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Abstract

:

In this work, we demonstrate the features of a two-stage epitaxial growth technique and show the results of power and efficiency measurements for three different designs of quantum cascade lasers with a record-high peak power in the 8  μ m spectral region. The time-resolved QCL spectral study proves that InP-based upper cladding paired with an InP contact layer provides better heat dissipation and allows one to reach better power characteristics in comparison with InGaAs-based contact, even with short pulse pumping.






Keywords:


high-power QCL; InP-contact layer; mid-infrared












1. Introduction


First proposed in 1971 [1], quantum cascade lasers are devices that have become the leading platform for applications in the mid-infrared range, such as gas analysis, lidar systems, and many others. High-power QCLs are highly desired for infrared countermeasure technologies and optical communication developments, such as chaotic light sources [2], spectroscopy, sensing, and many others, so novel designs are underway [3] to increase the output power and efficiency characteristics of QCLs. The recent progress in the development of mid-infrared QCLs discussed in [4] shows that in the CW mode, the highest power values are obtained in the wavelength range close to 5 micrometers, while at higher wavelengths, the result is less impressive, as it is an order of magnitude lower. For the pulsed pumping regime, a similar picture can be observed [5]. At the same time, it is the >8 micrometer range that is of the main interest for wireless optical communication technologies due to the atmospheric transparency and low Rayleigh scattering in this wavelength range [6]. Thus, the development of novel QCL designs that improve the main important characteristics, such as power and efficiency, is highly desired. In this work, we discuss the two-stage MBE-MOCVD process, which allows the formation of an active region with upper cladding and contact layers in separate processes. The design with an InP-based contact layer demonstrated a record-high peak power for 8  μ m emitting QCLs. We claim that this result is due to the better heat dissipation even with short pulsed pumping, and we prove this with measurements of the active region’s heating dynamics.




2. Theoretical Estimation and Methods


High internal optical losses, which are responsible for the characteristics of low efficiency and power, are associated with resistive heating and free carrier absorption (FCA) processes and should be taken into account when designing not only the active region, but also the claddings and contact layers of QCLs. The right design of the latter two components can significantly improve the laser’s performance. It is known that FCA strongly depends on the optical confinement factor  Γ  and the density of impurity electrons in the upper cladding layer:


   α  f c   = Γ σ N ,  



(1)




where  σ  is the absorption cross-section for the given wavelength and N is the concentration of the impurity electrons.



To ensure the flow of current in the system, we consider the inhomogeneous doping of the upper InP cladding with an overall thickness of 4  μ m. Over the first h  μ m from the active region, the impurity concentration is 10   16   cm    − 3   , which is a rather low doping; then, it gradually increases to 10   18   cm    − 3   . We denote by   Γ 1   and   Γ 2   the optical confinements of these two regions. By varying the thickness ratio of the two parts, we calculate   Γ  1 , 2    and estimate the thickness of the upper cladding to reduce the FCA losses. To guarantee this, the  Γ -factor of the weakly doped layer must be of an order of magnitude higher than the highly doped one. In our estimations, to satisfy this condition, the ratio of the two thicknesses is   ≥ 2.5 / 1.5 .   Figure 1 illustrates this idea. The total InP thickness is 4  μ m, the sum of  Γ -factors for both parts (highly and weakly doped) is constant, and one can clearly see that in the region where   h ≥ 2.5  , the  Γ -factor of the highly doped layer is significantly reduced. This result is independent of the type of upper contact due to the significant thickness of the cladding layer.



The study of the resistive heating problem is more complicated from both the theoretical and experimental points of view. Most experimental techniques are based on surface studies, which allow the measurement of the temperature only on the laser facet [7,8]. Theoretical estimations that include temperature consideration usually examine only the active region and do not include claddings and contacts. To take the latter into account, one should produce quite complicated numerical modeling, as was done in [9]. We used qualitative conclusions from the latter for further investigations.



Following the estimations, we developed three different QCL designs with different parameters of the upper cladding/near-contact layer pairs, leaving the active region the same in all structures. To make the fabrication more cost- and time-efficient, as discussed in [10], the growth of the samples was performed in two separate steps. Initially, we used the phosphorus-free MBE technique to grow the active region in a process similar to that reported in [11,12]. The last MBE-grown layer was 50 nm InGaAs, which was designed to cover the active region with 50 quantum cascades. After that, the process was interrupted, and a ∼4  μ m thick upper cladding with a highly doped contact layer was grown through MOCVD. Table 1 shows detailed descriptions of these three designs. The detailed investigation proved that the heterostructures obtained were of the same quality as the ones in [12], which were grown in a single-stage MBE process. All 3 heterostructures were subjected to a post-growth fabrication of QCL chips with 40 µm stripes and 3 mm cavity lengths. All samples were tested under 150 ns pulsed pumping with a 12 kHz repetition rate.




3. Experimental Results


Figure 2 shows the typical light–current, voltage–current, and efficiency characteristics of the samples of Types A, B, and C. The peak optical power of ≈6 W (0.9  μ J pulse energy) was observed for the QCLs of Types A–C. However, the highest power was demonstrated with the Type A structure featuring the InP contact layer. In Figure 2b, one can see that better efficiency and lower threshold currents appeared for the heterostructures of Types B and C. The highest efficiency was reached in the structure that was designed with the gradient doping applied over the 2 microns of the upper cladding. The latter can be explained by the better electrical conductivity provided by the InGaAs contact layer. At the same time, the peak power strongly depended on the QCL temperature. The thermal conductivity of the InP layer was ≈15 times higher than that in the InGaAs materials [13]. Thus, the Type A QCL with the InP contact layer was heated more slowly than those based on the Type B and Type C heterostructures. To show this, we studied the time-resolved QCL spectra to estimate the influence of the contact layer’s thermal conductivity on the heating of the active region of the QCL. The main feature of this experimental technique was the ability to find the change in temperature inside the active region.



Figure 3 shows the lasing intensity as a function of time and wavelength. The method was based on measuring the chirp of the Fabry–Perot modes in a QCL resonator, which occurred due to the heating of the QCL active region. The laser emission was collected at the monochromator slit and recorded via a high-speed mid-IR photodetector and oscilloscope, with both featuring a 1 GHz bandwidth. The combination of the waveforms recorded for each spectral step made it possible to build time-resolved QCL spectra, such as those shown in the colored panels of Figure 3. These spectra were used to determine the chirp values. Then, the heating rate was calculated by using the measured red shift of the Fabry–Perot modes, which was associated with an increase in the refractive index when the active region was heated. The heating rate was estimated by using the simple expression [14]:


    d T   d t   =   ∂ n   ∂ t       ∂ n   ∂ T     − 1   =  n  λ m     ∂  λ m    ∂ t       ∂ n   ∂ T     − 1   .  



(2)




Here, n is the refractive index of the active region, and   λ m   is the wavelength of the peak intensity of the particular Fabry–Perot mode. The measurements were performed in the region in which the amplitude of the pumping pulse with a total duration of 150 ns could be considered as constant. Our measurements indicate that the heating rate of the structure with the InP-based upper cladding and contact layer was nearly 20% lower than that in the structures with an InGaAs contact layer. Notably, the difference in heating rates tended to increase with higher pumping.



Efficiency and waveguide losses:



The better efficiency characteristics observed in the structures of Types B and C triggered the further investigation of these designs. The main difference was the non-uniform gradient doping of the upper cladding layer adjacent to the contact in the Type A structure. The waveguide losses could be estimated from the well-known expression:


   1  η d   =  2   η ˜   η i     1 −    α w  L   l n R    ,  



(3)




where R is a reflectance coefficient, L is the cavity length,   η ˜   is the pumping efficiency,   η i   is the internal quantum efficiency,   α w   is the waveguide losses, and   η d   is the differential quantum efficiency (DQE). The intercept   2   η ˜   η i     could be found from the extrapolation of the experimental data. The gradient of the inverse slope efficiency is given by


  θ =  2   η ˜   η i      α w   l n  1 R    .  



(4)







Measuring   η d   and calculating  θ , we found the value of the waveguide losses   α w  .



The dependence of the inverse slope efficiency on the cavity length is shown in Figure 4. The red line shows the linear fit of the experimental values.  θ  was found to be 0.15 ± 0.04, with   2 /  η ˜   η i    being its value for a laser with zero cavity length. This intercept is found to be 0.09 ± 0.01. The estimated value of the waveguide losses was 2.1 ± 0.7 cm    − 1   , which was a relatively good result [15].



High-power experiments: Based on the L(I) measurements of the QCL stripes of the 40  μ m width, the structures were used to form 60  μ m stripes. All samples were tested again under 150 ns pulsed pumping with a 12 kHz repetition rate. In Figure 5, we show the new L(I), V(I), and efficiency characteristics for the QCLs fabricated from the structures of Types A–C with a 60  μ m stripe. One can see the peak optical power of over 16.5 W (>8 W/facet, 2.5  μ J pulse energy) reached in the QCLs of Type A with an InP contact layer, which is the record power in this wavelength range to the best of our knowledge [5]. At the same time, the tendency of the efficiency curves was conserved: The structures with the InGaAs contact layer still showed higher values.




4. Discussion


In this work, we discussed several designs that showed the competition between increased efficiency and high power for a pulse-pumped QCL emitting in the 8  μ m range. On the one hand, it is evident that better heat removal leads to a better QCL performance, even with short pulse pumping, which may seem counterintuitive with respect to the experimental behavior of laser diodes. There have been a few attempts to design efficient heat-sinking configurations [16,17,18]. These technologies are mainly based on thick electroplated Au, a buried heterostructure, and epilayer-down mounting. In [9], the authors discussed epilayer-up mounting with different means of post-growth heat dissipation. This work is extremely important for reaching the CW-mode in a QCL device. At the same time, all of these configurations are technologically complicated and not always economically justified when one needs QCLs to work in a pulsed regime. In the case without InP regrowth, the only means of heat propagation was through the upper cladding, with possible heat removal by the heat sink with epilayer-down mounting. At the same time, as mentioned at the beginning, the internal losses do not depend on the type of upper contact, while the efficiency is heavily dependent on the quality of the electrical contact. Thus, the replacement of a conventional InGaAs contact featuring high electroconductivity with highly doped InP may lead to improved power and efficiency characteristics. In our experiments, the doping was lower than that needed for good electrical contact; as a result, we observed, higher threshold currents together with a high peak power. Future work will include an increase in InP contact doping to improve the threshold characteristics for structures of Type A. Apart from that, from our first point of view, looking at the Figure 5, it seems that gradient doping has nothing to do with efficiency. In any case, we would like to point out that in structures with narrower stripes, where the currents are lower and the thermal effects are not so pronounced, the efficiency of structure B with gradient doping is higher than in the uniformly doped structure C, although the contact layer is the same in both cases. This result can be seen in Figure 2, and this is exactly why we think this design can be promising for more efficient QCL performance and needs further exploration.




5. Conclusions


The two-step growth technique developed here allowed the design and fabrication of different QCL heterostructure designs with remarkable output power in the pulsed mode. The quality of the abricated heterostructures was similar to that of structures produced with the one-stage MBE technique. As a result, we demonstrated a design that features an increased peak power of QCLs emitting at 8  μ m due to the better thermoconductivity. The maximum peak power reached ≥16 W, which is the record-high value for this wavelength range, to the best of our knowledge. As a future perspective, we plan to increase the InP contact layer doping to improve the efficiency characteristics of the QCL.
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Figure 1. The optical confinement factor  Γ  in the InP waveguide layers as a function of the distance from the active region. The red curve indicates the weakly doped InP layer, and the blue curve corresponds to a gradient doping varying from 1 × 10   16   to 1 × 10   19   cm    − 3   . The inset schematically illustrates the structure: h indicates the distance from the active region and, simultaneously, the thickness of the weakly doped region of the InP layer. 
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Figure 2. The L(I) and V(I) (a) and efficiency (b) curves measured for the lasers based on the three types of heterostructures. The details on the latter are shown in Table 1. The QCLs of Type C and Type B demonstrated lower threshold characteristics and better efficiencies. However the peak power was the highest for the Type A QCL due to the better thermoconductivity of the upper cladding. 
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Figure 3. The measurements of the heating rate in the QCLs based on two different heterostructures: Type A with the InP-based upper cladding and contact layer (the upper colored panel) and Type C with the InP-based upper cladding and InGaAs-based contact layer (the lower colored panel). The colored panels are heatmaps that show the intensity of the Fabry–Perot modes as a function of time and wavelength. The blue curve in the middle shows the pump pulse.  Δ t is the time range during which the heating rate was measured. It corresponds to a nearly constant pumping value. The maximum pumping current reached 6 A. 
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Figure 4. The dependence of the inverse slope efficiency on the cavity length. The black squares show experimental data. The red line is the data line approximation. 
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Figure 5. The L(I) and V(I) (a) and efficiency (b) curves measured for the 60  μ m QCL stripes. 
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Table 1. Upper cladding/contact layer designs. The QC configuration used for the structures of Types A–C comprised a superlattice of alternating In    0.53   Ga    0.47   As/Al    0.48   In    0.52   As layers that were lattice-matched with the InP substrate [11]. The thicknesses of the sequential layers were 2.4/2.4/2.6/2.1/2.6/1.8/2.7/1.6/2.9/1.7/3.1/2.5/4.4/ 1.2/5.2/1.2/5.3/1.0/1.7/4.3 nm.
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	Composition
	Thickness, nm
	Doping, cm     − 3    





	Type A
	
	
	



	Contact Layer
	InP
	20
	1 × 10   18  



	Upper Cladding
	InP
	4000
	1 × 10   17  



	Type B
	
	
	



	Contact Layer
	In    0.53   Ga    0.47   As
	20
	1 × 10   19  



	Upper Cladding (2)
	InP
	2000
	gradient

1 × 10   16  –1 × 10   18  



	Upper Cladding (1)
	InP
	2000
	1 × 10   16  



	Type C
	
	
	



	Contact Layer
	In    0.53   Ga    0.47   As
	20
	1 × 10   19  



	Upper Cladding
	InP
	4000
	1 × 10   17  
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