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Mid infrared quantum cascade laser operating in
pure amplitude modulation for background-free
trace gas spectroscopy
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Abstract: We present a single mode multi-section quantum cascade laser source composed
of three different sections: master oscillator, gain and phase section. Non-uniform pumping of
the QCL’s gain reveals that the various laser sections are strongly coupled. Simulations of the
electronic and optical properties of the laser (based on the density matrix and scattering matrix
formalisms, respectively) were performed and a good agreement with measurements is obtained.
In particular, a pure modulation of the laser output power can be achieved. This capability of the
device is applied in tunable-laser spectroscopy of N,O where background-free quartz enhanced
photo acoustic spectral scans with nearly perfect Voigt line shapes for the selected absorption
line are obtained.
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1. Introduction

Quantum Cascade Lasers (QCL) [1] are mature and reliable coherent semiconductor sources
emitting in the mid infrared. Reaching watt-level output power at room temperature [2, 3],
exibiting both high performance and low power consumption [4], they are widely used for
various applications, such as sensing [5] or countermeasures [6]. In particular, the advent of
QCLs triggered the development of tunable laser absorption spectroscopy methods in the mid
infrared. In tunable laser absorption spectroscopy, molecular spectra are acquired by scanning a
single mode laser source across the selected rotational-vibrational line. This is typically obtained
by direct modulation of the laser injection current. However, changing the laser current not
only modifies the lasing frequency, but also the output power. Therefore, careful normalization
of the signal is required in most cases to remove the residual amplitude modulation (RAM)
effect [7]. In this work, we designed a three sections buried heterostructure (BH) single mode
QCL allowing non-uniform pumping in the gain, master oscillator (MO) and phase sections
(PS). We demonstrated the possibility to achieve independent modulation of the output power
and the emission frequency by selectively modulating the injected current in the different laser
sections. Pure modulation of the output power is obtained by varying the mirror losses of the
laser due to a phase section fabricated close to the device’s front facet. To demonstrate the
achievement of a pure laser amplitude modulation (AM), we implemented the QCL in a quartz-
enhanced photoacoustic sensor (QEPAS) and selected N, O as the target gas. QEPAS spectral
scans, background-free and with nearly perfect Voigt line-shape, were obtained clearly proving
the absence of any RAM contribution and the achievement of a pure AM operating condition.

2. Fabrication

A QCL emitting at 7.8 um was fabricated. The active region design is based on the 2-phonons
transition design detailed in one of our previous work [8]. The device was processed to a 6
mm long and 9.5 um wide buried QCL [9]. The three independent sections were electrically
separated by etching 1.5 um deep in the InP regrowth. The scheme of the device is depicted in
Fig. 1.

During the fabrication process a buried grating was defined in the 2.25 mm long back section
(Fig. 1, MO). The central gain section is 3.00 mm long and is used to pump the laser gain (Fig. 1,
Gain). At the front facet, an additional 0.75 mm PS section was defined in order to control the
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Fig. 1. Schematic view of the device. The device is electrically separated into three sections:
Master oscillator (MO, 2.25 mm), Gain (3 mm), Phase section (PS, 0.75 mm). Anti-reflective
coating layers were deposited on the device’s back and front facets.

facet effective reflectivity by adjusting the reflection phase (see Fig. 1, PS). In order to ensure
that the laser operates on the optical mode selected by the MO section, YF3/ZnSe (0.598/0.250
pm) anti-reflective coatings were deposited on the device’s back and front facets. This leads to
an increase of the losses of Fabry-Perot modes located between the laser front and back facets
and prevents them from lasing. The modal reflectivity of the deposited coating was measured [8]
and results are displayed in Fig. 2. A reflectivity as low as 0.1 % is measured at 1278 cm™'.
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Fig. 2. Measured modal reflectivity of the anti-reflective coating layers deposited on the
device’s back and front facets, composed of YF3/ZnSe (0.598/0.250 um).

3. QCL characterization

To determine the QCL source optical properties, we investigated its light-current characteristics
while non-uniform current is injected in the three laser sections. The heat-sink temperature of the
QCL was set to -10 °C, 0.8 A were injected in the gain section and the output power and optical
spectrum were recorded while varying: the current injected in the MO section in the range 0.42
to 0.57 A (4.5 W to 6.5 W electrical power) and that in the PS section from 0 A to 0.2 A (0 W to
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Fig. 3. (a) and (b): QCL output power and emission wavelength measured while varying
the electrical power dissipated in the MO section from 4.5 W to 6.5 W (0.42 to 0.57 A MO
current) and from O W to 2.2 W (0 A to 0.2 A PS current) in the PS section. The heat-sink
temperature was set to -10°C. (c) Simulated and measured light current dependency of the
QCL at 6.1 W pumped in MO (d) Corresponding spectra: the emission is single mode and
no frequency tuning is observed as a function of the PS section current.

in the MO section is varied and the current injected in the PS section is kept constant, the laser
emission wavelength is tuned (see Fig. 3(b)). This is due to a temperature tuning of the refractive
index, which induces a shift of the grating’s Bragg frequency. The total current tuning range
achieved reaches 1.7 cm™!. When the current in the PS section is varied while the MO current
is kept constant, the emission wavelength remains constant (see Fig. 3(d)). However, while the
PS current is ramped up the laser is turned off and on periodically (see Fig. 3(c)). Therefore the
PS section can be used as pure amplitude modulator with a depth of modulation of 100% of the
available output power. We note that the output power variation versus the PS injected current
(2.5 W-A~") is much higher than that typically observed in standard DFB QCLs (0.6 W-A~! [4]).
Because the modulation of the output power is obtained by varying the refractive index in the PS,
the bandwidth of such a modulator should be limited by dynamics of thermal processes inside
the laser ridge. The bandwidth of the modulation achievable with the PS was measured to be
as high as 200 kHz (see Fig. 4) which corresponds to the cut off of thermal dynamics for DFB
QCLS [13].
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Fig. 4. Modulation depth as a function of the PS modulation frequency. Bandwidth as high
as 200 kHz has been achieved, corresponding to the cut off of thermal dynamics for DFB
QCLS.

4. Optical field simulation

In order to understand the origin of these emitted power oscillations, we simulated the optical
cavity using the scattering matrix formalism [10] whereas the current dependence of the net
modal gain for this particular device was measured and simulated using the density matrix
formalism [11]. For a fixed current in the gain and MO sections, the current in the PS section is
increased. For each current step, the temperature and net modal gain of each laser section was
computed as a function of the injected DC current [8] and the value of the refractive indices
were changed accordingly. The scattering matrix of the optical cavity was computed and the
threshold condition assessed. If the threshold losses are higher than the net modal gain, then the
laser output power is zero. If the threshold losses are lower than the net modal gain, then the
threshold condition needs to be matched by varying the photon flux S [12]. In order to compute
the output power of the multiple section single mode device accurately, the spatially resolved
saturation of the pump has to be computed as a function of the highly inhomogeneous mode
profile (see Fig. 5). The spatially resolved pump saturation factor d(x,S) is computed using eq. 1.

1

—— 1)
S(x,J)
1+ 56

d(x,J) =

where S(x,J) is the spatially resolved mode profile at current density J and position x and S =
2.6:10%° cm~! s~! is the saturation intensity obtained from our density matrix model [12]. The
light current dependence was solved starting with the cold cavity approximation at threshold and
then by increasing the current in the PS section. For each subsequent step the mode profile of
the previous one was used as initial estimate for the saturation profile. Finally, a self-consistent
solution was found by iterating this process until convergence. The light current dependence is
displayed in Fig. 3(c) in black and shows a good agreement with measurements. This shows that
these oscillations are caused by the modulation of the cavity losses due to the refractive index
change in the PS section. Even though the overall laser pump is increased, the variation of the
reflection phase at the facets induces an increase of the threshold losses which in turn causes the
laser to periodically switch on and off. Such effect was already observed previously [14]. In the
present case, the effect is strong even though the residual facet reflectivity is low because a large
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Fig. 5. Simulated spatially resolved mode profile for three different pump levels in the PS
section.

gain is present in the gain section.

5. Pure amplitude modulated QEPAS

The particular device capability demonstrated in the last paragraphs can be exploited in tunable-
laser spectroscopy for gas detection. A sinusoidal dither applied to the PS will produce a
modulation of the QCL output power intensity but not a variation of its wavelength. Simul-
taneously the gas absorption line can be scanned by adding a slow ramp to the MO current,
realizing a pure AM configuration. To verify this assumption we employed one of the most
sensitive spectroscopic gas techniques, namely quartz enhanced photoacoustic spectroscopy
(QEPAS) [15,16].

Pure AM modulation has been achieved in standard Photoacoustic (PAS) sensors employing
optical choppers. This method cannot be implemented in a QEPAS-based sensor system since
QEPAS requires chopping frequencies in the kHz range and commercially available optical
choppers in this range have a frequency resolution of 1 Hz, much larger than the bandwidth of
the quartz tuning fork resonance. Also, optical choppers are quite noisy, leading to a significant
noise contribution to the detected QEPAS signal.

The QEPAS detection module is composed of a custom-made quartz tuning fork (QTF) [17].
The prong of the QTF is 17 mm long, 1 mm wide and 0.25 mm thick. The spacing between the
two prongs is 0.7 mm. The QTF is enclosed in a compact, vacuum-tight gas cell equipped with
two ZnSe windows with a 3-12 um AR coating. The pressure inside the cell is kept fixed at 85
Torr. The QCL was placed in a high heat load housing (HHL) including a lens and yielding a
parallel beam of 4 mm diameter. The laser beam was focused between the prongs of the QTF
using a 1-inch diameter ZnSe lens with 3-12 um anti-reflection (AR) coating and a focal length
of 50 mm (see Fig. 6). The QTF signal was measured using a transimpedance amplifier mounted
on a circuit positioned into the gas cell and equipped with an electronic switch allowing electrical
excitation of the QTF. This feature was used to determine the main QTF electrical parameters.
At a gas pressure of 85 Torr, we measured a resonance frequency fy = 2871.76 Hz, an electrical
resistance R = 482.5 kQ and a quality-factor Q = 12400. The electrical signal exiting from the
circuit was demodulated by means of a lock-in amplifier. Digitalization of the demodulated
signal was performed using a National Instruments DAQ Card and a LabVIEW program was



Research Article

Optics EXPRESS

Vol. 24, No. 23 | 14 Nov 2016 | OPTICS EXPRESS 26470

used to perform the trace gas measurements. QEPAS spectral scans were obtained by measuring
the lock-in amplifier signal amplitude at the resonance frequency as a function of time, while
the laser center frequency is swept through the selected N, O absorption line. The time axis was
then converted to wavenumbers based on the laser-tuning parameter, previously determined. The
lock-in integration time was set to 100 ms for all measurements. To demonstrate the QEPAS
sensor operation in pure AM, we selected a N, O absorption line falling within the QCL operation
range and precisely at 1278.96 cm™!, with a line-strength of 1.07-10~'* cm~!/mol. Pure AM
technique and 1 f (2f) detection schemes were implemented by applying a sinusoidal dither to
PS at fy (fo /2) and demodulating the QEPAS signal at fj. The current modulation depth of
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Fig. 6. (a) Schematic of the QCL-QTF optical coupling. Both 1f (b) and 2f (c) QEPAS
spectral scans (black dots) show a background-free Voigt line-shape (red curve), demonstrat-
ing the achievement of a pure AM condition. Residuals are depicted in the related lower
panels.

the PS section must be carefully selected in order to switch between QCL on and off emission
during each oscillation. The resulting effect is that the modulation of the optical power can be
approximated by a truncated sine waveform. A Fourier analysis of such a waveform shows that
the strongest harmonic components are the fundamental and the second harmonic, while higher
harmonics can be neglected. Hence, the optical power modulation can be approximated by:

P, o< Acos(2wt) + B cos(wt)

@)
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If the laser frequency does not change during the PS section modulation, from the Lambert-Beers
law the absorbed optical intensity is:

Lips(t) = [AcosRwt) + B cos(wt)] [a(w)L] 3)

where t is the time, w is the angular frequency, a (w) is the absorption coefficient, L is the cavity
length and A and B are amplitude coefficients of the harmonic components. As a result, both the
1f and 2f QEPAS signal should exhibit a Lorentzian line-shape. We experimentally determined
the modulation depths maximizing the QEPAS signal for 1 f and 2 f detection, which result in
23.0 mA and 17.6 mA, respectively. The DC current of PS section was fixed at 110 mA, while
a ramp was applied to the MO injected current at a frequency of 20 mHz, scanning from 540
to 558 mA. QEPAS spectral scans obtained at 1 f and 2 f detection schemes are reported in
Fig. 6(b) and 6(c). The optical power measured at the peak value is 18 mW.

Both QEPAS spectra show a nearly background-free Voigt line-shape, meaning that pressure
broadened mechanisms are comparable to Doppler induced broadending effects. For 1 f detection
we measured a linear baseline of 2.63 mV, while for the 2 fdetection is 2.15 mV. These baseline
levels are comparable with 30 noise level (~ 1.2 mV), extracted for 1 f and 2 f detection, thus
demonstrating that the proposed technique is background-free. The ratio between 1 f-peak value
and 2 f-peak value is 1.44, while the FWHM Lorentzian contribution to the Voigt fit for both
peak spectra is 0.0267 + 0.0007 cm™!, close to the pressure-broadening coefficient of 0.026
cm~! in air for the operating pressure condition, as reported in the HITRAN database [18].

6. Conclusion

In this work we reported an innovative QCL composed of three different sections, each one
independently driven. We have demonstrated that by selectively modulating current in the
PS section a pure AM operating condition can be reached. We confirmed this achievement
using QEPAS spectroscopy as test gas sensing technique and demonstrated that under this AM
configuration it is possible to obtain, both in 1 f and 2 f operating schemes, background-free
spectral scans having Voigt absorption profiles. For these reasons, the proposed technique can be
used for gas sensing applications, especially for the detection of broadband absorbers, as well
for investigations of absorption linewidth broadening phenomena, such as self-broadening and
collision-induced, pressure-dependent broadening in an unrelated matrix.
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