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We  report  the  development  of  a formaldehyde  (H2CO)  trace  gas  sensor  using  a  continuous  wave
(CW), thermoelectrically-cooled  (TEC),  distributed-feedback  interband  cascade  laser  (DFB-ICL)  at  3.6  �m.
Wavelength  modulation  spectroscopy  was  used  to detect  the  second  harmonic  spectra  of  a  strong  H2CO
absorption  feature  centered  at 2778.5  cm−1 (3599  nm)  in  its v1 fundamental  vibrational  band.  A com-
pact  and novel  multipass  cell  (7.6-cm  physical  length  and  32-ml  sampling  volume)  was  implemented  to
achieve  an  effective  optical  path  length  of  3.75  m.  A  minimum  detection  limit  of  6  parts  per  billion  (ppb)
ormaldehyde
bsorption spectroscopy

nterband cascade laser
race gas detection

at  an  optimum  gas  pressure  of  200  torr  was  achieved  with  a 1-s  data  acquisition  time.  An Allan-Werle
deviation  analysis  was performed  to investigate  the  long-term  stability  of the  sensor  system  and  a  1.5  ppb
minimum  detectable  concentration  could  be  achieved  by  averaging  up  to 140  s. Absorption  interference
effects  from  atmospheric  H2O (2%)  and  CH4 (5 ppm)  were  also  analyzed  in  this  work  and  proved  to  be
insignificant  for  the  current  sensor  configuration.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Formaldehyde (H2CO) is a colorless, pungent-smelling gas that
lays an important role in tropospheric chemistry [1]. Primary
2CO sources include vehicle exhaust and fugitive industrial
missions, while secondary H2CO is produced mainly from the
reakdown of primary volatile organic compounds (VOCs) via pho-
ochemical oxidation [2,3]. H2CO is one of the most abundant
as-phase carbonyls in the atmosphere and can reach concentra-
ion levels in excess of 40 parts per billion (ppb) in polluted, urban
nvironments [2,3]. The main loss processes include photolysis by
ltraviolet (UV) radiation [4] and oxidation reaction with the OH
adical to form HCO, H, and CO [1,5]. These radicals undergo fur-
her reactions to form HO2, contributing to ozone (O3) formation
n the presence of NOx (NO and NO2) [3]. Precise measurements of

2CO concentrations are critical to the complete understanding of
Ox (OH and HO2) chemistry and O3 formation.

In the manufacturing industry, H2CO is frequently used as
 substitute for adhesives such as urea-formaldehyde (UF) and

henol-formaldehyde (PF) resins. H2CO reagents are widely
pplied in fabricating furniture and decorating houses. Hence, H2CO
s considered as one of the most serious indoor contaminating

∗ Corresponding author. Tel.: +852  3943 9486; fax: +852 2603 6002.
E-mail addresses: renwei@mae.cuhk.edu.hk (W.  Ren), fkt@rice.edu (F.K. Tittel).

ttp://dx.doi.org/10.1016/j.snb.2015.07.078
925-4005/© 2015 Elsevier B.V. All rights reserved.
trace gases present in new homes. H2CO has been classified as car-
cinogenic to humans by the International Agency for Research on
Cancer (IARC) since 2004. Numerous governmental agencies have
also set reference values for the exposure to H2CO, for example the
World Health Organization (WHO) specified that the concentra-
tion of H2CO in residential indoor areas must not exceed 82 ppb for
30 min  [6]. Hence accurate measurements and control of H2CO con-
centration levels in indoor area are of great importance to reduce its
effect on human health. In addition, H2CO has also been identified
as a potential biomarker in breath analysis of humans. For instance,
in exhaled breath from breast cancer patients, H2CO concentration
levels of ∼1.2 ppm were observed compared to normal levels of tens
of ppb [7]. A sensitive and reliable human breath H2CO analyzer
can provide a promising method for noninvasive, real-time, and
point-of-care disease diagnostics and metabolic status monitoring.

Many methods have been explored to detect H2CO concen-
trations. Indoor H2CO detection was  investigated by analyzing
samples using high-performance liquid chromatography (HPLC)
[8] and gas chromatography (GC) [9]. HPLC and GC can provide
ppb to sub-ppb detection sensitivity, but are not suitable for field
deployment due to their weight, size and long measurement times.
Semiconductor gas sensors based on gas-sensitive films provide

a good alternative for H2CO monitoring due to their low cost
and short response time [10–12]. However, the selectivity of such
sensors is a limitation in addition to their relatively high detec-
tion limits (>300 ppb). Electrochemical H2CO sensors have good

dx.doi.org/10.1016/j.snb.2015.07.078
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2015.07.078&domain=pdf
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ensitivity and selectivity, but are limited by their poor temporal
tability (time response of hour) [13,14]. Hence, there exists a need
or the development of highly sensitive, selective, fast and compact

2CO analyzers.
Laser-based spectroscopic sensors can satisfy these require-

ents for accurate and sensitive trace gas measurements. Direct,
n situ detection of atmospheric H2CO via laser induced fluores-
ence (LIF) in a White-type multipass cell was reported with a
inimum detection limit (MDL) of ∼0.051 ppb in a 1 s samp-

ing time [15]. In this sensor system, the laser pulse centered at
53.373 nm was generated by a frequency-doubled Ti:Sapphire

aser (3 kHz, 0.52 W),  which was pumped by a Q-switched, dou-
led Nd:YAG laser (532 nm,  2.89 W).  Davenport et al. [16] described

 simple method for H2CO detection using low resolution non-
ispersive UV absorption spectroscopy. In this method, a 340-nm
V LED was collimated into a 195-mm gas cell to achieve a MDL
f ∼6.6 ppm with a response time of 20 s. A cantilever enhanced
hotoacoustic spectrometer was developed to measure H2CO
rom 1772 to 1777 cm−1 using a mid-infrared quantum cascade
aser (QCL) [17]. By detecting an absorption line at 1773.96 cm−1

5637 nm), the MDL  and the normalized noise equivalent absorp-
ion (NNEA) coefficient using wavelength modulation were 1.3 ppb
nd 6.04 × 10−10 W cm−1 Hz−1/2, respectively. Tunable diode laser
bsorption spectroscopy (TDLAS) based H2CO sensor development
nd its application for atmospheric monitoring have been pio-
eered by Tittel et al. using difference frequency generation (DFG)
ased laser sources to detect the H2CO transitions centered at
861.72 cm−1 (3494 nm)  or 2831.64 cm−1 (3531 nm) [18–21]. Sim-

lar TDLAS systems using a multipass cell (∼100-m path length)
eveloped by Fried et al. [22] and Wert et al. [23] indicated H2CO
DLs of 30–50 ppt for 1 min  of averaging during airborne opera-

ion. Miller et al. [24] reported the integration of off-axis integrated
avity output spectroscopy (OA-ICOS) with an interband cascade
aser (ICL) to achieve a MDL  of 150 ppb H2CO. The ICL, mounted
n a liquid-nitrogen cryostat emitted powers of up to 12 mW and
ould be tuned from 2831.8 to 2833.7 cm−1 (∼3.53 �m)  by varying
he laser injection current. Recently in 2012, a room-temperature
istributed feedback ICL emitting around 3493 nm was  utilized by
undqvist et al. [25] for H2CO sensing to obtain a resolution limit of

 ppm × m assuming a relative absorption of 10−3. More recently in
013, the application of optical feedback-cavity enhanced absorp-
ion spectroscopy for H2CO trace gas analysis was reported by
mploying a QCL at 1769 cm−1 (5653 nm)  to achieve a minimum
etectable H2CO mixing ratio of 60 ppt at 10 Hz [26]. The sensor
esponse time of 3 s was limited mainly by the sample exchange
ate for a 20-sccm flow and 50-mBar sample pressure in a 20-cc
ample volume.

We  report here a novel H2CO absorption sensor by tak-
ng advantages of two recent technological advances of CW,
hermoelectrically-cooled (TEC), DFB 3.6 �m ICLs, and a com-
act multipass gas cell. The 3.6 �m spectral region corresponds
o the strongest H2CO infrared bands of v1 band centered at
782.4575 cm−1 (symmetric C H stretch) and v5 band centered
t 2843.9685 cm−1 (asymmetric C H stretch), respectively [27].
he sensor provides a detection sensitivity of 6 ppb at 1-s samp-
ing time. The compact design and low power consumption make
his sensor easy to deploy in stationary, mobile and airborne field
pplications.

. Spectroscopic methodology and sensor configuration
.1. Fundamentals of laser absorption spectroscopy

Laser-based absorption spectroscopy is a widely applied tech-
ique for many gas sensing measurements due to its fast time
rs B 221 (2015) 1062–1068 1063

response and quantitative nature. In particular, wavelength mod-
ulation spectroscopy (WMS)  which is an extension of direct
absorption spectroscopy has been used extensively for sensitive gas
detection. The fundamental theory of laser based absorption spec-
troscopy is well understood [28–32] and is therefore only described
briefly to clarify the notation and units used in this paper. The
laser radiation with narrow spectral bandwidth is normally uti-
lized for line-of-sight absorption measurements. When the laser
radiation at a wavelength v passes through a uniform gas medium,
the wavelength-dependent transmission �v is determined by Beer’s
law:

�v =
(

It
I0

)
v

= exp(−SPx�vL), (1)

where I0 and It are incident and transmitted radiation intensity,
respectively; S (cm−2 atm−1) is the line-strength of the specific
transition, P (atm) the total gas pressure, x the mole fraction
of the absorbing species, �v (cm) the line-shape function and L
(cm) the optical path length. The line-shape function �v is usually
approximated using a Voigt profile characterized by the collision-
broadened full-width at half maximum (FWHM) and Doppler
FWHM.

In TDLAS measurements, the laser wavelength is normally
scanned across the absorption features by applying a slow (Hz) saw-
tooth signal to the laser injection current. The WMS  method applies
an additional fast (kHz) sinusoidal modulation (at frequency f) to
the laser current. The modulated absorption signal, detected by
means of a photodiode, is then processed using a lock-in amplifier
to demodulate the signal at the fundamental modulation frequency
(f) or its harmonics (2f, 3f, etc.). For one sawtooth period, the inci-
dent laser wavelength v(t) and intensity I0(t) are modulated and
can be described by Eqs. (2) and (3) [30]:

v (t) = v̄0 + a cos (2�ft) , (2)

I0 (t) = Ī0

[
1 +

∞∑
m=1

im cos (m · 2�ft + �m)

]
, (3)

where v̄0 (cm−1) is the mean laser wavelength of the laser under
modulation, a (cm−1) the modulation depth, Ī0 the average laser
intensity, im the mth Fourier coefficient of the laser intensity, and
�m the initial phase of the mth order intensity modulation. Previous
experimental characterization of commercial diode lasers showed
that the laser intensity modulation can be described by a combi-
nation of the first two  terms (m = 1, 2) [32]. Hence, the detector
signal (D) which is a periodic function with a period of 1/f,  can be
expanded into a Fourier series expressed by Eq. (4):

D (t) = I0 (t) � (t) = Ī0 [1 + i1 cos (2�ft + �1) + i2 cos (2 × 2�ft + �2)]

×
[ ∞∑

k=0

Hk cos (k · 2�ft)

]
, (4)

where Hk is the kth order Fourier coefficient as discussed in ref-
erences [31,32]. The harmonics of the detected laser intensity can
be extracted by lock-in amplifier with a bandwidth determined by
the low-pass filters. The case of k = 2 is generally of the highest
interest in WMS,  since the second harmonic signal (2f)  is closely
related to the absorption and is background free. In this case, the
lock-in amplifier functions by multiplying the detector signal with
the reference sinusoid at 2f, and shifting the harmonic component
to DC. A low-pass filter is then applied to isolate the DC value

and eliminate all other components such as laser and electronic
noises outside the filter bandwidth, making WMS  particularly use-
ful for probing pressure broadened and overlapping absorption
features.
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Fig. 1. Simulated absorption spectra of standard air (1.86% H2O, 327 ppm CO2,
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0 ppb O3, 320 ppb N2O, 150 ppb CO, 1.68 ppm CH4, 20.7% O2, and 77.4% N2) mixed
ith 10 ppb H2CO at 296 K and 1 atm using the HITRAN database [37].

.2. ICL characterization

H2CO has its fundamental vibrational band with the C-H
ymmetric (v1) stretching mode at 2782 cm−1 [27,33]. Several
aser-based H2CO sensors [34–36] have already been reported by
etecting this absorption band. Absorption spectra based on the
ITRAN database [37] are computed for standard air (i.e., 1.86%
2O, 327 ppm CO2, 30 ppb O3, 320 ppb N2O, 150 ppb CO, 1.68 ppm
H4, 20.7% O2, and 77.4% N2) mixed with 10 ppb H2CO, to identify
he optimal H2CO transitions. Considering the possible absorption
nterference from ambient air (i.e., H2O, CO2, O3, N2O and CH4)
nd the commercial availability of ICL sources in this wavelength
ange, two optimal diagnostic windows at ∼2778 and ∼2781 cm−1

re identified in this work for H2CO detection; see Fig. 1 for the
pectral simulation.

The recent availability of ICLs with wavelengths between
–4 �m enables the sensitive detection of trace gases such as
ormaldehyde (H2CO) that possesses a strong absorption band in
his particular wavelength spectral region [25]. A NanoplusTM CW,
EC ICL operating at the wavelength ∼3.6 �m was  selected as
he laser source for H2CO detection. The ICL performance of laser
avelength and power were first tested and characterized using

 Thermo-FisherTM Fourier transform infrared (FTIR) spectrome-
er with a resolution of 0.125 cm−1 and an optical power meter
OphirTM), respectively. Fig. 2(a) shows the wavelength tuning
erformance of the selected NanoplusTM ICL. This ICL covers a

avelength range of 2776 to 2784 cm−1 by tuning its injection cur-

ent between 22 and 58 mA  and temperature between 30 and 40 ◦C.
he ICL’s output wavelength is nearly linearly proportional to the

Fig. 2. Characterization of the ICL (a) wavenumber and (b) 
rs B 221 (2015) 1062–1068

applied current at a fixed temperature, resulting in a current tuning
coefficient of -0.139 cm−1/mA. Similarly, the temperature tuning
coefficient is determined to be −0.26 cm−1/◦C for the current and
temperature operational range. Hence, the two H2CO diagnostic
features centered at 2778 cm−1 and 2781 cm−1 can be accessed by
this ICL as indicated by the grey lines depicted in Fig. 2(a). Fig. 2(b)
presents the ICL output power in the current range from 22 to 58 mA
at different temperatures. A maximum ICL output power of 4.3 mW
can be achieved with an injection current of 58 mA and laser tem-
perature of 30 ◦C. It should be noted that at a current of ∼50 mA,
the ICL output power is 4 mW at 30 ◦C, which is sufficient for most
optical sensing applications.

2.3. Sensor configuration

In trace gas sensing, many sensing techniques such as multi-
pass cell [38], cavity ring-down spectroscopy [39], and integrated
cavity output spectroscopy [40] are utilized to achieve the lowest
detectable gas concentrations by increasing the effective optical
path length. In this work, a novel multipass absorption cell com-
bined with a WMS  detection strategy was  utilized to enhance the
H2CO detection sensitivity.

The experimental setup of the multipass cell based H2CO sen-
sor is schematically depicted in Fig. 3. The CW ICL housed in a TO66
mount was used as the monochromatic light source emitting at
∼3.6 �m.  The ICL current and temperature were both controlled
by a low noise current source (ILX Lightwave) and a high preci-
sion temperature controller (Wavelength Electronics, MPT10000),
respectively. A visible diode laser beam (� = 630 nm)  was  aligned
collinear with the mid-infrared beam by means of a dichroic mirror
(ISP OpticsTM, model BSP-DI-25-3) to assist in the optical align-
ment of the sensor system. The ICL beam was coupled into a
novel multipass absorption cell (Sentinel PhotonicsTM, now Aeris
TechnologiesTM) using a ZnSb lens of 100-mm focus length. This
dense patterned multipass cell consisted of two spherical mirrors
separated by a distance of 7.6 cm, providing a sampling volume
of 32 ml.  By adjusting the distance and relative angle of the axis
between two  mirrors, dense spot patterns as shown in Fig. 3 can be
achieved to provide an effective path length of 3.75 m [41]. The spot
pattern covers more of the mirror surface compared to a standard
The ICL beam exiting the compact multipass cell was focused
via a parabolic mirror onto a thermoelectrically cooled mercury
cadmium telluride (MCT, Vigo) detector, followed by wavelength

output power as a function of laser injection current.
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Fig. 4. Measured WMS-2f signal amplitude as a function of the laser modulation
voltage at different pressures (60–300 torr).
ig. 3. Schematic of the H2CO sensor design using a 3.6 �m ICL and a compact multi-
ass  absorption gas cell. ICL, interband cascade laser; MGC, multipass gas cell; MCT,
ercury cadmium telluride detector.

odulation spectroscopy with second harmonic detection (WMS-
f). In this work, a superposition of a 1 Hz voltage ramp and 5 kHz
inusoidal dither provided by a function generator (Tektronix AFG
022B) was applied to the ICL current driver to scan and modu-

ate the laser frequency across the H2CO absorption features. The
etector signal was processed by a lock-in amplifier (Signal Recov-
ry 7265 DSP) to extract its 2f signal and subsequently processed
y a NI DAQ card (NI-DAQ-AI-16XE-50, National Instrument).

. Results and discussion

.1. System optimization

The sensor response to the H2CO absorption was characterized
sing a stable concentration of H2CO in nitrogen mixture obtained
rom a permeation based gas generator (Kin-Tek Model 491 M).  In
he Kin-Tek precision gas mixture generation system, the formalde-
yde polymer, paraformaldehyde, is sealed inside a tube with a
ermeable membrane. A small but stable flow (i.e., nanograms-
er-minute) of H2CO vapor was emitted through the tube wall at

 constant temperature. The emission rate of the tube depends on
he physical characteristics of its permeable membrane, as well as
he permeability, temperature and partial pressure of the chemical
nalyte. With the emission rate characterized, immersing the per-
eation tube in a carefully controlled flow of dilution gas produces

 precision trace gas mixture of the analyte. The mixture concen-
ration could be varied by changing the flow rate of the dilution gas.
n the reported work, a target concentration of 0.1 ppm is obtained

ith a stable air flow rate of 250 cc/min at 60 ◦C.
The WMS-2f peak height is dependent on the absorption line
hape, which is related to the gas pressure and the laser wavelength
odulation depth [30]. Hence, the gas pressure and ICL wavelength
odulation depth must be optimized to obtain the maximum WMS

ignal. The gas pressure inside the multipass cell is controlled by
Fig. 5. Comparison of (a) the measured WMS-2f signal and (b) simulated absorption
coefficient for 750 ppb and 1% H2O at 200 torr. Simulation was performed using the
HITRAN database [37].

using a pressure controller (MKS, Model 649) and a diaphragm vac-
uum pump (KNF, type UN816.3 KTP). Fig. 4 depicts the WMS-2f
amplitudes of 750 ppb H2CO measured at different pressures and
modulation depths. The varied modulation depth was attained by
adjusting the sinusoidal voltage applied to the laser current con-
troller. In general, the WMS-2f amplitude increases with higher
gas pressure as shown in Fig. 4, but reaches a peak value at a
specified modulation voltage if the gas pressure is fixed. The corre-
sponding modulation voltage at the WMS-2f peak shifts to a larger
value with increasing gas pressure. For example, the WMS-2f sig-
nal peaks at a modulation voltage of ∼250 mV  and a gas pressure
of 60 torr, which corresponds to ∼300 mV  at 100 torr and ∼350 mV
at 200 torr, respectively. Despite the stronger WMS  signal at higher
pressures, the gas pressure inside the multipass cell was controlled
below 200 torr in order to eliminate the possible cross-talk absorp-
tion interference between H2CO and the neighboring H2O and CH4
absorption lines. Hence, an optimized gas pressure of 200 torr and
a modulation voltage of 350 mV  were selected in this study for the
sensor development.

A typical WMS  measurement of H2CO absorption is illustrated
in Fig. 5. The measurement shown in Fig. 5(a) covers the spec-

tral range between 2778 and 2780.3 cm−1 for 750 ppb H2CO and
1% H2O in air at room temperature (296 K) and 200 torr. Two
strong H2CO absorption features were observed at 2778.5 and
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ig. 6. Measured WMS-2f signal of the calibrated H2CO mixtures (26.8 ppb and
50 ppb).

779.9 cm−1, respectively, despite several H2CO lines existing in
his wavelength range. The target H2CO feature for the present sen-
or development was centered at 2778.5 cm−1, as compared to the
ther H2CO feature at 2779.9 cm−1 affected significantly by a neigh-
oring H2O transition (at 2779.96 cm−1). The simulated absorption
pectra using the HITRAN database at the same conditions are plot-
ed in Fig. 5(b) for comparison. The simulation agrees well with the
xperimental results. It should be noted that there exists a H2O line
entered at 2778.18 cm−1 and a CH4 line centered at 2778.64 cm−1,
hich are close to the target H2CO feature. The influence of the H2O

nd CH4 lines on the H2CO detection sensitivity will be discussed
n Section 3.2.

.2. Sensor calibration

The sensor calibration was performed using the same experi-
ental setup depicted in Fig. 3 with precision H2CO gas mixtures

enerated from the Kin-Tek permeation gas generator. Two  typical
MS-2f profiles measured at the target wavelength of 2778.5 cm−1

re plotted in Fig. 6, corresponding to calibrated H2CO concen-
rations of 26.8 and 250 ppb, respectively. The relative difference
f the detection SNR between these two measurements is clearly
een in Fig. 6. The etalon noise observed when analyzing the H2CO
ixture with a concentration of 26.8 ppb is mainly due to the inter-

erence fringes originating from the multiple reflections between
urfaces of optical components, including gas absorption cell, laser,
nd photodetector. Hence, the implementation of other techniques
y angling and antireflection coating of reflective surfaces, asyn-
hronous longitudinal dithering of optical elements, or electronic
ow pass filtering, can further reduce the amplitude of the etalon
ringe signal and thus enhance the detection SNR.

The WMS-2f signal was recorded and averaged for ∼10 min
or each calibrated concentration of the H2CO mixture flowing
hrough the multipass gas cell. The experimental results of the

easured WMS-2f signal at 2778.5 cm−1 are plotted in Fig. 7 at
ifferent H2CO concentrations. The H2CO concentration covers a
ange from 26.8 ppb to 250 ppb to demonstrate the linear response
f the sensor system. The coefficient of determination (R-squared
alue) for linear fitting is 0.997 and the relative difference between
he calibrated and the measured H2CO concentration based on the
etermined linear equation is within 8%.
The detection sensitivity of laser-absorption-based sensors is
etermined mainly by the overall absorbance, the spectral interfer-
nce from other gas molecules, and the system noise. We discuss
he detection sensitivity according to these three factors.
Fig. 7. WMS-2f amplitude measured at 2778.5 cm−1 as a function of H2CO
concentration. Symbol, measurement; solid line, linear fit (linear fit equation:
y  = 0.00485x + 9.65 × 10−4).

The spectral interference from neighboring molecular transi-
tions caused by pressure broadening is the first important issue that
affects the detection sensitivity in trace gas sensing. A sensitivity
simulation was performed using a numerical model to examine the
interferences from those two absorption features of H2O and CH4.
The numerical model was constructed based on the mathemati-
cal expressions of the WMS-2f technique as discussed in Section
2.1 as well as in Refs. [28–32]. The spectroscopic parameters (i.e.,
line-position, line-strength, and air-broadening coefficient) used
in the simulation were obtained from the HITRAN database [37].
An H2O absorption line centered at 2778.18 cm−1 occurs close to
the targeted H2CO feature at 2778.5 cm−1 and its potential spec-
tral interference was investigated. Fig. 8(a) shows that the WMS-2f
spectral simulation of a 10 ppb H2CO and a nearby H2O absorp-
tion line with concentration levels that varied between 0.1% and
2% at a total gas pressure of 200 torr. In the atmosphere or other
gas sensing applications, the H2O absorption spans a much larger
concentration range compared to that for H2CO. Thus, the H2O con-
centration was  changed by orders of magnitude in the simulation
to demonstrate its influence on the H2CO WMS-2f feature. The 2f
peak-to-trough height of a 10-ppb H2CO peak only decreases by
0.21% as the H2O concentration increases from 0.1% to 2%.

A similar evaluation was  performed for the other interfering
absorption of CH4 centered at 2778.64 cm−1 with concentration
levels varied between 100 ppb and 5 ppm, as shown in Fig. 8(b). If
the CH4 present in the gas mixture has a concentration of 1 ppm and
5 ppm, the 2f peak-to-trough height of 10-ppb H2CO peak decreases
by 1.2% and 5%, respectively. Hence, the interference between these
absorption features is insignificant for most atmospheric condi-
tions if the total gas pressure is controlled to be <200 torr. The
spectral cross-talk interference could be further reduced if a lower
gas pressure was selected. In addition, the full spectral fitting
method also helps to minimize the interference compared to the
peak-to-trough signal amplitude adopted in the current study.

The long-term stability and precision of the H2CO sensor were
tested by monitoring a calibrated 100 ppb H2CO mixture for 1 h.
Fig. 9 shows an Allan-Werle deviation [42] plot for the 1-h period
sampling H2CO mixture. The stability of the sensor system in a free
running, non-wavelength locked mode allows averaging of up to

140 s for the detection of H2CO. A MDL  at a sampling rate of 1 Hz
was measured to be 6 ppb, based on the absorption line-strength of
H2CO at this wavelength, a gas pressure of 200 torr, and an optical
path length of 3.75 m. A minimum detection absorption coefficient
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Fig. 8. Simulated WMS-2f spectral interferences between 10 ppb H2CO and the nearby (a) H
varied  between 100 ppb and 5 ppm, at a gas pressure of 200 torr.
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ig. 9. Allan-Werle deviation in ppb of the WMS-2f signal as a function of the
veraging time.

f 6.5 × 10−8 cm−1 was achieved using our current sensor config-
ration. Furthermore, the Allan-Werle deviation shown in Fig. 9
eveals that the MDL  can be improved to 1.5 ppb with an integration
ime of 140 s.

. Conclusion and future outlook

In this paper we have reported the development of a formalde-
yde TDLAS sensor using an interband cascade laser at ∼3.6 �m
nd a novel multipass absorption gas cell. The low power consump-
ion of the ICL and the compact multipass cell of the sensor system
acilitate its convenient field deployment. The absorption interfer-
nce effects from neighboring H2O and CH4 lines were analyzed
n this work and proved to be insignificant if low gas pressures
<200 torr) were used in the measurement. Wavelength modula-
ion spectroscopy with second harmonic (WMS-2f) detection were
sed to achieve a 6-ppb MDL  of H2CO with 1-s averaging time. The

ong-term stability and precision of this absorption sensor were
xamined and a 1.5-ppb minimum detectable concentration could

e achieved by averaging up to 140 s. Future work is planned to
urther improve the sensor detectivity to sub-ppb level by using

 similar multipass gas cell with longer (54 m)  path length. The
ew sensor system will be installed in a mobile monitoring van for

[

[

2O with concentration varied between 0.1% and 2%, and (b) CH4 with concentration

real-time measurements of H2CO emissions in the Greater Houston
area.
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