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Abstract: Due to extremely effective advantages of the quantum cascade laser spectroscopy and 
technology for trace gas detection, this paper presents spectroscopy scanning, the characteristics of 
temperature tuning, system resolution, sensitivity, and system stability with the application of the 
presented gas sensor. Experimental results showed that the sensor resolution was ≤0.01cm–1 
(equivalent to 0.06 nm), and the sensor sensitivity was at the level of 194 ppb with the application of 
H2CO measurement. 
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1. Introduction 

Infrared laser absorption spectroscopy is an 
extremely effective tool for detecting trace gases. 
The demonstrated sensitivity of this technique is at 
the level of parts per billion (ppb). Presently, the 
usefulness of the laser spectroscopy approach is 
limited by the availability of convenient tunable 
sources in the spectroscopically important 
“fingerprint” region from 3 μm to 20 μm [1]. Recent 
measurements with QC-DFB (distributed feedback 
quantum cascade laser) lasers [2, 3] have 
demonstrated the usefulness of these devices for 
highly selective real-time trace gas concentration 
measurements based on the absorption spectroscopy 
with the sensitivity of several ppb [4‒11]. 

Due to the characteristics of high output power, 
narrow line-width, room temperature operation, and 
so on, quantum cascade lasers (QCLs) have become 
the research focus in the fields of trace gas detection 

technology and instrumental integration system. 
This paper aims at the issues existing in the gas 
detection technology and instrument system research, 
and the key technologies in gas spectroscopy 
detection based on the QCL were carried out. 

2. Spectrum detection and gas sensor 
performance 

As to the experimental setup, the laser light was 
collimated by an off-axis parabolic gold mirror and 
then passed through a 20 m multi-pass white cell 
filled with the sample gas for detection. The 
radiation passed through a germanium Fabry-Pérot 
etalon with a free spectral range of 500 MHz. The 
longitudinal modes supported by an etalon with the 
length d and refractive index n were separated by the 
free spectral range (FSR), νFSR=c/2nd. A typical 
signal was detected when a 200-ns-long laser pulse 
at a wavelength around 8 μm passed through an 
empty cell, which was used to find the nonlinear 
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relation between the time and frequency axes. 

2.1 Spectrum scanning Range 

The spectroscopy scanning range was 
determined both by pulse current tuning and 
temperature tuning [11]. In order to express the 
spectrum scanning characteristics, 121 mTorr H2CO 
with the purity of 99.8% was introduced into the gas 
cell to obtain the absorption spectrum at different 
temperatures. Keeping the H2CO pressure and 
operation temperature unchanged, a series of 
scanning spectra were collected when tuning the 
operation temperature from ‒15 ℃ to 20 ℃ with an 
increment of 5 ℃. The scanning spectrum is shown 
in Fig. 1, from which we can see that the scanning 
range will move to the longer wavelength with an 
increase in operation temperature. 

 
Fig. 1 Absorption line of H2CO at the sweeping temperature 

from ‒15℃  to 20℃ . 

2.2 Temperature tuning coefficient 

When the QCL operation temperature changed, 
the central emission wavelength would move, so it is 
necessary to test the temperature tuning coefficient 
for the detection system. Formaldehyde was used as 
the detection gas to get the correlation of the central 
emission wavelength with a function of tuning 
temperature, which is represented by scatter dots 

“ ” in Fig. 2, with linear fit (represented by “ ”) 
of the experimental data, and the calculated 
temperature tuning coefficient was ‒0.083 cm–1/K. 
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Fig. 2 Relationship between the QCL central wavenumber 

and temperature. 

2.3 Sensor spectrum resolution 

Spectral resolution refers to the detection system 
which can distinguish the minimum wavelength 
difference, which is based on the Rayleigh criterion, 
taking the absorption spectral full width at half 
maximum (FWHM) as the spectral resolution of the 
detection system. Figure 3 shows the Fourier 
transform spectrometer (FTIR) spectrum collected 
during laser operating temperature changing from 
‒15 ℃ to +20 ℃, in which “ ” indicates the 
formaldehyde absorption spectrum taken from this 
experimental system, and “ ” indicates the 
spectral measurement range of 1250 cm–1 –    
1255 cm–1. 
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Fig. 3 Comparison of the absorption spectroscopy done in 

this work and FTIR. 
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The calculation of formaldehyde absorption lines 
A, B, C, D, and E at 20 ℃ showed that the largest 
width was 0.01 cm–1, which was exactly in the most 
intensive areas, in which it would be more 
reasonable to calculate the resolution. Other results 
are shown in Table 1. So the resolution  of this 
spectroscopic detection system was ≤ 0.01 cm–1 
(equivalent to 0.06 nm), which could also be seen 
from the comparison between the two results. It is 
obvious that the QCL detection system has a 
significantly higher resolution than the FTIR 
spectrometer. 

Table 1 Linewidth of experimental formaldehyde spectrum. 

Line A B C D E 

FWHM (cm–1) 0.0100 0.0098 0.0097 0.0098 0.0096 

2.4 Gas sensor stability 

The system stability renders the basic response 
throughout the detection time, mainly measured 
through the zero drift and interval drift. The zero 
drift refers to the absence of the measured gas and 
the output changes throughout the detection time of 
the system. The interval drift refers to the changes in 
the continuous output in the case of measured gas 
presence over the measuring time. In the absence of 
any absorbed gas existing, the zero drift is expressed 
by the output light intensity versus time shown in 
Fig. 4(a). In the case of H2CO gas absorption     
as presence, the interval drift is analyzed      
from the relationship of the specific absorption  
peak intensity varying with time, as shown in    
Fig. 4(b). 

It can be seen from the linear fit results that the 
quantum cascade laser output light intensity of the 
standard deviation is 0.0188, the calculated “zero 
drift” relative standard deviation is 0.26%, and the 
stability of the standard deviation of gas absorption 
peak is 0.0007. Thus the calculated “interval drift” 
expressed by relative standard deviation is 0.24%. 
Both results illustrate a good stability of the QCL 
detection system. 
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Fig. 4 System stability measured by (a) zero drift: output 
power of QCL varying with time and (b) interval drift: 
absorbance varying with time. 

2.5 Sensor sensitivity 

Selecting the appropriate line and fitting 
function is very important for the calculation of 
detection limit. Usually, we choose the Voigt 
function for nonlinear fitting and also the integration 
of spectral lines in the region, and then we obtain the 
integrated absorption intensity area for calculating 
detection sensitivity. The measured gas pressure is 
fixed, by varying the buffer gas pressure, so we can 
get different concentrations of formaldehyde. 

As shown in Fig. 5(a), the absorption spectrum 
of 60 mTorr H2CO in 200 Torr N2 was measured and 
then fitted with the nonlinear Voigt function and 
non-absorption part fitted with linear function. In 
Fig. 5, “ ” indicates original absorption lines of 
H2CO, “ ” indicates Voigt function fitting, and 
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“ ” is a linear fit to the noise signal. As seen from 
Fig. 5, the Voigt function fits well with the 
experimental results. Figure 5(b) shows fitting 
residuals with the deviation in the range of 0.4%. 
After data processing and analysis, the calculated 
minimum detectable concentration is 187 ppb. In this 
system, the signal to noise ratio (SNR) is calculated 
to be 1549, and the corresponding concentration is 
300 ppm, then the detection sensitivity is 194 ppb 
when SNR is 1. 

 

1252.9 1253.0 1253.1 1253.2 1253.3 1253.4 1253.5 1253.6 

0.0 

0.1 

0.2 

0.3 

A
bs

or
ba

nc
e 

Wavenumber (cm−1) 

60 mTorr H2CO in 200 Torr N2 
Voigt fit of absorbance 
Linear fit of absorbance 

µ=0.0853 

SD=5.506 E-5 

Value  Standard error 
Absorbance y0 -0.00156 5.71109E-4 

xc 1253.1360 1111.06902 
A 0.01052 1.86554 
wG 0.0124 0 
wL 0.07577 1.71059E-4 

Value  Standard 
 error 

Absorbance Intercept -4.13479 
E-4 

5.50551 

E-5 Slope 0 -- 

 
(a) 

 

1253.35 1253.40 1253.45 1253.50 1253.55 1253.60 
−0.010 

−0.008 

−0.006 

−0.004 

−0.002 

0.000 

0.002 

0.004 

0.006 

0.008 
0.010 

Wavenumber (cm−1) 

R
es

id
ua

l o
f a

bs
or

ba
nc

e 

 Residual of absorbance 

 
(b) 

Fig. 5 Formaldehyde spectrum and the residual signal: (a) 
Voigt fit of 60 mTorr formaldehyde in 200 Torr N2 and (b) 
standard error less than 0.4% between the experimental results 
and Voigt function fit. 

3. Conclusions 

In this work, the gas sensor performance based 
on the IR spectroscopy technology was carried out. 
The spectrum range was 1249 cm–1 – 1257 cm–1, the 

temperature tuning coefficient was ‒0.083 cm–1/K, 
the absorbance reproducibility relative standard 
deviation was less than 0.0051%, the system 
resolution was less than 0.01 cm–1, and the system 
detects sensitivity reached 194 ppb, which was 
comparatively high sensitivity for detection trace 
gas or toxic gases. 
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