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Tunable diode laser absorption spectroscopy of carbon monoxide around 2.35 mm Jean-Christophe Nicolas, Alexei N. Baranov, Yvan Cuminal, Yves Rouillard, and Claude Alibert



Novel GaInSbAsyGaSb multiple-quantum-well lasers operating near room temperature have been successfully used for tunable diode laser absorption spectroscopy in the vicinity of 2.35 mm. Continuous current tuning over a more than 150-GHz frequency range has been realized. Direct absorption measurements have been carried out on the R9, R10, R11, and R12 lines of carbon monoxide. Traces of carbon monoxide at the level of 0.3 part in 106 in volume at 100 Torr could be detected by the lowfrequency wavelength-modulation technique and an astigmatic multipass cell. These results show a potential use of these diode lasers in portable low-cost trace-pollutant sensors. © 1998 Optical Society of America OCIS codes: 300.1030, 300.6340, 300.6380, 300.6260, 230.5590, 280.3420.



1. Introduction



Tunable diode laser absorption spectroscopy ~TDLAS! is one of the most sensitive, selective, and fastresponse techniques for gas analysis. The middle infrared, from 2 to 15 mm, contains absorption lines of almost all gas species of interest for atmospheric measurements.1 In this region the absorption coefficients are so strong that only high-resolution spectrometers are able to detect the chemical species involved with sufficient selectivity.2 Diode lasers are attractive for molecular spectroscopy because their emission bands are narrower than the Doppler widths of absorption lines. Besides, their tuning ability permits continuous scanning of a large spectral interval, which makes it possible to detect simultaneously several components of a gas mixture. Traditionally, lead-salt diode lasers emitting in the 3–25-mm spectral range have been used in TDLAS.3 However, these lasers can not work at room temperature ~RT! and should be cooled to 80 –100 K, which ´ lectronique et de MicroThe authors are with the Centre d’E optoe´lectronique de Montpellier, Unite´ Mixte de Recherche 5507, Centre National de la Recherche Scientifique, Ministe`re de ´ ducation Nationale, Case Courrier 67, Universite´ Montpellier l’E II, 34095 Montpellier, France. The email address for J.-C. Nicolas is [email protected]; for Y. Rouillard it is yves.rouillard@ univ-monpt2.fr. Received 26 March 1998; revised manuscript received 22 June, 1998. 0003-6935y98y337906-06$15.00y0 © 1998 Optical Society of America 7906
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requires that they be expertly maintained. Because of material restrictions, their emission cannot be extended to wavelengths shorter than 3 mm. Semiconductor lasers based on III–V compounds seem to be attractive for TDLAS because of their higher optical power and their ability to lase continuously near RT at wavelengths shorter than 3 mm. Despite the fact that absorption lines are in general weaker in the 2–3-mm range, the availability of multipass cells, high-sensitivity detectors, and the possibility of RT operation for lasers and detectors open a way for development of high-sensitivity portable systems for gas analysis. We performed TDLAS studies of carbon monoxide transitions in the R branch of the first overtone ~2– 0! band, using GaInSbAsyGaSb multiple-quantum-well ~MQW! diode lasers operating near RT. Carbon monoxide, one of the major atmospheric pollutants, has been extensively studied by TDLAS at shorter wavelengths in the vicinity of 1.6 mm, and we present what we believe are the first results obtained in the range of stronger absorption near 2.35 mm with these novel lasers. 2. Experiment



A schematic of the experimental setup is shown in Fig. 1. The setup includes a system for direct absorption spectroscopy and equipment for analysis of the GaInSbAsyGaSb MQW laser diodes. The lasers were driven by a battery-powered ultralow-noise current source ~LDX-3620!. The driving current was modulated by a synthesized waveform designed to



Fig. 2. Schematic structure and design of the GaInSbAsyGaSb MQW diode laser. Fig. 1. Experimental setup for diode laser analysis and gasabsorption experiments.



provide the desired tuning range. The typical waveform consisted of a 25–50-mA ramp modulated at 1–100 Hz superimposed upon a constant-baseline current within the range 100 – 400 mA. The temperature of the lasers was maintained from 230 °C to RT and stabilized with a precision of 0.01 °C by a single Peltier cell mounted upon a watercooled heat sink to increase the heat-evacuation efficiency. The temperature was monitored by a thermistor embedded between the cooler and the laser. The output beam from the laser was collected by an off-axis parabolic mirror ~ f 5 25 mm!. A grating monochromator with a resolution of 0.5 nm was used to analyze emission spectra and to select a desired longitudinal mode for gas-absorption measurements. After the monochromator a part of the beam split by a semitransparent mirror was passed through a germanium Fabry–Perot e´talon with a free spectral range ~FSR! of 2.2 GHz used to analyze the tunability and the spectral purity of the laser emission. The main part of the beam was directed to a 100-m-long multipass gas cell ~New Focus 5612!.4 The optical signals were detected by RT GaInAs photodiodes sensitive up to 2.6 mm ~Hamamatsu G 5853-01!. The photodiodes outputs were connected to transimpedance preamplifiers, and voltage-output signals were observed on a digital oscilloscope ~HP 54603B!. Then the averaged data stored by the digital scope were processed by a personal computer. For pressure measurements a mechanical manometer was used above 1 Torr and a Pirani gauge was used at lower pressures. 3. Laser Characteristics



Figure 2 is a schematic of the structure of the GaInSbAsyGaSb MQW laser. The structure was grown by molecular beam epitaxy upon an n-GaSb substrate. The undoped active zone consisted of compressively strained 6-nm-thick Ga0.65In0.35As0.15Sb0.85 quantum wells embedded between 30-nm-thick GaSb barriers,5 which provided a maximum of the gain curve near 2.35 mm at RT. The 1.8-mm-thick cladding layers were made of Ga0.4Al0.6As0.05Sb0.95 lattice matched to a substrate doped with tellurium and



beryllium for n- and p-type doping, respectively. Details of the growth procedure were reported elsewhere.6 The threshold current density measured on 200-mm-wide lasers fabricated from this wafer was as low as 305 Aycm2. A standard photolithography process was used to fabricate 80-mm-wide deep mesa lasers. The laser Fabry–Perot cavity was formed between two uncoated cleaved facets; the cavity length varied from 400 to 900 mm. The threshold currents Ith were in the range 200 –300 mA, and the total output power reached 40 mW at I 5 2Ith in a quasi-cw regime ~a 2% duty cycle, 2-ms pulse duration!. We accomplished coarse and fine tuning of the laser emission wavelength by varying the temperature and the injection current, respectively. As is usual for Fabry–Perot cavity lasers, emission spectra of the lasers contained several longitudinal modes ~as many as five!. The temperature mode shift of dominating modes was measured by a spectrometer. The current tuning of a single longitudinal mode selected by the monochromator was studied with the germanium e´talon. With the setup described, the laser temperature could be varied from 230 to 20 °C. The tested lasers demonstrated stable cw operation up to 3 °C. At 20 °C, cw operation was achieved for the best devices. The spectral position of the longitudinal modes is defined by the optical length of the Fabry–Perot cavity. As the refractive index and the physical length of the cavity increase with temperature, the resonator modes usually move toward longer wavelengths. The temperature shift of lasing modes was 0.4 nmyK ~20 GHzyK! for our lasers ~Fig. 3!. A lasing mode could be tuned over the spectral interval of 1–3 nm by temperature variations that did not exceed 12 K; otherwise, mode hopping occurred and another longitudinal mode started to lase. With heating from 230 °C to RT the laser emission wavelength increased with several mode hops from 2.29 to 2.35 mm in accordance with the temperature shift of the gain curve, which was ;1 nmyK ~50 GHzyK!. The current tuning of a selected mode @Fig. 4~a!# was analyzed by the Fabry–Perot e´talon; each oscillation of transmitted light corresponds to a frequency shift equal to the free spectral range ~Fig. 4!. The emission wavelength of the lasers increased with current, which indicates the thermal origin of the cur20 November 1998 y Vol. 37, No. 33 y APPLIED OPTICS
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Fig. 3. Temperature shift of longitudinal modes at a current of 300 mA.



rent tuning. A current-induced redshift of the laser emission to 155 GHz without mode hopping was obtained @Fig. 4~a!#. The average tuning rate of ~20.9!–~21! GHzymA was nearly the same for the tested devices. The e´talon oscillations could be observed even without a monochromator when the fringes were produced by all longitudinal modes @Fig. 4~b!#. The high contrast of the observed fringes indicates good spectral purity of the emission because the fringes generated by the side modes were weak compared with the dominant mode fringes. The observation of the e´talon fringes can give only an idea of the spectral characteristics, especially when the finesse of the e´talon is weak, as it was in the case described here. Absorption measurements at low pressure can give reliable information about the spectral properties of the lasers. In this spectral range, one of the gases of interest for TDLAS is carbon monoxide. 4. Direct Absorption Experiments



The absorption measurements were carried out with lasers operating in the cw regime, which provided



Fig. 4. ~a! Current shift of one longitudinal mode near 4297 cm21 ´ talon and oscillation fringes of the germanium e´talon. ~b! E fringes induced by all modes. Laser heat-sink temperature, 217.3 °C; carbon monoxide concentration, 100 ppmv; optical path length, 100 m; gas temperature, 296 K. 7908
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Fig. 5. Normalized experimental and calculated direct transmission spectra of the R11 CO line for three pressures. Carbon monoxide concentration, 100 ppmv; gas temperature, 296 K; optical path length, 100 m; laser heat-sink temperature, 217.3 °C.



good linearity of the emission wavelength versus scanning time. Some measurements were done in the pulsed regime at millisecond pulse widths, but in that case frequency calibration during the absorption measurements was more difficult because of significant nonlinearity of the wavelength shift during the pulse duration. In cw regime the relative light frequency scale could be easily constructed by use of the germanium Fabry–Perot e´talon. The optical signals obtained after the multipass cell were averaged during 64 scans. Then the data were normalized and compared with the synthetic spectra provided by the HITRAN 92 database as shown in Fig. 5 for the R11 CO absorption line. The line strength extracted from the absorption measurements was 4 –15% less than expected from the HITRAN 92 database. Although the updated version of HITRAN in the 1996 edition has increased line-strength values by 2%, the values obtained are still too low. We explain this difference as being due to a small power background caused by reflections beside the coupling hole of the multipass cell. This finding was proved by measurements at the high carbon monoxide concentrations that were necessary to provide total absorption at the resonance frequency. Nevertheless, even at the center of the absorption line we observed a nonnegligible signal, which resulted in a decrease in the measured absorption strength. We used the value of this background signal at high carbon monoxide concentrations to correct data obtained for low absorbances. The rate of scattering depends on adjustments of the beam alignment. During pressure changes the multipass cell is strained and the beam alignment varies slightly. The multipass cell alignment was optimized for low pressure, which explains the better agreement between experimental and calculated curves obtained at 10 Torr. With the same laser some other carbon monoxide absorption lines could be found: R12 at 4303.623 cm21, R10 at 4297.70 cm21, and R9 at 4294.64 cm21. We reached these lines by adjusting laser temperature to 225.1, 210.3, and 24 °C, respectively, at the



Fig. 6. Comparison of direct transmission spectra of R9, R10, and R11 CO absorption lines obtained at different laser temperatures. Gas temperature, 296 K; optical path length, 100 m; for 100-ppmv of carbon monoxide in nitrogen the total pressure is 100 Torr.



same driving conditions. To provide the redshift of 9 cm21 ~269 GHz! between R12 and R9 lines we needed a temperature increase of 21 K, which corresponds to the temperature mode tuning rate measured previously. This means that the same longitudinal mode scanned all this spectral region as the temperature increased to 24 °C. The intensity of the mode decreased with temperature, resulting in lower signalto-noise ratio for the strongest R9 line ~Fig. 6!, and above 24 °C this mode disappeared. Such a temperature-tuning result is exceptional for such lasers, which generally can tune without mode hopping over only 12 K. Only one laser diode exhibited single-longitudinal-mode operation. Although the output power is an important parameter for a good signal-to-noise ratio, the spectral linewidth of the laser diode determines the resolution of TDLAS. One can estimate the laser emission linewidth by measuring the spectral width of narrow absorption lines. At low pressure, below 10 Torr, the carbon monoxide absorption lines are just Doppler-broadened lines whose width depends only on the temperature and the molar weight of the gases involved in the mixture. For instance, the HWHM of the R12 CO absorption line is expected to be 0.005 cm21 or 150 MHz in these conditions. The laser linewidth can be deduced from comparison of this value with the measured width of the absorption line.7 Experiments were performed with a calibrated gas mixture containing 100 parts in 106 by volume ~ppmv! of carbon monoxide in nitrogen at 1, 10, and 100 Torr. The HWHM of the absorption line was found from Beer’s law: IsyIs0 5 exp~2asl !, where Is and Is0 are the transmitted and the nonabsorbed laser intensities, respectively, at the wave number s, l is the optical path length inside the gas cell, and as is the absorption coefficient.8 As expected, the measured HWHM of carbon monoxide absorption lines were larger than the values given by the HITRAN 92 database. From comparison of these data the laser linewidth was found to be less than 100 MHz. However, these measurements give only the upper limit for the laser linewidth because the estimated accuracy is not better than 50 MHz. The possible



Fig. 7. Direct transmission signal ~dotted curve! of the R12 carbon monoxide absorption line compared with simulation ~solid curve with filled squares! from HITRAN database 92 and the intensity fluctuation ~jagged solid curve! converted into FWHM. Gas temperature, 296 K; carbon monoxide concentration, 100 ppmv; gas pressure, 100 Torr.



sources of errors are the poor finesse of the germanium e´talon and small nonlinearities in frequency versus current, which affect the frequency calibration of experimental spectra. More-accurate measurements were made by use of the steep transmission slope of a gas-absorption curve to convert frequency fluctuations into amplitude fluctuations, as described by Reid et al.9 The results obtained for the R12 CO absorption line are shown in Fig. 7 for 100 ppmv of carbon monoxide at 100 Torr. The figure shows the calculated and observed transmission curves, which are in good agreement, and the intensity fluctuations converted in frequency fluctuations. The calculations based on HITRAN 92 include the baseline effect in this case. The FWHM of the laser emission line was 20 MHz at 225.1 °C with an uncertainty of 5 MHz, in good agreement with data obtained by Avetisov et al. for liquid phase epitaxy– grown GaInSbAs lasers emitting near 2 mm.10 This value is typical for diode lasers with cleaved Fabry–Perot resonators at moderate output power levels. The contribution of the laser linewidth to the measured carbon monoxide absorption line profile should be taken into account for measurements at low pressure. On the other hand, at pressures higher than 50 Torr the absorption linewidth ~HWHM! exceeds 200 MHz, according to the Voigt profile, and the distortion of the line shape is negligible ~Fig. 5!.11 At temperatures above 0 °C the laser linewidth increases significantly, a result that is due to lower optical power in each mode because of rapid growth of the threshold current and worsening of the quantum efficiency. 5. Wavelength Modulation Experiments



To realize trace-gas detection we investigated the wavelength-modulation spectroscopy technique, which allows one to suppress laser excess noise and to achieve high sensitivity.12,13 The technique consists in modulating the injection current with a sine wave 20 November 1998 y Vol. 37, No. 33 y APPLIED OPTICS
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higher than the strongest carbon monoxide absorption line near 1.57 mm. The InGaAs lasers operating near this wavelength could reach only 40 ppmvym for an associated absorbance of 1 3 1025 at atmospheric pressure,17 which means that the GaInAsSb lasers are more promising for use in carbon monoxide detection. 6. Discussion and Conclusions



Fig. 8. Wavelength modulation spectroscopy signals of the R10 carbon monoxide line at 100 Torr recovered at 2f and 4f, where f 5 4 kHz. Time constant, 5 ms; gas pressure, 100 Torr; gas temperature, 296 K.



modulation, v~t! 5 v0 1 m sin~2pft!, where f represents the modulation frequency and m is the depth modulation index. Typical modulation frequency is within the range 1 kHz–10 MHz. The absorption signal is demodulated by a standard lock-in amplifier ~EG&G 7260! at a frequency of nf ~n 5 1, 2, 3 . . .! where the laser noise is minimal. The use of standard lock-in amplifiers limits the modulation frequency to the range 1–150 kHz. If f is much higher than the ramp repetition rate, the signal recovered at 2f can be approximated by the second derivative of the scanned absorption line and by the fourth derivative at 4f.14 As regards the modulation index, a deep amplitude modulation broadens the signal profile,15 which can worsen the sensitivity of the method, and the index m is generally chosen to optimize the signal-to-noise ratio. The optimal values for m have been shown to be 2Dv and 4Dv for the 2f and 4f signals, respectively, where Dv represents the HWHM of the gas-absorption line.16 We recorded 2f and 4f spectra of the R10 absorption line of carbon monoxide at a constant pressure of 100 Torr ~Fig. 8!. The lock-in amplifier’s time constant was 5 ms, and the signal was averaged 64 times. For small absorbances, the 2f signal was accompanied by fringes generated by the small nonlinearities of the power versus current. We could minimize this effect by choosing m equal to Dv. When the signal was recovered at 4f, we observed fewer fringes and the best signal-to-noise ratio with a higher depth modulation of 5 Dv. Measurements at low pressure in the range 50 –100 Torr were preferred to atmospheric-pressure measurements because the former are more selective and less sensitive to amplitude modulation. To obtain a low carbon monoxide concentration we diluted the calibrated CO–N2 mixture several times in nitrogen. We could easily detect 300 parts in 109 by volume ~ppbv! of carbon monoxide at 100 Torr, corresponding to an absorbance of 9 3 1024. For a 100-m path length the detection level would correspond to 39.5 ppbv of carbon monoxide at ambient air, or 3.95 ppmvym. The R10 CO line strength is 3.04 3 10221ycm21y~molecules cm22! ~HITRAN 96!, which is two decades 7910
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We have investigated semiconductor lasers based on a GaInSbAsyGaSb multiple-quantum-well structure from the point of view of their use in molecular spectroscopy. The temperature and current tuning characteristics were measured near room temperature. A wavelength zone from 2.29 mm ~4366 cm21! to 2.35 mm ~4255 cm21! could be scanned with the same laser operating in the cw regime from 230 °C to room temperature. Current tuning of the laser emission up to 155 GHz without mode hopping was obtained. Direct absorption experiments with carbon monoxide were carried out with these lasers. R9, R10, R11, and R12 CO absorption lines were observed at different laser temperatures in a CO–N2 mixture containing 100 ppmv of CO at pressures in the range 1–100 Torr. At typical driving conditions the laser emission linewidth was 20 MHz. Carbon monoxide absorption spectra were also recorded by the lowfrequency wavelength-modulation technique. With 4-kHz frequency modulation of the slow ramp current we were able to detect 0.3 ppmv of carbon monoxide mixed with nitrogen at 100 Torr in a 100-m-long multipass optical cell. The sensitivity of the wavelength-modulation spectroscopy can be further improved by use of a higher modulation frequency for which the 1yf laser excess noise is less and by improvement of laser quality. The lasers studied demonstrated stable cw operation at temperatures slightly below RT. The best devices were able to work in the cw regime without any cooling, but in this case their parameters such as output power, emission linewidth, and mode stability were too poor to permit detailed studies of carbon monoxide absorption at low concentrations to be performed. It should be possible to achieve some improvement in RT operation by reducing the laser width to 10 mm, which should provide lower threshold current and reliable single-spatial-mode operation. On the other hand, the ability of lasers to work at temperatures higher than RT is much more attractive for TDLAS than any below-RT operation. Temperature control by heating is simpler, more effective, and much less expensive. Besides, in this case there is no need to protect laser facets from water condensation. To achieve this goal the laser structure itself should be improved to decrease the threshold current density. Another problem to be solved is to provide singlefrequency operation. Competition of several longitudinal modes creates excess noise and reduces optical power in each mode, which significantly broadens the laser emission line and worsens the
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