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The lasing characteristics of InP-based InAs/In0.53Ga0.47As quantum well (QW) lasers with different ridge widths are investigated. Two groups of lasers are grown for comparison, one with active triangular QW regions and the other with rectangular QW regions. Their output powers, characteristic temperatures (T0), external differential quantum efficiencies (ηd) and junction temperatures (Tj) are analyzed and compared. The parameter of ridge width is found to play an important role in the performance of the lasers. In triangular QW lasers, by broadening the ridge width from 8 to 12 μm, output power and ηd of the lasers are decreased for the temperature range of 100–320 K due to heating effect. But by broadening the ridge width from 8 to 100 μm in rectangular QW lasers, output power has about 3.5 time increase at 100 K and ηd also has a little increase for temperatures from 100 to 180 K due to much larger emission area and much faster heat dissipation. Tj, the real temperature of the active region, is also found to have accelerated increase at high injection current and heat sink temperature. Besides, compared to the rectangular QW laser of the same ridge width, the improved thermal performance of triangular QW laser is also demonstrated.
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INTRODUCTION
Semiconductor lasers are desirable for applications of molecular spectroscopy, gas sensing (Tittel et al., 2003; Zhang et al. 2021a; Zhang et al. 2021b) and medical diagnostics (Jean and Bende 2003), etc. For the wavelength range of around 2 μm, GaSb-based semiconductor materials are traditionally developed (Zhang et al., 2006; Jiang et al., 2021; Calvo et al., 2020). Besides, InxGa1-xAs/In0.53Ga0.47As (x > 0.53) quantum well (QW) structure on InP substrate is an alternative method for this wavelength range, which has the advantages of relatively mature growth and processing technology (Serries et al., 2001; Sato et al., 2005). In this structure, the well width and numbers of QWs can be adjusted to extend the emission wavelength and improve the laser performance. T. Sato found that the temperature characteristics of the laser with 5 nm thick InAs wells is better than those of the laser with 3 nm thick InAs wells (Sato et al., 2008). Y. Gu et al. designed a group of AlInGaAs/InGaAs/InAs samples with different well widths of 9–25 nm, and found that the material quality can be improved by adjusting the well width (Gu et al., 2009). The well shapes, rectangular or triangular, also play an important role in the output characteristics of the lasers. In ref (Cao et al., 2014), the threshold current density, output power and characteristic temperature were improved remarkably by adopting triangular QWs in the active region of InAs/InGaAs QW lasers.
Besides, ridge width is another important factor that might affect the laser performance. There are reports on the ridge width dependence in In0.64Ga0.36As/In0.38Al0.62As quantum cascade lasers at 6 μm (Slivken et al., 2004), InAs/InP quantum-dash lasers at 1.6 μm (Alkhazraji et al., 2018), and InGaAsP/InP QW lasers at 1.3 μm (Huang et al., 1997). Improved lasing characteristics are obtained in these lasers as ridge width narrows. However, there is no study on the ridge width effect on the performance of InAs/InP QW lasers emitting in the mid-infrared range.
In this work, the effect of ridge width on the lasing characteristics of InAs/InP QW lasers emission at about 2 μm is investigated. The continuous wave (CW) output power, threshold current densities (Jth), characteristic temperatures (T0), external differential quantum efficiencies (ηd) and junction temperatures (Tj) for the triangular QWs with ridge widths of 8, 10, and 12 μm and for the rectangular QWs with ridge widths of 8 and 100 μm are compared and analyzed. The 8-μm ridge laser has the highest output power under the same injection current and ηd among the three triangular QW lasers due to lower local heating effect with a narrower ridge width. But in the rectangular QW lasers, although the maximum operation temperature is lower in the 100-μm ridge laser, it has a higher output power and ηd at low temperatures due to better heat dissipation in an enlarged active region area, which can compensate the heating effect by a high injection current to some extent. The Tj-values as a function of injection current at different heat sink temperatures are also calculated and compared. In addition, by comparing the two 8-μm ridge lasers, it is found that the triangular QW laser has better lasing and thermal performance than those of the rectangular QW lasers.
DEVICE FABRICATION
Two groups of samples were epitaxially grown on n-type (001)-oriented InP epi-ready substrates in a VG Semicon V80H gas source molecular beam epitaxy (GSMBE) system. In both groups, the growth started from a 1,000-nm n-type InP buffer layer, followed by a 120-nm undoped InGaAsP waveguide layer. Then the active QW regions consisting of four QW layers, sandwiched between 20-nm In0.53Ga0.47As barrier layers, were grown. The first and the last barrier layers are 100-nm thick in group A and 20-nm thick in group B as shown in the schematic energy band diagrams in Figure 1. Also, as shown in Figure 1, the QW layers in groups A and B are 8-nm-thick InAs/In0.53Ga0.47As triangular layers and 3-nm-thick rectangular InAs layers, respectively. The details of the growth of triangular QW layers using digital alloy technology can be found in ref (Gu et al., 2014). The triangular QWs were equivalently formed by InAs/In0.53Ga0.47As digital alloy with a very thin period thickness of 1 nm, without any growth interruption during the QW growth. Afterwards, a 120-nm InGaAsP upper waveguide, a 1700-nm p-type doped InP upper cladding layer and a 300-nm In0.53Ga0.47As contact layer were grown. The growth temperatures were kept the same for groups A and B samples.
[image: Figure 1]FIGURE 1 | Schematic energy-band diagrams of (A) group A lasers with triangular QWs and (B) group B lasers with rectangular QWs as active regions.
The epitaxial growths for both groups of pseudomorphic QW structures have been well-studied without observed dislocations. The transmission electron microscope (TEM) images of triangular QWs with similar material and structures have been reported where clear interface between layers without visible threading or misfit dislocations are observed, indicating good crystal quality (Gu et al., 2010). For the rectangular QWs, the crystal quality is usually good for the structures with QW thickness smaller than 5 nm. The TEM image of similar material structures can be also found in literatures with distinct interfaces (Sato et al., 2007). Therefore, it is believed both groups of samples have good material quality for further fabrication into lasers.
Next, the samples were fabricated into ridge waveguide lasers using standard lithography and wet chemical etching. The effect of ridge width with ridge size in a large range is expected to be investigated by limited samples. Therefore, different ridge width ranges are used for the two groups. The ridge widths were designed to be 8, 10, and 12 μm for lasers of group A, and 8 and 100 μm for lasers of group B. 300-nm Si3N4 layers were deposited by plasma enhanced chemical vapor deposition for isolation. And 4, 6, 6, and 92-μm wide windows were open on the top of the 8, 10, 12, and 100-μm ridges, respectively. Sputtered Ti/Pt/Au was formed as top p-type contact and evaporated Ge/Au/Ni/Au as back bottom n-type contact. The laser chips were then diced into bars of 800 μm with as-cleaved facets, mounted on copper heat sinks and wire bonded.
The lasers were driven by CW current using a Keithley 2420 source meter. The temperature was controlled by an Oxford Optistat DN-V variable temperature liquid nitrogen cryostat. A Coherent EMP 1000 power meter was used for the I-P measurements and the spectral characteristics were measured by a Nicolet 860 Fourier transform infrared (FTIR) spectrometer.
RESULTS AND DISCUSSIONS
Output Power Pout
The output power versus CW driving current at temperatures from 100 to 320 K for lasers with triangular QWs (group A) are shown in Figure 2. In Figures 2A–C, the ridge widths of the three lasers are 8, 10, and 12 μm, respectively and the cavity lengths are all 0.8 mm. The emission wavelengths are around 2.13 μm for the three lasers at 300 K as shown in the insets of Figure 2. And the maximum operation temperatures are all 320 K. At 400 mA, the output power per facet is about 56 mW at 100 K and 11.6 mW at 300 K for the laser with 8-μm ridge width. The output powers are 57 mW at 100 K and 11.5 mW at 300 K for the laser with 10-μm-ridge width at 400 mA. It can be seen from the figure that the 12-μm-ridge laser has the lowest output power for all temperatures. Compared to the other two lasers with narrower ridge widths, the output power per facet of the 12-μm-ridge laser at 400 mA is only about 46 mW at 100 K and 8 mW at 300 K, corresponding to a decrease by 21.7% and 31%, respectively. A higher driving current is required for the laser with a wider ridge width, resulting in a higher junction temperature as well as intensified non-radiative recombinations within the device. The opening of the top contact of the 12-μm ridge is only 6-μm, the same as that of the 10-μm ridge, might also lead to a high local temperature at a high injection current and reduce the output power. So the output power decreases with the increase of ridge width from 8 to 12 μm due to local heating effect.
[image: Figure 2]FIGURE 2 | Output power versus current with temperatures from 100 to 320 K for group A (triangular QW) lasers with ridge widths of (A) 8, (B) 10, and (C) 12 μm, respectively. The insets show the output spectra at 300 K for the three lasers at threshold current, respectively.
For group B lasers, the shape of the active QWs is rectangular. The ridge widths of group B lasers are 8 and 100 μm, respectively, and the cavity lengths are also 0.8 mm. The output power versus CW driving current is shown in Figure 3. The emission wavelengths are about 2.17 μm at 290 K and 2.1 μm at 200 K for the two lasers, respectively as shown in the insets of Figures 3A,B. The maximum operation temperatures are 290 K for the 8-μm ridge laser and 200 K for the 100-μm ridge laser. It can be seen that the maximum operation temperature depends strongly on the ridge width due to heating effect. For the 8-μm ridge laser, the output power per facet is 11 mW at 100 K with a driving current of 405 mA. Note that the driving current for this laser is restricted to be below 405 mA to avoid the damage of the laser. For the 100-μm ridge laser, the output power is 38 mW at 1.9 A at 100 K, about 3.5 times that of the 8-μm ridge laser. Although there is a stronger heating effect within the 100-μm ridge laser, it has a much broader emission area and thus higher output power. However, the increase of output power is not proportional to the increase of ridge width. And with temperature further increased, the output power rolls over with the driving current for the 100-μm ridge laser due to the local heating effect.
[image: Figure 3]FIGURE 3 | Output power versus current for (A) the 8-μm ridge laser from 100 to 290 K and (B) the 100-μm ridge laser from 100 to 200 K for group B (rectangular QW) lasers. The insets show the output spectra at 290 and 200 K at 1.2 times of the threshold current for the two lasers, respectively. Note that the current ranges are 0–400 mA in (A) and 0–1900 mA in (B), respectively.
The 8-μm ridge laser in group B has a lower maximum operation temperature than that of the laser with the same ridge width in group A. For the temperatures of 100–300 K, the output power of the 8-μm ridge laser in group B has a decrease of more than 80% compared with that of the 8-μm ridge laser in group A. Note that the average lattice mismatch is about [image: image] for the triangular InAs/In0.53Ga0.47As QW, while it is [image: image] for the rectangular InAs/In0.53Ga0.47As QW. So the accumulated strain defined as the average lattice mismatch times the QW thickness is larger for the 8 nm triangular QWs than that with the 3 nm rectangular QWs. However, the triangular QW lasers have shown much higher output power with larger strains, indicating improved performance with triangular active regions.
The two 8-μm ridge lasers have different materials in the active region and different thickness of the first and last barrier layers, which might affect the optical confinement factor (Γ) of the lasers. The equivalent refractive index of the triangular InAs/In0.53Ga0.47As QWs is about 3.47 (Cao, 2014), very close to the refractive index of InAs of 3.45 (Adachi, 1989), the difference of which has limited influence on the Γ parameter. Also, by thickening both the first and last barriers from 20 to 100 nm in triangular QWs, the Γ parameter is found to increase only from 0.437 to 0.475 (Cao, 2014). That is to say, the two 8-μm ridge lasers have very close Γ values, which has almost no effect on the output power of the two lasers.
Characteristic Temperature T0
The threshold current density Jth under CW driving conditions for the two groups of lasers are shown in Figure 4. In group A, the Jth values for the three ridge widths are very close in the whole temperature range. There exist three different slopes of the natural logarithm of Jth in the figure. The T0-values are extracted by linear fitting of Jth for the three temperature ranges of 100–200 K, 200–300 K, and 300–320 K. For the 8-μm ridge laser, T0 is derived to be about 174 K in the temperature range of 100–200 K, and decreased to 72 and 31 K in the temperature ranges of 200–300 K and 300–320 K, respectively. For both 10-μm and 12-μm-ridge lasers, the T0 is 119 K at the temperature range of 100–200 K, smaller than that of the 8-μm ridge laser. The T0-values of lasers in group A are very close at the two higher temperature ranges. On the whole, the three lasers have similar temperature sensitivity at high temperatures where no big change in T0 is found with ridge widths from 8 to 12 μm.
[image: Figure 4]FIGURE 4 | Temperature dependent threshold current density Jth for lasers in (A) group A and (B) group B. The symbols are experimental data. The solid lines are fitting lines of ln (Jth) in different temperature ranges. Group A: 100–200 K, 200–300 K, and 300–320 K; Group B: 100–180 K and 200–290 K for the 8-μm ridge laser, and 100–140 K for the 100-μm ridge laser.
By linearly fitting the Jth data for the 8-μm ridge laser in group B, the T0-values are derived to be 112 and 37 K for the two temperature ranges of 100–180 K and 200–290 K, respectively. By the same fitting, the T0 is 114 K for the 100-μm ridge laser with temperatures from 100–140 K, indicating similar temperature sensitivity as the narrower 8-μm ridge laser for this low temperature range. From 160 to 200 K, the Jth-values of the 100-μm ridge laser might have large deviation from the actual values due to the rolling off effect, and thus they are not included in the fitting.
In both groups, Jth slightly increases as the ridge width narrows as reported in (Liu et al., 2006). By comparing the two 8-μm ridge lasers in the two groups, it is seen that the laser with the triangular QWs has higher T0-values and thus is less sensitive to temperature than the laser with the rectangular QWs.
External Differential Quantum Efficiency ηd
The external differential quantum efficiency as a function of the operation temperature for the lasers of the two groups is shown in Figure 5. The ηd is 51% at 100 K and drops to 11% at 320 K for the 8-μm ridge laser in group A. The 10-μm ridge laser has similar ηd values at the low temperature range of 100–200 K, but it drops faster as temperature increases, which is only 5% at 320 K. It can be observed from the figure that the ηd of the 12-μm ridge laser is only 42% at 100 K and 4% at 320 K, which is the lowest among the three group A lasers for the whole temperature range. The efficiency has a decrease of about 17.6% at 100 K and 63.6% at 320 K with ridge widths increase from 8 to 12 μm due to the heating effect.
[image: Figure 5]FIGURE 5 | External differential quantum efficiencies ηd at different temperatures for (A) group A and (B) group B lasers.
The ηd-values are very low for lasers in group B, which is only 4.8% for the 8-μm ridge laser and 5.1% for the 100-μm ridge laser at 100 K. The ηd-values are slightly higher with the 100-μm ridge laser for the temperature range of 100–180 K, but it drops very fast at the maximum operation temperature of 200 K. Although a high injection current could lead to a high local temperature, the ηd is not reduced in the 100-μm ridge below 200 K, because the generated heat can dissipate more rapidly over a larger emission area. It can also be explained from the view of thermal resistance. The thermal resistance Rth based on a two-dimensional flow model is given by (Martin et al., 1992; Alkhazraji et al., 2018)
[image: image]
where k is the thermal conductivity of the substrate, L is the cavity length, t is the thickness of the substrate, and w is the ridge width. The Rth-value is proportional to the logarithm of the width and smaller for a wider ridge. By taking k as 0.75 W/K cm for an n-InP substrate (Alkhazraji et al., 2018), L = 0.8 mm, and t = 350 μm, the Rth-values are calculated to be 28.68 K/W for w = 8 μm and 15.28 K/W for w = 100 μm. The laser with a wider ridge has a smaller Rth, which can compensate, to some extent, the temperature rise caused by a high injection current. Thus ηd does not drop easily at high temperatures.
It is also seen that the ηd is more than 10 times higher for the 8-μm ridge laser in group A compared with the laser with the same ridge width in group B in the whole temperature range of 100–290 K. This further confirms that the triangular QW lasers have better lasing characteristics than the rectangular QW lasers.
Junction Temperature Tj
The junction temperature Tj is the real temperature of the active QW regions, on which the thermal behavior of the laser critically depends. The Tj of the two 8-μm ridge lasers in the two groups are analyzed and compared. The above calculated Rth value is used to estimate Tj, which is given by the equation (Li et al., 2015; Alkhazraji et al., 2018),
[image: image]
where Ts is the heat sink temperature, Rth is the thermal resistance, I is the injection current, V is the applied voltage and Pout is the output power of the laser. The calculated Tj-values for the two lasers with temperatures between 200 and 300 K are plotted in Figure 6. For each curve (fixed Ts) in the figure, the Tj-value has a nonlinear increase with I/Ith especially at high I/Ith-values. It indicates that the difference between IV and Pout increases with I, dissipated in the form of non-radiative recombination. For each I/Ith value (fixed I/Ith), the Tj curve has an accelerated increase as Ts increase. For example, for the triangular QW, I/Ith changing from 0 to 5, the Tj has 6 K increase at Ts = 200 K but 23 K increase at Ts = 288 K. The same tendency is observed for the Tj curves of rectangular QW. This suggests that at high Ts-values, non-radiative recombination is accelerated, resulting in fast increase of junction temperature Tj.
[image: Figure 6]FIGURE 6 | The junction temperature Tj versus injection current for the two 8-μm ridge lasers in the two groups at different heat sink temperatures Ts from 200 to 300 K. The dash and solid lines represent Tj of the triangular and the rectangular QWs, respectively.
Furthermore, it can be also seen from the figure that the Tj-values increase faster in the rectangular QW laser compared with the triangular QW laser at the same or two close temperatures, indicating more non-radiative recombination centers in the rectangular QW laser. It is seen in Figure 5 that the rectangular QW laser has a much lower ηd-value and the majority of the injected current is converted into heat instead of light. Thus more heat is accumulated in its active region and the junction temperature is easily built up. In addition, the smaller Tj value in the triangular QW laser maybe also related to the improvement in the structure of the active region by using digital alloy technology. The increase of heat transfer across very thin layers of superlattice is predicted by some models (Chen, 1997; Simkin and Mahan, 2000). The thermal conductivity of (AlAs)1/(AlSb)11 digital-alloy superlattice with period of 3.6 nm is also found to be much larger than predicted by a model for thermal transport in superlattices, the possible reason of which is phonon tunneling through the thin superlattice layers (Borca-Tasciuc et al., 2009). In the active layers of our triangular QW layers, the thickness of one period including one InAs layer and one In0.53Ga0.47As layer is only 1 nm, where phonon tunneling might also assist in the heat dissipation.
CONCLUSION
The ridge width dependence of the lasing characteristics of InAs/InP QW lasers are investigated by experiments, where a clear influence is observed. The output power and ηd have 31% and 63.6% decrease respectively at room temperature by broadening the ridge width from 8 to 12 μm in group A due to heating effect. The output power is 3.5 times in the 100-μm ridge laser compared to that of the 8-μm ridge laser in group B at 100 K and the ηd is also a little bit higher for temperatures from 100 to 180 K. It is because lasers with wide ridges have large emission area and fast heat dissipation, which can compensate the temperature rise caused by high injection current at low operation temperatures. Besides, the junction temperature values of the two groups of lasers are also found to deviate from the heat sink temperature, especially at high injection currents and operation temperatures. Furthermore, by comparing the two 8-μm ridge lasers in the two groups, it is seen that the triangular QW laser in group A has better thermal and lasing characteristics than those of the rectangular QW laser in group B in all these measured parameters. In the triangular QWs, the indium composition is graded and lower near the barrier layer, which is favorable for keeping the material quality. Besides, the critical thickness of the strain material in the triangular QWs is also increased, indicating good material quality by using digital alloy technology. Therefore, by adopting triangular QWs in the active region, the performance of the InAs/In0.53Ga0.47As laser on a InP substrate is improved.
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