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Abstract: Various applications, such as pollution monitoring, toxic-gas detection, non
invasive medical diagnostics and industrial process control, require sensitive and selective
detection of gas traces with concentrations in the parts in 109 (ppb) and sub-ppb range.
The recent development of quantum-cascade lasers (QCLs) has given a new aspect to
infrared laser-based trace gas sensors. In particular, single mode distributed feedback QCLs
are attractive spectroscopic sources because of their excellent properties in terms of narrow
linewidth, average power and room temperature operation. In combination with these laser
sources, photoacoustic spectroscopy offers the advantage of high sensitivity and selectivity,
compact sensor platform, fast time-response and user friendly operation. This paper reports
recent developments on quantum cascade laser-based photoacoustic spectroscopy for trace
gas detection. In particular, different applications of a photoacoustic trace gas sensor
employing a longitudinal resonant cell with a detection limit on the order of hundred ppb of
ozone and ammonia are discussed. We also report two QC laser-based photoacoustic
sensors  for the detection of nitric oxide, for environmental pollution monitoring and
medical diagnostics, and hexamethyldisilazane, for applications in semiconductor
manufacturing process.
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1. Introduction

The detection and quantification of trace gases is of great interest in a wide range of applications
such as pollution monitoring, industrial process control, toxic-gas detection and human breath analysis
for medical diagnostics. These applications require trace gas sensors characterized by high sensitivity
(ppb or sub-ppb levels) and selectivity (to avoid interferences from other potential interfering species),
multi-component capability, real time and continuous measurements, large dynamic range, in situ
measurements, ease and autonomous of operation.

Today, there are different spectroscopic methods which can potentially meet many of these
requirements. In addition, the recent development of quantum cascade lasers offers interesting light
sources for laser-based gas sensors operating in the mid-infrared spectral region where the molecular
absorptions are stronger than in the near-infrared [1].

In particular, photoacoustic spectroscopy (PAS) represents a very attractive technique for sensitive
trace gas detection. PAS is based on the generation of an acoustic wave in a gas cell resulting from the
absorption of modulated light of appropriate wavelength by molecules. The amplitude of this sound
wave is directly proportional to the gas concentration and can be detected using a sensitive microphone
if the laser beam is modulated in the audio frequency range.

In combination with quantum cascade lasers (QCLs), PAS offers the advantage of high sensitivity
(ppb detection limits), large dynamic range (linearity over a range of 106) compact set-up, fast time-
response and simple optical alignment, if compared with other competing detection schemes, such as
multi-pass absorption spectroscopy [2,3] or cavity ringdown spectroscopy [4], which offer similar
performances, but require more sophisticated equipments.

In this review we report recent developments on quantum cascade laser-based photoacoustic
spectroscopy for trace gas detection. After a preliminary section describing the fundamentals of
photoacoustic spectroscopy, the paper is divided into two sections. In the first one, we present some
trace gas detection schemes based on QCLs which prove the potentialities of these new light sources.
In the second section, we report a number of selected applications of photoacoustic spectroscopy with
QCLs demonstrated worldwide by several groups [5-9].

2. Photoacoustic spectroscopy

2.1. Theoretical background

The generation and the detection of the PA signal can be divided into three main steps [10,11]:
(1) Absorption of modulated light of appropriate wavelength by molecules and heat release in the

gas sample due to non-radiative relaxation (molecular collisions) of the excited states.
(2) Generation of an acoustic wave due to the periodic heating of the gas sample.
(3) Detection of the acoustic signal in the photoacoustic cell.
In the case of small absorption (α << 1) and intensities (no saturation of molecular transition) and

for modulation frequencies that fulfil the condition ωτ <<1 (ω in the kilohertz range or below, τ is the
total lifetime of the excited states), the heat production rate ( )trH ,  is directly proportional to the
molecular absorption coefficient α and to the radiation intensity ( ) ( ) tierItrI ω

0, = . Its modulation

directly follows the modulation of the incident radiation:
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( ) ( ) tierItrH ωα 0, =                                                                 (1)

The inhomogeneous wave equation relating the acoustic pressure p and the heat source H is
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here c indicates the sound speed in the gas and Vp CC=γ  the ratio of specific heats. In this equation

the dissipative terms due to viscosity and thermal conduction are neglected.
For a sinusoidal modulation of the incident radiation with an angular frequency ω, the Fourier

transform of the pressure amplitude p is expressed as a superposition of normal acoustic modes:
( ) ( ) ( )rpArpp j

j
j∑== ωω,                                                (3)

where Aj is the complex amplitude of the normal mode j and pj are the solutions of the homogeneous
wave equation:
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which satisfy the boundary condition of vanishing normal gradient at the cell walls.
The PA signal measured by a pressure sensor, usually a microphone, is given by

( ) ( )λαλ ⋅⋅= PCS                                                                  (5)
where C is the cell constant in the unit of Vcm/W, P the optical power of the laser source and α the
absorption coefficient which is related to the gas concentration (N, number density of molecules) and
absorption cross section (σ) by σα N= .

2.2. Cylindrical photoacoustic cell

The orthonormal modes for cylindrical geometry of the PA cell are given by the superposition of
longitudinal, azimuthal and radial modes identified by the eigenvalues l, m and n respectively [11].
The corresponding angular frequency is given by:

21222

2
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
+

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
+

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
==

R

n

RL

lcf mn
jj

α
ππω                      (6)

where R and L respectively indicate the radius and the length of the cylindrical cell and αmn is the zero
of order n of the equation 0=∂∂ rJ m  with Jm the Bessel function of order m.

The Fourier coefficient Aj(ω) is given by:
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which takes the orthonormal conditions for the eigenfunctions pj and the mode damping into account
and where Vo is the cell volume, Q the quality factor of the resonance and the integral describes the
geometrical coupling between laser radiation and the acoustical mode.

If the modulation frequency is equal to one of the acoustical eigenfrequencies of the cavity (ω =
ωj), the energy is accumulated in a standing wave and its amplitude is amplified in comparison to a
non resonant cell (ωj = 0) by a factor equal to the quality factor Q.
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3. Quantum cascade lasers for trace gas detection

The recent development of quantum-cascade lasers offers an attractive new option for the
development of laser-based gas sensors and high resolution spectroscopic applications [1]. Based on
intersubband transition in a multiple-quantum-well heterostructure, the emission wavelength of QCLs
can be tailored over a wide spectral range in the mid-infrared, using band-structure engineering. In
particular, single mode quantum cascade lasers have become very attractive for mid-infrared gas
sensing techniques thanks to tunability in the spectroscopically important region from 3 to 20 µm
(fingerprint region), where many polluting gases exhibit strong fundamental ro-vibrational absorption
transitions which are one or two orders of magnitude more intense than overtone or combination band
in the near infrared. Moreover, single mode distributed feedback (DFB) quantum cascade lasers show
excellent properties in terms of narrow linewidth, average power (tens of milliwatt) and room
temperature operation and their implementation has the potential of considerably improved flexibility.
They overcome some of the major drawbacks of other traditional mid-IR laser sources: lack of
continuous wavelength tunability and large size and weight of gas lasers (e.g. CO and CO2), low
output power and cooling requirement of lead salt diode lasers, complexity and low power of nonlinear
optical sources.

Since 1998, when DFB-QCL were demonstrated for the first time in trace gas sensing applications
[12], several trace gas detection schemes based on DFB-QCL have been developed and the number of
applications is rapidly increasing in particular in medicine and pollution monitoring.

Kosterev et al. [4] reported a spectroscopic gas sensor for nitric oxide (NO) detection based on the
cavity ringdown technique. A continuous wave (CW) QC-DFB laser operating at 5.2 µm was used as a
tunable single-frequency light source. Measurements of parts per billion (ppb) NO concentrations in
pure N2 with a sensitivity of 0.7 ppb for a data collection time of 8 s were performed.

Weidmann et al. [13] reported the development of a gas sensor based on long-path absorption and a
quantum cascade laser for the detection of ethylene (C2H4). The laser, operated in a pulsed mode at a
wavelength of ~10 µm, was thermoelectrically cooled. Gas absorption was recorded in a 100-m optical
pathlength astigmatic Herriott cell. With a 10-kHz pulse repetition rate and an 80-s total acquisition
time, a noise equivalent sensitivity of 30 parts per billion was demonstrated. The sensor was applied to
monitor C2H4 in vehicle exhaust as well as in air collected in a high-traffic urban tunnel.

Menzel et al. [2] monitored NO in exhaled human breath using quantum cascade laser-based cavity-
enhanced spectroscopy (CES) with an effective path length of 670 m. The distributed feedback QCL
operated in continuous wave at liquid nitrogen temperature near λ = 5.2 µm. The minimum detectable
NO concentration was found to be 16 ppb. The same group has recently reported [14] off-axis CES,
combined with a wavelength-modulation technique, with a thermoelectrically cooled, cw DFB QCL
operating at 5.45 µm for the detection of NO with sub-ppb detection limits. They used a 50-cm-long
high-finesse optical cavity with an effective path length of 700 m. A noise equivalent minimum
detection limit of 0.7 ppb with a 1-s observation time was achieved.

4. Photoacoustic spectroscopy with quantum cascade laser

In recent years quantum cascade lasers have also been successfully used in combination with
photoacoustic spectroscopy for the detection of gas traces with concentrations in the ppb range. The
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most important applications and results are summarized in table 1.

Table 1. Summary of selected published results on QCL-based photoacoustic spectroscopy gas
sensing.

Reference [7] [6] [5] [8] [9]

Chemicals H2O, NH3
NH3, CO2,

CH3OH
O3 NO HMDS

Laser

source

8.5 µm
DFB QCL, CW,

P= 16 mW

10.2 µm
DFB QCL,

pulsed,
duty cycle 3-4%

P= 2 mW

9.5 µm
DFB QCL,

pulsed,
duty cycle 2%
P= 2-4.6 mW

5.3 µm
DFB QCL,

pulsed,
duty cycle 1.4%

P< 8 mW

8.4 µm
Fabbry Perrot
QCL, pulsed,

duty cycle
0.0014%
P< 1 mW

PA Cell
First longitudinal

mode,
1.66 KHz

Multipass cell,
First longitudinal

mode,
1.25 KHz,

16 microphones

Differential cell,
First longitudinal

mode,
3.8 KHz,

First longitudinal
mode,

1.38 KHz,
4 microphones

First longitudinal
mode,

1.38 KHz,
4 microphones

Detection

limit
100 ppb for NH3

(10 min.)

300 ppb for NH3
at  400 mbar,
αmin=2.2×10-5

cm-1

102 ppb,
αmin=1.24×10-6

cm-1

500 ppb,
αmin=4.4×10-6

cm-1

200 ppb,

4.1. Review of selected published results

Paldus et al. [7] reported photoacoustic spectra of ammonia (NH3) and water vapor (H2O) using a
CW cryogenically cooled QC-DFB laser emitting at 8.5 µm with a 16 mW power output. They used a
PAS resonant cell (1.66 kHz) which consisted of an acoustic resonator (100 mm long, gold-coated
copper) and two buffer volumes (50 mm long) introduced to reduce the background signal due to the
heating of the two ZnSe Brewster windows. The laser beam intensity was modulated at 1.66 KHz
using a mechanical chopper. The QC-DFB was scanned in wavelength over 35 nm by temperature
tuning for generation of absorption spectra or temperature stabilized for real-time concentration
measurements. Photoacoustic measurements were obtained for concentrations ranging from 2200
ppmv to 100 ppbv. The detection limit of ammonia was 100 ppbv at standard temperature and pressure
with a measurement time of 10 minutes.

Hofstetter et al. [6] reported PAS measurement of carbon dioxide (CO2), methanol (CH3OH) and
ammonia using a pulsed 10.4 µm QC-DFB laser operated at 3-4% duty cycle with 25 ns long current
pulses (2 mW average power) and close to room temperature. The QC-DFB was scanned in
wavelength over 3 cm-1 by temperature tuning with a linewidth of 0.2 cm-1. They used a resonant
multi-pass PAS cell consisting of an acoustic resonator (120 mm long, gold-coated copper) and two
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buffer volumes (60 mm long) integrated into a Herriott multipass arrangement (36 passes with an
effective pathlength of 15 m). The PAS cell was equipped with a radial 16-microphone array to
increase sensitivity. The laser beam intensity was mechanically chopped at the first longitudinal
resonance (Q=70) of the PAS cell (1.25 kHz). The ammonia detection limit was 300 ppb, which
corresponds to a minimum measurable absorption coefficient of αmin=2.2×10-5 cm-1, with a signal-to-
noise ratio (SNR) of 3 and a pressure of 400 mbar. PA absorption spectra of CO2, CH3OH and NH3

were also reported.
More recently, Da Silva et al. [5] have reported the PAS measurement of ozone (O3) with a

commercial DFB-QCL (Alpes Lasers) emitting at 9.5 µm and working in pulsed operation (duty cycle
2 % and 50 ns long current pulses for determination of concentrations, duty cycle 0.8 % and 20 ns long
current pulses for determination of spectra) near room temperature (thermoelectrically cooled). The
QCL (2 – 4.6 mW average power) was modulated by an external TTL signal at 3.8 KHz to excite the
first longitudinal mode of the differential PAS cell (with a Q=36). PA spectra were measured by
scanning the wavelength of the QCL by temperature tuning. Photoacoustic measurements were
performed for concentrations ranging from 4300 ppmv to 100 ppbv. The detection sensitivity of ~100
ppbV corresponds to a minimum measurable absorption coefficient of αmin=1.24×10-6 cm-1 with a SNR
of 1.

4.2. Photoacoustic detection of nitric oxide and hexamethyldisilazane

In our laboratories we have developed quantum cascade laser-based photoacustic sensors
interesting for trace gas detection in pollution monitoring, industrial process control and medical
diagnostic with a detection limit on the order of hundred parts in 109. The photoacoustic spectrometer
consists of an amplitude modulated QCL, a photoacoustic cell and a signal acquisition and processing
equipment. A schematic diagram of the spectrometer is shown in Fig. 1. The resonant PAS cell is a
cylindrical stainless steel resonator of 120 mm length and 4 mm radius with λ/4 buffer volumes on
each side used as acoustic filters. The cell is closed by two antireflection (AR) coated ZnSe windows.
The resonator operates in the first longitudinal mode at 1380 Hz and is equipped with 4 electret
microphones (Knowles EK 3024, 20 mV/Pa, 0.5 µV/Hz-1), placed at the position of maximum
acoustic amplitude to increase the signal-to-noise ratio. The electrical signals of the microphones are
preamplified and then measured by a digital lock-in amplifier (EG&G Instruments) with a 10 s
integration time constant.

lock-in
amplifierpreamplifiers

Beam condenser

QCL
Microphones

Gas in Gas out

lock-in
amplifierpreamplifiers

Beam condenser

QCL
Microphones

Gas in Gas out

Figure 1. Block diagram of the PAS spectrometer.

We have developed a PAS trace gas sensor for the measurement of nitric oxide [8]. The detection of
NO in the ppb range plays an important role in monitoring the environmental pollution and in medical
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diagnostics. NO is formed during high temperature combustion processes, such as car exhaust, it is
implicated in the depletion of the ozone layer, the generation of photochemical smog and acid rains
[15]. More recently it has been demonstrated that NO is involved in several biological functions and
human pathologies; it has been proved that NO detection in human breath is effective in non-invasive
diagnostic technique for monitoring of asthma and inflammatory lung diseases [16, 17].

Various effective spectroscopic methods have been reported for NO detection in ppb and sub-ppb
range, such as cavity ringdown spectroscopy [4], multipass absorption spectroscopy, cavity-enhanced
spectroscopy (CES) [2] and tunable infrared laser differential absorption spectroscopy (TILDAS) [3].

The photoacoustic trace gas sensor for the measurement of NO is based on a commercially
available distributed feedback quantum cascade laser (Alpes Laser) operated in pulsed mode (pulse
duration of 42 ns and a duty cycle of 1.4%) with an optical average power of 8 mW at a wavelength
around 5.3 µm. Its light was collected with an AR coated ZnSe lens and collimated by a beam
condenser (0.2X). The laser beam intensity was modulated by a mechanical chopper at the first
longitudinal resonance frequency of the photoacoustic cell. The PAS signal for different nitric oxide
concentration was measured by tuning the laser emission over the P(1.5) NO lines. These lines, located
at 1871.051-1871.066 cm-1, have a maximum intensity of 0.8 × 10-20 cm/molecule and are well
separated from the nearest interfering H2O and CO2 absorption lines. The PAS signal was measured in
the 495 ppmv - 500 ppbv concentration range. The detection limit for NO measurement is 500 ppb and
the sensitivity of the apparatus is essentially limited by the background noise level. The minimum
detectable absorption coefficient at SNR=1 is αmin=4.4×10-6 cm-1, and the minimum detectable
absorption coefficient normalized to power and detection bandwidth is 1.1×10-7 cm-1W/Hz1/2.

We have also studied the feasibility of using QCL-PAS sensors for the detection of toxic gases in
the semiconductor industry. We focused on the trace detection of HMDS and obtained a minimum
detection limit of 200 ppb [9]. HMDS is a compound widely used in photolithography as photoresist
adhesion promoter to the semiconductor substrate. Its high volatility and low water solubility make
HMDS potentially risky for the health. We used a non-commercial Fabry-Perot ridge waveguide QCL
with a superlattice active region and a relaxation-stabilized injector [18], emitting a peak power of 2 W
at temperatures below 120 K and several 100 mW at room temperature. The multimode laser emission
is located around 1185 cm-1 where the HMDS absorption spectrum is characterized by the intense N–H
bending mode band (1183 cm-1, full width at half maximum ~ 15 cm-1) with an integrated band
strength of 7 × 10-19 cm/molecule. The laser was mounted in a helium closed-cycle cryostat, working
at 20 K. The optical power was modulated at the acoustic frequency of the cell using a pulse generator.
The radiation was collected by an AR coated ZnSe lens and collimated by a beam condenser to a
parallel beam of 5 mm diameter, in order to prevent the interaction of QCL radiation with the cell
walls. All the photoacoustic measurements were performed at a duty cycle of 0.014% (100 ns pulse
length). To calibrate the system and determine the detection limit it was necessary to prepare a gas
sample with known HMDS dilution (142 parts in 106) by using a full evaporation technique [19].
Subsequent dilutions with purified N2 allowed to obtain even lower concentrations. A minimum
detectable concentration of 200 ppb was obtained, essentially limited by the background signal (~500
µV) measured by filling the PAS cell with pure nitrogen. It was due to the periodical heating of the
PAS cell windows and walls and to desorb residual gas traces. The contribution of external acoustic
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and electromagnetic noises, mainly uncorrelated with the modulation frequency, was detected with the
QCL beam blocked.

The reduction of external acoustic and electrical noises may further increase the signal-to-noise-
ratio and thereby reduce the detection limit.

Conclusions

In this paper we have reviewed the state of art of quantum cascade laser-based photoacoustic
spectroscopy for trace gas detection. Different applications demonstrate the effectiveness of this
technique for sensitive, selective, real time trace gas concentration measurements. In fact, the
sensitivity limits demonstrated are surely interesting for several applications in ppb range. In addition
to this, the forthcoming commercial availability of recently demonstrated single-mode QCLs operating
in continuous wave at room temperature [20-22] will result in a significant improvement of the
sensitivity up to sub-ppb detection limits. Moreover, PA detectors are considerably simpler and
cheaper than other competing detection schemes which offer similar performances, but require more
sophisticated equipments.
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