, continuous
wave (CW) and single mode operation, extension of the operating
wavelength to values as short as 3.5 um and as long as 19 pm,
ultrashort pulse operation and to the first applications to spectros-
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copy and chemical sensing [4]. At first, QCLs had to be cooled to
about 100K to operate CW and operated multimode on several
Fabry-Perot modes of the laser cavity formed by the cleaved ends
of the laser chip. In 2002, CW room temperature operation was
achieved [5] and since then continuous improvements in the de-
sign, material quality, fabrication and thermal management have
led to record optical power of 34 W pulsed [6] and ~3.0 W CW
[7,8] at room temperature. The corresponding CW power efficiency
for these Fabry-Perot cavity devices was 16.5% at 4.8 um [7] and
13% at 4.6 um [8]. A key factor in achieving such record CW perfor-
mance was the use of high thermal conductivity diamond sub-
mounts. However, these are unsuitable for high reliability opera-
tion of high power lasers because they require the use of a soft in-
dium solder, due to the large coefficient of thermal expansion
(CTE) mismatch between diamond and the InP QCL substrate. Re-
cently, comparable power performance was obtained from
4.6 pm QCLs using an aluminum nitride CTE-matched sub-mount
and a hard AuSn solder, by optimizing the front facet reflectivity
and cavity length [9]. This approach has led to commercially avail-
able (from Pranalytica Inc.) QCL high power systems for infrared
countermeasures to protect aircraft from shoulder-held missiles,
infrared target illuminators and beacons.

The development of single mode QCLs, essential for the narrow
linewidth operation required for high resolution spectroscopy,
started soon after the first QCL report by embedding in the laser
cavity a grating that introduced distributed feedback (DFB) [10].
In a DFB laser, the cavity mode closest in wavelength to twice
the effective grating period undergoes strong Bragg reflection
and is therefore preferentially selected for lasing over modes at
other wavelengths. These QC DFB lasers operating at a single fre-
quency could be tuned over a few cm™! to few tens of cm~! by
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varying current and temperature. Output powers were up to
100 mW in pulsed mode at room temperature at wavelengths in
the 4.5 to ~10 um range. QC DFB lasers quickly found application
in trace gas monitoring. From the late 1990s until the present,
many groups employed a number of spectroscopic techniques
(long pass absorption, photoacoustic spectroscopy, cavity ring-
down, intracavity absorption, magnetic rotation spectroscopy) to
monitor a number of small molecules and a few larger molecules.
However, the small tuning range and near-cryogenic temperatures
required for CW operation of these first generation DFB lasers
handicapped wider application.

The route to more applications required the production of QCLs
with wider gain profiles that operated near-room temperature
[11-21]. Besides being an enormous convenience, near-room tem-
perature operation is required in order to make practical the opti-
cal coating of the laser end facets as well as the effective thermal
management of the QCL. The QCL coatings will flake off upon cy-
cling to low temperatures as a result of the difference in thermal
expansion coefficients between the laser and coating. Through
coating one end of the laser with a high reflection coating and
the other with an antireflection coating, the laser can be incorpo-
rated into an external cavity. In the last few years, QCLs operating
near-room temperature with broad gain profiles have become
available and have been incorporated into external cavities to pro-
duce tuning ranges with a single QCL [22-27] of ~200 cm~! CW
and over 300 cm™! pulsed with mW of very narrow band CW
power. In a very recent development, an array of 32 DFB lasers
on a single chip covering about 100 cm~! in pulsed mode has been
reported [28] making possible the creation of broadly tunable sub-
miniature IR laser sources for spectroscopy. The tuning range of
this source was recently increased to 220 cm™! using a 24 laser ar-
ray [29].

AllnAs/GalnAs grown on InP substrate is the material of choice
for mid-infrared (mid-IR) QCLs. The original lasers were produced
only using Molecular Beam Epitaxy (MBE), a technique in wide use
for the manufacturing of many semiconductor devices. For growth
of high-performance QCL heterostructures, several requirements
must be satisfied. Foremost among these is the ability to form
atomically abrupt interfaces between layers of nanometer or even
sub-nm thickness. MBE is exemplary in this regard, however a
properly designed MOCVD (Metallorganic Chemical Vapor Deposi-
tion) reactor can approach the interface abruptness associated
with MBE. Low impurity background doping in the active region,
in concert with controlled intentional-doping profiles in the injec-
tor regions, are also critical for QCLs in order to minimize the
broadening of the laser transition and thus reduce the laser thresh-
old. This requirement is not a problem for the AllnAs and GalnAs
alloys grown by MOCVD. In addition, MOCVD may even offer some
advantages over MBE for QCL growth. Among the anticipated ben-
efits of MOCVD are stability of growth rate and composition over
very long growth runs, the ease of achieving low oxygen contami-
nation in aluminum-containing materials, the ability to grow thick
InP cladding and burying layers, and the potential for very fast
growth rates. On the other hand, it is expected that interface for-
mation is more challenging for MOCVD; and also the requirement
for organic precursors might lead to unacceptably high carbon
background for some materials. This is the case for example of Al-
GaAs/GaAs alloys used for the growth of QCLs operating in far-
infrared region, also known as Terahertz (THz) spectrum. Detailed
studies of MOCVD grown QCLs operating at 4.6, 5.2 and 8.3 um
wavelength have shown that their pulsed and CW performance
at room temperature is comparable to that of MBE QCLs [30,31].
Reliability tests indicate that MOCVD QCL devices operated with-
out degradation for over 5000 h [30].

This review will be limited primarily to mid-IR QCLs. While
there has been substantial progress in THz QCLs [32,33], their im-

pact in spectroscopy has been as yet limited, unlike their counter-
parts in the mid-IR. The main reason is the very limited tuning
range, in addition to the fact that they have to be cryogenically
cooled. There indeed appear to be fundamental limits associated
with the physics of transport in QCLs that will prevent room tem-
perature operation, although Peltier cooled devices might be possi-
ble [32].

Advances in QCLs are revolutionizing infrared spectroscopy. Be-
fore showing how, we need to describe QCL design and their opti-
mization for broad tunability, what frequency regions are
accessible, what output powers can be obtained, and where lasers
can be purchased.

2. Quantum cascade laser design and operation

Laser diodes emitting at wavelengths ranging from the near
infrared to the visible are the workhorses of widespread technolo-
gies such as optical communications, optical recording (CD players,
etc.), supermarket scanners, laser printers, fax machines and laser
pointers. The operating principle of these lasers is fundamentally
simple: electrons and holes are electrically injected into an active
region made of semiconductor materials where they recombine,
giving off laser photons of wavelength close to the bandgap of
the active region. A corollary of this is that if one wishes to build
diode lasers emitting at very different wavelengths one needs to
choose materials with widely different bandgaps and therefore
electronic and optical properties, for example quaternary alloys
made of indium gallium phosphorous and arsenic for lasers emit-
ting at telecom wavelengths around 1.3 and 1.5 pm and alloys con-
taining gallium indium aluminum and nitrogen for blue emitting
lasers. In spite of its simplicity and general nature, the diode laser
principle has proven hard to extend to the mid-infrared while
maintaining the same level of performance of its shorter wave-
length counterparts. The reliance on the bandgap for light emission
turns into a severely limiting factor at mid-infrared wavelengths,
particularly across most of the molecular fingerprint region (2-
20 um) and beyond into the far-infrared. The reason is that as
the bandgap shrinks in a semiconductor laser, its operation be-
comes much more critical in terms of the maximum operating
temperature, temperature stabilization required to avoid thermal
runaway effects and thermal recycling. To these problems one
should add that, as the band gap shrinks, chemical bonds become
weaker; this increased material ‘softness’ facilitates the introduc-
tion of defects during growth and device fabrication, making diode
lasers less reliable and reducing device yields.

For example, semiconductor laser diodes made of lead salts
[34,35] and emitting in the mid-IR, which have been used for many
years in tunable laser spectroscopy, suffer from all of these limits.
Lead-salt lasers have limited power (at most a few milliwatts of
peak and continuous wave power), have a small continuous sin-
gle-mode tuning range, and have yet to operate at room tempera-
ture. They also suffer from spectral degradation and reliability
problems associated with thermal cycling.

2.1. Quantum cascade laser operating principle

The QCL overthrows the operating principle of conventional
semiconductor lasers by relying on a radically different process
for light emission, which is independent of the bandgap. Instead
of using opposite charge carriers in semiconductors (electrons
and holes) at the bottom of their respective conduction and va-
lence bands, which recombine to produce light of frequency
v ~ Eglh, where Eg is the energy bandgap and h is Planck’s constant,
QCLs use only one type of charge carrier (electrons) that undergo
quantum jumps between energy levels E,, and E,,_; to create a laser



R.F. Curl et al./Chemical Physics Letters 487 (2010) 1-18 3

photon of frequency (E, — E,,_1)/h. These energy levels do not exist
naturally in the constituent materials of the active region but are
artificially created by structuring the active region in ultra-thin
layers known as quantum wells of nanometric thickness. The mo-
tion of electrons perpendicular to the layer interfaces is quantized
and characterized by energy levels whose difference is determined
by the thickness of the wells and by the height of the energy bar-
riers separating them. The implication of this new approach, based
on decoupling light emission from the bandgap by utilizing instead
optical transitions between quantized electronic states, are many
and far reaching, amounting to a laser with entirely different oper-
ating characteristics from laser diodes and far superior perfor-
mance and functionality.

2.2. Quantum design

In QCLs, unlike in a laser diode, an electron remains in the con-
duction band after emitting a laser photon. The electron can there-
fore easily be recycled by being injected into an adjacent identical
active region, where it emits another photon, and so forth. To
achieve this cascading emission of photons, active regions are
alternated with doped electron injectors and an appropriate bias
voltage is applied. The active-region-injector stages of the QC laser
give rise to an energy staircase in which photons are emitted at
each of the steps. The number of stages typically ranges from 20
to 35 for lasers designed to emit in the 4-8 pm range, but working
lasers can have as few as one or as many as 100 stages. This cas-
cade effect is responsible for the very high power that QCLs can
attain.

Fig. 1 illustrates a typical energy diagram of two stages of a QCL
designed to operate at wavelength /=7.5um, which serves to
illustrate the key operating principle. The tilt in the conduction
band is produced by the applied electric field. Note that each stage
comprises an electron injector and active region. The latter con-
tains three quantized states; the laser transition is defined by the
energy difference between states 3 and 2, which is determined pri-
marily by the chosen thickness of the two wider wells. A popula-
tion inversion between levels 3 and 2 is required for laser action.
This translates to a requirement that the lifetime of level 3 should
be substantially longer than the lifetime of state 2. To achieve that,
the lowest level 1 is positioned about an optical phonon energy
(~34 meV) below level 2; this ensures that electrons in the latter
state rapidly scatter by emission of an optical phonon to energy le-
vel 1. Because of its resonant nature, this process is very fast, char-
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acterized by a relaxation time of the order of 0.1-0.2 ps. Electrons
in level 3 have instead a substantially longer lifetime because of
the much larger energy difference between states 3 and 2 so that
the electron-phonon scattering process between the latter states
is non-resonant. To achieve lasing, however, one must also sup-
press the unwanted escape route by tunneling from state 3 to
states on the right hand side, which form a broad quasi-continuum.
Such escape would reduce the level 3 population. To prevent this
occurrence, one designs the injector of the next stage as a superlat-
tice with an electronic density of states such that at an energy cor-
responding to Es there is no resonant electronic state, but rather a
region of low density of states known as a minigap. Notice instead
the dense manifold of states (a miniband) facing levels 2 and 1,
which favors efficient electron extraction from the active region.
Finally, note that electrons are injected into the upper laser level
by a process known as resonant tunneling which ensures highly
selective injection when the applied voltage is increased above a
certain value. Fig. 1 also shows a transmission electron micrograph
of the layer structure of an exemplary QCLs. The dark layers corre-
spond to the AllnAs barrier layers, and the light gray layers to the
GalnAs quantum wells.

For wavelengths greater than ~5 pm, the alloy compositions for
the wells and barriers are chosen to be lattice matched to the InP
substrate, i.e. with the same lattice constant (Alg4glngs;As and
Ing 47Gag 53As). The quantum well barrier height for these composi-
tions is the conduction band discontinuity between the two alloys,
i.e. AE.=0.52 eV. For operating wavelengths substantially shorter
than 5 um, the upper laser state moves up in energy so that the
barrier for thermal activation of electrons is reduced. In CW oper-
ation at room temperature, this process, and a similar one for elec-
trons in the injector regions becomes a limiting factor for the
temperature performance (maximum operating temperature and
maximum optical power at room temperature or above) because
the active region can reach temperatures substantially higher than
the laser mount by tens of degrees. This problem is greatly reduced
by introducing strained AllnAs/GalnAs heterostructures, i.e. higher
Al composition for the barrier and lower In content for the quan-
tum wells. With strain, barrier heights in the 0.7-0.80 eV range
can be achieved, which suppresses electron leakage over the barri-
ers. All reported high performance CW room temperature QCLs
operating at 2 < 5.2 pm [6-9,30,31] used such strained heterojunc-
tions. Another critical design parameter to improve temperature
performance is the energy separation between the lower state of
the laser transition (level 2 in Fig. 1) and the injector ground state.
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Fig. 1. Left: Energy diagram of a quantum cascade laser emitting at 4 = 7.5 um. Each stage (injector plus active region) is 55 nm thick. The energy levels and the corresponding
probability distributions obtained from solving Schrodinger’s equation are shown. The energy well and barriers are made of AllnAs and GalnAs alloys, respectively. Right:
Transmission electron microscope picture of a portion of the structure. The white and black contrast regions represent the well and barriers, respectively. For a distributed

feedback (DFB) laser, there is a grating on the top surface to select the lasing mode.
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It typically should be in excess of 0.1 eV to minimize thermal back-
filling of level 2 by electrons in the injector.

In the last few years major improvement in QCL performance
(lower threshold and higher power) was achieved by introducing
a so-called double phonon resonance design [36]. The active region
of this laser has four quantum wells and three energy levels
equally separated by the energy of an optical phonon instead of
the two levels previously discussed. This active-region design re-
sults in a larger population inversion because electrons are more
efficiently removed from the lower state of the laser transition.

For a DFB laser, the diffraction grating, which selects a single
mode, is either etched on upper surface of the laser ridge or in
the material just above the injector-active active region stack on
which a cladding layer is subsequently regrown. The period of
the grating, d, determines the precise wavelength or laser mode
that satisfies the Bragg condition 1 = 2negd, where neg is the effec-
tive refractive index of the waveguide. Light satisfying this condi-
tion is strongly reflected off the grating and is selected for laser
action. Wavelength tuning in these DFB-QCLs is achieved by
increasing the temperature of the laser either with a temperature
controller or by using a sawtooth current waveform to drive the la-
ser. Raising the temperature increases neg and therefore the emis-
sion wavelength. Thus, the latter can be positioned in the vicinity
of an absorption feature of interest, blue shifted with respect to
its peak. A subsequent slow current ramp applied to the QCL can
then be used to scan the wavelength across the absorption line
as result of Joule heating of the laser active region. Additional mod-
ulation of the current by a small signal sine wave of frequency
much larger than the ramp can be used to measure the derivative
of the spectrum, leading to enhanced sensitivity. Fig. 2 shows the
temperature tuning of the emission wavelength of different DFB-
QCLs designed to match absorption lines of compounds, which
overlap with one of the atmospheric windows. This overlap allows
one to achieve high sensitivity (~1 pptv has been achieved in the
best case to date) in the detection of trace amounts of these gases
in the atmosphere using laser absorption spectroscopy.

3. Broad spectrum quantum cascade lasers

Tunability over a much broader range than what a typical DFB
QCL can offer is a highly desirable feature for trace gas analysis,
as it enables the parallel detection of multiple chemicals and al-
lows mapping of very broad absorption lines, such as those of liq-

uids. Broad tunability is a necessity for the use of QCLs for the
study of transient species such as free radicals and ions, and it is
of great utility in the study of the reaction kinetics of free radicals.
In this section, we analyze the most effective device design strate-
gies to achieve the goal of broad tunability.

3.1. Broadband single-mode tuning: external cavity grating
spectrometer

The key step in achieving broad tunability is the design of a la-
ser with a broad gain spectrum. QCLs, unlike diode lasers, can eas-
ily be designed to emit at multiple, and widely differing
wavelengths by stacking active regions corresponding to different
optical transitions that span a wide range of energies (Fig. 3). Early
demonstrations concentrated on dual wavelength lasing [37] fol-
lowed by a QCL that emitted simultaneously a quasi-continuum
of wavelengths between 5 and 8 pum [38]. To ensure quasi-contin-
uous emission, the stages were designed so as to achieve an opti-
mally flat gain spectrum over the emission range of interest.
More recently, broadband QCL development has concentrated on
continuous single mode tunability over the broadest possible
range. In order to achieve that, two design principles have been
utilized.

Consider first the aforementioned structure with multi-wave-
length stages and a gain per stage engineered to be as broad as pos-
sible. This broad gain can be achieved using a so-called bound-to-
continuum QCL in which the lower state of the laser transition is a
relatively broad continuum consisting of closely spaced sublevels
spanning an energy range greater than an optical phonon. The
many laser transitions fan out with comparable oscillator
strengths, giving rise to a broad spectrum. The application of an
external cavity configuration allows selection of the QCL wave-
length anywhere within the available QCL spectral gain without
changing the chip temperature, thus significantly increasing the la-
ser spectral coverage and allowing much more efficient utilization
of the available QCL gain width. This is especially important for the
QCL gain media designed to have intrinsically broader gain profiles.
Frequency tunability from 961 to 1220 cm™! (24% of the center
wavelength) of a pulsed QCL was achieved using a heterogeneous
gain medium with a two-wavelength (8.4 and 9.6 pum) active re-
gion in a Littrow type EC-QCL configuration [27]. With this laser,
single-mode tuning from 1045 to 1246 cm~! was also achieved.
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Fig. 2. The upper panel is the transmission spectrum of several hundred meters of air at sea level. Note the two transmission windows below 5 um and between 8 and 13 pm.
The lower panel represents the temperature tuning range of distributed feedback quantum cascade lasers designed to operate in selected regions of the transparency
windows where many most common gases have absorption fingerprints. (from Ref. [3] reproduced by permission of IOP).
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Fig. 3. Broadband quantum cascade lasers. From top left to right, clockwise: Schematics of multicascade configuration; each cascade in general comprises several laser stages
(injector plus active region). Schematic of external cavity tuning with grating which provides tuning by change of the angle 6. Demonstration of operation over 432 cm~' [39].
(Reprinted with permission from A Hugi, R Terazzi, Y Bonetti, A Wittmann, M Fischer, M Beck, ] Faist, E Gini: Applied Physics Letters 95 (2009) 061103. Copyright 2009,

American Institute of Physics.).

Recently [39], lasers using symmetric active-region designs
with five different cascades centered at different wavelengths have
demonstrated tunability from 7.6 to 11.4 um with a peak optical
output power of 1 W and an average output power of 15 mW at
room temperature. With a tuning range of over 432 cm™', this sin-
gle mode source covers a continuous emission range of over 39%
around the center frequency (Fig. 3). However, the design of a high
gain broadband active region covering a significantly larger spec-
tral range without any gaps in the spectral emission is a serious
challenge because using more cascades promises even wider tun-
ing ranges, but makes the design more complex.

Typically in an external cavity (EC) laser, coarse wavelength
tuning is achieved by rotating the grating, with the feedback
needed for lasing arising from the first order grating reflection.
However, merely rotating the grating will not result in continuous
tuning of the laser over a significant frequency range. Instead the
laser frequency will hop from cavity mode to cavity mode. In order
to achieve continuous tuning, the cavity length and grating angle
must track each other. The situation can be further complicated
with a laser with no antireflective (AR) coating by the optical cavity
formed by the laser itself. The effects of a laser cavity can be
avoided by antireflection coating the facet of the QCL facing the
grating to eliminate optical feedback. Several schemes have been
devised to track the cavity length with the grating angle [22,24,40].

One reported scheme for wide tuning without mode hops was
based on a quantitative coupled mode analysis of the external cav-
ity QC laser [22]. Realizing this tuning scheme involves active and
simultaneous adjustment of all three relevant degrees of freedom:
grating angle (via precise grating rotation), external cavity length
(via PZT controlled optical element), and the optical length of the
chip (via driving current and or chip temperature). This tuning
scheme utilized a look-up table to identify the correct parametric
values of all three variables as a function of the desired wave-
length. Another scheme [24] used a somewhat different approach
of actively and simultaneously adjusting two degrees of freedom:

the QCL chip optical length and the grating angle. A closed loop ser-
vo with feedback was used to optimize the cavity length to select
and support a desired single mode at every grating angle. In a more
recent scheme [40], the grating motion is mechanically con-
strained to follow a trajectory allowing for the simultaneous tuning
of the diffraction grating angle and the laser cavity length, thereby
constraining the EC mode to coincide with the wavelength selected
by the grating. To avoid problems caused by the laser cavity inter-
action, a QCL gain chip facet AR coating was developed with suffi-
ciently low reflectivity (<0.001) to suppress the residual etalon
effect. A publication describing this design is in preparation. Day-
light Solutions Inc. developed this design, and instruments based
upon it are commercially available. Fig. 4 shows a spectrum of
N,O obtained with such an instrument.

3.2. Broadband multi-DFB laser spectrometer on a chip

Arrays of DFB-QCLs can be made as single-mode sources cover-
ing a wide range of mid-infrared frequencies. For example, a DFB-
QCL array has been demonstrated [28], which achieved single-
mode lasing coverage of 85 cm™' near 9 pm using a bound-to-con-
tinuum active-region design. The devices were fabricated mono-
lithically on the same chip and driven individually by a
microelectronic controller. The spacing of the emission wave-
lengths of the lasers in the array was sufficiently small that for
any wavelength within the gain spectrum of the QC laser material,
one could select a device in the array and adjust its temperature to
produce single-mode emission at the desired frequency. A custom-
designed controller was employed, which consisted of pulse gener-
ators to power the lasers, direct current bias circuitry to heat indi-
vidual lasers in the array for temperature tuning, and a serial port
interface for computer control of laser firing. Fig. 5 shows the spec-
tra of several liquids obtained with this array. It took approxi-
mately 10s to obtain each spectrum. The results compare
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Fig. 4. Absorption spectrum of nitrous oxide at 10 Torr pressure obtained with a single scan of the EC-QCL described in the text. The concentration was kept intentionally high
to observe transitions due to low abundance isotopomers. Top two traces: HITRAN simulation and experimental absorption spectrum. Bottom two traces: Frequency axis
zoom-in the 2204-2212 wavenumber range (marked with a horizontal bar). (Used by permission of Daylight Solutions).

favorably with spectra obtained using a conventional Fourier
transform infrared (FTIR) spectrometer, also shown in Fig. 5.

In order to obtain continuous spectral coverage between the
nominal emission frequencies of the individual lasers in the array,
one can tune the lasers in a small range with temperature. The la-
sers can either be heated locally by applying a sub-threshold dc
current to tune an individual laser, or the lasers can be heated
globally by changing the temperature of the heat sink on which
the laser array chip sits. With dc bias current, the tuning was
5cm~! with 300 mA. Alternatively, the same tuning was achieved
by varying the heat sink temperature with a thermoelectric cooler
from 252 to 325 K. Local heating using dc current can achieve the
desired temperature in milliseconds, while heat sink temperature
changes typically take tens of seconds.

We note that the frequency resolution of this QCL spectrometer
is determined by the lasers’ linewidth, which was measured to be
~0.01 cm™! in pulsed operation and ~0.001 cm™! in continuous-
wave operation. This is significantly better than the resolution of-
fered by a typical ‘bench top’ FTIR (~0.1 cm™!). Despite the nar-
rower spectral measurement range compared to FTIR
spectrometers, we believe that this QCL-based spectrometer can
provide a portable alternative to FTIR spectrometers in significant
portions of the mid-IR molecular fingerprint region. Most impor-

tantly, the fact that it uses lasers instead of a globar (the thermal
source used in FTIR spectrometers), has great advantages in terms
of much higher brightness, which could be of paramount impor-
tant in stand-off detection (i.e. the measurement of a spectrum re-
flected off a surface or aerosol clouds) remote sensing of trace
gases. Recently, wavelength beam combining was used to co-prop-
agate the multiple beams from the array of (DFB-QCLs) [41]. The
beam-quality product of the array, defined as the product of
near-field spot size and far-field divergence for the entire array,
was improved by a factor of 21 by using wavelength beam combin-
ing. To demonstrate the applicability of wavelength beam com-
bined DFB-QCLs arrays for remote sensing, the absorption
spectrum of isopropanol was measured at a distance of 6 m from
the laser array [41]. Beam combining was accomplished by a suit-
ably placed grating and transform lens that overlap the beams
from each laser in both the near-field and far-field.

In recent work [29] the range of frequencies covered by a single
DFB-QC laser spectrometer was greatly increased to cover the
available gain spectrum. The emission spectrum of the array
(Fig. 6) covers a range of 210 cm™!, much broader than that of
the original spectrometer (85 cm™'). Shown is also the spectrum
of an individual device indicating its single mode character and a
micrograph of the device cross-section.
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Fig. 5. Absorption spectra of isopropanol (squares), methanol (triangles) and
acetone (circles) obtained with an on chip spectrometers consisting of a 32
distributed feedback quantum cascade laser array and with a Bruker Vertex 80v
Fourier transform infrared spectrometer (continuous lines). The lasers were
operated in a pulsed mode at room temperature [28]. (Used by permission of IEEE
Journal of Quantum Electronics). Inset: Experimental setup for mid-infrared
spectroscopy of liquids with the quantum cascade laser source.
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Fig. 6. Spectra of a 24 single-mode DFB quantum cascade laser array [29]. (Used by
permission of IEEE Photonics Technology Letters). Laser frequencies are spaced
~9.5 cm apart and span a range of ~220 cm™'. Inset, top left: scanning electron
micrograph showing a cross-section of the device, which has been cut along the
laser ridge. The grating corrugation can be seen as the rectangular wave near the
top of the image, and the two active regions. Designed with gain spectrum
maximum at 8.4 and 9.6 pm respectively, are below, with a thin InGaAs spacer
between them. Inset, bottom right: Spectrum of a representative laser in the array
on a log scale, showing side mode suppression greater than 100. (From Ref. [29]
reproduced by permission of IEEE Photonics Technology Letters).

3.3. Quantum cascade laser beam shaping

Semiconductor laser beams, including those of QCLs, usually
have a large divergence angle (of around 50°, particularly in the
direction normal to the plane of the layers) due to the significant

diffraction caused by the thickness of device waveguide which is
comparable to the laser wavelength in the semiconductor. Usually
the beam collimation is performed using dedicated high numerical
aperture aspherical lenses as single element collimators. Other
beam-shaping schemes that could greatly reduce QCL beam diver-
gence are important for stand-off detection and remote sensing
over long distances, where good collimation is critical. Recently,
high beam collimation of QCL was achieved by fabricating inte-
grated collimators directly on laser facets by utilizing surface elec-
tromagnetic waves known as surface plasmons. For a review of this
and related development in beam engineering of QCLs, see [42].

4. Quantum cascade laser properties and vendors
4.1. Frequency regions for which sources are available

Asignificant developmentissue for QCL’s has been the problem of
achieving short wavelength (high frequency) operation. CW room
temperature DFB lasers operating at 2300 cm ™! are currently avail-
able commercially, as are DFB CW cryogenic temperature lasers
operating at 2375 cm™!, but for spectroscopists, the CH stretching
region from 3.7 to 3 wm (2700 to 3300 cm™!) is perhaps of greatest
interest. The upper frequency limit of QCLs is determined by the
maximum barrier heights defining the quantum wells. Reaching
wavelengths below 4 pm has proven to be very challenging
[17,43-48]. However this situation may soon change, as research
in this field is active in several groups [45-47,49-54]. In the most
widely used AllnAs/GalnAs material system, a short-wavelength
mid-infrared QCL, emitting pulsed at 3.5 pm (at 280 K), was demon-
strated using strain-compensated AllnAs/GalnAs on InP substrates
[43]. Shorter wavelengths down to 3.0 pm are possible but at a cost
of substantially lower temperatures. Several very recent break-
throughs in pulsed room temperature operation toward 3 pm have
been described based on using heterostructures with very high con-
duction band offsets: InAs—-AISb on InAs substrates [49] and InGaAs-
AlAs(Sb) on InP substrates [45,54]. In [49] QCLs emitting at a wave-
length near 3.3 pm up to a temperature of 400 K in pulsed mode
were reported. Recently, a pulsed room temperature single mode
operation DFB QCL at a wavelength as short as 3.34 um
(~3000 cm™!) with an output power of 0.8 W has been demon-
strated [51]. QCLs emitting at wavelengths near i=3.1pum
(~3225 cm™!) at room temperature have been demonstrated [54].
The lasers operated in pulsed mode with an optical power of 8 mW
at 295 K. By cooling to cryogenic temperatures wavelengths as short
as 2.75 um (~3600 cm~') have been demonstrated [45].

In the 3-4 pm spectral region, there is another technology that
has demonstrated significant performance improvements, the
interband cascade laser. The concept was pioneered by Yang in
1995 [55] and is based on an interband optical transition between
the valence band of GaSb and the conduction band of an adjacent
InAs layer, separated from the GaSb by a thin AISb tunnel barrier.
What makes this optical transition possible is the broken gap
band-alignment of the GaSb/InAs heterojunction, whereby the
top of the valence band of the former is above the conduction band
bottom of the latter. This band arrangement permits cascading of
many identical stages, just as in QCLs, that an electron can sequen-
tially tunnel through multiples stages emitting a laser photon at
each stage thus increasing the optical power. The best result re-
ported so far with this technology is CW operation at 300K for a
/=3.75 pm device with an optical power in excess of 10 mW [56].

Concerning lower frequency operation, as QCL operation moves
further into the mid-infrared region-well past the 8-13 pm trans-
mission window of the atmosphere one encounters phenomena
which exclude laser action in a certain frequency window. To
understand that, let us note that in all polar semiconductors, and
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in particular, for the IlI-V semiconductors used in QCLs, light of fre-
quency within the narrow band defined by the longitudinal and
transverse optical phonon frequencies suffers strong reflection
when normal-incident on a semiconductor surface. This band is
known as ‘Restrahlen’, a German word meaning ‘residual rays’.
Light in the Restrahlen band cannot propagate in the medium,
and is reflected back due to the formation of coupled photon-pho-
non modes (known as polaritons) made possible by the polar nat-
ure of chemical bonds in II-V semiconductors. Approaching this
region from higher frequencies, one also encounters multiphonon
absorption, which combined with the Restrahlen effect, is respon-
sible for the gap in QCL frequency coverage in the range between
about 200 and 400 cm~'. Approaching this region, QCL perfor-
mance deteriorates. So far, approaching this region from the high
frequency side, the longest wavelength operation achieved [57] is
24 pm (417 cm™!) in pulsed operation at cryogenic temperatures.
However, if the challenges of making QCLs based on Si/Ge alloys
can be overcome, uninterrupted wavelength coverage from the
mid-IR to the far-IR will become possible because there is no Rest-
rahlen band in SiGe due the non-polar nature of the bonds.

The region below the Restrahlen frequency band extending be-
tween approximately 30 and 300 pm is usually denoted as Tera-
hertz in the current literature. Because adequate sources in the
THz region are difficult to access, there is considerable activity in
developing THz QCLs. For a recent reviews of this field see Refs.
[33,58]. The low frequency limit of QCLs is around 1THz
(33 cm™!) but it requires a magnetic field. The first THz QCL, oper-
ating at 1 ~ 85 pum (3.5 THz) was reported in 2002, but despite seri-
ous efforts by a number of groups, room temperature operation
seems blocked. The current highest operating temperature is
186 K [59]. Lasing at 245 K has been achieved [60], but this re-
quired placing the device in a high magnetic field.

An alternative QC laser approach to THz generation is the differ-
ence frequency mixing inside a mid-IR laser operating simulta-
neously at two different frequencies. At present the best output
power by QC DFG is about 7 pW at 80 K and 300 nW at room tem-
perature [61]. However, the DFG THz frequency spectrum was not
sharp. It is estimated that device optimization should lead to
power levels ~1 mW at room temperature.

4.2. Laser operation

Some spectroscopic applications, such as trace gas monitoring
or atomic line experiments, require only modest frequency tuning
of perhaps 5 cm™. For these cases, the optimum solution is a DFB
QCL, provided that one can be obtained that works in the desired
frequency region.

The operation of DFB QCL is simple. In addition to the laser, a
thermoelectric temperature-controlled mount and high current
stability DC power supply capable of delivering about 1 A at 10V
are required. As the current passing through a QCL is increased,
the device will reach a threshold where the gain due to population
inversion equals the optical losses and lasing begins. Output power
will increase, and then level off and decrease. Generally in CW
operation, output power is limited by the active region tempera-
ture rise or the extrinsic carrier density in the injector regions,
which needs to be sufficiently large to allow injection of a high cur-
rent, but not too high, so as to avoid excessive optical losses by free
carrier absorption. In pulsed low duty cycle operation, the active
region is at the laser heat sink temperature and at room tempera-
ture the maximum peak output power is limited by the energy
misalignment between the upper state of the laser transition and
the injector at high enough currents. At a given heat sink temper-
ature, more peak power can be obtained in pulsed operation at low
duty cycle.

As already mentioned, frequency tuning of a DFB QCL is per-
formed by thermal tuning of the refractive index. Because QCLs
are so tiny and thus have quite small heat capacities, their temper-
ature can be changed rapidly by modulating the operating current.
Thus wavelength modulation over a Doppler-broadened line at a
few tens of kHz is simple.

For many spectroscopic applications, the tuning range of a DFB
QCL is inadequate. As discussed above, the most elegant way to
achieve broad tuning is to gang multiple DFB-QCLs into an array
[28,29]. These provide a very compact broadly tunable mid-IR
source. However, development of these laser arrays is at a very
early stage. The device requires optics to combine the lasers into
a single beam, which can be achieved using a grating and lens
[41]. As also previously discussed, the alternative is to incorporate
a QCL with a broad gain spectrum [27,38,62-64] into an external
cavity [22-26,40,65,66]. However, scanning without mode hops
requires using controllers to track cavity length and grating angle.

4.3. Noise and linewidth of quantum cascade lasers

The intrinsic noise of QCLs has been explored both in theory
[67-71] and by experiment [67,72-75]. The focus of these studies
has been on high frequency noise at 10 MHz and above, up to GHz.
For most spectroscopic applications, the detected signal is in the
kHz range or below where 1/f noise is expected to dominate. We
have been able to find no reports in the literature of systematic
exploration of noise below 1 MHz. This is not surprising because
this noise in most situations is primarily determined by the quality
of the current source for the QCL and is thus not readily transfer-
able from one instrument to another.

So far we have discussed amplitude noise. The other aspect is
frequency noise. Recently, the work of Paolo De Natale’s group at
the European Laboratory for Nonlinear Spectroscopy has been
brought to our attention [76]. They measured the frequency noise
power spectral density of a free running mid-IR (4 = 4.33 pm) sin-
gle mode cryogenically cooled QCL using the side of a Doppler
broadened molecular transition of CO,. This well-established
method allows one to convert laser frequency fluctuations into
detectable intensity variations with negligible added noise [77].
The spectrum of the intensity transmitted by this discriminator,
when the laser frequency is locked to the half height position i.e.
where the small signal response is linear, reproduces the spectrum
of the laser frequency fluctuations ‘amplified’ by the slope of the
absorption profile. The signal was detected with a fast 200 MHz
bandwidth HgCdTe detector. For these measurements, an ultra-
low noise current driver approaching shot noise was developed,
thus enabling the measurement of the intrinsic laser noise. Be-
tween 10 and 100 MHz, a white noise plateau is observed, which
decreases with increasing drive current-to-threshold-current-ratio
(I/Iyy) and corresponds to an intrinsic QCL linewidth of 510 Hz for I/
Iy = 1.54 and a CW optical power of 6 mW.

The observed hyperbolic dependence on I/Iy;, is in qualitative
agreement with recent theoretical predictions of the QCL linewidth.
For /Iy, = 1.54 its value is about 20% larger than the measured val-
ued, a discrepancy that could be in part explained from uncertainties
in the active region parameters used in the calculation such as life-
times and upper laser level injection efficiency [78]. The latter had
been previously assumed to be governed by the standard Schaw-
low-Townes formula of laser theory, augmented by the factor
(1 + o), where o is the alpha parameter which accounts for the effect
of refractive index variations caused by electron density fluctua-
tions. In QCLs, however, these variations are negligible at the peak
of the gain spectrum because the latter is in most cases symmetric
(Lorentzian). This fact led the authors of [1] to predict that oc in QCLs
should be very small. Several subsequent measurements confirmed
that[79-82]. The remarkable feature of Yamanishi et al. [ 78] is that it
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predicts, for small o, linewidths even narrower than the Schawlow-
Townes (4sr) value by a factor depending on I/I;, and on the ratio of
the spontaneous emission rate coupled into the laser mode to the to-
tal relaxationrate of the upper level. In most lasers, the latter is dom-
inated by spontaneous emission, which is the fundamental source of
noise. The fact that, in QCLs, the non-radiative relaxation rate from
the upper level is instead many orders of magnitude larger than
the spontaneous rate from the same level leads to the reduction of
the laser linewidth well below the Schawlow-Townes limit [78].
Note that in the above experiments the measured QCL linewidth is
substantially below the calculated linewidth (4 kHz at a laser power
of 6 mW) using the Schawlow-Townes formula.

4.4. Sources of QC lasers

There are several QCL wafer providers and commercial manu-
facturers of QCLs and ICLs as well as several companies that have
developed laser systems incorporating QCLs. These are listed in
Table 1.

5. Spectroscopy with quantum cascade lasers

Because of their broad gain profiles, relatively high power, and
narrow line widths, QCLs will be useful in a wide variety of spectro-
scopic experiments and applications. They have the additional
advantages of being extremely compact, with a volume of much less
than a cubic centimeter, operating at room temperature, and having
long lifetimes. It should be possible to manufacture them relatively
cheaply, since the material system (InGaAs/AllnAs) is commonly
used for optoelectronic and high speed electronics applications at
communication wavelengths and is epitaxially grown on InP using
the same commercial MBE and MOCVD InP based growth platforms
widely employed in IlI-V semiconductor device production. In addi-
tion, QCL device processing is basically very similar to that of well
established and mass produced DFB telecommunication laser tech-
nology in near-infrared spectral region. QCL research and develop-
ment continues to be an extremely active field so that we can
expect new and better QCLs in the near future.

Because the early QCLs had tuning ranges of only a few wave-
numbers, almost all of the early use of them was in trace gas mon-
itoring of small molecules with well resolved rotational structure.
All that was required was a laser that could be tuned to a line of the
gas of interest that did not overlap a line of another substance
present in the sample. Since most analytical applications were
monitoring of trace gases in the atmosphere, this meant that nor-
mally only overlap with lines of water and carbon dioxide had to
be avoided. Excellent selectivity for a particular molecule without

Table 1
List of companies providing QCL wafers, QCL sources and sensor systems.

loss of sensitivity was possible because as long as the width of a
rovibrational line was determined by pressure broadening, a
reduction in the total pressure by pumping analyte away did not
reduce its peak absorption. This enhanced selectivity has led to
an emphasis on point sampling methods in contrast open path
absorption, because the pressure of a sample could be reduced,
thereby narrowing absorption linewidths by more than an order
of magnitude and improving selectivity without significant reduc-
tion in peak absorption or sensitivity.

Early QCLs output powers of more than a milliwatt were suffi-
cient for a number of improvements in conventional absorption
spectroscopy. If the light source is weak, there is an optimum
path-length for a multi-pass system because light attenuation by
multiple reflections soon makes detector noise limiting. One milli-
watt of laser power is typically a factor of 10 million greater than
the noise of the best detectors, making many reflections possible.
Before QCLs became available, Aerodyne Research Inc. had been ac-
tive in developing relatively compact astigmatic long pass multiple
reflection cells, which match well the typically more powerful QC
sources.

More IR power also enabled more feasible cavity-enhanced
spectroscopies. While it is true that with a perfectly mode-
matched monochromatic input to a cavity, the light can pass
through a cavity unattenuated, even approaching such perfection
is challenging, and is unnecessary with enough power.

As available QCL power continues to rise, QCLs are finding more
application to photoacoustic spectroscopy, where the signal-to-
noise ratio is initially clearly limited by source power. Eventually
as the power rises, the noise floor will be determined by unwanted
excitation of the sound detector(s) by the light exciting vibrations
in the cell windows or by scattered light exciting vibrations of cell
walls. Through careful design, this limit can be pushed back to
accommodate watts of laser power. Thus, as QCLs continue to be-
come more powerful, photoacoustic spectroscopy will become an
even more important tool for high sensitivity spectroscopy. Ultra-
compact high sensitivity trace gas monitors can be created by com-
bining QCLs with quartz tuning forks to perform quartz-enhanced
photoacoustic spectroscopy (QEPAS) [83]. In this approach, the la-
ser beam is focused between the two tines of a quartz tuning fork,
such as those used in wristwatches.

6. Examples
6.1. Long pass absorption

Combining mid-infrared QCLs with the techniques of long
path-length absorption spectroscopy provides a flexible and

Company name Company website QCL wafers QCL sources QCL systems
AdTech Optics Inc. www.atoptics.com X X

Aerodyne Research Inc. www.aerodyne.com X
Alcatel-Thales III-V Lab www.3-5lab.fr X

Alpes Lasers www.alpeslasers.ch X

Archcom Technology Inc. www.archcomtech.com X

Cascade Technologies www.ctscientific.com X X
Daylight Solutions Inc. www.daylightsolutions.com X
Hamamatsu www.hamamatsu.com X

IQE www.iqep.com X

Laser Components Inc. www.lasercomponents.com X

Maxion Technologies Inc./PSI (Physical Sciences Inc.) www.maxion.com X X

Nanoplus Inc. www.nanoplus.com X

Neoplas Control Inc. www.neoplas-control.de X
nLIGHT Corporation www.nlight.net X

Pranalytica Inc. www.pranalytica.com X X
QuantaRed Technologies www.quantared.com X
Spire Corporation WWWw.spirecorp.com X
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straightforward route to high sensitivity and high precision mea-
surements of a wide variety of gas phase molecules. Increasing
the absorption path-length is a universal method of increasing
the absorption depth and thus the sensitivity of spectroscopic mea-
surements. For strongly absorbing gases at high concentrations, a
few millimeters of path may be sufficient, but some measurement
problems require a path-length of hundreds of meters. As men-
tioned earlier, low pressure (typically ~1/20 atmosphere) yields
narrow absorption lines for maximum sensitivity and minimum
interference from other gases. The long path-length generally is
provided by a multi-pass cell, an optical device to fold the path into
a compact volume. Popular types of multi-pass cell include the
White cell [84], Herriott cell [85] and astigmatic Herriott cell
[86]. In this section, we present recent examples of using QCL’s
with long path-length multi-pass cells for high sensitivity and high
precision measurements in atmospheric research.

The basic configuration of a long path-length spectrometer is
quite simple, comprising a laser, followed by a multi-pass cell
and then a detector. A cartoon of such a configuration is shown
in Fig. 7. The multi-pass cell has a definite path-length, and a con-
siderable fraction of the laser light may be transmitted to the
detector, minimizing the effects of detector noise. The basic mea-
surement of the absorption involves a comparison of three quanti-
ties, the signal at zero light, the signal due to background light (on
either side of the absorption) and the light signal centered on the
absorption line. Ideally, one should measure the area of the absorp-
tion line, i.e. the integrated deviation of the light signal from back-
ground, but this is rarely done with laser sources because very high
S/N and a flat baseline is required to separate the slowly decaying
wings due to pressure broadening from the baseline. Instead the
absorption lineshape is fit with a Voigt function. To measure the
absorption line, the laser may be linearly scanned over the line
to observe the direct absorption shape, or it may be modulated
sinusoidally to produce signals that are analyzed in terms of har-
monic content. Either method can yield low noise measurements,
as long as the sweep or modulation frequency is high enough to
avoid low-frequency laser flicker noise. The limiting noise source
may be detector noise (with low optical power) or noise associated
with the light, such as laser noise or fluctuations of optical interfer-
ence fringes produced in the multi-pass cell.

In practice, the configuration of a long path-length spectrome-
ter tends be more complicated than that shown in Fig. 7. For exam-
ple, two or more lasers may be combined to pass through the cell
in order to measure multiple substances. A single detector may be
used if the lasers are time multiplexed. A fraction of the laser out-
put may be split from the main beam for diagnostic or control pur-
poses. Monitoring the laser output power allows one to reduce the
effects of power variations with normalization. If a fraction of the
laser output passes through a short cell containing a high concen-
tration of the gas of interest, the laser frequency may be locked to a
specific absorption line.

The laser spectrometer shown in Fig. 8 is part of an instrument
suite developed at Harvard University and Aerodyne Research Inc.
[87-89]. This particular instrument has two pulsed, thermoelectri-
cally cooled QCLs, one operating at 7.8 pum to measure CH, and N,O

—]-
NV [
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Fig. 7. Schematic diagram of a very simple spectrometer with a single quantum
cascade laser, a multi-pass cell (MPC) and a detector (Det). The QCL is mounted on a
thermoelectric cooler in a hermetic enclosure, and a lens or other optical element is
used to collect the widely divergent light into a narrow beam.

et

Fig. 8. Photograph of a dual quantum cascade laser spectrometer used for
atmospheric research. The pulsed QCLs are in blue housings. Beams from the two
lasers are combined to pass through a multi-pass sample cell (MPC) with 76 m
path-length. A small fraction of the combined beam is split off to go through a short
reference cell (RC). Another split-off path is used for power normalization. All three
optical paths end at a pair of liquid nitrogen cooled detectors in a single dewar
(Det).

and another at 4.6 pm to measure CO. The lasers are rapidly swept
across the spectral lines, and measured spectra are synchronously
co-added then fit with computed spectral forms based on the high
resolution spectral parameters tabulated in the HITRAN database
[90] to derive concentrations.

The (astigmatic Herriott) multi-pass absorption cell [86] in this
instrument has 76 m of path in a volume of 0.5 . The detectors in
this instrument are liquid nitrogen cooled for maximum perfor-
mance. The demonstrated sensitivity at 1 Hz is 0.2 ppb for CO
(ambient concentrations vary widely), 0.8 ppb for CH4 (1 part in
3000 of ambient) and 0.1 ppb for N,O (also 1 part in 3000 of
ambient).

The dual QCL spectrometer described above has been integrated
into an instrument suite aboard NASA’s Hiaper research aircraft,
and already has flown on one mission sampling the atmosphere
(nearly) from pole to pole. The Harvard University (Steve Wofsy
group) instrument suite also contains a second QCL instrument
for measuring CO,. For the CO, instrument, a precision of 1 part
in 10000 of ambient (30 ppb in 1s) is achieved with only
~15 cm absorption path-length. The recently completed first sam-
pling mission, with the code name ‘HIPPO’, for ‘Hiaper Pole to Pole
Observations of carbon cycle and greenhouse gases’, has produced
the most comprehensive profile of a suite of greenhouse gases from
the boundary layer to the lower stratosphere and from the south
Pacific to the high Arctic [91]. Continuing HIPPO flights will help
to constrain global models of greenhouse gas sources, sinks and
transport.

The Hiaper QCL instruments illustrate an important distinction
in atmospheric measurements, the need in some cases for high
precision versus high sensitivity. In a high precision measurement,
one needs to distinguish small changes in a nearly constant gas
concentration. In a high sensitivity measurement, one seeks to
quantify a gas with very low (and perhaps highly variable) concen-
tration and its quantitative detection is the object. High sensitivity
(but not necessarily high precision) is required for reactive gases
and radicals which are present at very low and variable levels. In
such cases, a detection limit in the pptv range may be needed,
but one would not expect that measuring changes of 0.1% would
be useful. High precision is needed for stable gases, such as N0,
where sources and sinks are revealed by very small fractional
changes in concentration. For N,O, measuring changes of 0.1% of
the ambient level of ~325ppbv can be highly significant. In
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common with high sensitivity measurements, high precision re-
quires low detector and laser noise, and low interference from
other substances. Distinct from high sensitivity measurements,
high precision requires stable scale-factor, high degree of linearity
and low noise associated with the nominal concentration. Another
challenging atmospheric measurement problem that requires high
precision is isotopic analysis, and QCL-based spectrometers have
recently been developed that meet the challenge. For the ratio of
130, to ?C0,, both isotopologues must be measured with a pre-
cision on the order of 10~ to be useful in answering environmen-
tal questions. A CO, isotopic analysis spectrometer using a pulsed
QCL operating at 2310 cm™~! has been developed at Aerodyne Re-
search Inc., in collaboration with EMPA, the Swiss Federal Labora-
tories for Materials, Testing and Research [92,93]. This instrument
measures three isotopologues (!2C0,, 3C0O, and '2C'80'%0) at
ambient concentrations, with a precision for each of ~10™#in 1,
and can operate in field settings. The capacity for continuous field
measurement of isotopic ratios of atmospheric gases opens up new
possibilities in atmospheric research.

Field applications of QCL-based instruments have been greatly
facilitated by the recent availability of thermoelectrically (TE)
cooled mid-infrared detectors. When liquid nitrogen (LN,) cooled
detectors are no longer needed, fully cryogen free mid-IR instru-
ments can be used for long term in situ air monitoring. While cur-
rently available TE cooled IR detectors have higher noise than LN,
cooled detectors, the higher power of new QCL’s reduces the need
for high detector sensitivity making the use of TE cooled detectors
suitable for many applications. A fully non-cyrogenic pulsed QCL
CO, isotopic spectrometer has operated continuously for months
in a research station on the Jungfraujoch, also considered to be
the highest railway station in Europe. The precision achieved with
that instrument is almost as good as in similar instruments with
LN, cooled detectors.

As a final example of high precision in long path spectroscopy,
we describe recent results with a completely non-cryogenic instru-
ment using a CW QCL and a 210 m path-length cell measuring iso-
tope ratios of methane in ambient air in a field experiment. These
results thus combine several aspects of recent developments in
QCL-based long path-length spectroscopy. The ambient concentra-
tion of methane (~1800 ppb) is only ~0.005 times that of CO,, so
measuring 3CH,/'?CH, with useful precision is a challenge. A
QCL based spectrometer for methane isotopologues has been
developed at Aerodyne Research Inc., in collaboration with the
Wofsy group at Harvard University. That instrument has shown a
precision in '3CH,/'2CH, of 1.3%. (per mil) in 1s and 0.2%. in
100 s, which is a useful level of precision for environmental stud-
ies. This instrument can measure changes in fractional absorption
as small as 7 x 1077 with 100 s averaging. This instrument has
been measuring isotopic ratios of ambient methane at a fen in
New Hampshire since mid-summer, 2009.

Several examples have been presented where QCL’s have been
used in long path-length spectroscopic instruments for atmospheric
research, and where concentration measurements have been dem-
onstrated at high levels of precision. Numerous such QCL-based
instruments are currently in use in field settings, helping to answer
pressing questions in atmospheric and environmental research.
New types of mid-IR QCL based instrumentation are continuously
under development, including some with exceedingly long effective
path-lengths. The performance demonstrated by relatively simple
long path-length absorption instruments has helped to set a stan-
dard to which novel methods may be compared.

6.2. Cavity methods

Instead of using multi-pass cells, another way to obtain a very
long path-length is through application of resonant optical cavities.

Cavity ringdown spectroscopy (CRDS) [94-97] is intrinsically back-
ground-free. When carried out with high power pulsed lasers, it is
very simple to implement, requiring in addition to the laser, only
high quality cavity mirrors, a reasonably fast detector and suitable
data acquisition. However, this technique is harder to implement
with QCLs, which have maximum pulse powers only a few times
their CW output. Nevertheless, such a technique has been demon-
strated [98]. At the cost of additional complexity, this power limi-
tation can be overcome by locking the cavity to the laser to fill the
cavity followed by rapid laser turn off. Alternatively, the cavity can
be dithered while a CW laser is scanned slowly [99,100]. All of
these approaches were hindered by short ringdown times: high
reflectivity mirrors in the mid-infrared so far do not have the
remarkably high reflectivity of near-IR mirrors. Since the cavity
ring-down time is proportional to the mirror separation and inver-
sely proportional to the mirror loss, either the mirror separation
must be increased or the relative precision of measurement of
ring-down time improved in order to obtain the same low mini-
mum detectable absorption coefficients found in the near-IR. Nev-
ertheless there have been several applications combining CRDS
with QCLs.

A more popular method has been the direct measurement of
light absorption by the sample in the cavity. In order to obviate a
requirement that the cavity and laser be locked together, the most
common approach has been to use off-axis integrated cavity out-
put spectroscopy (OA-ICOS) [101-104]. This method is very closely
related to absorption spectroscopy using a multi-pass cell with the
principal difference being that in ICOS the beams are allowed to
overlap on the mirrors after many passes through the cavity. In this
approach, by using fairly large mirrors and introducing the laser
beam off the cavity axis, high order cavity modes are excited.
The principal effect limiting sensitivity is output fluctuations
(noise) caused by transmission noise due to the resonant mode
structure. One approach for minimizing this noise is to arrange that
the laser spots on the mirrors exhibit a circular pattern similar to
those of Herriot multi-pass cell. If many passes of the cavity take
place before any of these spots overlap, interference effects are
minimal because the path-length before overlap exceeds the
coherence length of the laser. By introducing a small amount of
astigmatism, the entire surface of the mirrors can be used [105].
Another approach for removing mode noise in OA-ICOS is to vi-
brate the mirrors [101-103]. This causes many mode hops to take
place within the time required to empty the cavity, effectively
averaging out this noise. Thus the trade-off between multi-pass
absorption and ICOS is that in multi-pass absorption, this mode
noise is not present because the spots never overlap, but for similar
mirror size and separation, the total path-length can be much
greater in ICOS. Since there are no transparent holes in the mirrors
in ICOS to admit and allow the exit of the beam, ICOS requires more
laser power, which is available with QCLs. A practical medical
application of QC laser OA-ICOS is the measurement [106] of NO
and CO, in the breath. More recently, Anderson’s group at Harvard
has constructed [107] an OA-ICOS instrument for measurement of
isotope ratios in water in order to obtain information about the
role of water in global climate change.

6.3. Photoacoustic spectroscopy

Laser photoacoustic spectroscopy (PAS) is a powerful technique
for trace-level gas sensing because it combines high sensitivity and
the ruggedness required for field deployable instrumentation
[108,109]. With a room temperature laser source, a PA based ana-
lyzer does not require cooling of any of its components, features
high linearity and dynamic range and is virtually background-free,
i.e. power normalized PA signal is proportional to the absorption
coefficient of a measured sample. Room temperature external cav-
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ity quantum cascade lasers (EC-QCL) are a perfect match for the
PAS technique because of their narrow linewidth, high output opti-
cal power, room temperature operation and continuous tunability.
The results reported below were obtained by an R&D group
(including author M.P.) at Pranalytica Inc. (Santa Monica, CA). A de-
tailed account can be found in Refs. [24,25]. All figures below are
reproduced with minor changes from the same Refs. [24,25].

In a typical PAS setup [108] the laser source is directed through
a photoacoustic cell. Upon exiting the cell, the laser beam is direc-
ted to a power meter. The photoacoustic signal due to laser radia-
tion absorption by the molecule of interest is measured via a
microphone. The cell is closed with AR coated entrance and exit
windows and gas sample is introduced through inlet and outlet
ports. The PAS cell cavity is designed to be an open pipe acoustical
resonator and the laser beam is amplitude-modulated at the fre-
quency of the first longitudinal resonance of the resonator; in the
present implementation, this is ~1800 Hz. The microphone output
signal is amplified and sent to a lock-in amplifier. The ratio of the
lock-in amplifier output and the laser power measured by the
power meter is proportional to the absorption coefficient of the
analyzed gas. When the PAS cell is properly vibrationally isolated,
the resonant nature of the PAS cell enhances the PAS signal by the
quality factor of the resonance, improving the signal-to-noise of
the gas signal.

6.3.1. Spectroscopy of nitrogen dioxide

NO, is a smog and particulate matter precursor and one of the
routinely monitored pollutants [110]. Ambient concentrations of
NO, typically are from 5 to 20 ppb levels. Ambient NO, sensing
at 6.2 um is often complicated by potential interference from
water vapor. To demonstrate sensor performance in realistic condi-
tions, the spectra were recorded [25] both in clean dry air (CDA)
and in air with added 0.85% absolute humidity (corresponding to
28% relative humidity at 25 °C). PAS spectra of water vapor and
NO, in humidified air, recorded in the spectral range around
1600 cm™!, are shown in Fig. 9 along with the HITRAN molecular
absorption database [90] (www.HITRAN.com) simulations.

A triplet spectral feature of NO, (labeled A in Fig. 9), centered at
1599.95 cm™! and seen to be water-interference free, was used to
evaluate the PAS sensitivity for detecting NO,.

Fig. 10 shows PAS response linearity for several NO, concentra-
tions from 10.4 ppm to 100 ppb. The background noise level is
equivalent to 0.5 ppb of NO, (S/N=1) and arises predominantly
from the electrical noise of the cell microphone preamplifier and
not from the laser background (Fig. 10).

6.3.2. Spectroscopy of trinitrotoluene (TNT) vapor

An FTIR spectrum of TNT vapor reveals two broad strong
absorptions in the 6-8 um region [111]. The peak at 7.4 pm was
selected for TNT sensing based on availability of 7.3 um center gain
media and the EC-QCL analyzer described above. A TNT gas phase
sample was created by entraining headspace vapor of a solid sam-
ple of TNT8 into the controlled flow of dry air. The temperature of
the TNT sample was controlled and varied from room temperature
to 60 °C. The gas transport lines from the TNT sample chamber to
the PAS cell and the cell itself were maintained at 60 °C to prevent
condensation of TNT vapors on the walls.

The left hand graph on Fig. 11 shows a PAS spectrum obtained
when the TNT sample was kept at 24, 35, 45 and 55 °C, respectively
[24]. A number of sharp absorption features arising from residual
water vapor in the system (as verified using water vapor absorp-
tion spectra obtained from HITRAN simulations) occur at certain
wavelengths in the same region of wavelengths. The QCL-PAS spec-
trum, though it qualitatively matches the FTIR spectrum, is signif-
icantly broader than the FTIR. In fact, the QCL-PAS spectrum
appears to consist of two distinct features, one centered at
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Fig. 9. HITRAN and PAS spectra of water and nitrogen dioxide. (From Ref. [25]
Copyright PNAS 2006).
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~7380 nm matching the expected absorption feature of TNT and
the second one centered at ~7300 nm that arises from an unknown
impurity in the commercial grade TNT. The unknown impurity
gradually disappeared as the TNT sample was kept at 100 °C for
48 h while flushing the sample with clean dry air. The right hand
graph of Fig. 11 shows the PAS spectrum of ‘purified’ sample of
TNT vapor in a background of room air with a relative humidity
of about 40% at 25 °C. The TNT detection limit is estimated to be
~0.1 ppb (S/N of 1) and corresponds to saturated TNT vapor pres-
sure at 5 °C.

6.4. Quartz-enhanced photoacoustic spectroscopy
The intensity of an acoustic vibration induced by laser radiation

in a gas-filled resonant cavity is determined by the following
equation:
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p=k—x— (1)

Here p is the pressure amplitude of the acoustic vibration, k is a
dimensionless coefficient dependent on the properties of the gas
and a particular acoustic cavity design, W is the absorbed optical
power, V is the acoustic mode volume, Q is the quality factor of
the cavity and f is the resonant frequency of the cavity. A factor
Q/~nf is equal to the acoustic cavity ring-down or build-up time;
thus, WQ/xf represents an amount of energy stored in the acoustic
cavity, and p is proportional to the energy density in the gas. This
leads to the important conclusion that the magnitude of the PAS
signal can be increased by reducing the resonator volume. Typically,
the basic design element of a photoacoustic cavity is a cylindrical
channel along the laser beam. In this case,

WV = al/(mr?l) = o/ (1r?) (2)

where [ is the channel length, r is its radius and « is the optical
absorption coefficient. It follows from (2) that, contrary to LAS,
the useful signal (pressure amplitude) does not directly depend
on the optical path in the sensor. This fact opens up an opportunity
of creating truly miniature and still highly sensitive absorption
detection modules, comparable in size with a semiconductor laser.

The conventional approach to the photoacoustic detector
(spectrophone) design has limitations which do not allow reducing
V below ~10 cm?. The overall spectrophone dimensions, including
sound isolation and buffer gas volumes, are typically ~10 cm or
more, which is much larger than the QCL size.

A breakthrough in volume and size was achieved with a tech-
nique named quartz-enhanced photoacoustic spectroscopy, or QE-
PAS. QEPAS is based on using a quartz tuning fork (QTF, Fig. 12) as
an acoustic transducer [83,112]. A QTF is cut out of a quartz mono-
crystal and properly oriented with respect to crystallographic axes.

Quartz is a piezoelectric material, and therefore electrical charges
are generated on its surfaces when the crystal is mechanically de-
formed. Metal films deposited on the surfaces collect these
charges, which then can be measured either as a voltage or as a
current, depending on the electronic circuit used. Hence, a QTF
can be considered either as a mechanical or as an electrical
oscillator.

The QTFs were originally designed for use in electronic clocks as
frequency standards. The majority of commercially produced QTFs
have a resonance at f= 32.8 kHz. So far, only QTFs at this frequency
have been used in QEPAS sensors. Because of their long history of
design refinements and mass production, QTFs provide both low
cost and a number of unique properties, such as:

- High Q factor, typically ~100 000 in vacuum and ~10000 at
atmospheric pressure.

Fig. 12. Photograph of a quartz tuning fork. QTFs of this geometry was used in most
QEPAS studies carried out in Rice University.
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- Large dynamic range. The relation between electrical response
and mechanical deformation has been shown to be linear up
to the breakdown deformation of ~1072cm tip displacement
from the equilibrium position. At the same time, thermal noise
of the QTF is readily observed and corresponds to ~10~'°cm
tip displacement.

- Wide temperature range. QTFs have been used in superfluid He
at 1.56 K [113] and can potentially operate up to ~700 K where
the piezoelectric effect vanishes.

— Spatial selectivity. The QTF is designed in such a way that the
electrical signal is generated only when the two tines move in
opposite directions. Therefore, it is mostly sensitive to a sound
source positioned in a 0.3 mm gap between the tines.

This last property determines the preferred scheme for photoa-
coustic excitation of a QTF: the laser beam passes between the QTF
prongs, as shown in Fig. 13a. In this case, the probed optical path is
only as long as thickness of the QTF, or ~0.3 mm. Such a configu-
ration can be useful when the excitation radiation cannot be
shaped into a near-Gaussian beam, like for example for spatially
multimode lasers. It was used in some experimental works and
theoretically analyzed in [114].

The sensitivity can be significantly improved using a configura-
tion shown in Fig. 13b, where two pieces of rigid tubing are added
to confine the optically generated acoustic vibrations in the gas.
Under certain conditions, these tubes can act as an additional (with
respect to QTF) acoustic resonator. While the behavior of this sys-
tem is quite complex and not yet fully theoretically understood, it
was shown experimentally [115] that the configuration (b) yields
10-20 times improvement of the signal-to-noise ratio (SNR)
compared to configuration (a). Sensor dimensions remain small,
because the combined length of the microresonator tubes is be-
tween 5 and 10 mm with a tube inner diameter of 0.4-0.8 mm.
Most QEPAS based sensors utilize configuration (Fig. 13b). Other
QEPAS spectrophone configurations are also possible [116].

Like conventional photoacoustic spectroscopy, QEPAS does not
require optical detectors such as photodiodes and can be used in
different spectral regions with little or no modification to the
spectrophone. This feature is especially attractive for gas sensing
in the 5-20 pum region, where the availability of high-performance
optical detectors is limited, and cryogenic cooling is often required.
The QEPAS technique also benefits from the high optical power of
QCLs.

Most QEPAS sensors to date have been based on 2f wave-
length modulation (WM) spectroscopy, which provides complete
suppression of any coherent acoustic background that might be
created when stray modulated radiation is absorbed by nonse-
lective absorbers, such as the gas cell elements and the QTF it-
self. For QEPAS 2f WM spectroscopy, the laser wavelength

must be modulated at half the resonant frequency of the QTF.
In this case, the noise floor is determined by thermal noise of
the QTF [117].

Due to its high Q factor, the QTF used as a detector has a long
response time, determined by the equation 7 = Q/=f. Therefore,
the technique of rapid spectral scans often used in LAS is not appli-
cable. However, 2f WM QEPAS produces background-free data,
eliminating the need of spectral scanning to determine the base-
line level. Hence, while slow spectral scans can be performed and
are actually useful for laboratory studies, field-application oriented
sensors are designed to have the laser locked to the absorption line
of the target gas and to continuously monitor the signal resulting
from the optical absorption at that wavelength.

The first QEPAS based trace gas sensing experiments using QCLs
and ICLs were performed in 2004 [118-120]. In [119], a liquid
nitrogen cooled CW DFB QCL at 4.55 um was used to detect N,O
(2195.633 cm~! absorption line) and CO (2196.664 cm™!). This
work revealed that molecular energy transfer processes leading
to thermalization of excess molecular vibrational energy (V-T
relaxation) have a significant impact on the sensor performance.
The observed QEPAS signals in N,O:N, and CO:N, mixtures were
much lower than expected based on the relevant absorption coef-
ficients. This phenomenon is well known in conventional photoa-
coustic spectroscopy, see for example [121]. If the V-T relaxation
rate is lower than the optical excitation modulation frequency,
the amplitude of the optically induced acoustic signal is reduced.
This effect is more significant for QEPAS due to the high modula-
tion frequency of 32.8 kHz. It is more likely to occur with small
(2-3 atoms) molecules, which do not have a dense ladder of energy
levels to facilitate V-T relaxation. Sometimes, a small addition of
other species eliminates the V-T relaxation bottleneck. In [119],
adding 5% SFg to a N,O:N, mixture increased the signal 10 times
and resulted in a 4 ppbv detection sensitivity in 0.0625 Hz band-
width with 11 mW of laser power. In many practical applications,
the presence of small amounts of H,O vapor in the analyzed gas
solves the slow relaxation problem.

While V-T relaxation can complicate QEPAS based sensing in
some cases, the same phenomenon can be used in other situations
to add to the chemical selectivity. It was noticed already in 1946
[122] and experimentally confirmed in 1948 [123] that the phase
of the photoacoustic signal can be used to measure the V-T relax-
ation rate. Thus, this rate or the related phase shift can be used as
an additional spectroscopic parameter to distinguish species with
overlapping absorption spectra. Such an approach was used in
[120] to measure trace CO impurity concentrations in 100%
propylene.

QEPAS excitation can also be performed in an amplitude modu-
lation (AM) mode, although in this case a coherent acoustic back-
ground should be expected. This background is directly

a

b

Fig. 13. The QTF based spectrophones: (a) simplest configuration and (b) improved configuration with an acoustic resonator formed by two pieces of rigid tubing.
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proportional to the laser power reaching the spectrophone. There-
fore, the sensitivity limit is no longer determined by the QTF ther-
mal noise alone but also by laser power fluctuations and spurious
interference features. The AM mode must be used if the absorption
feature of interest is spectrally so wide that fast modulation of the
laser wavelength across this feature is not possible. This is often
the case for large or heavy molecules, when individual ro-vibra-
tional transitions are not resolved and absorption bands look
unstructured. In AM mode, there are several choices of the modu-
lation method. The first QEPAS gas sensing experiments using
amplitude modulation on a congested band of tetrafluoroethane
using pulsed lasers were reported in 2006 [124]. More recently
an EC-QCL tunable in the 1120-1240 cm™! range was utilized to
quantify trace concentrations of Freon 125 (pentafluoroethane)
and acetone in nitrogen, added individually or simultaneously
[125]. The figure of merit in photoacoustic spectroscopy is the
noise equivalent absorption coefficient at unit bandwidth at unit
laser power and is designated NNEA. An NNEA=2.64 x
1072 cm~! W/Hz""? comparable to the best results of conventional
PAS and corresponding to ppbv levels of the Freon 125 was ob-
tained using separate measurements of coherent acoustic back-
ground in pure nitrogen and its subsequent subtraction from the
signal.

6.5. Faraday rotation spectroscopy with quantum cascade lasers

In the vicinity of an optical transition, there is an anomaly in the
index of refraction. Faraday rotation spectroscopy (FRS) [126,127]
takes advantage of dispersion effects of paramagnetic species (such
as NO,NO,, OH™ or O,). When an external magnetic field is applied in
the same direction as the light propagation, paramagnetic molecules
exhibit magnetic circular birefringence (MCB). This implies that the
refractive index is different for left-handed and right-handed circu-
larly polarized waves traveling in the medium. Thus with the transi-
tion split by the magnetic field, linearly polarized light, which is a
superposition of two circularly polarized waves, is affected by differ-
ent Zeeman components of the transitions,and MCB can be observed
as rotation of the polarization plane of a linearly polarized laser radi-
ation. Such a polarization rotation, which is observed strongly only
around absorption lines, is proportional to the column density of
paramagnetic species. The polarization rotation angle can be de-
tected very precisely using a modulated magnetic field and phase
sensitive detection techniques.

The basic FRS setup is shown in Fig. 14. The FRS signal is mea-
sured by placing the sample between two Rochon polarizers, so
that the Faraday rotation can be detected as intensity modulation
of the light emerging from the second polarizer (analyzer). Two
methods have been used for polarization rotation measurement:
the so called 90-degree method uses two polarizers with almost
crossed polarization axes and a single photodetector for sensing
of the transmitted light intensity [126], and the second measure-
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ment method [127] orients the analyzer at 45° splitting the beam
into two polarizations and uses two balanced detectors to detect
that the beams go out of balance when MCB is present. Signal-
to-noise (SNR) enhancement is achieved in slightly different ways
for the two methods, but fundamentally both are based upon effi-
cient suppression of laser amplitude noise while maximizing the
Faraday rotation signal. In both methods, the spectral shape of
the FRS signal is the sum of the differences between Zeeman
shifted dispersion curves. Since the polarization rotation and thus
the variation of the analyzer transmission exist only when the
nitric oxide molecules are present, FRS is considered a zero optical
background technique and provides ultra-high sensitivities.

In the 90-degree method, suppression of the laser noise is
achieved by nearly crossing the analyzer, thus reducing the
amount of laser amplitude noise arriving at the detector. The signal
is also suppressed by crossing the polarizers, but SNR enhance-
ment is obtained, because the signal is an approximately linear
function of the displacement of the analyzer angle from minimum
transmitted light, while the noise has a quadratic dependence
upon angle. Significant improvements in SNRs have been demon-
strated even for relatively noisy laser sources such as color center
lasers [126]. The application of quantum cascade lasers, which are
much more compact, powerful and exhibit much lower amplitude
noise than, e.g. color center laser sources, is [128] an important
step in adopting the FRS technology for applications outside the re-
search laboratory.

Depending on the ratio of laser intensity fluctuations to detec-
tor noise at the modulation frequency, the signal-to-noise ratio
can be limited either by detector noise for quiet sources or by pola-
rizer quality for noisier sources. There is an optimum analyzer an-
gle for the 90-degree method, which depends upon detector noise
or polarizer quality. This has been analyzed in detail (see [128,
Supplementary material]).

The FRS signal can be modeled [129,130] based on parameters
of the molecular transition, including magnetic moment and
experimental conditions (sample pressure, temperature, magnetic
field amplitude, optical path-length, etc.). Precise modeling of the
FRS signals has a great potential for providing consumable-free cal-
ibration, which is particularly attractive for field sensing
applications.

An experiment using a cryogenically cooled indium-antimonide
(InSb) detector with only 44 cm optical path-length yielded a 16
minimum NO detection limit of 380 pptv with 1 s lock-in time con-
stant [128]. This corresponds to 5.9 x 10~% equivalent minimum
detectable fractional absorption calculated for this NO Q35(3/2) line.
The best current state-of-the-art LAS systems require more than ten
times the path-length in order to provide a comparable sensitivity.

FRS can be applied to most molecular species possessing a perma-
nent magnetic dipole moment. Examples are nitric oxide, oxygen,
nitrogen dioxide and many radicals, e.g. hydroxyl radical. Semicon-
ductor laser sources and in particular QCLs, which operate in the
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Fig. 14. Schematic of the 90° FRS scheme. The two Rochon polarizers (RP) are nearly crossed at angle determined to give the best S/N.
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mid-IR molecular fingerprint region, in combination with ultra-sen-
sitive FRS, can provide particularly attractive technology for com-
pact and accurate trace-gas detectors for true field applications.

7. Future prospects

While the tuning range of QCLs was only a few cm™!, spectro-
scopic opportunities were essentially limited to monitoring spe-
cific species. Thus, besides trace gas monitoring of small
molecules, the only opportunities appeared to be monitoring spe-
cies in chemical gas kinetics or doing saturation spectroscopy on
a few particular molecular lines [131-136]. Once it became possi-
ble to construct EC sources covering two or even three hundred
cm~!, the monitoring with some selectivity of larger molecules
with congested rotational spectra having no mid-IR rotational lines
resolved (the vast majority of molecules) became possible. In most
cases, IR molecular spectra in condensed phases (liquids or solids)
are generally rather broad and featureless as well. QCL spectros-
copy has been applied to a small number of such cases condensed
phase cases, such as functional group characterization of liquid
chromatography peaks [137], detecting trace water in solvents
[138] and photoacoustic spectroscopy of solids [139].

It seems unlikely that QCLs will be used to any great extent in
Doppler-limited investigations of the high resolution spectra of
stable molecules because high resolution FTIR is equally powerful
and still much easier (though with a high entry price, especially for
high-resolution models such as Bruker IFS 125 Series with resolu-
tion ~0.001 cm™?). Although FTIR is quite sensitive, laser spectros-
copy is much more sensitive because the intrinsic brightness per
unit frequency interval of the laser is so much greater than any
practical blackbody source. Thus, QCL spectroscopy has a bright fu-
ture in the study of transient species such as radicals or ions. Such
species typically can be prepared in steady state only in very low
concentrations or only transiently (by flash photolysis, for exam-
ple) in higher concentrations.

Laser sources generally are much more suitable than FTIR for
absorption spectroscopy in supersonic jets for several reasons
(especially for studies of transient species, including weakly bound
species). As noted above, sensitivity for a given path-length is bet-
ter, the coherent beam is easier to multi-pass through the small
cross-section of the jet, and the QCL’s small linewidth matches
the smaller linewidths that can be found in a slit jet.

QCLs because of their relatively high power and narrow line-
widths are extremely well suited to moving populations between
states and to depositing energy selectively. With the ability to ob-
tain tunable radiation throughout most of the mid-IR, there is a
bright future for the application of QCLs to multiple resonance
experiments, to molecular dynamics experiments, to molecular
beam resonance studies, to helium droplet spectroscopy, to hole
burning in heterogeneously broadened solid state systems, and
for driving infrared photochemistry of materials isolated in cryo-
genic matrices.

Progress in the development of QCLs in the 15 years since their
first realization has been breathtakingly rapid. Now that the tech-
nology has grown so much, we can expect equally breathtaking
progress in their application in many areas of chemical physics.
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