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[bookmark: _Toc310579467][bookmark: _Toc450648249]Abstract
Currently, there are only two types of mid-infrared lasers that are capable of continuous-wave (CW) operation above room temperature: quantum cascade (QC) lasers and interband cascade (IC) lasers. Both of them share the cascade feature for carrier recycling. The most successful QC lasers, based on the inter-subband transition and the well-established InGaAs/InAlAs/InP material system, are able to deliver several watts of optical power. In contrast, IC lasers, based on the interband transition and the unique InAs/GaSb/AlSb type-II broken-bandgap material system, have the threshold power density more than an order of magnitude lower than that of QC lasers (e.g., 0.3 kW/cm2 vs. 11 kW/cm2). As a result, IC lasers become a better solution for low-power applications in the mid-infrared region.
GaSb-based IC lasers have achieved the best performance around 3.7 μm with a threshold current density as low as 100 A/cm2 at 300 K. However, their waveguide cladding layers, consisting of thick InAs/AlSb superlattice, have a low thermal conductivity and are challenging to grow by molecular beam epitaxy. These problems become more severe at longer lasing wavelengths due to the requirement of thicker cladding layers. InAs-based IC lasers, utilizing highly doped InAs as the optical cladding layer, have been developed to address these issues. The goal of this dissertation is to use modeling and experiments to explore several aspects of InAs-based IC lasers, including far-field patterns, high-temperature operation, long-wavelength operation, wide-tunability, and single frequency mode operation.
The beam quality is critical for the laser application.  The higher-order spatial modes naturally appear when the laser ridge is wider than the lasing wavelength in the medium. For InAs-based IC lasers with a thin top cladding layer, the top contact configuration can have a major influence on the spatial modes, which are observed in the measurement of far-field patterns. The physical origin is identified by waveguide modeling based on an effective index method. 
Radical design innovations, including “shortened injector” and “carrier rebalancing,”  have significantly improved the performance of both GaSb-based and InAs-based IC lasers. Furthermore, a hybrid waveguide, consisting of an inner cladding layer with InAs/AlSb superlattice and an outer cladding layer with highly doped InAs, has significantly increased the modal gain of InAs-based IC lasers. As a result, CW operations above room temperature have been achieved at wavelengths of 4.6~4.8 μm. The threshold current density, 247 A/cm2 at 300 K in pulsed mode, is the lowest ever reported among the mid-infrared semiconductor lasers at similar wavelengths. The pulsed operating temperature is as high as 377 K. 
Long-wavelength operations are vigorously explored. With the hybrid waveguide mentioned above, the lasing temperature reaches 324 K at a wavelength of 6.4 μm. Further design improvement and optimization are presented. In addition, the lasing wavelength is extended to 11.2 μm at 130 K. Several things are found to hinder the progress. The waveguide loss is dramatically increased, mainly because the lasing wavelength approaches the plasmon wavelength of the heavily-doped InAs. The negative differential resistance is observed and may be related to the unexpected high threshold.
A wide tuning range is highly desirable for many applications such as spectroscopy and biochemical analysis. A repeatable, large electrical tunable range of 180 cm-1 (or 900 nm in wavelength near λ~7 μm) is achieved by a novel active region consisting of three InAs quantum wells. This challenges the conventional idea that the carrier density pinning at the threshold level would not allow a significant tuning by Stark effect. The gain analysis, based on the calculation of the field dependent wavefunction overlap, well explains the physical mechanism. This strategy is very useful for the design of tunable lasers. 
For sensitive detection of important gas molecules such as carbonyl sulfide/COS (4.5 μm), single-mode distributed feedback IC lasers are highly desirable for tunable laser absorption spectroscopy. A grating is patterned using interference lithography to etch through the thin top cladding into the top spacer layer of the IC laser structure. Single-mode emission with a side mode suppression ratio of 30 dB is obtained in continuous wave operation at temperatures up to 180 K near 4.5 μm. A total tuning range of 16 nm is  achieved for a single device, with a temperature-tuning rate of 0.4 nm/K and a current-tuning rate of 0.016 nm/mA. The impact of the grating on device performance is evaluated and discussed in comparison with Fabry–Perot lasers.





Chapter 1 [bookmark: _Toc310579468][bookmark: _Toc450648250]Introduction
This chapter will briefly review the developments of lasers, semiconductor lasers, mid-infrared semiconductor lasers and interband cascade lasers. Each section is a subset of the previous one. 

[bookmark: _Toc450648251]1.1 Lasers
The Nobel Prize in Physics in 1964 was awarded to Charles Townes, Nikolay Basov, and Alexander Prokhorov, “for fundamental work in the field of quantum electronics, which has led to the construction of oscillators and amplifiers based on the maser-laser principle.” [1] These pioneers built the first masers, which are laser’s counterpart in the microwave range. For example, Townes’s maser was made in 1954 by isolating excited ammonia molecules into a cavity resonant at 24 GHz, or 1.25 cm in wavelength [2] [3].
It is well known that laser is an acronym for “Light Amplification by Stimulated Emission of Radiation.” The concept of stimulated emission was first proposed by Albert Einstein in 1916 [4]. From the original concept to the realization by Townes’ work, it took scientists 38 years to realize how to achieve population inversion for stimulated emission. It is less well known that a laser itself is essentially an oscillator (which makes it a “loser”) because it generates its own beam internally and sets its own wavelength by the laser material and cavity. In contrast, an optical amplifier, also called as laser amplifier, merely amplifies the new incoming light through a single pass without a resonant cavity. 
Stimulated emission can be illustrated in Figure 1-1. In a two-level system, the energy difference between the upper energy level E2 and the lower energy level E1 is hv. An incoming photon with the same energy hv can cause a particle in the upper level to drop to the lower level,  and the lost energy is transferred to a new photon with the identical phase, frequency, polarization and direction of the travel as the incoming photon. This is in contrast to spontaneous emission, which generates photons at random intervals irrelevant to the incoming photon. 
[image: ]
[bookmark: _Toc450604423]Figure 1‑1. Stimulated emission [5]

In 1960, Theodore Maiman demonstrated the first laser in human history [6]. He chose a synthetic chromium-doped ruby crystal as the laser material, instead of alkali vapor suggested by Townes [7].  Pumped by a high-power flash lamp, this ruby laser with two facets coated by silver had an emission wavelength of 694.3 nm at room temperature.
Since this breakthrough,  researchers have been making marvelous progress on lasers, and greatly expanded the wavelength range by trying a wide variety of materials and novel structures. The performances of lasers have been sufficiently improved for commercial applications and now exist everywhere in our daily life. Examples are bar code scanners, CD and DVD players, laser printers, laser pointers, and laser surgery. The fiber-optic communications, which have an unprecedented impact on modern civilization, use InGaAsP lasers as a source and erbium fiber as an optical amplifier. 

[bookmark: _Toc431845122][bookmark: _Toc450648252]1.2 Semiconductor lasers
Whether a material is suitable to construct a laser core depends on its capability to sustain a population inversion under external excitation. Regarding light-emitting medium, lasers can be classified into several types: a gas laser, a liquid laser (organic dye laser), a solid-state laser, and a semiconductor laser. 
Although the semiconductor lasers are technically solid-state devices, they are entirely different from the solid-state lasers, because they operate in a fundamentally different way. In solid-state lasers, the materials are dielectric solids, so the only way to inject energy is with an optical pump. Typical examples of solid-state lasers are the ruby laser which uses sapphire as the host material and chromium as the active species, and the fiber laser which uses glass as the host material and erbium as the active species. The emission wavelengths of solid-state lasers are mainly determined by the active species dispersed in the host materials, leading to sharp emission peaks. In contrast, the semiconductor lasers can be electrically pumped, and their emission wavelengths rely on the energy bands formed by the host material (semiconductor). As a result, the gain spectra in semiconductor lasers are intrinsically broader, and the energy efficiencies are higher than that in solid-state lasers. Due to their many advantages, such as being compact, power-efficient and low-cost, the semiconductor lasers have been occupying about half of the market share for decades. 
A semiconductor laser is also known as a laser diode. This can trace back to its early development when the active medium is formed by a p-n junction, similar to a semiconductor diode used in the electric circuit. Most laser diodes are composed of the “direct bandgap” materials such as GaAs and InP. Without bias,  a built-in electric field is formed near the p-n junction, leading to a depletion region. A forward electrical bias can cancel the built-in field and make electrons and holes recombine at the junction, generating photons with  energy equal to the bandgap. The p-n junction, also known as a homojunction, is created by p-type and n-type doping in the same semiconductor material. This is in contrast to a heterojunction,  also called as a heterostructure, which is formed by two materials of different bandgaps. In 1963 Herbert Kroemer [8] and Zhore I. Alferov [9] independently proposed double heterostructure (DH) lasers, which significantly enhanced the confinements for both carriers and photons in the active region. The first continuous-wave (CW) room-temperature semiconductor lasers were achieved based on GaAs/AlGaAs DH, with threshold current density around 1000 A/cm2 at 300 K [10 ,11]. The Nobel Prize in Physics in 2000 was awarded to Kroemer and Alferov for their contribution in DH lasers.
According to de Broglie hypothesis, all matter can exhibit wave-like behavior. The wavelength of an electron in semiconductor can be related to its momentum by

                       (1.2.1)
where the band structure parameter Ep is 21~29 eV for most binary semiconductors and will be further explained in section 2.2.3. If the core layer of DH is made sufficiently thin, e.g., less than 25 nm, the quantum effect will manifest in that the electron energy is quantized in the growth direction. Thus, a DH laser becomes a quantum well (QW) laser and the corresponding densities of states are stair-like. Consequently, the differential gain is increased, and the lasing threshold can be reduced. Although the threshold current density for the first QW lasers was about 3000 A/cm2 [12], continuous improvements, such as graded-index separate confinement structure [13], managed to bring it down to 160 A/cm2 [14]. Extremely low threshold current densities of 65 A/cm2 [15] and 56 A/cm2 [16] were achieved by lowering the valence band effective mass via compressive strain [17]. Nowadays, most commercial semiconductor lasers are based on the QWs due to their superior performances.  

[bookmark: _Toc431845123][bookmark: _Toc450648253]1.3 Mid-IR semiconductor lasers
The III-V direct bandgap semiconductor lasers have successfully covered broad spectra ranging from blue ray to near infrared (IR) with high performance. However, in the mid-wavelength IR (i.e., 3-8 μm) and long-wavelength IR (i.e., 8-15 μm)  region, no laser had achieved CW operation above room temperature until 2002 [18]. Coherent mid-IR light sources are very useful for many applications. The top application is gas-sensing. Many invisible gas molecules have their most sensitive absorption within this range, as shown in Figure 1-2. These molecules can be detected by tunable diode laser absorption spectroscopy (TDLAS) with detection limit around 1 ppb, which is about three orders of magnitude more sensitive than that in near-infrared. Other applications for mid-IR lasers include stand-off detection [19] and free space optical communication [20].
[image: ]
[bookmark: _Toc450604424]Figure 1‑2. Absorption spectra for some invisible gas molecules [21]

For emission at mid-IR wavelengths, traditional type-I interband laser diodes are based on narrow bandgap IV-VI materials (also called lead salt materials) [22]. The Auger coefficients in IV-VI materials are 1~8×10-28 cm6/s [23,24], comparable to 2~3×10-28 cm6/s in type-II InAs/GaSb QWs [25]. However, the maximum CW operating temperature, achieved by optically pumped PbSrSe/PbSe QW disk lasers at 4.3 μm, is only 275 K [26]. Further improvement on performance is impeded by the relatively low thermal conductivity of the material and inferior epitaxial material quality [27].  
In 1994, the demonstration of quantum cascade (QC) lasers by Capasso’s group [28] had radically changed the landscape of mid-IR semiconductor lasers. The photon generation in a QC laser is achieved through the use of intersubband transitions in a repeated stack of multiple QWs. The photon energy is determined by the quantized states within the conduction band and can be tailored over a wide range from mid-IR to terahertz region. Although the fast phonon scattering (on the order of 1 ps) was detrimental to establishing a population inversion, the researchers overcame this difficulty by innovative active region designs such as “bound-to-continuum transition” [29] and “double-phonon resonance” [30]. Continuous wave operation above room temperature was achieved in 2002, at an emission wavelength of 9.1 μm and with a pulsed threshold current density of 3100 A/cm2 at 292 K [18]. Tremendous research efforts on the QC laser have been creating every new record. The state-of-the-art QC lasers have a wall-plug-efficiency (WPG) of 21% with a maximum output power of 5.1 W in CW operation at room temperature [31]. 
Figure 1-3 shows the difference between conventional interband laser, where an electron and a hole recombines to generate a photon, and QC laser, where only electrons participate in the inter-subband transition and each electron can produce multiple photons in the cascade structure. 

[bookmark: _Toc450604425]Figure 1‑3. Conventional interband laser vs. quantum cascade laser [32]

Another competitive contender in the mid-IR region is interband cascade (IC) laser [33,34], which has combined the advantages of both conventional interband laser and QC laser. On the one hand, the interband transition has a longer carrier lifetime than intersubband transition (e.g., 1 ns vs. 1 ps), resulting in a much lower threshold current density. On the other hand, the cascade connection, equivalent to an in-series circuit [35], has a significant advantage over the non-cascade interband laser in terms of Auger recombination. The series connection trades low threshold voltage for low threshold current. With fewer injected carriers, the Auger recombination is significantly reduced. Another advantage is similar to power transmission line, the higher voltage and lower current can reduce the ohmic loss in the device. 
A brief review of the development of IC lasers will be given in next section. An interesting note is that the cascade concept is also applicable to interband lasers at shorter wavelengths. As early as 1984, van der Ziel and Tsang connected three GaAs laser cores in series by highly doped tunnel junctions (Esaki junction) for the purpose of higher output [36]. The so-called “bipolar cascade” lasers with 2 or 3 stages were reported at wavelengths ranging from 1 to 2 μm [37-41]. The active regions in these lasers were also connected by highly-doped tunnel junctions. But the tunnel junctions introduced so much optical loss that they didn’t outperform their counterparts with one stage. In addition, GaN light emitting diodes in a cascade style were claimed to overcome efficiency droop due to a reduction of threshold current [42]. 

[bookmark: _Toc431845124][bookmark: _Toc450648254]1.4 Brief history of IC lasers 
The prototype of IC laser, proposed by Rui Q. Yang in 1994 [43,44], is an alternative infrared laser to quantum cascade laser [28]. The backbone of the IC laser is the type-II broken-bandgap heterostructure, InAs/Ga(In)Sb QW, which facilitates the interband transition and enables the recycling of carriers. In 1997, the first demonstration of an IC laser was reported with a wavelength of 3.8 µm [45]. Soon a hole injector consisting of one GaInSb QW was proposed to prevent carrier tunneling leakage [46].
 Further development was carried out by Yang and his collaborators at several institutions, as well as by groups at Naval Research Laboratory and the University of Wurzburg. On the one hand, InAs/GaSb/AlSb material system is less established than InP and GaAs, so related technologies are explored to overcome the practical difficulties in material growth and device fabrication. On the other hand, several key changes on the design have significantly improved the laser performance.
 Figure 1-4 shows a modern-day style of the cascade structure, which is divided into three parts: an active region, a hole injector, and an electron injector. For the active region, two InAs QWs consisting of a “W” shape, previously used in type-II QW lasers [47], was introduced to IC lasers to improve the wavefunction overlap as well as the optical gain [48]. For the hole injector, a second hole QW was added to suppress the leakage current further [49]. For the electron injector, two strategies are have contributed to substantial improvements. The first one is called “shortened electron injector” [50], which reduces the thicknesses of InAs QWs in the electron injector, leading to an enhanced optical mode intensity in the active region and a higher voltage efficiency. The second one is called “carrier rebalancing” [51], which increases the doping concentration in the electron injector by one order of magnitude, resulting in a significantly reduced threshold current density. However, the physical mechanism is not conclusively known. This will be further discussed in section 5.2.1. 
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[bookmark: _Toc450604426]Figure 1‑4. Band-edge diagram of one cascade stage in an IC laser design

Over the last decade, with the improvement of theoretical understanding, material quality,  and device fabrication, the pulsed threshold current densities of room temperature (300 K) IC lasers at wavelengths below 4 µm had been reduced by more than one order of magnitude, as shown in Figure 1-5. The first room temperature IC laser was reported in 2002, with a rather high threshold current density of 6900 A/cm2 [52]. Soon it was reduced to 1000 A/cm2 [53], which was already lower than the best QC laser at similar wavelengths [54,55]. The reduction to about 600 A/cm2 [56] enabled the IC lasers to work in CW operation at 264 K, accessible by a simple one-stage thermoelectric cooler (TEC) [57]. Then the distributed feedback (DFB) IC lasers were developed [58] and delivered to 2007 NASA flight project and installed in the Mars rover Curiosity for methane detection [59,60].  

[image: ]
[bookmark: _Toc450604427]Figure 1‑5. Evolving of the threshold current densities in IC lasers over the years

In 2008, the major breakthrough, CW operation at room temperature, was achieved with a threshold current density of 400 A/cm2 [61]. The “carrier rebalancing” design and other further refinement brought the threshold down to 170 A/cm2 [51] and ~100 A/cm2 [62]. The low threshold current and thus a remarkably low power consumption, e.g.,  29 mW [51], are highly desirable for battery powered applications. The state-of-the-art IC lasers are able to operate in CW mode at temperatures up to 388 K [63], deliver high output power up to 592 mW at room temperature [64], and have wall plug efficiency (WPE) as high as 18% at room temperature [65]. This WPE value is comparable with the best value, 21%, obtained by QC lasers in CW mode [31].
The above IC lasers, with wavelengths of 3.3~3.9 µm, are all grown on the GaSb substrates. Their waveguide cladding layers, consisting of thick InAs/AlSb superlattices (SL), have a low thermal conductivity and are challenging to grow by molecular beam epitaxy (MBE). These problems become more severe at longer wavelengths because of the requirement of a thicker cladding layer. InAs-based IC lasers [66], utilizing highly doped InAs as the optical cladding layer, have been developed to alleviate the issues. A coverage of wavelength from 3.3 µm [67] to 11 µm [68] was demonstrated. Pulsed operations at room temperature were obtained beyond 5 µm [69], 6 µm [70] and 7 µm [71]. Very recently, CW operation of InAs-based IC lasers above room temperature was achieved at wavelength ~ 4.8 µm [72,73]. The threshold current density of 247 A/cm2 is the lowest value ever reported among semiconductor mid-infrared lasers at similar wavelengths.
This dissertation is organized as follows. Chapter 2 discusses the fundamentals and physical models of IC lasers that are crucial for laser design. Chapter 3 describes the material growth, the fabrication, and the laser characterizations. Chapter 4 analyzes the far-field patterns and the beam qualities of InAs-based IC lasers. Chapter 5 presents the performance improvement in InAs-based IC lasers, including the breakthrough of continuous wave operation above room temperature. Chapter 6 shows long-wavelength InAs-based IC lasers, including lasing wavelength up to 11 µm, and the room temperature operation at 6 µm. Chapter 7 investigates the electrical tunability of IC lasers. Chapter 8 describes InAs-based distributed-feedback IC lasers with a thin top cladding layer. A research summary and future outlook are provided in Chapter 9.

[bookmark: _Toc446490544]


Chapter 2 [bookmark: _Toc450648255]Fundamentals of interband cascade lasers
This chapter presents the basic physics and some physical models of interband cascade lasers. Section 2.1 analyses the gain level in the laser operation and the dynamic process with the help of rate equation.  Section 2.2 further quantitatively discuss the transparency condition, threshold condition and gain coefficient in semiconductor lasers. Section 2.3 introduces the Kane model, including both 8-band model and 2-band model, for calculation of the band structure.  Section 2.4 presents models for the optical wave propagation, the optical waveguide, and the far-field pattern.

[bookmark: _Toc446490545][bookmark: _Toc450648256]2.1 Basis in laser operation
[bookmark: _Toc446490546][bookmark: _Toc450648257]2.1.1 Gain analysis
In thermal equilibrium, the distribution of classical particles can be described by the Boltzmann distribution:

                            (2.1.1)
where n2 and n1 [cm-3] are carrier concentration in the upper energy level E2 and lower energy level E1, respectively. kB=0.0086 meV/K is the Boltzmann constant. T [K] is the temperature.  According to the Boltzmann distribution, the population in the upper lever is always smaller than that in the lower level, unless the temperature is “negative” [6].
However, a laser doesn’t work in thermal equilibrium. Instead, a laser requires an external pumping source to establish population inversion to obtain the gain.The gain coefficient g [cm-1] is proportional to the population inversion [74]:

                         (2.1.2)

where gi is degeneracy, the number of ways that a carrier can have in the energy level. The stimulated emission cross section[cm2] is actually a cluster of several physical quantities:

                         (2.1.3)

where A21 [s-1] is the spontaneous emission coefficient, λ is the wavelength, n is the refractive index, and f(v) [s] is the line shape function which describes the relative distribution at frequency v. The stimulated emission cross section  has a typical value of 10-16 cm2, but may vary depending on the system property.

Figure 2-1 shows the modal gain Γg as a function of injection. Note that the material gain  g is not readily measurable, because only a portion of the light will interact with the gain medium. This portion is usually indicated by the confinement factor Γ. The injection will first reach the transparency condition, where the gain medium starts to have a positive gain. The laser serves as a light emitting diode (LED) and has amplified spontaneous emission. The spontaneous emission generates broad-spectrum photons which are the initial “seeds” to be amplified. However, such light is not coherent due to insufficient optical feedback inside the cavity. In other words, all the initial “seeds” will eventually decay completely during several round trips in the cavity; even their amplified “copies” will not survive.  
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[bookmark: _Toc450604428]Figure 2‑1. Modal gain as a function of injection


With more injection, the modal gain  can be increased to compensate the total loss, which is called the threshold condition:

                                                 (2.1.4)

where is the confinement factor describing the portion of the light confined in the active region.



However, the gain is not going to increase with further injection. Although somewhat counterintuitive, this can be quantitatively explained by a three-level system, as shown in Figure 2-2. The pumping rates from ground level to level 2 and level 1 are R2 and R1, respectively. The lifetime of an electron at level 2 and level 1 are and , respectively. The lifetime of spontaneous transition from level 2 to level 1 is . 
[image: ]
[bookmark: _Toc450604429]Figure 2‑2. Pumping and carrier lifetime in a three-level laser [74]

The population inversion and the gain coefficient in a steady state can be expressed as:

                       (2.1.5)

                                 (2.1.6)

                             (2.1.7)

                         (2.1.8)                 
The gain coefficient in equation (2.1.6) is decomposed into a small-signal gain coefficient g0 defined by equation (2.1.7), and saturation intensity Is [w/cm2] defined by equation (2.1.8). The small-signal gain coefficient increases with the pumping, regardless of the photon intensity Iv. 


As shown in Figure 2-1, when a laser approaches its threshold, the gain will more deviate from the small-signal gain because the ratiois significant. If the modal gain is larger than the total loss, the photon intensity will continue to increase until the modal gain falls below the total loss. This dynamic process is more accurately described by the rate equation, which will be presented in section 2.1.2. As a result, the population inversion and the gain are clamped to a constant value. Further pumping only increases the photon intensity, but the steady-state gain coefficient will remain the same (i.e., ), preventing the photon intensity from growing indefinitely through more and more cavity transits.
However, in reality, the total loss may not be constant. The large injection may: (1) increase the temperature in the laser active core because the power conversion efficiency is far less than one; (2) increase the optical loss, including the free carrier absorption loss, the inter-valence band absorption loss and facet scattering loss; (3) increase the carrier loss such as Auger recombination loss, carrier leakage loss, tunneling loss, etc. All of these factors together will ultimately lead to “power rollover” that the laser output power ceases to increase, even in the pulsed operation.  

[bookmark: _Toc446490547][bookmark: _Toc450648258]2.1.2 Rate equation
Before a laser reaches the steady state, the carrier and photon density in the cavity undergo some oscillations until the balance between gain and loss is achieved. This dynamic process can be described by a simple rate equation model [75]. For the excess carriers (either electrons or holes), the rate equation is:

                            (2.1.9)



where n[cm-3] is the carrier density at the excited state, s [cm-3] is the photon density, is the current injection efficiency, j [A/cm2] is the current density, e [C] is the charge of a single electron, da is the thickness of active region, [cm/s] is the group velocity of photons in the cavity, and [s] is the lifetime of spontaneous recombination, which can be generally decomposed into three types of carrier recombination: 

            (2.1.10)



where ,  and  are the lifetime of Shockley-Read-Hall recombination, spontaneous radiative recombination and Auger recombination, respectively. A, B and C are the corresponding recombination coefficients. They are all temperature dependent.
To simplify the discussion, the gain coefficient g in equation (2.1.2) is assumed to have a linear relation with the injected carrier density: 

                                                     (2.1.11)
where ne is the transparency carrier density. Further discussion of the gain coefficient will be given in section 2.2.3 and section 5.2.1 with a more accurate equation. 
For photons in single mode, the rate equation is: 

                         (2.1.12)


where is the ratio of single-mode photons to the carriers participating in the spontaneous recombination. At a steady state =0, the modal gain is only slightly smaller than the total loss.
For a more general expression, the carrier density, the current density, and the photon density are normalized:

                       (2.1.13)

                            (2.1.14)

                            (2.1.15)  

where nc [cm-3] is the critical carrier density that its modal gain is equal to the total loss,  [s] is the cavity lifetime of the photon), jr [A/cm2] is the threshold current density, and sr [cm-3] is the photon density when the injected current is twice the threshold value. 
The normalized time gain G is defined as:

              (2.1.16) 
The rate equations (2.1.9) and (2.1.12) can be transformed to:

                   (2.1.17)

                          (2.1.18)

At the steady state, , the solution is :

      (2.1.19)

       (2.1.20)

where the approximation holds when <<1.


These two equations show the expected results. For most semiconductor lasers, an only slight portion of the spontaneous recombined carriers turn into single-mode photons, i.e., <<1. Whether the injected current is above threshold results in two unique results. When the injected current is below the threshold, J<1, the injected current becomes the excited carrier, N=J, and there’s no laser light, S=0. When the injected current is above the threshold, J>1 , the excited carrier density is pinned at the threshold level, N=1, and the photon density increases linearly with the injected current, S=J-1. Since the carrier density is pinned, the gain is also saturated, which is roughly equal to . 
A time-dependent solution will help understand how the balance is achieved, which is essential to the high-speed operation and “gain switch pulse.” The differential equations (2.1.16) and (2.1.17) can be numerously solved by Runge-Kutta-Fehlberg method. Figure 2-3 shows a typical dynamic behavior for a DH laser with a current injection of 1.2 times the threshold. 
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[bookmark: _Toc450604430]Figure 2‑3. Dynamic process in a semiconductor laser before the steady state.

There’s a buildup time for the carrier to accumulate from zero to threshold. This will delay the onset of laser operation by 

                (2.1.21)
At the delayed time, the photon density is still below the steady-state value, which causes the carrier overshooting the threshold value. Consequently, the corresponding gain is larger than total loss and results in “gain switch pulse”. Then both carrier and photon density have damped oscillations around the steady-state value. For minimization of the delayed time and oscillation, a common practice in a signal modulation is to superimpose a signal on a dc current which is around threshold value.
[bookmark: _Toc446490548][bookmark: _Toc450648259]2.2 Gain coefficient in semiconductor materials
In this section, more quantitative discussions are given on the transparency condition, the threshold condition, and the gain coefficient. 
[bookmark: _Toc446490549][bookmark: _Toc450648260]2.2.1 Probability inversion 
In interband semiconductor lasers, photons are generated by electron-hole recombinations. Electrons are Fermions, which obey the Fermi-Dirac distribution function in thermal equilibrium: 

                                     (2.2.1)
where EF is the Fermi energy.
A laser operates in a non-equilibrium state. However, because the interband recombination lifetime is much longer than the intraband relaxation lifetime, the carriers in the conduction band and the valence band can each arrive at quasi-equilibrium, with separate quasi-Fermi levels for each band. The occupation probabilities of an electron in the conduction band and the valence band are: 

                                 (2.2.2)

                                  (2.2.3)
where Fc and Fv are quasi-Fermi energies in the conduction band and the valence band, respectively.
To amplify the photons or have a net material gain, the probability for the electron-hole recombination must be larger than its inverse process:

                                    (2.2.4)
Then we get

                        (2.2.5)
This inversion of the probability of an electron between the two states is called Bernard-Duraffourg inversion condition [76]. This is equivalent to the population inversion mentioned in section 2.1. Note that because the valence band is almost full of electrons while the conduction band is nearly empty, it’s impossible to achieve the population inversion between the conduction band and the valence band.


In equation (2.2.5), the probability inversion is equivalent to the condition that the quasi-Fermi energy difference is larger than the photon energy. In analog to the population inversion, the critical point of probability inversion, i.e.,or , can be taken as the transparency condition. Numerical results are presented in next sub-section.

[bookmark: _Toc446490550][bookmark: _Toc450648261]2.2.2 Quasi-Fermi levels in bulk and QW material

The density of states [cm-3 eV-1] in the conduction band of a bulk material is:

                         (2.2.6)
The carrier concentration in the conduction band is 

                            (2.2.7)

where Nc [cm-3] is the effective density of states in the conduction band,  is the Fermi integral:

                                (2.2.8)


,                        (2.2.9)
The expression for the valence band is similar. However, the effective mass of the heavy hole is about an order larger than that of the electron. Consequently, the effective density of states in the valence band is much greater than that in the conduction band. As a result, the same carrier concentration will cause more energy shift of Fc than Fv.
Figure 2-4 shows the quasi-Fermi levels and the band edge occupation probability as a function of carrier density in InAs/GaSb heterostructure. Only Γ valley and c-hh transition are considered to highlight the essential physics. The carrier densities of electron and hole are the same to keep charge neutrality. We can see the quasi-Fermi level and the occupation probability of electron increase much more rapidly than the hole. As a result, the transparency condition requires an injected carrier density of 3.4*Nc, as indicated in the figure. The penalties associated with the effective mass asymmetry are a higher transparency carrier density, a larger free carrier absorption loss, and a larger Auger recombination loss. All together result in a higher threshold current density. One solution to alleviate this effect is lowering the valence band effective mass by changing the strain and quantum confinement [17]. Another possible solution is to have modulation doping in the active region [77]. 
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[bookmark: _Toc450604431]Figure 2‑4. Quasi-Fermi levels as a function of carrier density in the bulk material.



For QW materials, the density of states [cm-2 eV-1], the carrier concentration n2D (cm-2) and the effective density of states (cm-2) are:

                               (2.2.10)

                      (2.2.11)

                             (2.2.12)


where , is the ground state energy in the QW.
To compare how the quasi-Fermi levels are affected in bulk and QW material, the carrier concentrations are normalized by their respective effective density of states. As shown in figure 2-5, the two curves overlap each other when the quasi-Fermi levels are below the band edge. After that, the quasi-Fermi level for QW increases more rapidly, which means higher differential material gain. 
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[bookmark: _Toc450604432]Figure 2‑5. Comparison of quasi-Fermi levels between bulk and QW materials

Assume the same total carrier recombination lifetime and the same amount of normalized injected carrier density (n/Nc), the ratio of bulk current to QW current is:

                (2.2.13)
This means, under “equivalent” carrier injection, the current density in bulk material is always larger than QW material unless the active core thickness is smaller than 30 nm. This makes sense because the bulk material will become QW if the thickness is sufficiently thin.

[bookmark: _Toc446490551][bookmark: _Toc450648262]2.2.3 Gain coefficient
Once the Bernard-Duraffourg inversion condition is achieved, the injected semiconductor will have the net material gain. Within the framework of Fermi’s Golden Rule, the net material gain is written as [78]:

          (2.2.14)

                         (2.2.15)


where is the reduced density of states,. With k conservation, the Fermi distribution factor is expressed as:

                   (2.2.16)

And  [eV·s·cm-1] is the momentum transition matrix element averaged over a solid angle for bulk material, or averaged over an azimuthal angle for QW material [79]:      

              (2.2.17)
The value of momentum transition matrix element px can be extracted by the experimental Ep [eV] parameter compiled in [80], which has included the effects of adjacent bands and remote bands. The relations between these symbols are:

                          (2.2.18)

For spin degeneracy, the above expression for the matrix element assumes that a factor of two will be included in the expression for the density of states [79]. For transition of an electron to heavy-hole in a quantum well, [79]. 
According to the relation of Einstein coefficients, the spontaneous emission rate rsp [eV-1·cm-3·s-1] is given by:

                 (2.2.19)




Then the corresponding “spontaneous emission” recombination rate [s-1], recombination lifetime [s], recombination coefficient [cm6s-1], and recombination current density [A/cm2] can be calculated by:

      (2.2.20)

                           (2.2.21)
A numerical example of the gain spectra and the spontaneous emission spectra is shown in figure 2-6. The QW structure has a higher gain due to its larger momentum matrix element and smaller transparency carrier density. The practical gain spectra will have some band tailing near the bandgap,which is partially due to the lineshape broadening caused by the finite lifetime of an electron at the energy levels. 
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[bookmark: _Toc450604433]Figure 2‑6. Gain spectra and spontaneous emission spectra for GaAs bulk and QW

The gain spectra for InAs has a similar shape. However, the electron effective mass in InAs is only one-third of that in GaAs, which has twofold effects. On the positive side, the smaller effective density of states in InAs results in a lower transparency carrier density and possibly lower threshold current density. On the other hand, the smaller density of states will lead to smaller differential gain, which makes its threshold more sensitive to the temperature. 

[bookmark: _Toc446490552][bookmark: _Toc450648263]2.3 Active region material and band structure
This section introduces the type-II QW materials that are the backbone of the cascade structure. The Kane model, including both 8-band model and 2-band model, is presented to calculate the band structure.  
[bookmark: _Toc446490553][bookmark: _Toc450648264]2.3.1 Type-II QW materials
Almost all commercial semiconductor lasers since the 1990s have used QWs as the light-emitting material because of their better performance. Depending on their band alignments, QWs can be classified into several types. 
If the bandgap of one material completely falls within the bandgap of the other material, as shown in figure 2-7(a), this combination is called type-I QW. Because the electrons and holes are confined in the same material, a type-I QW has the advantage of large wavefunction overlap and hence, a higher gain coefficient. 
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[bookmark: _Toc450604434]Figure 2‑7. Band alignment for (a) type-I QW; (b) type-II QW [81]

If the bandgap of one material is not fully encapsulated by another material, as shown in figure 2-7 (b), this combination is called type-II QW. In this configuration, electrons and holes are confined in different materials, forming an effective “bandgap” determined by their respective quantized ground states. Although there is a smaller wavefunction overlap, the type-II QW has  two distinctive advantages. First, it can have a larger tuning range of the lasing wavelength by changing the thicknesses of both materials, while the type-I QW has a long wavelength limit determined by the material’s own bandgap. Second, the spatially indirect transition in a type-II QW is not affected by the possible defect states within the material bandgap, which is very common in narrow bandgap materials.
A typical example of a type-II QW is an InAs/GaSb QW, with AlSb as their common barrier material. The conduction band edge of InAs is ~0.15 eV below the valence band edge of GaSb, forming a broken-gap alignment. This unique structure  has stirred a lot of research interests. Negative differential resistance was observed as an evidence of (resonant) interband tunneling [82-84]. Resonant interband tunneling was considered as a mechanism for fast extraction from the lower lasing subband [44,85-87], a key point for high-performance quantum cascade lasers [88]. Nevertheless, an intersubband laser based on resonant interband tunneling has not been demonstrated yet. Instead, an IC laser based on the type-II QW interband transition has been proven to be more efficient, due to a much longer lifetime of interband transition. In addition, a 20~25Å thick AlSb layer sandwiched between the InAs/GaSb QW to connect  the electron injector and the hole injector,  can be used as a semi-metallic source [89] to facilitate the carrier transport [90], or “internally generate carriers” [51], which makes the cascade process possible.

[bookmark: _Toc446490554][bookmark: _Toc450648265]2.3.2 Band structure modeling
As shown in figure 1-4, a cascade stage of an IC laser is composed of a “W” shaped type-II active region and two injectors of multiple type-I QWs. The structure optimization relies on the numerical calculation of the wavefunction. The popular envelope-function approximation, as an adaptation of the k·p theory [91], is an efficient method to calculate the semiconductor band structure with decent accuracy. This approximation is convenient to implement, e.g., when an external electrical field is applied. 
The electron wave function satisfies the time-independent Schrodinger equation:

                  (2.3.1)


where is the Hamiltonian operator and is the momentum operator. 
Because the potential V(r) is periodic in a semiconductor crystal, the general solution is given by

                                 (2.3.2)


where n is the band index and  has the same period as the crystal lattice. This result is the Bloch theorem, and the wavefunction  is called the Bloch function. 

If the wavefunctionis substituted into the Schrodinger equation (2.3.1) , we have : 

       (2.3.3)
At k=0, equation (2.3.3) reduces to 

                    (2.3.4)

The solutions of the equation of (2.3.4) form a complete and orthonormal set of basis functions. The terms can be treated as perturbations term using perturbation theory. This method for calculating the band dispersion is known as the k·p method. For accounting for the spin-orbit interaction, it’s necessary to include the corresponding Hamiltonian:

                       (2.3.5)
The zinc blende semiconductors are well described by the eight-band Kane model [91], in which the basis functions are taken from the s-state wave function and the p-state wave functions of a hydrogen atom model:

                         (2.3.6)
These four wave functions plus their opposite spin counterparts constitute the eight basis functions in Kane model. The 4×4 Hamiltonian matrix is 

                   (2.3.7)
For non-trivial solutions, the discriminant must be zero:

      (2.3.8)


where . Around the band edge, , we can get the analytical solutions by the first-order approximation:

              (2.3.9)


In Kane’s four-band model, the conduction band, the light-hole band, and the spin-orbit split-off band are coupled together, with their eigenenergies connected by the moment matrix element P. However, the heavy-hole band is decoupled from the other three bands. This heavy hole has a positive free-electron mass, which is apparently wrong. The main reason is the lack of the effect of remote bands. And the choice of basis functions may also be responsible. This problem can be solved by the Luttinger-Kohn model, in which the unperturbed term  and perturbed term are different from the Kane model:

         (2.3.10)
However, there is no analytical expression for the E(k) expression in the Luttinger-Kohn model, which makes it less popular than the Kane model. A self-consistent algorithm based on Luttinger-Kohn’s 4-band model was developed by Chuang’s group to calculate the temperature dependency of material gain [92].

[bookmark: _Toc446490555][bookmark: _Toc450648266]2.3.3 Two-band model and formalism 
One representation of the two-band model is to assume the spin-orbit interaction ∆=0. Consequently, the Kane 4×4 Hamiltonian matrix is decoupled into a single band for the heavy hole and a 2×2 Hamiltonian matrix for the conduction and the light hole valence band [93-95]:

                            (2.3.11)
For non-trivial solutions, the discriminant must be zero:

                        (2.3.12)


where. Around the band edge, , we can get the parabolic dispersions by the first-order approximation:

       (2.3.13)
So the electron effective mass around the conduction band edge is 

                   (2.3.14)    

Note that some published papers have a different notation for the moment matrix element. For example,  is used in reference [96,97]. For consistency, the “two-band” P parameter is evaluated at the conduction band edge by equation (2.3.14), instead of taking the Ep parameter compiled in [80]. Consequently, the equivalent “two-band” Ep value averaged over InAs-GaSb-AlSb is 15.7 eV, smaller than the “complete band” Ep of about 22.4 eV. This discrepancy is because the two-band model has neglected effects from other bands. 
In the following, the formalism for the transfer matrix method is presented. 
The total wavefunction in a two-band model is:

                        (2.3.15)


where  and are envelope functions which modulate the basis functions, 
The eigenfunctions for conduction band and light hole valence band are 

                (2.3.16)

                           (2.3.17)

                                 (2.3.18) 
The wave function probability is the superposition of both components:

                               (2.3.19)
The heavy hole valence band, which can be decoupled with the electron and light hole valence band, can be described by the single-band model. The wavefunction has a similar format:

       (2.3.20)
Note that the wavevectors for electron and hole are different due to their opposite polarity:

                             (2.3.21)
Once the normalized wavefunctions for both electron and hole are obtained, the oscillator strength can be calculated by[98]

          (2.3.22)
The band parameters such as effective mass and band offset can be found in several literature reviews [80,99,100]. However, there is still uncertainty regarding the band offset, which is sensitive to the growth condition.  

[bookmark: _Toc450648267]2.3.4 Kane’s two-band model 
Actually, in Kane’s original paper [91], his two-band model is to use an approximation ∆>>Eg, kP. Consequently, equation (2.3.8) becomes 

                                 (2.3.23)
One of the three solutions is still the decoupled single-band for the heavy hole. And the other two solutions are the conduction band and the light hole valence band:

       (2.3.24)
So the electron effective mass around the conduction band edge is 

                   (2.3.25) 

It seems that the Kane’s “two-band” Ep value averaged over InAs-GaSb-AlSb, 23.58 eV, is much closer to “complete band” Ep of about 22.4 eV. But actually, these two representation of the two-band model are equivalent. In another word, Kane’s moment matrix element , so only a constant factor is packed into the term. 

[bookmark: _Toc446490556][bookmark: _Toc450648268]2.4 Optical wave modeling
The active QWs, usually much thinner than the emission wavelengths, have a tiny filling factor or confinement factor. Therefore, an optimized optical waveguide is required to modify the optical wave distribution to achieve sufficient modal gain. In this section, the optical wave equations are derived in detail.

[bookmark: _Toc446490557][bookmark: _Toc450648269]2.4.1 Optical wave equations
The foundation of classical optics is Maxwell’s equations:

                                              (2.4.1a)

                                               (2.4.1b)

                                       (2.4.1c)

                               (2.4.1d)
where D is the displacement field, B is the magnetic field, E is the electric field,  H is the magnetizing field, ρ is the free charge, and J is the electric current.


From Maxwell’s equations, along with the constitutive relations, i.e., , ,we can get the wave equations in a sourceless, homogeneous and isotropic medium:

                         (2.4.2a)

                        (2.4.2b)

where  is the Laplace operator.

To separate the variables, ,we get the time-independent forms of the wave equation, the Helmholtz equation:

                        (2.4.3)

If z direction is taken as the propagating direction, we further separate the variable,  . Then we have:

                      (2.4.4)


where [cm-1] is the propagating constant and is the incident angle to the interface. The real part of the propagating constant is related to the change of the phase, while its imaginary part is related to the change of the amplitude.

The vectors are fully written as . According to whether the longitudinal components are zero, all possible modes can be divided into four groups:
1. 
transverse electromagnetic (TEM) modes: 
1. 
transverse electric (TE) modes: 
1. 
transverse magnetic (TM) modes: 
1. 
hybrid modes:


If the electromagnetic wave is an ideal plane wave, i.e.,,, the solution to equation (2.4.2a) is 

                            (2.4.5)
If the propagating constant β is a real number, this wave will propagate infinitely without any decay. This is against the law of conservation of energy. So this plane wave can only exist in a finite space. 

If the electromagnetic wave is restricted in a slab waveguide, i.e., , the solution for TE modes is


                        (2.4.6)

where . 

[bookmark: _Toc446490558][bookmark: _Toc450648270]2.4.2 Light propagating in a multilayer structure
It’s well known that the incident angle and refraction angle satisfy the Snell’s law:

                        (2.4.7)

Total reflection happens when the incident angle is large enough and n1>n2. The critical angle . Depending on whether the incident angle is greater than the critical angle, the light propagating process can generally be grouped into two cases:
1) If the incident angle is small, the light will propagate along the normal of a plane interface. The reflection and transmission coefficients at the interface are given by the Fresnel formulas.
2) 

If the incident angle is larger than the critical angle, the light will propagate along the parallel of a plane interface. However, not all optical modes with  can form stable waveguide modes. From the viewpoint of geometric optics, the waveguide modes are those with incident angles satisfying the constructive interference condition. The mode order is indicated by a modal index , which is also widely called as effective index Neff.
The transfer matrix formulas for these two cases are similar. The only difference in case (2) is that a scan of effective index is performed to find the eigenvalue corresponding to the waveguide mode. For a TE mode wave propagating in a multilayer structure as shown in Figure 2-8, the expression is similar to (2.4.6), and can be rewritten as:

                   (2.4.8)

where the damping constant  describes the exponential decay of the optical wave. The effective index is a constant value in all layers. For unification of case (1) and case (2), the incident angle can actually be converted to the effective index by

                           (2.4.9)
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[bookmark: _Toc450604435][bookmark: _GoBack]Figure 2‑8. Propagation of light through a multilayer structure


According to Maxwell’s equations (2.4.1a,b), if there is no net charges and no currents, the tangential components of E and H are all continuous at the interface. Therefore, Ey and Hz are both continuous at the interface. For TE modes, the existing components are Ey, Hx, and Hz. Because , the matrix format of Ey and Hz can be written as:

        (2.4.10)
Specifically, in each layer:

         (2.4.11)
By applying the continuity condition, the amplitudes (A, B) at each interface are connected by

                          (2.4.12)
By continuous substituting the (A,B) pair in all the intermediate layers, we get

                                                    (2.4.13)
For the case (1), an incoming wave from the left, as in Figure 2-8, will require BN=0. Thus, the reflection and transmission coefficients are: 

                        (2.4.14)
 The energy flux is:

                   (2.4.15)
 Therefore, the reflectance and transmittance are:

                   (2.4.16)

For TM modes, , the matrix format is similar:

                  (2.4.17)
Note that the electric field of a TM mode has two components: Ex and Ez. From Maxwell equation (2.4.1d), the total electric field is:

          (2.4.18)
Therefore, the reflection and transmission coefficients for TM modes are:

                           (2.4.19)
If there are only two layers (i.e., one interface), then the transfer matrix is

      (2.4.20)
If we substitute the matrix elements in (2.4.14) and (2.4.19), the Fresnel equations are obtained.

[bookmark: _Toc446490559][bookmark: _Toc450648271]2.4.3 Waveguide mode 
For case (2) in section 2.4.2, the optical wave is confined in the core layer of a higher refractive index and decays exponentially towards the outer layer of a lower refractive index. The requirement for a waveguide mode is that no optical wave comes from both outer layers. Equation (2.4.13) becomes:

                  (2.4.21)
For a three-layer slab waveguide (the refractive indices are n1, n2, and n3, respectively), we obtain a transcendental equation:

                             (2.4.22)
To reveal its physical insight, we rewrite it as:

                    (2.4.23)



where m is the mode order,  and  are the phase shift during the total reflection. From the perspective of the ray optics, equation (2.4.23) is a condition of constructive interference. This discovery was first made by F. Goos and H. Hanchen in 1943 [101]. Because the incident angle , the optical wave is actually zigzagging along the cavity, which is different from our intuitive picture of a straight line propagation.   

The cut-off waveguide mode is achieved when . Assuming n1=n3,  equation (2.4.23) in the cut-off limitation becomes:

                                (2.4.24)
The number of waveguide modes that a waveguide can support is 

            (2.4.25)

Assuming a semiconductor waveguide with , the allowed number of waveguide modes is 3. In QW lasers, the active region (e.g., d<10 nm) is much smaller than the vacuum wavelength (e.g., λ>1 µm), so it is easy to obtain a single spatial mode with “diffraction limited” beam quality along the growth direction. In contrast, the lateral width (e.g., w>10 µm) is usually much larger than the vacuum wavelength. For single spatial mode operation, the laser ridge is fabricated as narrow as possible.

In the practical calculation for a multiple-layer structure, the minimum values of M22 are found by scanning a range of possible values of. For semiconductors with a complex refractive index,  the free-carrier absorption loss is given by

                         (2.4.26)


Because the optical wave has a penetration depth  into the cladding layer, not all the photons participate in the amplification of the stimulated emission.  The portion confined within the active region is described by the confinement factor :

                              (2.4.27)

[bookmark: _Toc446490560][bookmark: _Toc450648272]2.4.4 Far-field patterns
As the propagating wave reaches a cavity facet, what happens is more than the reflectance or transmission of a plane wave, as described in the case (2) of section 2.4.2. This is because the vertical waveguide has a size comparable to the wavelength, which will lead to significant diffraction. The vertical direction is also called the fast axis due to its fast divergence. The diffraction is actually a superposition of all the emitting plane waves:

    (2.4.28)


where  is the amplitude of uth wave with . It can be calculated by performing a Fourier transform of the emitting electric field:

                       (2.4.29)


With the far-field approximation  and the stationary phase method, the angular component can be expanded around to the first order:

  (2.4.30)

With continuous boundary condition , the far-field distribution is                

                (2.4.31)

        (2.4.32)
Another approach,  considering Huygens’s obliquity factor for both forward and backward radiation from the facet aperture, leads to a shrinkage of the beam divergence: 

             (2.4.33) 

where is the obliquity factor for TE mode. This approach gives a better agreement with experimental measurement [102] than the one without the obliquity factor [103].


Chapter 3 [bookmark: _Toc445238262][bookmark: _Toc450648273]Material growth, fabrication and laser characterizations
[bookmark: _Toc445238263][bookmark: _Toc450648274]3.1 Material growth
As the first step of the whole production process, the material growth is vital to the laser performance.  The building blocks of the interband cascade (IC) laser are InAs, GaSb, and AlSb.  The lattice constants of these three materials are 6.0584, 6.0959 and 6.1355 Å, respectively. These materials are commonly known as “6.1 Å family.” They are nearly lattice-matched to each other, so the laser structure can be grown on either GaSb or InAs substrates.  
The quantum structure of an active core within a laser requires the precision of 0.1 Å, which is only technically accessible by molecular beam epitaxy (MBE) . The typical growth rates are 0.3 monolayer (ML)/s or 0.38 μm/h for quantum wells (QWs), and 1 ML/s or 1.26 μm/h for bulk layers [104,105]. For a typical laser structure,  the growth time is about 10 hours. The technical details of the growth are beyond the scope of this chapter. 
For actual structure, any material with a lattice constant different from the substrate will cause strain. If the strain is accumulated to a critical point, dislocations or defects will form, which leads to degradation of the material quality. The overall strain of all layers can be balanced out by the sum of tensile strain and compressive strain. Each single layer has its own critical thickness to avoid the formation of the defect. Using the Energy Balancing or Force Balancing approach, the critical thickness for single strained layer is given by Matthews-Blakeslee formula [106]:

                                        (3.1.1)





where is the magnitude of the Burger’s vector of the dislocation, f is the absolute value of lattice mismatch, is the angle between the dislocation line and its Burger’s vector,  is the angle between the slip direction and that direction in the film plane which is orthogonal to the line of intersection of the slip plane and the interface. Poisson’s ratio . For a slip plane,. 
Applying the above approach, the maximum thickness of a single epitaxial layer grown on InAs can be obtained. Within the 6.1 Å family,  GaSb and AlSb have a compressive strain of -0.617% and -1.26%, resulting in a critical thickness of 185 Å and 71 Å, respectively. In the active region, the ternary material GaInSb is used as the host layer for holes. If a linear interpolation is used to obtain the lattice constant and elastic stiffness coefficients,  Ga0.7In0.3Sb has a compressive strain of -2.46% and a critical thickness of 27.6 Å, and Ga0.6In0.4Sb has a compressive strain of -3.06% and a critical thickness of 19.4 Å. All these materials contribute to the compressive strain, which requires tensile strain to achieve sufficient strain balance. For this purpose, GaAs and AlAs are inserted into the injection region. They have an average tensile strain of 7.3% and an average critical thickness of 3.4 Å. This thickness is only about one monolayer. 
Bennett pointed out that the experimental critical thickness could be an order higher than the theoretical value [107].  Actually,  most of the InAs-based IC lasers have a 30-Å-thick Ga0.7In0.3Sb or Ga0.65In0.35Sb layer in the active region [66,71]. Currently, no study has been performed on this discrepancy.  

[bookmark: _Toc445238264][bookmark: _Toc450648275]3.2 Device fabrication
A typical fabrication process has several cycles of applying photoresist, photolithography, and etching. These cycles use different masks for different purposes such as forming the ridge, depositing an insulating layer, opening contact windows and depositing metal contacts.  The technical details and specific steps can be found in the appendix of reference [81]. 
There are two sets of fabrication flow, according to the width of the ridge. A laser with a ridge with larger than 100 μm is called a broad-area (BA) device; while a laser with a ridge width less than 30 μm is referred to as a narrow ridge (NR) device. 
The broad-area device is relatively easy to fabricate due to the absence of an insulator layer on the ridge sidewall. In addition, larger size helps to achieve a more uniform fabrication result and less uncertainty caused by the wet etching. So the broad-area devices can be used in a benchmark test (i.e., pulsed threshold current density at 300 K), allowing quick feedback to the material grower and the structure designer. 
  In contrast, the fabrication of narrow-ridge devices requires a more precise control of the etching process, which results in a much lower yield. Compared with the broad-area device, the narrow ridge device requires a less current injection to reach the threshold  and therefore generates less internal heat.  Consequently, the narrow ridge laser is able to work at a much higher temperature in continuous wave mode. 
Reducing device the size is one strategy to decrease the generated heat. Another strategy is to increase the thermal dissipation. For this purpose, a thick gold layer of several micrometers can be electroplated on top of the metal contact. A more efficient way to conduct heat is epi-down mounting [63]. In this way, the generated heat can directly flow into the heatsink without going through the thick substrate.

[bookmark: _Toc445238265][bookmark: _Toc450648276]3.3 Laser characterizations
There are many aspects of performance for a laser, such as threshold current density, threshold voltage, maximum operating temperature in pulsed/CW mode, characteristic temperature T0, maximum output power at specific temperatures, slope efficiency, lasing wavelength, tuning range by current/temperature,  thermal resistance, differential resistance, waveguide loss, differential gain and group refractive index. With the restriction of time, it’s impossible to characterize every single device fully. In this section, we introduce some core characterization techniques which are essential to our goals in the research projects.

[bookmark: _Toc445238266][bookmark: _Toc450648277]3.3.1 Light-current-voltage characteristic
Emission spectrum and light-current-voltage characteristic are two basic characterizations for a laser. While emission spectrum is an accurate way to determine the lasing wavelength and threshold current, light-current-voltage characteristic can be used directly to obtain information such as output power, slope efficiency, and differential resistance.  The light-current-voltage characteristic contains rich physical information of a working laser above its threshold,  which is intensively explored [108].
The electrical measurement is an efficient way to analyze its transport property. The current-voltage characteristic of an ideal diode is known to follow the Shockley diode equation [109]:

                                                            (3.3.1)

where  is the reverse bias saturation current. The ideality factor n equals to 1 for the ideal diffusion current. 

 This equation was originally proposed for p-n homojunction. However, the exponential increases in the current have also been found in heterojunctions, light emitting diodes (LEDs), and quantum well lasers, even unipolar quantum cascade lasers. This is a strong indication that a space charge region exists in every semiconductor laser. The space charge region produces a potential that is called diffusion voltage . Hence, the Shockley equation can be rewritten as [110]:

               (3.3.2)
Because eVD is roughly equal to the bandgap, equation (3.3.2) explains why most LEDs have a turn-on voltage that is close to the bandgap. The electrical characteristics of DH lasers had been analyzed by early researchers [111-113]. Similar research should also be carried on cascade lasers to study the carrier transport mechanism.
After a laser reaches the threshold, the stimulation recombination becomes the dominant mechanism, consuming almost all the excess carriers besides the threshold conditions.  Consequently, the carrier concentration is pinned, as discussed in section 2.1.1, and the voltage ceases to increase. However, any actual V-I curve, excluding the voltage drop on circuit resistance, has never been an ideal horizontal line. It is because the stimulation recombination, no matter how fast, still takes the time to achieve the dynamic balance between gain and loss. The loss, either electrical or optical, increases modestly as soon as more current is injected. As a result, the threshold is “inflated” and the voltage increases. Therefore, the actual differential resistance is always larger than zero.

The above insight also explains the light-current rollover phenomenon. The slope efficiency per facet per stage can be expressed as:

                            (3.3.3)




The differential quantum efficiency per facet  is related to the internal quantum efficiency , internal loss , and mirror loss  by:

                                               (3.3.4)
For natural cleaved facet without any treatment, the reflections (R) for both facets are the same.  The mirror loss is:

                                                    (3.3.5)
Hence, the differential quantum efficiency becomes a linear function of the cavity length L:

                                          (3.3.6)
If uniform-quality lasers with different cavity lengths are available, this equation can be used to extract the relevant parameters such as internal efficiency  and internal loss αi. There are two critical details:
(1) internal efficiency and internal loss are current density dependent. So the value of differential quantum efficiency should be taken at the same current density for different lengths. 
(2) researchers often use the simple Fresnel formulas to get the reflection at the emitting facet. For example, if the effective index of the waveguide mode is 3.40, then the reflection R=(3.4-1)2/(3.4+1)2=0.30. However, this approach ignores the effect of diffraction, which is significant when the active core has a similar size to the vacuum wavelength. A more comprehensive calculation gives a reflection of ~0.35. The exact value depends on the specific structure. The value of 0.41 was used in [25]. A more practical and quick solution is to use the group refractive index, which can be inferred from the amplified spontaneous emission (ASE) spectrum:

                                                                (3.3.7)

where is the difference of wavenumber between two adjacent peaks.

[bookmark: _Toc445238267][bookmark: _Toc450648278]3.3.2 Double-modulation technique in pulse spectra   
In CW operation, the biggest problem is that the laser generates more heat than it can dissipate until the temperature gradient is large enough to achieve the thermal equilibrium. Consequently, the actual temperature in the active region may be significantly greater than the temperature at the heatsink. On the one hand, making ridge narrow (e.g., a few micrometers), or using facet coating, can reduce the threshold current and therefore reduce the heat generation; on the other hand, using epi-down mounting or thick electroplated Au can improve the heat dissipation. However, all these strategies will increase the complexity of fabrication. 
In contrast, the pulse operation can almost eliminate the heating problem and reveal the fundamental property of a laser.  The pulse operation usually employs small duty cycles of  1%~5% with pulse widths of  0.2~1 μs. The less generated heat comes at the cost of the decreased laser light by the same ratio.  As a result, the weak light is submerged by the ambient blackbody radiation, causing difficulty for the detection. For the extraction of the small signal in pulse spectra,  a technique called “double modulation” is developed since the 1980s [114], and has been increasingly used in photoluminescence and electroluminescence measurement [115,116].
The experimental setup is shown in Figure 3-1. The essential part of a Fourier transform infrared (FTIR) spectrometer is a Michelson interferometer, featuring one fixed reference mirror and a second movable mirror, which passes repetitively through the zero-delay position corresponding to the balanced interferometer configuration. The detector, either inside or outside the FTIR, receives the coherent spatial superposition of the signals from the two mirrors as a function of their time-modulated relative delay. The resulting interferograms are then passed through a lock-in amplifier which filters out the random noise from the background. The “purer” signal is fed back to the electronic board of the FTIR for the final processing. 
[image: ]
[bookmark: _Toc450604436]Figure 3‑1. Double modulation setup

The technique is called “double modulation” because: (1) the low-frequency time-delay modulation provided by the scanning mirror; (2) the high-frequency modulation of the pulsed laser beam intensity given by the current source and extracted by the lock-in amplifier.
After the light beams pass through the Michelson Interferometer, the amplitude of the signal received by the detector is a superposition of two beams:

                                             (3.3.8)

where λ is the wavenumber of the investigated beam, and the phase difference is 


                                       (3.3.9)

where d is the optical path difference between the two interfering beams, vm is the speed of the movable mirror; tm is the time of moving for the mirror. The mirror moves back and forth between the zero path difference (ZPD) and the first destructive interference, i.e. ,.  In these periodic cycles, the frequency is:

                                                  (3.3.10)
For avoiding aliasing, the sampling rate should be at least larger than twice the maximum frequency of the signal. This minimum sampling rate is known as Nyquist rate. In FTIR, it is called Fourier frequency fFourier:

                                          (3.3.11)
For a better restoration of the spectrum information, the external modulation frequency is  recommended to be 5 times [116] or 10 times [117] of Fourier frequency in the rapid-scan mode.  In contrast, in step-scan mode, the internal Fourier frequency is 0 Hz because the movable mirror stands still during the data acquisition. However, the step-scan mode is unsuitable for obtaining fine spectral features, because it typically requires several hours, during which the chirp of the sample and random effect are not controllable [116].
The actual setting depends on the target wavelengths and equipment capabilities. For example, the current source AVTECH AV-107C-B has a maximum modulation frequency of 5 kHz and the target wavenumber is 2500 cm-1, so the mirror speed should be less than 1 cm/s to avoid possible fake signal. The lock-in amplifier is set at a time constant of 300 μs, at a slope of 6 dB/octave, and a sensitivity of 5 mV. Note that the most popular lock-in amplifier, SR 830, only has a fast output of  X, which is phase dependent. The solution is, either to monitor the phase or to use another lock-in amplifier  (e.g., EG&G 7265 DSP) that has a fast output of R (amplitude).

[bookmark: _Toc445238268][bookmark: _Toc450648279]3.3.3 Pulse power calibration
As discussed in 3.3.1, the power-current relation is very useful to extract the internal efficiency and internal loss. And such extraction can only be done in pulse operation to eliminate the heating effect.  The pulse measurements employ a liquid-nitrogen cooled MCT detector and a lock-in amplifier. It’s necessary to calibrate the actual power before each practical use [108]. 
[image: ]
[bookmark: _Toc450604437]Figure 3‑2. Experimental setup for pulse power measurement 

The schematic experimental setup is shown in Figure 3-2. The reading displayed in lock-in amplifier is actually much smaller than the peak value of input signal. As proof in Appendix A, the reading for an input square pulsed wave with a peak-to-peak amplitude of 1 V is: 

                                          (3.3.12)
where Λ is the duty cycle of the pulse. 
Ideally, if there’s no propagation loss, a peak power of P is 100% received by the detector with a  responsivity  R,  the  lock-in reading is:

                   (3.3.13)
where  gideal=R*0.45 [V/W] is the ideal conversion factor.

 However, the actual power received by the detector is reduced by non-ideal factors such as the transmission loss of the cryostat window and focal lens, and uncollected light by the significant divergence. All these factors can be packed into a term, collecting efficiency for lock-in amplifier :

                                 (3.3.14)

For examples, at 4 μm, the transmission ratios of CaF2 window and ZnSe lens are 90% and 70%, respectively. The collecting efficiency for the lens is about 50%, which will be discussed in more detail in Chapter 4. The responsivity of the MCT detector is 5100 V/W at  4 μm, according to the data sheet provided by the manufacturer.  So the conversion factor . 
However, this is only a rough estimation. A more realistic approach is to use the thermopile power meter to calibrate. We also pack all possible loss into a term, ηPM, so the relation between peak power and power meter reading is

                                           (3.3.15)
where Λ2 is the duty cycle of the current source.
Due to the lack of  a suiable current source (e.g., short pulse, high frequency [108]),  the calibration is done at 80 K to alleviate the heating effect. After getting two I-P curves at 80K by power meter and lock-in amplifier, respectively, the experimental g factor is:

            (3.3.16)
For bridging the gap between these two g factors,  equation (3.3.14) and (3.3.15)   are substituted into equation (3.3.16):

                           (3.3.17)
This partially explains the discrepancy between the experimental g factor and the predicted g factor. The latter actually requires further calibration of the collecting efficiency and detector response, which adds more complexity and possible errors. So equation (3.3.16) should be used in the practical calibration , and equation (3.3.14) is used to understand the physical origin of the g factor.

[bookmark: _Toc445238269][bookmark: _Toc450648280]3.3.4 Gain spectrum
 For extraction of the internal efficiency and internal loss by equation (3.3.16), another challenge is the requirements of highly uniform material and device fabrication.   To avoid these issues,  Hakki and Paoli developed a method in 1973 [118] to extract the gain coefficient by using a single laser. A detailed derivation of this approach and clarification of the relevant concepts are presented as follows.


As mentioned in equation  (2.4.6), the optical wave propagating in a laser waveguide is described as. For a passive waveguide, i.e., no injection in laser, the imaginary part of the complex propagation constant represents the waveguide loss , and we set it as negative. 

                                 (3.3.18)
For simplicity, we only consider free carrier absorption loss as waveguide loss. Instead of solving equation (2.4.21), here we estimate the waveguide loss by the confinement factor Γ:

                        (3.3.19)
For a laser under injection, the loss can be compensated by the increased gain until it reaches the threshold condition:

                                       (3.3.20)



where g is material gain and internal lossis assumed to be equal to waveguide loss to simplify our discussion.  To avoid confusion, Γg is termed “modal gain”, and is termed “net modal gain”. Thus, the complex propagation constant is .

After a round trip, the amplitude of a photon  generated by the spontaneous emission becomes

                                           (3.3.21)


Below threshold condition,  , the amplitude is  a damped oscillation. However, it can still be amplified by constructive interference when . The total electric field is:

             (3.3.22)


Alternatively, a photon with an adjacent wavelength may encounter destructive interference when . The total electric field for this wavelength is:

          (3.3.23)


For these two adjacent wavelengths, the spontaneous emission intensity and gain coefficient should be nearly equal: ,. So we have

              (3.3.24)

[bookmark: OLE_LINK3][bookmark: OLE_LINK4]where  is the depth of modulation [119,120]:

                        (3.3.25)
where Pmax and Pmin are the consecutive maximum and minimum of the Fabry-Perot spectra intensity. Pmax and Pmax’ are the maximum intensities of two adjacent longitudinal modes with the spacing

                                         (3.3.26)
where ng is the group refractive index due to the dispersion of the optical medium. 
After the gain spectra are obtained at various current levels, the peak gain can be fit to a linear equation:

                          (3.3.27)

where  is the differential modal gain per unit current and Itr is the transparency current. At the transparency point I=Itr, material gain g=0, and internal loss can be evaluated from the low-energy part of the gain spectra. 
The lower and upper bounds can be used to understand the gain spectra. The lower limit of the net modal gain is the internal loss with a negative sign, and the upper bound is mirror loss with a positive sign. This is consistent with [121].
An example of gain spectra for an IC laser is shown in Fig.3-3. A polarizer is used to filter out the TM light. This laser has a different modal gain of 2.23 cm-1/mA (per current) or 3 cm/A (per current density), which is comparable to 2.2 cm/A from a 12-stage IC laser with an early injector design [120] or 5.9 cm/A from a 10-stage IC laser [122]. However, a large leakage current exists for this device, leading to an overestimated transparency current density of 88 A/cm2.  As a result, the threshold current density is 96 A/cm2, much higher than that (22 A/cm2) of the best device from the same processed wafer.
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[bookmark: _Toc450604438]Figure 3‑3. Gain spectra for an IC laser

However, the device is not well chosen in this example. In Hakki-Paoli’s original paper [119], they picked a device with a cavity length of 0.38 mm and a ridge width of 10 µm, to reduce higher-order frequency modes and spatial modes. Besides, selecting a uniform and stable device is essential to obtain the “clean” spectra. 

[bookmark: _Toc445238270][bookmark: _Toc450648281]3.3.5 Thermal resistance
In a continuous-wave laser, the most severe problem is the large temperature difference between the heatsink and the laser’s active core. Because the laser threshold is very sensitive to the temperature, the significant temperature increase can cause the laser cease to work.  This problem can be described by thermal resistance:

                            (3.3.28)


where is the power injected into the laser and is the power converted into radiation, including blackbody radiation, spontaneous emission and stimulated emission. Below threshold, more than 90% of the power doesn’t convert into radiation at room temperature [123]. So the thermal resistance of a laser can be empirically determined by the following equation:

                                            (3.3.29)
For further insight, the thermal resistance should be related to a more fundamental material property, thermal conductivity k [W/(m·K)],  which is defined by the Fourier's Law of thermal conduction:

                                             (3.3.30)

whereis the heat (power) flux density. And t, w, l is the thickness, width, and length of a particular layer, respectively.  Substitute (3.3.30) into (3.3.29), we have:

                                               (3.3.31)
We immediately recognize the analogy between thermal resistance and electrical resistance. The physics behind them is that Ohm’s law has the exactly same format:

                                           (3.3.32)
If the laser structure is considered as a thermal circuit, the contribution of each layer can be analyzed with the guidance of in-series connection. Table 3.1 shows an example of a narrow ridge IC laser with 10-stage. The value of conductivity for active region and superlattice is taken from[124] based on a 3ω method [125]. The total thermal resistance for this laser (R145) is 40.6 K/W. Obviously, the cascade region and the InAs/AlSb superlattice layer are the major contributors to the total thermal resistance, due to their extremely low thermal conductivity. Hence, these two regions are better to be made thinner when the thermal issue has eaten up other benefits such as the modal gain.  
Note that the specific thermal resistance Rsth is also widely used and can be derived by:

                                           (3.3.33)
While this physical quantity is convenient in comparison to the same amount of input power density JP, it can’t be used in a thermal circuit if the circuit components have different sizes.
As shown in Table 3-1, the estimated total thermal resistance for a typical device is about 40 K/W, larger than the experimental value of about 30 K/W. The overestimation is mainly because this one-dimensional model is oversimplified. First, the cladding layers actually have a larger width than the ridge, so the effective Rth for cladding layer should be much smaller. Second, in a narrow ridge laser, the ridge is covered by SiN and thick electroplated gold, which are equivalent to an additional thermal resistance connected to the thermal circuit in parallel. A better estimation is to use a two-dimensional model based on the finite element method. Published results show that the best thermal dissipation can be achieved by a buried structure mounted epilayer down on a diamond heat sink [126,127].
[bookmark: _Toc450604421]Table 3‑1. Thermal resistance of each layer from cascade region to bonding area
	region
	material 
	k
	thickness
	width
	length
	Rth
	Rsth

	 
	 
	W/mK
	μm
	μm
	mm
	K/W
	Kcm2/kW

	cascade core
	InAs/GaSb/AlSb
	1.55
	0.42
	10
	2
	13.5
	2.7

	lower spacer
	InAs
	27
	0.43
	10
	2
	0.8
	0.2

	SCL
	InAs/AlSb SL
	2.65
	1.03
	10
	2
	19.4
	3.9

	lower cladding
	InAs
	27
	1.62
	10
	2
	3
	0.6

	substrate
	InAs
	27
	100
	500
	2
	3.7
	 

	bonding
	In
	87
	10
	500
	2
	0.11
	 

	Total
	 
	 
	 
	 
	 
	40.6
	7.4



Possible confusion by equation (3.3.31) is that the larger ridge width will reduce the thermal resistance Rth. Then, why the narrow ridge laser has better thermal dissipation than the broad-area laser? The key is to distinguish power and power density. Ideally for any size of lasers (assume the same loss), they share the same threshold current density and thus the same input power density. But the larger ridge generates a larger amount of wasted energy, which has to go through the layers under the ridge, including cladding layer, substrate, heat sink. For example, these layers are packed into a term “Rth,sink”.  For a 10-µm-wide device with a threshold power of P, the temperature difference between the heatsink and ridge bottom is P·Rth,sink; while for a 100-µm-wide device, this temperature difference will be 10 P·Rth,sink. And the large temperature rise will increase the optical loss in that region, which again increase the threshold and add a positive feedback to the thermal power. So the broad-area laser has a much lower operating temperature in CW mode. 
A drawback of Fourier's Law of thermal conduction (3.3.30) is that it doesn’t include the speed of heat transport. In other words, it assumes an infinite speed of propagation of heat signal, which is against the theory of relativity. The theory of relativistic heat conduction [128] is proposed to avoid this problem, 
In experiments,  a low duty cycle ( e.g., 0.1%) and a short pulse (e.g.,200 ns) are used to avoid the thermal accumulation. However, researchers found that the temperature of the active region increases immediately as soon as the pulsed current is injected [126,129,130]. To roughly quantify this self-heating in pulsed laser, I use a laser R144BA_1G, which is able to work up to 377 K in pulsed mode [73]. At 377 K, the threshold current is about 6A and threshold voltage on the device is about 4V. Assuming 200-ns-pulse power is entirely absorbed by the cascade region with a size of 0.4 μm×100 μm× 2 mm and the specific heat of 0.25 J/K/g, the temperature increase is 42 K (compare with 3.6 K at room temperature). An early theoretical analysis predicted an increase of 65 K at a current density of 4 kA/cm2[131]. The actual temperature increase will be smaller than this value because the temperature gradient will drive the heat to the heatsink until a steady-state is achieved. This vast temperature increase under a high injection partially explains the pulsed power rollover or efficiency droop [108].


Chapter 4 [bookmark: _Toc447627842][bookmark: _Toc450648282]Far-field patterns and beam qualities of plasmon-enhanced waveguide interband cascade lasers
Far-field patterns and beam qualities of interband cascade lasers are essential for The integration with optical systems. This chapter presents a detailed study of far-field patterns of plasmon-enhanced waveguide IC lasers with different ridge dimensions and metal contact configurations. Distinctive far-field patterns, corresponding to the fundamental and the first excited optical modes, are observed with different metal contact arrangements.  The experimental results are well explained by the simulation.  Furthermore, the concepts of brightness and quality factor are clarified, with examples of IC lasers given in the end.

[bookmark: _Toc447627843][bookmark: _Toc450648283]4.1 Waveguide modeling
[bookmark: _Toc447627844][bookmark: _Toc450648284]4.1.1 Plasmon-enhanced waveguide
The criterion of a good waveguide for a semiconductor laser are: (a) a large difference in refractive index between the active core layer and the cladding layer; (b) a small free carrier absorption loss; (c) a large thermal conductivity.
The cascade core of an IC laser, consisting of a “W” shape InAs/GaInSb active region, an InAs/AlSb electron injection region and a GaSb/AlSb hole injection region, has an equivalent refractive index of about 3.45. However, the substrate material, either GaSb (n=3.73) or InAs (n=3.49), has a refractive index larger than the cascade core. So they are not suitable to be used as the cladding layer to prevent the optical leakage . Instead, they are used as a spacer layer to accommodate the wave expansion from the active QWs.
One solution is to use InAs/AlSb superlattice (SL) as the cladding layer on the GaSb substrate, as shown in Figure 4-1(a). In this structure, the refractive index contrast is ∆n/n~3%, which can be further increased by inserting a GaSb spacer layer. The advantage of  InAs/AlSb SL is that the doping level in SL is relatively small, e.g., 1×1017 cm-3 [61], so the free carrier absorption loss is kept minimal.
[image: ]
[bookmark: _Toc450604439]Figure 4‑1. Two types of waveguides for IC lasers

Another solution is to use highly doped InAs (e.g., n>5×1018 cm-3) as the cladding layer on the InAs substrate, as shown in Figure 4-1(b). Such waveguide was originally called “plasmon-enhanced” waveguide [132] because the bulk plasmon effect in the highly doped InAs enhances the optical confinement by reducing the refractive index significantly, e.g., to ~3. In this scenario, the refractive index contrast ∆n/n is ~13%, which can efficiently prevent the leakage of laser light. Compared to the SL, the highly doped InAs has a larger thermal conductivity and is much easier to grow by MBE. The latter becomes a principal advantage when an IC laser is extended to a longer wavelength which requires a thicker cladding layer.
Figure 4-2 shows a comparison of optical intensity and index profiles for two waveguides, both of which are close to their respective optimums. We can see that the SL waveguide has a smaller waveguide loss. In contrast, the spacer layer in the plasmon-enhanced waveguide is kept thick enough to reduce the penetration of optical waves into the high-loss InAs n++ layer. As a result, the plasmon-enhanced waveguide has a smaller confinement factor of the cascade core and a larger waveguide loss compared with the SL waveguide, which was not explicitly pointed out by earlier researchers [33,133].
[image: ]
[bookmark: _Toc450604440]Figure 4‑2. Comparison of optical intensity and index profiles for two waveguides

Historically, the  first “plasmon-enhanced” waveguide was reported in 1995 for QC lasers at 8.4 µm [132]. The top InGaAs layer was n-type doped to 7×1018 cm-3 to suppress the coupling between the fundamental waveguide mode and the high-loss surface plasmon mode propagating along the interface between the metal contact and semiconductor. At longer wavelengths, metal had been used as the cladding layer [134] [135].
Note that the plasmon-enhanced waveguide is sometimes called “plasmon waveguide” for short, which, however, may cause confusion. Because “plasmon waveguide” widely refers to a totally different waveguide, the plasmonic waveguide. In principle, the “plasmon-enhanced” waveguide is still an optical waveguide [136] which confines light in a high index region. On the other hand, the plasmonic waveguide confines light exactly at the metal surface. Further discussion on the plasmonic waveguide is given in Appendix C.

[bookmark: _Toc447627845][bookmark: _Toc450648285]4.1.2 Calculation of refractive index
The refractive index of an intrinsic material at the specific wavelength is a well-established constant [137]. However, the refractive index of a doped semiconductor, which changes with the doping concentration and wavelength, is not readily available in the literature.  The Lorentz-Drude model is a useful strategy to solve this problem.
According to the Lorentz model, which is within the framework of classical mechanics, an electron interacting with electromagnetic field can be approximated by a damped oscillator:

                                 (4.1.1)

where  is the damping constant, ω0 is resonant frequency of electron motion. The restoring electric field by the positively charge background of atomic core . 
After solving equation (4.1.1), we can obtain the relative permittivity ɛr or dielectric constant, given by:

                                  (4.1.2)
In the Drude model, the electrons are regarded as free electrons without restoration force,  so ω0=0, equation (4.1.2) becomes: 

                                    (4.1.3)
With the consideration of the potential field in a semiconductor, the effective mass of the electron is used. The complex refractive index is:

                   (4.1.4)
where n is the real part of the refractive index, k is the imaginary part, also known as extinction coefficient, ɛ∞ is the high-frequency limit of dielectric constant (which equals one for metal),  is the electron scattering time, ωp is the plasma frequency:

                                                (4.1.5)
where N is the electron density, m* is the effective mass of the electron.  According to this equation, any semiconductor can exhibit certain plasmon effect if a high level of doping concentration is possible,  which is also true for the large bandgap material like GaAs [121].
In (4.1.4), ɛ∞ is taken to be 12.25 for InAs [138]. However, the values for effective mass and time constant are not readily available due to their dependence on doping concentration. In a narrow bandgap material,  the band nonparabolicity has a strong effect on the effective mass m*, which is given by [139]:

                                           (4.1.6)


where the energy-wavevector dispersion curve E(k) is calculated by a rigorous eight band Kane model [91]. Note that equation (4.1.6) is different from the conventional definition, . The term  is evaluated at the Fermi wavevector kF given by [139]:

                                                 (4.1.7)

For example, the electron densities of 5×1018, 1×1019 and 2×1019 cm-3 correspond to of 0.011, 0.017 and 0.027 eV, respectively. 
Figure 4-3 shows the energy-wavevector dispersion curve and energy-dependent effective mass in the conduction band of InAs. The 2-band model is essentially the approximation to the 8-band model with the assumption ∆>>Eg [91]. The parameter Ep is evaluated at the conduction band edge to keep self-consistence. We can see the two sets of curves are very similar. For a typical doping of 1×1019 cm-3, the effective mass of InAs is about 0.066*m0. Other researchers using a set of nonparabolicity coefficients obtained a slightly smaller effective mass [140].
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[bookmark: _Toc450604441]Figure 4‑3. Energy E(k) and effective mass m*(k) as a function of wavevector

 The other remaining unknown parameter is the damping time constant, also known as scattering lifetime, which can be inferred from its relation to mobility:

                                                   (4.1.8)
The mobility is often characterized by an empirical model, such as the Caughey-Thomas formula [141]:

                                      (4.1.9)
where all the fitting parameters are derived by trial and error from extensive experimental data. The actual mobility may be affected by the material quality and compensation factor [142].  One group has compiled the published data of InAs in the Caughey-Thomas formula [143]:

                              (4.1.10)
However, this equation predicts that the time constant is increasing when the electron density is larger than 1017 cm-3, which is not a consistent with the expectation. Instead, Baranov [144] provided an equation that is able to predict a decreasing trend:

                                      (4.1.11)
 With all the parameters at hand, the complex refractive index of InAs is calculated at a wavelength from 3 to 13 μm, as shown in Figure 4-4. The arrows indicate three plasmon wavelengths of 12 μm, 9.5 μm, and 7.4 μm, corresponding to three typical doping concentration of 0.5×1019, 1×1019 and 2×1019 cm-3. As the optical wavelength approaches the plasmon wavelength, the refractive index decreases sharply, and the free carrier absorption loss is even more dramatically increased. This implies that the benefit of a better wave confinement always comes at a greater cost of more loss, which may be a fundamental reason impeding the development of plasmon-waveguide based IC lasers. The long-wavelength IC lasers have lasing wavelengths near the plasmon wavelength [68], and their unexpectedly high threshold may be related to this issue. 
Both 2-band and 8-band models are compared in Figure 4-4. The 8-band model gives a slightly smaller value of the complex dielectric constant due to a slightly smaller effective mass as shown in Figure 4-3, but overall they are similar.
[image: ]
[bookmark: _Toc450604442]Figure 4‑4. Complex refractive index of InAs

Note that the parameters used in the calculation should be calibrated with experimental data. The Hall measurement is routinely used to calibrate the carrier concentration in the growth. Reflectance measurement on the plasmon edge was used to extract the plasmon frequency as well as the damping constant [139]. A more precise and efficient way is based on the Berreman effect, in which the reflectance minimum is polarization dependent [145].
For further insight into the free carrier absorption loss, equation (4.1.4)  is  decomposed into the real part and imaginary part. 

                                 (4.1.12)

                                      (4.1.13)
The above approximation is based on the fact that the damping time constant for heavily-doped InAs is in the range of 0.1~0.3 ps. They are equivalent to the wavelengths of 90~30 μm, far beyond the mid-wave infrared region that we are concerned with. In addition, the imaginary part of refractive index is much smaller than the real part:

                (4.1.14)
Then the free carrier absorption loss is:

               (4.1.15)
This is the well-known empirical relation that the free-carrier absorption loss increases proportional to the square of wavelength.

[bookmark: _Toc447627846][bookmark: _Toc450648286]4.1.3 Device structure and waveguide simulation
The InAs plasmon-enhanced waveguide was first used in QC lasers at 10 μm in 2002 [146]. Their cascade regions are typically 30~40 stages (2~3 μm in thickness) and the doping concentration in the InAs cladding layer was 3×1018 cm-3 for the lasing wavelength of 10 μm [147,148] or 12 μm [149],  and  6×1018 cm-3 for the lasing wavelength of 6 μm [150].  For QC lasers at 20 μm, the stage number is doubled to 72 and the doping in the cladding layer is reduced to 3×1018 cm-3 to avoid excessive loss [136].
The InAs-based IC lasers at 5.9 μm were first reported in 2009 [66]. They have 10 cascade stages, and the doping in InAs cladding layer is 6×1018 cm-3, the same with [150]. These preliminary lasers were able to work up to 184 K in CW mode [133] and were used for our far-field investigation. From top to bottom, the whole waveguide structure consists of a 35-nm-thick n+-type InAs top contact layer,  a 2.15-µm-thick n-type InAs spacer layer, 0.5-µm-thick cascade stages,  a 1.65-µm-thick n-type InAs spacer layer, and a 1.5-µm-thick n+-type InAs bottom cladding layer.  The thin top InAs cladding layer was used to simplify the MBE growth and device fabrication.
The InAs spacer layer, with a background doping concentration of about 1×1016 cm-3, is not intentionally doped. The function of the spacer layer is to reduce the penetration of the optical wave into the high-loss InAs n++ cladding layer. Note that the terms “spacer layer” and “separate confinement layer (SCL)” have been used interchangeably in the IC laser community, although SCL is usually referred to a layer with a refractive index intermediate between the active core and the cladding layer [151]. This will be further elaborated in section 5.3.1.
Pieces of the wafer were processed into ridge-waveguide lasers with different top Ti/Au contact configurations on the ridges. As illustrated in Figure 4-5, the  NR device A, B, and  C has a ridge width of 15, 20, and 40 μm, respectively. A 200-nm-thick SiO2 layer is deposited for electrical insulation from the wire bonding pad, and a Ti/Au (~ 30/170 nm) layer is placed on the top of each device for contacts and the wire bonding pad.  Device A has only one 2-µm-wide contact window on the top of the ridge stripe, which is the commonly adopted configuration for Fabry-Perot cavity diode lasers.  Devices B and C have two contact windows near the two edges of the ridge with a spacing of 8 and 28 µm, respectively.  This double-contact window configuration was used in the past for DFB IC lasers to minimize losses from the top metal contact [58].  Device D (not shown in Figure 4-5), is a broad-area laser, with a mesa width of 150 µm and a 100 µm-wide Ti/Au contact on the top of the center part of the mesa.  The cavity lengths of the devices are around 1.8 mm.
[image: ]
[bookmark: _Toc450604443]Figure 4‑5. Device structure for narrow-ridge IC laser. Device A has a one metal contact trench in the center; Devices B and C have two metal contact trenches near the edges.

The far-field measurements were taken for λ~5.6 µm lasers at 80 K. For the simulation of the optical wave profile in the waveguide at low temperature,  the refractive indices are modified by the empirical temperature coefficients [152]. The complex refractive index of Au, Ti and SiO2, taken directly from the Palik’s handbook [137], are 4.44-30i, 2-9.92i and 1.212-2.27e-3i, respectively. For expediting the calculation, an equivalent refractive index neq is used to represent the cascade core, by taking a weighted average of the dielectric constant of the constituent materials—InAs, AlSb, GaSb, and InGaSb. It’s found that changes in the weighting of the materials have little appreciable effect on the value of neq.
Figure 4-6 shows one-dimensional optical wave and refractive index profile for the waveguide in the vertical direction. The insulation layer and top contact layer are also included to simulate the actual situation. The equivalent index for the cascade core at 80 K is 3.411, slightly smaller than the InAs spacer layer of 3.413. The free carrier absorption loss is calculated to be 1.5 cm-1, which only counts from the doped InAs layer. The confinement factor of the cascade region is 16.7 %. As we see, the optical wave is pushed towards to the substrate direction due to the small dielectric constant of SiO2 and the negative dielectric constant of metal.
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[bookmark: _Toc450604444]Figure 4‑6. One-dimensional optical wave and refractive index profile
[bookmark: _Toc447627847][bookmark: _Toc450648287][bookmark: _Toc310579474]4.2 Far-field pattern measurement
[bookmark: _Toc447627848][bookmark: _Toc450648288]4.2.1 Experimental setup
The lasers were operated in pulsed mode, driven by a pulsed current source with a pulse width of 1 μs and a repetition rate of 500 Hz. The emitting light from one facet of the laser was collected by mercury cadmium telluride (MCT) detector, which has an active area of 1 mm × 1 mm. A lock-in amplifier triggered by the pulsed current source was used to display the pulsed signal received in the MCT detector. Under high injection conditions, an IR neutral density filter was placed right in front of the MCT detector to prevent the detector from saturation.
Figure 4-7 shows two experimental setups for the far-field measurement, which can be called translation method and rotation method, respectively. In both cases, the laser and its cooling system (e.g., a cryostat) were set on a three-dimensional (3D) translational stage. 
For the translation method as shown in Figure 4-7(a), the MCT detector was placed on a three-dimensional (3D) translational stage 19 mm away from the laser facet. The far-field profile P(x, y, z0) was obtained by moving either the detector or the laser in the z = z0 plane. Thus, a two-dimensional far-field pattern is readily available, To facilitate the further analysis, it’s necessary to convert the Cartesian coordinate profile into a spherical coordinate profile . The spherical coordinate profile is more convenient and can be obtained by: 

                 (4.2.1)

where .The ratio r2/z02 is based on the assumption that the spherical surface 4π r2 and 4π z02 should receive the same amount of light. The factor cosθ is due to the difference of effective light flux between oblique incidence and normal incidence. 
[image: fig2 whole]
[bookmark: _Toc450604445]Figure 4‑7. Two experimental setups for far-field measurements: (a) translation method. (b) rotation method.

For the rotation method as shown in Figure 4-7(b), the MCT detector was placed on the arm of a rotation stage right below the laser. In this approach, the angle-dependent profile P(θ) is readily available. In addition, the laser light is always normal incident on the active area of the detector, circumventing the problem caused by the finite field of view of the detector. This is a significant advantage over the translation method. In the latter method, the highly divergent laser beam along the vertical (growth) direction (about ±60°) will not be fully “seen” by the detector with a field of view of  ±33°.
[bookmark: _Toc447627849]
[bookmark: _Toc450648289]4.2.2 Experimental and simulated results 
[bookmark: OLE_LINK1][bookmark: OLE_LINK5]Figure 4-8 (a) shows the 2D far-field pattern of device A operating at I=1.1*Ith, which is collected by the translation method. A single-lobe profile was observed along the vertical direction while the double peaks appeared along the lateral direction, which indicates the dominance of the first-order lateral mode over the fundamental (zero-order) mode.  The far-field profile was then converted into the angle-dependence along both directions as shown in Figure 4-8 (b).  Along the growth direction, the full width at half maximum (FWHM) is 49.9º, which is not accurate due to the limited field of view for the detector. Along the lateral direction, the FWHM of the far-field is 23.1º for each lobe. This observation suggests that the commonly used center metal contact configuration might introduce more loss to the fundamental mode than the first-order mode, leading to a more divergent beam with two peaks in the far-field pattern, which is undesirable.  

[image: ]
[bookmark: _Toc450604446]Figure 4‑8. (a) Measured 2D far-field profile for device A at 18 mA. (b) Far-field profiles along vertical direction (top panel) and lateral direction (bottom panel).

The vertical far-field profile can be calculated by the conventional 1D slab waveguide model as described in section 2.4.  For the lateral far-field profile, a cost-efficient model is the effective index method [153]. This method divides the 2D structure vertically into several sections and uses the modal index of each section as an effective index to form an equivalent slab waveguide along the lateral direction, as shown in Figure 4-9. The simulation indicates that the waveguide loss for the fundamental TE mode is about 13% larger than that for the first-order mode. In addition, the modal reflectance of the facet for the fundamental TE mode is smaller than the first-order mode. As a result, the first-order lateral mode has a lower threshold gain required for lasing.
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[bookmark: _Toc450604447]Figure 4‑9. Example of the effective index method applied to device A.

The calculated far-field for the first-order lateral mode, as shown in solid lines in Figure 4-8(b), is in good agreement with our experimental result. The calculated FWHM for each lobe is 19.4º, slightly smaller than the experimental result. This may be due to the over-simplification of the effective index method and the possible experimental uncertainties.  
The calculated vertical far-field intensity, as shown in the top panel of Figure 4-8 (b), is higher than the measured value when the angle is larger than 30°. This can be explained by the limited field of view of the detector as mentioned earlier. The detector is located inside a dewar about 10 mm away from the dewar window. Based on the geometry of the dewar and the size of the active area, we estimate that a reduced amount of laser light reaches the detector when the incident angle is larger than 33°, and no light reaches the detector when the angle is greater than 38°. Therefore later measurements on the vertical far-field are done by using a rotation stage.
Figure 4-10 is the lateral far-field profiles of device A under various injection conditions (1.1 to 10 times Ith), which show that the valley floor between two lobes rises with the increasing current. This is because the fundamental TE mode also reaches the threshold gain as the injection current increases. The inset to Figure 4-10 gives an illustrative far-field profile that was formed by equal contributions from the fundamental mode and the first-order mode. Again, the sharp drops near 33° of the measured intensity were due to the limited field of view of the detector.
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[bookmark: _Toc450604448]Figure 4‑10.  Lateral far-field profiles of device A at different currents. Inset: far-field  (dark black line) consists of 50% fundamental mode and 50% first mode 

The measured far-field profiles of devices A through D along both the vertical and the lateral directions are plotted in Fig. 4-11. All the devices were driven at current levels of around 1.1×Ith at 80 K. All the vertical far-field profiles obtained by the rotation stage have an FWHM of about 55º, which is in good agreement with the calculated value of ~59º for the fundamental vertical mode. These vertical far-field patterns were examined under higher currents, but no appreciable change was found. 
[image: ]
[bookmark: _Toc450604449]Figure 4‑11. Vertical and lateral far-field profiles of four devices

Unlike device A, the lateral far-field profiles of devices B and C exhibit a single-lobe profile.  The two edge metal contacts on the ridge lead to a single-lobe lateral far-field profile, corresponding to the fundamental lateral mode.  In addition, the larger spacing between the two metal contacts made a less divergent far-field pattern as indicated by the smaller FWHM (~9.2º) for the 40-μm-wide ridge device C compared to the FWHM value (~17.3º) for the 20-μm-wide ridge device B. This is in an excellent agreement with the simulation results based on the fundamental lateral mode. However, for the 150-μm-wide device D, the observed lateral far-field is single-peak with an FWHM of 10.1º, which is a combination of many higher-order lateral modes with significant divergence, due to their similar thresholds.  A superposition of multiple modes (0~4th order modes TE00:TE01:TE02:TE03:TE04=4:4:3:3:2) was used to achieve a reasonable agreement with the experimental curve as shown in Figure 4-11(b).
[bookmark: _Toc447627850]In conclusion, far-field patterns of plasmon-enhanced waveguide IC lasers have been investigated along the vertical and the lateral directions.  It has been observed that the commonly adopted center metal contact configuration leads to an undesirable double-lobe far-field pattern associated with the first-order lateral mode in plasmon-enhanced waveguide IC lasers.  With two metal contacts placed near the edges of the ridge, a more desirable, less divergent single-lobed beam was exhibited in the far-field.  The observed far-field profiles are in good agreement with simulation results.  This study suggests that appropriate metal contact configurations need to be considered in the design of plasmon-enhanced IC lasers, especially when a thick top semiconductor cladding layer is absent.

[bookmark: _Toc450648290]4.3 Beam quality
In fact, the measured far-field profile is by itself not the most informative figure of merit [154]. Because lasers with different ridge widths can in principle have the same angular divergence, due to the combinations of higher lateral modes. In this section, the Gaussian beam is first introduced as a starting point. Then the concept of brightness and its importance is discussed in detail. At last, the beam quality factors of IC lasers are calculated.

[bookmark: _Toc447627851][bookmark: _Toc450648291]4.3.1 Gaussian beam
Gaussian modes are the mathematical solutions to the Helmholtz equation in the paraxial approximation. The lowest order mode TEM00 is the fundamental Gaussian beam, or simply called the Gaussian beam. If the Gaussian beam is propagating along the +z direction, as shown in Figure 4-12, the amplitude of its electric field is given by:

                                      (4.3.1)

where w(z) is the beam width, w0=w(0) is the waist size at the beam’s focus, z is the axial distance from the beam’s focus,  is the radial distance from the center axis of the beam. From equation (4.3.1), we can see the beam width is where the amplitude decays by 1/e, or the intensity drops to 1/e2 (≈ 13.5%).
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[bookmark: _Toc450604450]Figure 4‑12. Spread of the Gaussian beam [155]

The beam width w(z) is z-dependent, given by

                                           (4.3.2)

                                                   (4.3.3)
where zR is called the Rayleigh range. At the wave plane of z=0, w(0)=w0 is the smallest beam width, called beam waist. At the wave plane of z=zR, the beam width w(zR)=w0/, and the amplitude E(x, y, zR)= E(x, y, 0) /. 
At the far field condition or Fraunhofer diffraction (z>>zR), equation (4.3.2) becomes:

                                            (4.3.4)
The beam width increases linearly with z. This means that far from the waist, the beam width is cone-shaped, with a divergence half angle by

                           (4.3.5)
This inverse relationship between the beam waist and the far-field divergence is a fundamental characteristic of diffraction.  For the paraxial approximation (w0>2λ/π), the divergence half angle is simply λ/(π w0). 
The laser beam quality is quantified by the beam parameter product (BPP), a product of the beam’s divergence and the beam waist. This value is λ/π for an ideal Gaussian beam. 
The beam quality factor, also known as M2 (M-squared), is calculated by the ratio of the BPP of a real beam to that of a Gaussian beam at the same wavelength. The M2 for a Gaussian beam is one; while all actual laser beams have M2 values greater than one. A laser beam with M2 close to one is said to have the diffraction-limited quality.
Note that the beam divergence is also measured by the full width at half maximum (FWHM). The conversion between it and the beam width is given by:

                           (4.3.6)
[bookmark: _Toc447627852][bookmark: _Toc450648292]4.3.2 Brightness 
Figure 4-13(a) shows a monochromatic beam of uniform intensity and phase wavefront is incident on a screen S containing an aperture D. The beam will have a finite divergence θd due to diffraction:

                                                        (4.3.7)
where the factor β is a numerical coefficient of the order of unity, whose value depends on the shape of the amplitude distribution and on the way in which both the divergence and the beam diameter are defined. For Fraunhofer diffraction, the factor β is one. For a Gaussian beam with a circular cross-section of diameter D, the factor β is about 2/π.
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[bookmark: _Toc450604451]Figure 4‑13. (a) Divergence of a plane wave due to diffraction ;(b) Intensity distribution in the focal plane of a lens for a divergent beam.

The brightness of a given source of electromagnetic waves is defined as the power emitted per unit surface area per unit solid angle [156]:

                                              (4.3.8)
where B [W/(cm2sr)] is the brightness. For a small divergence angle θ, cosθ is close to 1.
For an arbitrary beam with a circular cross-section of diameter D and with a divergence  θd, the surface area is π D2/4, and the emission solid angle is π(rθ)2/r2= πθ2. Equation (4.3.8) becomes:

                                               (4.3.9)

For a Gaussian beam, , so the brightness is P/λ2.
The importance of brightness is better understood if a lens is used to focus the laser beams, as shown in Figure 4-13(b).  The beam divergence θd of the waves will make the focal spot has a finite diameter d=2fθd. For an ideal lens, the overall power in the focal plane equals to the power of the incoming wave. The peak intensity in the focal plane is:

          (4.3.10)

where is the lens numerical aperture. So the peak intensity in the focal plane of a lens depends only on the beam brightness. 
Therefore, a high-brightness laser requires a high output power, a diffraction-limited beam quality and a matched lens fabricated at its facet.

[bookmark: _Toc447627853][bookmark: _Toc450648293]4.3.3 Beam quality factors for IC lasers
For a practical laser, the beam quality depends on whether the laser works at its fundamental transverse spatial mode. In the growth direction, the thickness of the active QWs is much smaller than the lasing wavelength in the median. According to equation (2.4.25), it’s easy to obtain single-mode guidance and thus an essentially diffraction-limited beam quality with an M2 factor only slightly above 1. Anyway, the small aperture size leads to a “fast” divergence. Hence, this vertical direction is also called “fast axis.” 
In the lateral direction, the stripe width is much larger which allows many spatial modes coexist.  As a result, the optical fields of higher-order modes superposition on the fundamental mode, leading to an overall divergence much larger than that of a diffraction-limited beam corresponding to the stripe width (close to the beam waist). Although the beam quality is worse in this direction, the larger size leads to a relatively smaller divergence. So the lateral direction is also called “slow axis.” 
A rigorous calculation of the beam quality factor is to get the beam variance along transverse coordinates, and spatial-frequency coordinates by integral [156]. Another equivalent but more convenient way is to compare the beam divergence of a practical laser to that of a Gaussian beam with the same beam waist. In this way, the calculated near-field for the practical laser is used to obtain the beam waist, the value of which is assigned to the Gaussian beam for evaluating the diffraction-limit divergence angle.
The calculated near-field for R006 in the growth direction, as shown in Figure 4-6, has a beam waist w0=2.26 µm and an estimated divergence half angle of 45.2°. The experimental value for the 1/e2 divergence half angle, extracted from Figure 4-11(a), is 47.5±2°. This means the M2 factor is close to one and verifies that the fast axis has a diffraction-limited beam quality.
In the lateral direction, due to the lack of effective waveguide, the near-field intensity distribution is approximately constant. Consequently, the Gaussian full waist can be taken to be the stripe width [154]. According to equation (4.3.5), the Gaussian divergence half angles for the ridge widths of 20 μm, 40 μm, and 150 μm are 5.11°, 2.55°, and  0.68°, respectively. The corresponding experimental values for the 1/e2 divergence half angle, extracted from Figure 4-11(b), are 15.5±2°, 8.0±2° and 10.0±2°. So the corresponding M2 factors are 3.0, 3.1 and 14.7, respectively. 
Figure 4-14 shows the beam quality factors for devices from four other representative wafers. In Figure 4-14 (a), the lateral far-field was fit by the Gaussian function and an excellent fitting was achieved with a half beam width of 8.3°. By comparing it with the diffraction angle calculated by equation (4.3.5), an M2 factor of 3 was obtained for this 30-μm-wide device. In Figure 4-14(b), we can see the beam quality gradually degrades as the current increases. Figure 4-14(c) shows that single frequency mode broad-area DFB lasers [157] can have multiple spatial modes. Due to the large size of the ridge, the M2 factor is as large as 25, undesirable for practical use. Figure 4-14(d) shows several narrow-ridge lasers with the capabilities of CW room temperature operation. Even the ridge is narrow down to 10 μm; the M2 factor doesn’t improve significantly. More advanced fabrication techniques, such as corrugated sidewalls, can improve the beam quality by increasing the loss of higher-order lateral modes [158].
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[bookmark: _Toc450604452]Figure 4‑14. Beam quality factors for devices from four representative wafers

Actually, the beam quality is more important for high power lasers, in which the increased active gain area naturally introduces more spatial modes. Strategies such as angle-tilt DFB lasers [159] and tapered ridge [160], were developed to obtain M2 of about 2. The “effective brightness”, defined as output power divided by M2,  had been achieved as high as 175 mW [160] in CW operation at room temperature.




Chapter 5 [bookmark: _Toc446947426][bookmark: _Toc450648294]InAs-based interband cascade lasers above room temperature
With a series of design improvements as well as the consistent material growth and device fabrication, the threshold current densities of InAs-based IC lasers are sharply reduced to about 250 A/cm2. This chapter reviews the three key steps during this development, which increase the pulse operating temperatures to 315 K, 335 K, and 375 K, respectively. And the corresponding maximum operating temperatures in CW mode are increased to ~250 K, ~280 K and ~310 K. The last one, CW operation above room temperature, marks a significant milestone for the InAs-based IC lasers.   

[bookmark: _Toc450648295][bookmark: _Toc446947427]5.1 InAs-based IC lasers with asymmetric cladding layers 
[bookmark: _Toc446947428][bookmark: _Toc450648296]5.1.1 Device structure and waveguide modeling
The InAs-based IC lasers in the preliminary exploration, as mentioned in section 4.1.3, have asymmetric cladding layers [161]. The top cladding layer is composed of  35-nm-thick n+-type InAs, 200-nm-thick SiO2, and a Ti/Au contact layer. This practice simplifies the material growth and reduces the thermal resistance, but whether the device performance is improved or not depends on both material quality and waveguide design.
A pair of waveguides is intended to compare the symmetric and asymmetric cladding layer. For a fair comparison, they both have identical cascade core, each of which consists of  an electron injection region (6 InAs/AlSb QWs), a “W” shape type-II active region and a hole injection region (2 GaSb/AlSb QWs). The “shortened injector” is implemented in the electron injection region with the first InAs QW of 6.1 nm. The n-type doping concentration in the electron injection region is ~1.5×1017 cm-3, without using the “carrier rebalancing” strategy.
Figure 5-1 shows the profiles of optical mode and refractive index along the growth direction for two waveguides. The thicknesses of the spacer layers in both waveguides are optimized individually to achieve smallest threshold gain. R49 is the reference structure, in which the upper waveguide is the mirror image of the bottom waveguide. It’s dubbed as “symmetric cladding” for convenience. In contrast, R48, dubbed as “asymmetric cladding”, is intentionally designed with a thin top cladding layer. To reduce the penetration of the optical wave into the high-loss metal layer, the top spacer layer of R48 is 300 nm thicker than that of R49. As shown in Figure 5-1,  R48 has a slightly smaller confinement factor, but the free carrier absorption loss is ~20% smaller. This is because, at λ=5.3 μm, the complex refractive index of SiO2 is 1.39-0.0023i, while the refractive index is 2.90-0.012i for the n++ InAs with a doping concentration of 1×1019 cm-3. So the SiO2 insulation layer serves as a better cladding material due to a larger index contrast and a smaller optical loss. 
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[bookmark: _Toc450604453]Figure 5‑1. Optical mode and refractive index profiles along the growth direction

The above calculation is based on a simplified 1D model along the growth direction. The optical absorption loss due to intersubband transition and excess non-equilibrium carriers in the cascade region is not included. In the lateral direction, the top metal contact configuration, similar to Figure 4-5, has a small impact on the threshold gain of the asymmetric waveguide R48, because the metal contact directly touching the semiconductor is narrow (~3 μm). In contrast, there is no such impact for the symmetric waveguide, because the optical wave is well confined within the n++ InAs layer. 

[bookmark: _Toc446947429][bookmark: _Toc450648297]5.1.2 Experimental results
Two sets of IC laser structures, comprised of 10 and 12 cascade stages, were grown in a Gen II MBE system on n-type InAs (001) substrates.  The first set of 10-stage wafers, R48 and R49, have the waveguide structures as shown in Figure 5-1. The second set of 12-stage wafers, R65 and R66, have the same spacer and cladding layer thickness with R48 and R49, respectively. The cascade region is designed and grown with Al(Ga)As interfaces to achieve strain-balance.
After growth, the wafers were processed into narrow-ridge lasers, with ridge widths ranging from 15 to 40 µm. The processed wafers were cleaved into laser bars with cavity lengths of 1-3 mm with facets left uncoated. They were mounted epi-side-up on copper heat-sinks for measurements.  The testing results show that these lasers with either symmetric cladding layers or asymmetric cladding layer can work in CW mode around 250 K, and in pulsed mode above room temperature near 5.3 µm.  Their temperature dependent spectra and light-current curves have been reported in [69,162].
It’s still not conclusive whether the “asymmetric waveguide” has comparable performance with the “symmetric waveguide”, due to non-uniformities in the wafers (e.g., different defect densities), processing variations, and different laser sizes. Figure 5-2 (a) shows the temperature dependent threshold current densities for lasers with the various sizes from the four wafers.  For the 10-stage set, R48 lasers have larger threshold current densities than that of R49 when the same size is picked. However, lasers from both wafers have very similar maximum pulsed operating temperature and power slope efficiency, as shown in Figure 5-2 (b), so neither waveguide has a dominating advantage over the other.  A better conclusion can be drawn if the broad-area lasers are fabricated.
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[bookmark: _Toc450604454]Figure 5‑2. (a) Temperature dependent threshold current densities in pulsed mode for lasers from 4 wafers; (b) Power-current curves for lasers from 3 wafers.

For the 12-stage set, it seems that R65 lasers with the asymmetric waveguide have a much smaller threshold than that of R66 lasers. But one laser from R66 achieved the highest pulsed operating temperature (315 K) among them. This means that the intrinsic structure of R66 could be better. The high threshold current densities may be due to the defect-related Shockley-Read-Hall recombination or other leakage channel introduced by imperfect passivation during the processing.  Besides, another laser from R66, with the size of 14 μm*1.0 mm, exhibited a non-monotonic threshold current at temperatures between 220~260K. Furthermore, it had a much smaller slope efficiency than its “normal” peers. Interestingly, a vast tunable range of 280 cm-1 was found from this laser. The details of this tunable laser were reported in [163].
In conclusion, although the numerical model predicts a lower loss for the asymmetric waveguide, the further experiment is required to confirm this finding. If it is true, the practical benefits include: (1) the MBE growth of the IC laser structure is simplified with a reduced growth time; and (2) with a very thin top cladding layer, a top DFB grating can be simply integrated with an IC laser for strong coupling. 
[bookmark: _Toc446947430][bookmark: _Toc450648298]5.2 InAs-based IC lasers with heavily-doped injector
[bookmark: _Toc446947431][bookmark: _Toc450648299]5.2.1 Carrier rebalancing 
In the conventional ICL design,  the doping concentrations of the InAs QWs in the electron injector is doped moderately with Si to 4×1017 cm-3. In 2011, Naval Research Lab reported a bold strategy named “carrier rebalancing” [51]. They increased the doping to 5×1018 cm-3, which reduced the pulsed threshold current density for a 5-stage IC laser by half, to 167 A/cm2. Because the injector states adjacent to the active region are 5*kBT higher than the active region [164],  the injected electrons reside mostly in the injector. On the other side, nearly all the injected holes transfer to the active GaInSb QW. They thought the active hole population substantially outnumbers the electron population, which could be compensated by n-doping the electron injector QWs much more heavily. 
However, the carrier density “rebalancing”  between electron and hole seems to be more a fitting result by playing with the parameters such as Auger coefficient and the normalization thickness [51], the values of which were later corrected by an order of magnitude [25]. Furthermore, the direct observation by scanning voltage microscopy (SVM) measurements [165] showed there was no net charge distribution in the electron injector, in either scenario when the InAs QWs were heavily-doped (as in wafer R84, R90), or moderately doped (as in wafer R94). The charge carriers mostly accumulated in the active region and were clamped with a density of 7×1011 cm-2 above the threshold at 78 K. In addition, a carrier leakage was found in the valence band of first AlSb layer from the active region to the electron injector, which was still not understood.  
Anyway, heavily doping in the vicinity of the active region is not entirely new in the long history of laser development. In 1988, a theoretical study proposed that n-type modulation doping of InGaAs/InP QW active layers could reduce the transparency level, which is applied in other material systems having s strong conduction band/valence band effective mass asymmetry[77].  The doping concentration of 3×1018 cm-3 in the SCL layer of a GaAs/AlGaAs single QW laser was able to bring down the threshold current by 30% [166].
I tentatively propose a new explanation based on the origin of material gain. Figure 5-3 shows the occupation probability as a function of carrier injection in InAs/GaSb QWs, where the electron effective mass is from InAs and the heavy hole effective mass is from GaSb. The Bernard-Duraffourg inversion condition, as mentioned in section 2.2.1, requires that the occupation probability of an electron at the conduction band edge is larger than that at the valence band edge, i.e., fc>fv. The difference of occupation probability is plotted as the blue line in Figure 5-3. Due to the small effective mass of electron in the conduction band, its probability has a sharp increase during the initial injection.  A high doping concentration, i.e., n~Nc, will significantly elevate fc and reduce the required injection to reach the transparency condition.  This head start helps achieve a smaller threshold carrier density and hence the lower threshold current density and lower internal loss.
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[bookmark: _Toc450604455]Figure 5‑3. Carrier density dependent occupation probability for active QWs with injectors undoped and heavily doped 

With the substitution of momentum matrix and density of states for QW, the gain coefficient, as in equation (2.2.14), can be explicitly written as:

    (5.2.1)
where da is the normalized thickness of active region, fc0 and fv0 are the electron and hole occupation probability at the respective band edge. In this simplified formula, the gain coefficient is proportional to the inversion probability.
Figure 5-4 shows the differential inversion probability as a function of the normalized injected carrier.  A sharp decrease in the differential gain is due to the fact that the occupation probability fc0 quickly approaches unity and is nearly saturated.  The decrease is even more severe for the high-doped QW, which can be fit into an exponential decay of 0.1*exp(-0.1*N). This prompts us that the inversion probability is:

                             (5.2.2)
where N is the injected carrier density normalized by the effective density of states. This equation means that the commonly assumed linear gain-injection relation is only valid for small injection.
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[bookmark: _Toc450604456]Figure 5‑4. Normalized differential gain in InAs/GaSb QWs with injectors undoped and heavily doped 

Figure 5-3 and Figure 5-4 offer some profound insights into the fundamental limit of any semiconductor laser based on the interband transition.  First, the differential gain is rapidly decreasing at high injection.  It’s always the top strategy to make the device work at a low injection. For a high power laser,  a low threshold carrier density means a low internal loss, which can help improve the power slope efficiency. Besides, if the required threshold gain for a laser is too high, a large injection may still not reach the requirement because the increment of gain will be marginal.

Second, at a higher temperature, the superlinear threshold current density is expected due to three aspects: (a) to maintain the same transparency condition, the transparency carrier density increases linearly with T because the 2D effective density of states. (b) the optical loss, such as free carrier absorption loss, increases because the thermal energy kBT can help ionize more carriers that previous are bound to the nucleus. (c) the carrier loss, such as Auger recombination, increases by n3, which significantly reduces the carrier lifetime. All these factors together contribute to the exponential growth in the threshold current density with a characteristic temperature T0 much smaller than room temperature.  However, a quantitative derivation of the low T0 is not yet reported. 
Third, the differential modal gain can be directly predicted by:

                                (5.2.3)
For example, a 10-stage IC laser, as shown in Figure 4-2, has a confinement factor of 25% for the whole cascade core. But strictly speaking, the exact active core composed by InAs/GaInSb/InAs QWs, has a normalized thickness of about 3 nm, which reduces the confinement factor to only 1.5%. At an injection of 4*Nc, the carrier lifetime is taken to be 6 ns, and the differential inversion probability is 0.067. Thus, the differential modal gain is 0.42 cm/A, or  0.042 cm/A per stage. Note that the injection and internal efficiency are assumed to be 100% and the carrier lifetime will be reduced by other possible nonideal factors. So this ideal value is an upper limit. It is comparable to a recent theoretical value of 0.02 cm/A per stage[25]. For conventional IC lasers with “carrier rebalancing,” experimental values were reported to be 0.06 cm/A at 270 K [120] and 0.011 cm/A at 300 K [122].
Fourth, the optimal n-type doping concentration is about 4 times the effective density of states for conduction band. As shown in Figure 5-3, this level of doping can make the occupation probability fc close to unity. The transparency condition is soon achieved once the external electrical field sweeps excess carriers into the active region. Because the effective density of states in QW is a 2D value, the conversion to a 3D value is to divide it by the layer thickness. At longer wavelengths, the InAs QWs in the electron injector are usually wider for a smooth carrier transport with proper band alignment. As a result, the bulk doping concentration is generally smaller. In addition, the choice of which QW layer to dope is also critical. Experiments showed that the doping in the vicinity QW near active region introduced more loss than benefit [71], which is still not quantitatively understood.

[bookmark: _Toc446947432][bookmark: _Toc450648300]5.2.2 Band structure and experimental results
To implement the “carrier rebalancing” design, a series of wafers were grown with the injector doping concentrations varying from 1.2×1018 cm-3 to 6.3×1018 cm-3. Generally, lasers from these wafers have a lower threshold and higher pulsed operating temperature than  those without the “carrier rebalancing” design. The optimal doping concentration is in excellent agreement with the proposal in section 5.2.1. 
Figure 5-5 (a) shows the diagram of one complete cascade stage for an 8-stage laser wafer R083, the waveguide of which is similar to the asymmetric waveguide R48 (shown in Figure 5-1). The middle 3 InAs QWs of the 5 QWs in the electron injection region were heavily doped to 4.3×1018 cm-3. 
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[bookmark: _Toc450604457]Figure 5‑5. Band diagrams of one complete cascade stage and eigenenergy alignments for (a) R083 (b) reference structure in [51]

The fundamental eigenenergy in each InAs QW is calculated by the two-band model under an electric field of 100 kV/cm. The band offsets are corrected by the strain effect based on the InAs substrate. The eigenenergies for heavy holes in the Ga(In)Sb layers are calculated by the one-band model. The wavefunctions are plotted as a superposition over their respective eigenenergies. The number above the AlSb barrier is the energy change along the direction of electron or hole transport. The next two lines of numbers are the thicknesses of each layer. 
As a reference, the well-established structure reported in [51] is plotted in Figure 5-5(b) for a side-by-side comparison. Both of them have roughly equal total thickness for one stage, although the reference structure has one more QW in the electron injector. A significant difference is the eigenenergy alignment in the conduction band between the two structures.  In R083, the first QW in the active region has the lowest energy. In contrast, in the reference structure, the first QW in the electron injector has the lowest energy, and the electron energy is elevated all the way until the last QW in the injector. So far, there is no systematic study on the optimal layer arrangement for an efficient carrier transport in the injector or to achieve an effective population inversion in the active region. Instead, the structure like in Figure 5-5(b) is more a collection of  many empirical findings that have been patented [167-169].
After the MBE growth of the structure R083, standardized broad-area lasers were fabricated by contact lithography and wet chemical etch, in order to provide rapid feedback for wafer screening and design evaluation. The etch proceeded to the InAs spacer layer below the active region. Major characterizations for a typical device is shown in Figure 5-6. This laser is able to work up to 335 K in pulsed mode and 237 K in CW mode. It has a lasing wavelength of 4.86 µm at 300K, which is longer than the calculated value of 4.34 µm, mainly due to the uncertainty of the band offsets. 
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[bookmark: _Toc450604458]Figure 5‑6. Characterizations for device R083BA_3H. (a) pulse spectra; (b)CW spectra; (c) IVP and differential resistance in CW operation; (d) temperature dependence of lasing wavelengths and threshold current densities

The pulsed threshold current density at 300K is the most important benchmark we used to judge the basic quality of a laser. This value was 360 A/cm2 in the initial test, which however evolved to 300 A/cm2 after the IVP test, as shown in Figure 5-6(d). This evolution may be due to the non-uniformity of the material and annealing-like effect during the high injection. 
Figure 5-6(c) shows the IVP curves of the laser in CW mode. The slope efficiency at 80K is 0.27 W/A per facet, a relatively low value due to the large size of the cavity length. Another laser with a length of 1.2 mm achieved a slope efficiency of ~0.40 W/A and a maximum output power of 250 mW at 700 mA. The differential resistance extracted by the figure is about 0.2±0.1 Ω at high injection. This translates into a differential resistivity dV/dJ of 0.6 mΩ*cm2, which is comparable to the reported value of 1 mΩ*cm2[170].  
The low threshold current densities achieved in broad-area lasers suggest the possibility of CW operation at room temperature with narrow-ridge devices. In principle, the narrower ridge is preferred.  However, due to the available masks and fabrication facility, the narrowest ridge processed from this wafer was 15 μm, compared with 7.4 μm accessible by another lab [171]. Figure 5-7 shows the CW spectra for a 15 μm-wide laser at several temperatures. The maximum CW operating temperature is 282 K, with a lasing wavelength of 4.85 μm. The corresponding threshold current density and threshold power is 1 kA/cm2 and 0.9 W, respectively.
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[bookmark: _Toc450604459]Figure 5‑7. CW spectra for device R083NR_6C

[bookmark: _Toc446947433][bookmark: _Toc450648301]5.3 InAs-based IC lasers above room temperature in CW mode
[bookmark: _Toc446947434][bookmark: _Toc450648302]5.3.1 SL as the inner cladding layer
As mentioned in section 4.1.1, the plasmon-enhanced waveguide has a smaller confinement factor of the cascade core and a larger loss than the superlattice waveguide. The physical origin of this disadvantage is that to achieve the same real refractive index as the InAs/AlSb SL, InAs in the cladding layer has to be n-type doped at 1×1018 cm-3, an order of magnitude higher than that of InAs in SL, as shown in Figure 5-8. As a result, the threshold current densities of InAs-based IC lasers are generally greater than those of GaSb-based IC lasers.
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[bookmark: _Toc450604460]Figure 5‑8. Complex refractive index of InAs and SL

Actually, the InAs/AlSb SL has been widely used as the inner cladding layer of short wavelength (e.g., λ~3 μm) InAs-based QC lasers [172-174]. The bandgap of intrinsic InAs at room temperature is 0.354 eV, corresponding to a wavelength of 3.5 μm. For preventing the absorption of emission light by the intrinsic InAs, each SL period is composed of 25 Å InAs and 15 Å AlSb to achieve an equivalent band gap of 0.7 eV. Furthermore, the cladding layer consists of InAs with an n-type doping of 3×1019 cm-3, which shifts the interband absorption edge by more than 0.3 eV due to the band filling effect. This heavily doped InAs has a plasmon wavelength of 7 μm and a real refractive index of -0.3. 
Similarly,  the InAs/AlSb SL should also be applicable to InAs-based IC lasers. It can be used at the intermediate position between the n++ InAs cladding layer and the InAs spacer layer. In the development of semiconductor lasers, “separate confinement layer (SCL)” was used to call the intermediate layer with a refractive index between the core layer and the cladding layer. However, in the IC laser community, the terms “spacer layer” and “SCL” have been used interchangeably to refer to the low-doped InAs or GaSb layers that sandwich the cascade core region. For the short-wavelength QC lasers, the intermediate layer consisting of InAs/AlSb SL was called spacer layer [172]. For the long-wavelength QC lasers, the intermediate layer consisting of low-doped GaAs was also called SCL [121]. For the avoidance of confusion,  it’s worth to trace back to the origin of SCL. 
The first DH lasers, capable of CW operation above room temperature [11], was primarily a three-layer structure: an  n-type cladding layer, an active core layer (less than 1 μm) and a p-type cladding layer. Soon an additional layer named “large optical cavity (LOC) ” [175] was used to increase the optical width and reduce the catastrophic degradation at the emitting facet. This additional layer had a larger bandgap and a lower refractive index than the recombination region. Researchers realized that further decreasing the active region thickness would result in an expansion of the optical distribution and an increase of the threshold current density. The symmetric version of LOC was used to optimize the optical profile and the carrier confinement separately [151]. Thanks to the advanced growth technology such as MBE,  QW lasers [12] quickly became the new norms, and graded-index (GRIN) separate-confinement heterostructure (SCH) lasers rapidly gained popularity due to their low thresholds and narrow Gaussian beams [13,14]. Even for ultraviolet lasers with wavelengths as short as 250 nm, GRIN-SCH was still a good option [176].
Due to the distinctive nature of type-II broken-band gap QW, the concept of SCL originally used for the type-I direct-bandgap QW is worth revisiting. In IC lasers, the carrier confinement in the active core of InAs/GaInSb QWs is actually achieved by the electron injector and the hole injector. In a larger scale, neither InAs nor GaSb spacer layer is able to prevent the carrier escape from the cascade region (which is also a possible reason for carrier leakage). From the perspective of the optical waveguide, either the InAs spacer in an InAs-based IC laser or the GaSb spacer in a GaSb-based IC laser has a refractive index larger than the cascade stage, which is not able to directly prevent the leakage of the optical wave by total internal reflection . Nevertheless, they can concentrate the optical profile to the center layer so that less optical wave will spread into the outer cladding layer.  
It’s also worth to note that the concept of “double cladding” was developed in single-mode optical fiber as early as 1974 [177]. In the double cladding structure, the inner cladding even had a smaller refractive index than the outer cladding. As a result, the core area can be made roughly doubled, and the loss can also be reduced for single-mode operation, compared to the single cladding fiber. 
After this historical analysis, I think a better name for the InAs/AlSb SL in the short-wavelength QC lasers is “inner cladding layer” to avoid confusion. The reason why QC lasers lack a “spacer layer” as in IC lasers is because of their much larger stage number. As a rule of thumb,  the optimal thickness of the spacer layer is that the sum of total spacer layers and the active core is equal to the wavelength in the medium. For example, a λ~4.6 μm IC laser will have the optimal total thickness (active core + spacer layer) of 4.6/3.4=1.35 μm. For QC lasers, such a spacer layer is avoided by increasing the stage number and making their active core roughly equal to this thickness. 
In Chapter 4, two types of waveguide structures are compared in Figure 4-2. Here we introduce a third waveguide structure  (blue dotted in Figure 5-9), which consists of an InAs spacer layer, an SL inner cladding layer, and an n++ InAs outer cladding layer. The confinement factor of 23% and the waveguide loss of 6.0 cm-1 are halfway values between the conventional SL cladding waveguide (black solid) and the n++ InAs cladding waveguide (red dashed). This is easily understood because the new waveguide is essentially a hybrid of the other two waveguides. As a result, the new waveguide will have a threshold gain ~30% smaller than the conventional plasmon-enhanced waveguide for InAs-based IC lasers.  
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[bookmark: _Toc450604461]Figure 5‑9. Three types of waveguides in IC lasers: GaSb spacer/SL cladding (Black solid), InAs spacer/SL inner cladding/n++ InAs outer cladding (blue dotted), and InAs spacer/ n++ InAs cladding (red dashed)

[bookmark: _Toc446947435][bookmark: _Toc450648303]5.3.2 Experimental results 
IC laser structures with the waveguide similar to the green dotted line in Figure 5-9 were grown on n-type InAs substrates in a Gen-II MBE system. The cascade stage was similar to Figure 5-5 (a). Three InAs QWs in the injector region were doped with Si to 3.3×1018 or 1.6×1018 cm-3. The superlattice (SL) in the inner cladding was composed of 25-Å-thick InAs and 23-Å-thick AlSb, in which each AlSb layer contains a 3-Å-thick AlAs interface for strain balance. A digitally graded InAs/AlSb(As) QW region was inserted as a transition/connection bridge between the SL layers and other regions for smoothing carrier transport, similar to GaSb-based IC lasers. 
The laser wafers were processed into deep-etched broad-area (150- and 100-µm-wide) mesa stripe lasers and narrow-ridge (10-, 12-, 15-, and 20-µm-wide) lasers by contact photolithography and wet chemical etching. The laser bars were mounted epilayer side up on copper heat sinks with indium solder, and placed on the cold finger of a cryostat for measurements in CW and pulsed modes. In pulsed measurements, the applied current pulse width was 1 μs at a repetition rate of 5 kHz. When the applied current was larger than 1 A, the pulse width was reduced to 250 ns to avoid possible Joule heating.  
In pulsed operation, a broad-area (BA) device from a 15-stage wafer R140 had a threshold current density Jth of 247 A/cm2 near 4.6 µm at 300 K, the lowest ever reported among mid-IR semiconductor lasers at similar wavelengths. Another BA device from a 10-stage wafer R144 lased at temperatures up to 377 K near 5.1 µm, the highest operating temperature reported for electrically-pumped interband lasers at this wavelength.
Figure 5-10 (a) shows threshold current densities for several representative broad-area and narrow-ridge (NR) lasers made from 12-stage and 10-stage wafers are plotted as a function of the heat-sink temperature. The characteristic temperature, T0 (~46-57 K in the neighborhood of 300 K), is comparable to that of state-of-the-art GaSb-based IC lasers in the 3-4 µm wavelength region [34].
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[bookmark: _Toc450604462]Figure 5‑10. (a) Threshold current density vs. heat-sink temperature (b) Current-voltage-light characteristics for a narrow-ridge device in CW operation. Two insets show CW and pulsed lasing spectra, respectively

NR devices (from 10- and 12-stage wafers) with a top layer of ~4 µm electroplated gold were able to work in CW mode at room temperature and above at wavelengths from 4.6 to 4.9 µm, as indicated in figure 5-10 (a). The CW operating temperatures achieved by the 10-stage lasers were higher than those of the 12-stage lasers because the thermal resistance is smaller in 10-stage lasers.  
Figure 5-10 (b) shows a 10-stage NR device with a long cavity (3.5 mm) that was able to work in CW mode at temperatures up to 308 K near 4.85 µm. The maximum threshold current density is limited to below1 kA/cm2 in CW operation, as shown in Figure 5-10(b).This may imply their relatively high thermal resistance. By comparing threshold current densities in CW and pulsed modes, the specific thermal resistance for the 10-µm-wide ridge lasers was 6.5~11 Kcm2/kW, which is still higher than the reported value (5.4 Kcm2/kW) for a 12-stage 10-µm-wide ridge IC laser with a similar structure and thicker SL cladding layers [57]. This suggests there is still room for improving thermal dissipation of these InAs-based IC lasers even without employing epilayer-down mounting.
In pulsed mode, the NR lasers worked at temperatures up to 376 K, which is comparable to BA lasers. However, their threshold current densities were generally higher than that for BA lasers at temperatures below 320 K, as shown in Figure 5-10 (a). For example, the pulse threshold current density at 300 K in a 10-µm-wide NR laser was about 45% to 71% higher than that in a BA laser with the same cavity length. This difference is substantially greater than the ~21% difference reported for IC lasers in the 3-4 µm wavelength region [178].  This suggests a somewhat significant current leakage from the sidewalls due to imperfect passivation, and implies further room to achieve better performance by reducing this surface leakage. 
Another behavior that was observed from a NR device was a substantial mode hopping (~200 nm in wavelength or ~11 meV in transition energy, which is within the width of a typical material gain peak (>20 meV)) when the temperature was changed from 300 to 310 K, as shown inset in Fig. 5-10(b). This type of mode hopping was not observed from BA devices made from the same wafer. Hence, material non-uniformity may be one of the several possible factors causing the frequency-mode hopping.
In summary, InAs-based IC lasers were demonstrated with low threshold current densities and CW operation at room temperature. This progress was made by the insertion of SL as inner cladding in the waveguide, which enhances the optical confinement and reduces internal absorption loss.



Chapter 6 [bookmark: _Toc447277735][bookmark: _Toc450648304]
Long-wavelength InAs-based interband cascade lasers
[bookmark: _Toc447277736][bookmark: _Toc450648305]6.1 Challenges of long-wavelength interband cascade lasers 
While the GaSb-based interband cascade (IC) lasers have been achieved with outstanding performance in the wavelength range of 3~4 µm,  the InAs-based IC lasers are developed with the ultimate goal of long wavelength operation, where the waveguide thickness is increased proportionally for sufficient optical confinement. Compared with the superlattice cladding layer, the n++ InAs cladding layer has the advantages of an easier MBE growth and a significantly larger thermal conductivity (as in table 3-1),  but at the cost of a smaller confinement factor and a larger waveguide loss (as in figure 4-2). The pros and cons have to be weighed for a chosen approach. 
Long wavelength IC lasers have been reported to have high threshold current densities. For example, the threshold current density for a 10-stage (or 11-stage) λ~6 µm InAs-based IC laser is  about 1 kA/cm2  near room temperature [70,179]. The higher threshold than that in short wavelength is partially due to the not yet optimized design of waveguide and cascade, but the fundamental physical origin should attend to the wavelength dependency of loss and gain.  
On the one hand, the optical loss due to free carrier absorption is known to increase with wavelength by λ2, as proved in equation (4.1.15). On the other hand, the differential material gain is expected to decay exponentially, as discussed in section 5-2-1. As a result, the threshold carrier density is increasing rapidly to compensate for the increased loss. A numerical model to predict the wavelength dependence of threshold current density will be interesting and worthwhile. For a fair comparison in the calculation, each region of the waveguide, including the cladding layer, the spacer layer and cascade core region, is thickened proportionally with wavelength. Such treatment ensures the same optical confinement for each wavelength. The wavelength dependence of internal loss and Auger coefficient is described in [25]. 
Figure 6-1 shows a tentative calculation of the wavelength dependent threshold current density with the above ideas. This predicts a threshold current density below 800 A/cm2 at 7 µm. However, an accurate model requires more experimental data and more considerations to bridge the gap between the two waveguides.   
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[bookmark: _Toc450604463]Figure 6‑1. Calculated threshold current densities as a function of wavelength.

[bookmark: _Toc447277737][bookmark: _Toc450648306]
6.2 Interband cascade lasers at wavelength beyond 11 μm
In this section, attempts are made to extend the lasing wavelengths beyond 11 μm.  The design considerations and simulations are presented.  The preliminary results show unexpected high threshold current density, which may be related to the negative differential resistance found in the IV testing. Amplified spontaneous emissions  around 12 μm are also presented. 

[bookmark: _Toc447277738][bookmark: _Toc450648307]6.2.1 Design considerations and simulations
Before this work, the longest wavelength achieved by IC lasers was 10.4 μm [180]. The laser wafer, labeled as R069, has the cascade structure as shown in Figure 6-2 (a) and a waveguide structure as shown in Figure 6-3. One laser from this wafer, with the size of 20 μm×1 mm, has a very low threshold current density of 10 A/cm2 at 80 K. Its threshold increases sharply to  970 A/cm2 at the maximum operating temperature of 190 K in pulsed mode.
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[bookmark: _Toc450604464]Figure 6‑2. Band diagrams of one complete cascade stage and eigenenergy alignment for (a) R069 (b)R110
It is interesting to explore the long wavelength limit for IC lasers. In principle, the interband transition energy in a type-II QW active,  not restricted by the bandgap of the continuant material, can be extended to THz frequency range [181] by tailoring the QW layer thickness. However, the greatest challenges are the rapidly increased loss and the even more sharply decreased differential gain, as discussed in the previous session. So the design guidelines are (a) to minimize the possible internal loss by reducing doping, and (b) to increase the modal gain by increasing the number of stages as well as optimizing electron transport in the injector and wavefunction overlap in the active region.
The cascade structure and the calculated wavefunction of a long-wavelength laser wafer R110 are shown in Figure 6-2 (b). Compared with R069, the thicknesses of two InAs QWs in the active region are increased by 3 Å for interband transition at a longer wavelength. Because the electron wavefunction spreads more in the InAs QWs, the overlap between electron and hole wavefunctions is reduced by 12%, from 15.4% to 13.5%. For compensation of this reduction, the stage number is increased from 15, as in R069, to 20.  Another difference between these two structures is that two QWs of the electron injector in R110 are heavily doped in the order of 1018 cm-3, and only one InAs QW of the injector in R069 is moderately doped in the order of 1017 cm-3. 
Figure 6-3 shows the waveguide comparison between R069 and R110. Both of them have a 35-nm-thick n++ InAs top cladding layer, and the SiO2 and metal layers also serve as the top cladding layer. For the bottom InAs cladding layer, both of them use a doping concentration of 7×1018 cm-3. The confinement factor of the cascade core for R110 is slightly larger than R069. This is because R110 have a greater number of cascade stages and a smaller refractive index of the n++ InAs layer.  However, the latter comes at a huge price that leads to a waveguide loss increased by 80%. The significant loss of the InAs cladding layer is due to the closeness of lasing wavelength to plasmon wavelength. For R110, the lasing wavelength of 10.8 μm is actually the same with the plasmon wavelength. Consequently, the real part of the refractive is close to zero and the imaginary part, proportional to the free carrier absorption loss, becomes dominant. This scenario should be avoided in the future design, by reducing the doping concentration to push away the plasmon wavelength. 
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[bookmark: _Toc450604465]Figure 6‑3. Waveguide comparison between R069 (black solid) and R110 (red dotted). Complex refractive indices at 80K are corrected by temperature coefficients.

Note that in Figure 6-2 (b), the eigenenergy difference between the InGaSb QW and the next GaSb QW is 129 meV, which is close to the transition energy. This may cause additional loss such as Auger recombination. In addition, the injection doping concentration should be reduced according to the target temperature. 

[bookmark: _Toc447277739][bookmark: _Toc450648308]6.2.2 Experimental results 
The IC laser structure R109, as presented in the last section, was grown on an epi-ready S-doped (n~2.5×1018 cm-3) InAs substrate using an Intevac GEN II MBE system equipped with a valved As cracker and an unvalved Sb cracker [68]. From the material characterization techniques such as differential interference contrast microscopy and X-ray diffraction, the structure has an excellent crystalline quality, with the average cascade stage thickness only 3% more than the design value.
After the growth, a piece of the wafer was fabricated into broad-area IC lasers. The 150-µm-wide mesas were defined using UV contact lithography and wet chemical etching. The etching proceeded to the bottom InAs spacer to prevent lateral current spreading. A 220-nm-thick, 90-µm-wide SiO2 insulating layer was deposited and lithographically defined (through lift-off) in the center of the mesa stripe, followed by the deposition and lithographic defining (through lift-off) of a 30/300-nm-thick and 100-µm-wide Ti/Au layer that contacted on the top InAs layer for current injection. After thinning the wafer down to ~150 µm, the processing was finished by Ti/Au metallization on the substrate side of the wafer. The fabricated wafer was cleaved into bars with cavity lengths ranging from 1 to 2 mm, which was mounted epi-side up on a copper heat sink with indium solder and then wire bonded.
In pulse mode (1 µs at 5 kHz), a 1.6-mm-long laser worked near 10.8 µm at 80 K, and operated at temperatures up to 130 K near 11.2 µm, as shown in Figure 6-4(a), the longest wavelength achieved among III-V interband lasers. At 80 K, the threshold current density was 72 A/cm2, much higher than the ~10 A/cm2 for IC lasers R069 near ~9 µm. Even if we consider the doubled loss in the n++ InAs layer, this threshold is still higher than our estimation. In the light-current characteristics,  the light intensity of the laser did not increase rapidly immediately after the quasi-lasing spectra were observed, which implies a tiny differential gain or a relatively high loss. 
[image: ]
[bookmark: _Toc450604466]Figure 6‑4. (a) Light-current curve for a broad-area IC laser in pulsed mode. The arrows point to threshold currents where spectra were taken. Inset: pulse spectra. (b) Current-voltage-light characteristics in CW operation. Insets: CW lasing spectra at 80 K to 97 K; emission spectra at 80 K with different injection currents.

In CW mode, the same device worked up to 97 K with an emission wavelength at 11.2 µm, as shown in Figure 6-4 (b). The power slope efficiency was only about 0.01 W/A at 80 K, corresponding to a differential external quantum efficiency (per stage value) of less than 1%. If this is mainly due to the internal loss, then the loss will be an order higher than the waveguide modeling suggests. So a very low internal efficiency or injection efficiency was also accompanied in this scenario. 

[bookmark: _Toc447277740][bookmark: _Toc450648309]6.2.3 Negative differential resistance
With a close scrutiny of the current-voltage characteristic in Figure 6-4(b), we identify a kink around 150 mA, which is well before the threshold current as revealed by the light-current curves in the same figure. For further investigation of this unusual behavior, emission spectra were taken at several currents from 100 mA to 254 mA. As shown in the inset of Figure 6-4 (b), electroluminescence below the threshold (~231 mA) were broad (>120 nm), in contrast to the narrow lasing spectrum. This confirmed that the device did not lase before the current reached 231 mA. 
The kink is actually where a negative differential resistance (NRD) appears if the first derivative of the current-voltage curve is taken. Furthermore, the temperature dependence of NRD is studied to investigate its possible origins. Figure 6-5 (a) shows the I-dV/dI curves for the same laser at a series of temperatures. We can see the NRD appeared earlier as the temperature increases. At temperatures above 210K, the abrupt drop in the differential resistance disappeared. For clarity, the current and voltage were extracted when the NRD was identified, as shown in Figure 6-5 (b). Both of them exhibited a linear decrease with the temperature. The temperature dependence can be related to the resonant tunneling [182], which had been intensively studied on the InAs/AlSb/GaSb type-II broken-gap structure [183]. Briefly, the temperature dependence of the resonant tunneling is because the increased thermal spread of the carrier at higher temperature enhances the non-resonant component of the tunneling current [184].  The detailed mechanism of NDR is worth further investigation.
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[bookmark: _Toc450604467]Figure 6‑5. (a) Differential resistance as a function of dc current at temperatures of 80 K to 220 K.(b) Injected currents and voltages corresponding to the negative differential resistance at different temperatures.

From the same wafer,  other IC lasers with larger threshold current densities around 300 mA at 80K, were observed to have the abrupt drop of differential resistance of around 50 mA. This suggests that the NDR is sensitive to the material non-uniformity.  It’s still not clear whether the NDR is related to the defect state, which is more dominant at low temperature. Further study of NDR should be able to reveal more details of the underlying physics as well as offer some hints on the design of long-wavelength of IC lasers.

[bookmark: _Toc447277741][bookmark: _Toc450648310]6.2.4 Amplified spontaneous emission around 13 μm
The IC laser structures R111 and R112 were designed and grown. They both have the same cascade structure with a target wavelength of 13 μm at 80 K. Because the InAs QWs are thicker, the wavefunction overlap is reduced to 12.1%. For the compensation of this reduction, the stage number is increased to 23. The waveguide structures of them are similar to R109. The only difference between them is that the doping concentration of the plasmon layer is 7×1018 cm-3 for R111 and 1.5×1019 cm-3 for R112. 
The waveguide calculation shows that R111 has a confinement factor of 30.9% with a waveguide loss of 22.4 cm-1 while R112 has a confinement factor of 31.7% with a waveguide loss of 23.4 cm-1. Although a higher confinement factor compared to R109, both of them have a much larger loss, which may prevent them from working even at 80 K.
The broad-area lasers fabricated from wafer R111 and R112 indeed could not work at 80 K in pulse mode. From the current-voltage characteristics, the negative differential resistances were also found in lasers from both wafers. The NDR happened at 30~40 mA for lasers from R111, and happened at 10~20 mA for lasers from R112. It’s not clear whether the different currents to trigger NDR is related to the different doping in the InAs cladding layer. 
Although these lasers could not generate stimulated emission, they should in principle have amplified spontaneous emission (ASE) because the transparency condition at 80 K is easy to achieve. Special attentions are made to get the ASE for the long wavelength emission: (a) choose suitable detector, lens and optical window that have cut-off wavelength longer than the target wavelength; (b) in the optical alignment, to prevent the very weak light from submerging by the noise background, the interferogram received by the detector, should be processed by a lock-in amplifier (e.g. Signal recovery  7265) that is able to display the overall intensity; (c) in the spectrum collection, the resolution should be chosen to be relatively coarse and average at relatively large times to minimize the fluctuation, and background will be subtracted in the end. 
With the above tricks, the obtained ASE spectra for typical devices from R111 and R112 are as shown as in Figure 6-6.  Both of them have emission wavelengths around 12~13 μm, in good agreement with the calculation. For R111, the ASE spectrum could be obtained at current as low as 25 mA, indicating that the transparency current should be lower than this value. And the gain width of larger than 200 cm-1 suggests the injection level is very high, which can be inferred from the relation between Fermi level and gain coefficient. Compared with R111, the intensity of ASE for R112 is slightly smaller. This could be explained by the larger loss due to the higher doping of the cladding layer. 
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[bookmark: _Toc450604468]Figure 6‑6. Amplified spontaneous emissions at 80K: (a) R111 (b) R112

[bookmark: _Toc447277742][bookmark: _Toc450648311]6.3 Room temperature IC lasers beyond  6 μm
[bookmark: _Toc447277743][bookmark: _Toc450648312]6.3.1 Active region design
For emission at different wavelengths, a simple practice is to vary the thickness of the InAs layers in the “W” shaped active QWs. To counter the Stark-shift effect under an external voltage, the first InAs QW is usually 15%~20% thicker than the second InAs QW. As shown in Figure 6-7(a), the transition energy is nearly linear decreasing with the InAs thickness. The slope, or the tuning rate, is 0.02 eV/Å, in excellent agreement with the experimental value, 0.18 μm/1 Å, at the lasing wavelengths of 2.97~4.16 μm [185]. 
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[bookmark: _Toc450604469]Figure 6‑7. (a) Transition energy and overlap integral as a function of InAs QW thickness; (b) The intensity of overlap integral as a function of transition energy.

Another way of tuning the emission wavelength is to change the thickness of the GaInSb layer. However, as shown in Figure 6-7(a), the shift is much less efficient, mainly due to the much shallower potential well for holes and the much larger effective mass [186]. In addition, the GaInSb is not only the QW for holes, but also acts as a potential barrier to the electron QW. As the thickness of GaInSb layer decreases, the hole energy is elevated away from the band gap, but  the electron energy is approaching the band gap because the electron sees a thinner barrier. As a result, the transition energy changes very slowly. The change may not be monotonous, as reported in [98]. 
The overlap integrals of the electron and hole wave functions, calculated by equation (2.3.22), is a figure of merit for the transition oscillator strength. Figure 6-7(b) shows the overlap as a function of the transition energy with layer thicknesses. Generally, the overlap decreases as the energy is reduced. This is in good agreement with the photon reflectance measurement [98]. However, my calculation predicts a decreasing of overlap for a lower indium content in GaInSb, which is opposite to the results reported in [98]. This discrepancy is not well understood yet. Anyway, the research group at the University of Wurzburg used GaIn0.24Sb with thicker InAs layers and GaInSb layer for their long-wavelength IC lasers [70,71] [179]. 
 Note that the GaInSb layer is under compressive strain on either GaSb or InAs substrate. On the positive side, a larger compressive strain can lift the heavy hole energy with a slightly reduced effective mass. This could partially alleviate the asymmetry of between very light conduction band mass and the heavy valence band mass, leading to a significantly reduced threshold current [17]. On the downside, the strain will set a critical thickness after which the material may have undesirable dislocation and defects.
Two preliminary structures, R139 and R141, are designed with different active regions. The hole QW in the active region is 29-Å-thick Ga0.7In0.3Sb for R139 and 28-Å-thick Ga0.65In0.35Sb for R141, both of which are designed with a wavelength around 6.5 μm. They both have four InAs QWs in the electron injector and two GaSb QWs in the hole injector.  Two of InAs QWs in the electrons are doped at 3.3×1018 cm-3 for R139 and  1.2×1018 cm-3 for R141. The wavefunction alignments in both structures are similar to Figure 6-2.

[bookmark: _Toc447277744][bookmark: _Toc450648313]6.3.2 Waveguide simulation
The introduction of InAs/AlSb superlattice (SL) into the waveguide of InAs-based IC lasers at λ~4.6 μm, has significantly improved the optical confinement, resulting in reduced threshold current densities and CW operation above room temperature [73]. This strategy should be applicable to IC lasers at a longer wavelength, e.g.,  λ>6 μm. 
For compensation of the reduced wavefunction overlap and larger loss at a longer wavelength, the cascade stage number is increased to 18 for the aforementioned two structures. The InAs/AlSb SL with a thickness of about 1 μm was inserted between the cladding layer and InAs spacer layer. Figure 6-8 shows the waveguide structure and modal profile for R139. The top cladding layer is only 35-nm-thick n++ InAs, and the 200-nm-thick SiO2 layer also serves as the top cladding layer. In contrast, R141 has the top InAs cladding layer of 0.8 μm. The doping in the cladding layers for both structures are the same at 1.0×1019 cm-3, which results in a complex refractive index of 2.5466-0.0261i. Note that the plasmon wavelength at this doping concentration is 9.5 μm. The refractive index for SiO2 at 6.5 μm is 1.212-0.0066i. So SiO2 seems to be a better waveguide material than highly doped InAs as long as there’s no leakage of the optical wave. As a result, R139 has a waveguide loss of 8.7 cm-1 and a core confinement factor of 36.6%, while R141 has a waveguide loss of 9.7 cm-1 and a core confinement factor of 35.6%. From the perspective of the waveguide, R139 is better than R141.
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[bookmark: _Toc450604470]Figure 6‑8. Waveguide structure and optical profile for R139.

[bookmark: _Toc447277745][bookmark: _Toc450648314]6.3.3 Experimental results
Both structures are grown by MBE on InAs substrates and routinely processed into broad-area lasers without any special treatment. Figure 6-9 (a) shows the pulse spectra for R139 broad-area lasers with operating temperature up to 324 K at 6.4 μm. Figure 6-9 (a) shows their temperature dependence of wavelength and threshold current densities in pulsed and CW modes. Due to the huge amount of heat accumulated in the broad ridge, the maximum CW operating temperature is around 200 K, with a threshold current density of 120 A/cm2, as shown in Figure 6-9(b). 
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[bookmark: _Toc450604471]Figure 6‑9. Characteristics for R139: (a) pulsed spectra; (b) temperature dependence of wavelength and threshold current densities.

In pulsed operation, the threshold current density at 300 K is as low as 810 A/cm2 for a 150 μm×2 mm laser from R139. Although a competing group reports a value of 588 A/cm2 at 293 K, they use a larger number of stages, i.e.,22 [187]. And they also achieved  T0 of 41 K, similar to our value of 40 K. At temperatures above 300K, our laser exhibited a rapid increase in the threshold current density with T0 of 20 K. Note that our laser may work at higher temperature due to the current limit of the current source. At the maximum operating temperature, the threshold current density is as high as 3.4 kA/cm2, which is an indication of good material quality and structure endurance. 
For R141, the lasing wavelength drifted to 6.7 μm due to the intrinsic uncertainty of MBE growth. Although with a wavelength of 0.4 μm longer, the broad-area lasers from R141 can still work up to 310 K. As shown in Figure 6-10, the threshold current densities for R141 is about 20~30% larger than that for R139. The waveguide simulation predicts a ~10% larger threshold for R141. The discrepancy may come from the wavelength dependent optical loss, the difference in the doping concentration in the injector as well as the top cladding layers.
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[bookmark: _Toc450604472]Figure 6‑10. Temperature dependence of wavelength and threshold current densities for R139 and R141

[bookmark: _Toc447277746][bookmark: _Toc450648315]6.3.4 Further optimization and current status 
These preliminary results are encouraging. There is ample room for further improvement. Several design guidelines on injection, waveguide, and active region have been discussed in section 5.2.1, section 5.3.1 and section 6.3.1, respectively. 
For the active region, the optimal indium content is still in doubt, despite a lower indium content suggested by the photon reflectance measurement [98]. The optimal doping is 1.0×1012 cm-2 divided by the layer thickness, and the InAs QW most adjacent to the active region should be undoped to avoid excessive loss. 
For waveguide design, the total thickness of cascade region and the spacer layer is the wavelength in the medium. The choice of optimal thickness of SL layer can be seen in Figure 6-11, where the confinement factor for the cascade region is nearly linearly decreasing with the increasing SL layer. For a reduction of the high loss in the n++ InAs cladding layer, the doping centration is intentionally controlled under 1.0×1019 cm-3. Note that the core index is somewhat smaller than R139, possibly due to highly doped InAs.
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[bookmark: _Toc450604473]Figure 6‑11. Waveguide optimization for 6.5 μm InAs-based IC lasers.

Our results are compared with state-of-the-art InAs-based IC lasers, as shown in Figure 6-12. At present, the 6-7 μm region is under intensive research. CW operation at 0 C was achieved very recently [179]. It’s very promising that the CW operation at room temperature will be realized in the near future. 
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[bookmark: _Toc450604474]Figure 6‑12. Maximum pulsed operating temperatures for IC lasers beyond 6 μm

Chapter 7 [bookmark: _Toc450648316]
Electrically widely-tunable interband cascade lasers
Electrically-tunable interband cascade lasers are demonstrated with a wide tuning range of about 180 cm-1 (22 meV in energy or 900 nm in wavelength) at λ~7 m. The laser structures are designed such that the Stark effect and heating effect act together to enhance the red-shift of the lasing wavelength with a current injection to achieve wide tunability.   
[bookmark: _Toc450648317]7.1 Tuning mechanisms
Semiconductor mid-infrared lasers with a wide tuning range are highly desirable for many applications such as spectroscopy and biochemical analysis [188]. Although various techniques have been developed, there are mainly three spectral tuning mechanisms. 
The first is temperature tuning, based on the temperature dependent band gap and refractive index. Although the lasing wavelengths of both QC lasers and IC lasers are not determined by the bandgap of the materials, the conduction band offset and alignment are still affected by the different temperature coefficients of bandgap between the well material and the barrier material [189]. Furthermore, the injection of current in CW operation can generate a significant amount of heat and significantly raise the laser core temperatures. As a result, a typical temperature tuning coefficient for QC laser is -0.078 cm-1/K at  9.1 µm, with a power tuning coefficient of -1.51 cm-1/W [18]. In contrast, a typical temperature tuning coefficient for an IC laser is 1.88 nm/K (or ~1.4 cm-1/K) around 3.7 µm [185], which is much larger than that in QC lasers due to their distinct natures of transition. For emission  at 4.3 µm, the temperature tuning coefficient is about -1.0 cm-1/K for IC lasers [190] and about -0.47 cm-1/K for QC lasers [191].
The tuning of single-mode distributed feedback lasers is via the change of refractive index in temperature, which results in a very limited current-tuning range (e.g.,~10 cm-1) [192]. This will be further discussed in Chapter 9.
The second is grating tuning, such as external cavity (EC) lasers. The tuning range of 120 cm-1 and 110 cm-1 were achieved from a λ~8 µm QC laser [193] and a λ~3.2 µm IC laser [194], respectively. However, these lasers are cumbersome and require well-aligned external optics components. The long-term mechanical and vibrational stability also make their practical application less appealing. 
The third is electric field tuning, based on the Stark effect in a diagonal transition [195]. The Stark shift of the transition energy  can be written as [196]

			(7.1)
where -e is single electron charge, ΔF is the change of the electric field F across the active region.  The displacement of the probability centroids from electron to hole, ze-h, actually determines electric field tuning rate dE/dF or voltage tuning rate dE/dU .

The diagonal transition in QC lasers can have a large , e.g., ~100 Å, which resulted in a broad tuning range of over 220 cm-1 for intersubband electroluminescence [196].
 However, the real challenge of Stark effect tuning is that the electric field is difficult to change after the laser reaches its threshold. As clearly shown in Figure 2-1, the gain coefficient is nearly “locked” at the laser’s threshold value, and the carrier densities are almost pinned at the threshold. The solution is how to break or shift the balance between the modal gain and the optical loss. 
One approach is to use multiple sections [196,197] or heterogeneous active regions [198], to create different threshold gains for different sections or different wavelengths. The injection of current is through multiple contacts.  An extensive tuning range can be achieved, which comes at the cost of higher threshold current and additional device fabrication steps.
Two different designs on the band structure  of QC lasers had achieved voltage tuning ranges of about 100 cm-1. The first design, dubbed “two-step” coupling [199], is to insert a coupling state to slow down the stimulated emission above the threshold. The slow down, however, implies an internal leakage path in the structure. The second design, based on a bound-to-continuum active region with a relatively short and wide miniband,  were able to maintain a wall plug efficiency up to 11.5% [200].

For IC lasers, a large Stark tuning is possible because the spatially diagonal transition in the type-II QW allows a large nonzero dipole moment . Until this work, there had been only one report on electrically tunable IC lasers with a blue-shift tuning range of 120 cm-1 (15 meV in energy or 120 nm in wavelength) near 3.3 m at 80 K [201]. The active region of these tunable IC lasers consists one InAs QW and one GaInSb QW, as shown in Figure 7-1(a). At a common electric field of 75 kV/cm, the dipole moment ze-h is -24.6 Å, doubled the value of -12.8 Å for the mainstreamed W-like active region with two InAs QWs as shown in Figure 7-1(b). 
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[bookmark: _Toc450604475]Figure 7‑1. Transition dipole and wavefunction overlap for active regions with one QW(a) and two QWs(b)

Gregory Belenky’s group attributed the unpinning of  carriers to “charge accumulation layers,” [201] or “collection quantum wells” in a type-I QW laser [202], which was made by the insertion of thick tunneling barriers. Carrier transport was slowed down, and hence, carriers continue to accumulate after the threshold, leading to a continuous increase of the voltage across the active region.  However, their claim is dubious. Because the growth of carrier in “charge accumulation layers” doesn’t necessary lead to the growth of carrier in the active region. In addition, the AlSb barrier before the W-like active region can also be thickened to achieve the function of “charge accumulation layers.” But they didn’t have such experiments to draw a fair conclusion.
In my understanding, the large tuning range for the one-InAs-QW active region is because of the quick shift of the balance between gain and loss. As shown in Figure 7-1, the wavefunction overlap factors for single QW and W-QW are 0.107 and 0.28, respectively. The latter is more than twice larger than the previous one. Consequently, the differential gain of the single QW active region is much smaller than the W-like active region. The thicker AlSb layer actually decreases the injection efficiency and increases the free carrier absorption loss due to the accumulated carriers on the injector side.  These factors together with a large dipole moment result in a large tuning range.
Note that the two structures in Figure 7-1 both have a negative value of dipole moment. So the possible Stark-tuning would be a blue-shift of the transition energy, which is opposite to the red-shift trend caused by the heating effect in a CW operation. For practical application, it’s more desirable to have a red-shift version of the Stark tuning.

[bookmark: _Toc450648318]7.2 Tunable IC laser structures and modeling
A 15-stage laser structure R64 features an active region consisting of three InAs QWs separated by two GaInSb QWs. The specific thickness of each layer is shown in Figure 7.2. Other parts of the laser structure are similar to R48 (discussed in section 5.1.1), in which the injection region is not heavily doped, and the waveguide is asymmetric.
This structure was initially designed to improve the laser operation temperature by increasing the wavefunction overlap. However, it turned out that the maximum overlap for such structure was acutely sensitive to the electric field. For example, the maximum overlap is achieved at the electric field of about 32 kV/cm, as shown in Figure 7-2, when the fundamental heavy hole wavefunction spreads over the two GaInSb QWs and the fundamental electron wavefunction spreads over the three InAs QWs. Under the electric field with the direction from right to left, the hole carriers tend to move to the left GaInSb QW and the electron carriers tend to shift to the middle and the right InAs QWs. As the electric field increases, the heavy hole wavefunction quickly concentrates on the left GaInSb QW due to its large effective mass. This results in a sharply decreased overlap with the electron wavefunction. So a larger overlap for the 3-InAs-QWs [203], possibly achieved in a narrow range of electric field, is not sustainable for the practical operation. On the contrary, a significantly reduced overlap factor, together with a positive dipole moment, is useful to obtain a red-shift Stark tuning. 
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[bookmark: _Toc450604476]Figure 7‑2. Fundamental electron and hole wavefunctions in the active region of structure R64 at different electric fields. The band alignment and the diagonal interband transition (dashed arrow) are plotted at F=75 kV/cm.

Figure 7-3 compares the transition energy as a function of the electric field for typical active regions with a different number of InAs QWs. The threshold electric field is assumed to be 75 kV/cm for all the structures. We can see from the figure that the absolute electric field tuning rate is in the range of 0.05~0.13 meV/(kV/cm). The field tuning rate is essentially the dipole moment according to equation (7.1). For example, dE/dF= -0.10 meV(kV/cm) corresponds to a dipole moment of -e·10 Å. However, the electric field is not readily measurable. Hence, the field tuning rate is further converted to the voltage tuning rate. The electric field is nearly uniform according to SVM [165] across one cascade stage of about 400 Å. Consequently,  a dipole moment of -e·10 Å corresponds to a voltage tuning rate of -0.025·e per stage. 
[image: ]
[bookmark: _Toc450604477]Figure 7‑3. Calculated fundamental transition energy and wavefunction overlap as a function of electric field for active regions with different numbers of QWs.

The comparison of the wavefunction overlap for different active region designs, shown in Figure 7-3, is actually more important. According to the calculation, the overlap factor is much smaller for lasers with one or three QWs in the active region, compared to the conventional two-QW laser represented by R83. This is the key point that shifts the balance between gain and loss.
As shown in Figure 2-1, no real laser can achieve 100% of carrier pinning above the threshold. The extra injection above the threshold will unavoidably introduce more loss until a new balance is reached. A recent publication also shows the carrier density dependence of the internal loss [108].  However, some lasers seem to have “good” carrier pinning, because their large differential modal gain can quickly compensate the additional loss above the threshold. These lasers also have “good” performances such as high-temperature operation and high output power. For the same reason,  “bad” carrier pinning is due to the small differential modal gain and significant differential optical loss. So the carrier concentration has to increase significantly. 
For laser structure R64 with three InAs QWs, the low transition energy implies relatively large free-carrier absorption loss compared to λ=3~4 μm lasers. In addition, the small overlap even decreases with the electric field. These factors together help to unpin the carrier density in the active region.
According to the above analysis, a red-shift Stark tuning should also be possible for the active region with two InAs QWs. Another new design, labeled as “2QW-stark” in Figure 7-3, increases the thickness of the right QW of R83 from 18 Å to 27 Å. Calculation predicts this design can achieve similar tuning effect as R64.    

[bookmark: _Toc450648319]7.3 Experimental results
The narrow ridge lasers fabricated from R64 had threshold current densities of about 10 A/cm2 at 80 K with an emission wavelength of 6.7 µm. The low threshold current density indicates a small transparency carrier density. A 20 µm× 2.1 mm laser worked at temperatures up to 188 K in CW mode, and up to 200 K in pulsed mode at 7.6 µm. The maximum pulsed operating temperature is the same as reference [201].Figure 7-4 shows the CW L-I-V characteristics of this laser. The slope efficiency at 80 K is only 0.1 W/A per facet, corresponding to a differential quantum efficiency of 10%  per stage. Assuming an injection efficiency of 100%, the upper bound of the internal loss is 45 cm-1. The large internal loss is partially due to a not optimized waveguide structure, which was originally designed for a shorter wavelength laser similar to R48. As a result, the characteristic temperature T0 of 30.5 K is lower than typical values (e.g., 40~50 K) for  IC lasers based on a 2-InAs-QW active region . 
[image: ]
[bookmark: _Toc450604478]Figure 7‑4. Light-current-voltage characteristics of an IC laser (20 μm × 2.1 mm) from R064 at different heat-sink temperatures in CW mode.

The electrical tuning spectra for a 15 µm×1.8 mm laser at 80 K were shown in Figure 7-5. The lasing wavelength was red-shifted by about 180 cm-1 (22 meV or 900 nm) with a tuning rate of -0.49 cm-1/mA. The tuning range covered over 12.5% of the center emission wavelength, indicating a significant electrical tuning. The change of voltage was 3V, which was a strong evidence of carrier unpinning. Note that the voltage efficiency at threshold is 77%, which may imply some possible carrier leakage. 
  
[image: ]
[bookmark: _Toc450604479]Figure 7‑5. CW tuning spectra of an IC laser (15 μm × 1.8 mm) from R64 at 80 K.

For separation of Stark effect from heating effect, the tuning spectra of a 15 µm×1.8 mm device were measured at 80 K in CW mode and pulsed (0.5 µs×1 kHz) mode. As shown in Figure 7-6, the tuning ranges at the same current range are 100 cm-1 (13 meV) in CW mode and 85 cm-1 (11 meV) in pulsed mode, respectively. This indicates that the wavelength shift was mainly due to the Stark effect. For this device, the change of voltage is 2.44 V, corresponding to a voltage tuning rate of  -2.3 cm-1/V per stage or -0.4·e per stage. This value, however, is more than one order of magnitude larger than the calculated value of -0.02·e per stage. The discrepancy is possible due to the extreme non-uniformity of the electric field in the active region[165].
Lasing wavelengths of six other devices with ridge width ranging from 15 to 40 m were also examined at 80 K. It was found that they have similar red-shift wavelengths with a tuning coefficient of ~0.13 cm-1/ (A/cm2).
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[bookmark: _Toc450604480]Figure 7‑6. Tunable lasing spectra of an IC laser in both CW and pulsed modes.

Another wafer R094, with a nominally identical laser structure to R64,  was grown separately after more than one year to verify the reproducibility. Both narrow-ridge and broad-area devices made from wafer R094 were also investigated.  These devices had threshold current densities of 10~14 A/cm2 at 80 K, similar to devices from R64. They all exhibited substantial red-shift wavelength with increasing injection current in both CW and pulsed modes. For example, a 20-µm-wide and 3-mm-long IC laser at 80 K had a lasing wavelength redshift of 132 cm-1 in CW mode and 99 cm-1 in the pulsed mode when current was increased from 8 mA to 450 mA. 
The tuning rates and ranges are summarized in Table 7-1. There are  two units are tuning rates. While Stark effect is better represented by the unit of cm-1/(A/cm2), the heating effect is better represented by the unit of cm-1/mA. 

[bookmark: _Toc450604422]Table 7‑1. Tuning ranges and rates at 80 K
[image: ]

In summary, electrically tunable interband cascade lasers were demonstrated with a wide tuning span about 180 cm-1 (22 meV or 900 nm) near 7 m. The wide wavelength tuning was achieved by making the red-shift Stark effect that’s consistent with the heating effect of current injection. 


Chapter 8 [bookmark: _Toc450648320]InAs-based single-mode distributed feedback interband cascade lasers
InAs-based single-mode distributed feedback (DFB) interband cascade (IC) lasers were investigated. The DFB grating was patterned using interference lithography to etch through the thin top cladding into the top spacer layer of the IC laser structure. Single-mode emission with a side mode suppression ratio of ~30 dB was obtained in CW operation at temperatures up to 180 K near 4.5 µm. A total tuning range of 16 nm was achieved for a single device, with a temperature rate of 0.4 nm/K and a current-tuning rate of 0.016 nm/mA.  The impact of the DFB grating on device performance was evaluated and discussed in comparison with Fabry-Perot (FP) lasers. 
[bookmark: _Toc450648321]8.1 Introduction
Interband cascade lasers  have emerged as efficient mid-infrared (IR) laser sources with low power consumption in the wavelength range from 3 to 6 µm. For emission beyond 6 µm, IC lasers have been developed on InAs substrates  instead of GaSb substrates that have been used for shorter wavelengths.  By replacing the InAs/AlSb superlattice (SL) cladding layers with highly-doped n+-InAs layers, InAs-based IC lasers can have improved optical confinement and thermal dissipation, which has enabled continuous wave (CW) operation at wavelengths as long as 11 m [68].  InAs-based IC lasers can also cover the 3-6 m wavelength region for the detection of significant molecules such as CO2 (4.3 m), OCS (4.5 m), CO (4.6 m), N2O (4.8 m), and NO (5.2 m).  For sensitive detection, single-mode IC lasers are highly desirable in tunable laser absorption spectroscopy [60]. In this work, we report the first demonstration of InAs-based single-mode DFB IC lasers, which are tunable over 16 nm near 4.5 m.  

[bookmark: _Toc450648322]8.2 Laser structure and fabrication
The laser structure comprises 8 cascade stages and was grown in a molecular beam epitaxy (MBE) system on a n+-type InAs (001) epi-ready substrate (wafer R087). The growth rate of InAs for this IC laser structure was 0.22 ML/s and 0.66 ML/s for cascade stages and other regions, respectively [105]. The cascade structure is similar to Figure 5-5 (a).  The waveguide features in asymmetric claddings [161]. The upper portion of the waveguide consists of a 35-nm-thick n+-InAs top contact layer (doped with Si to 1.0×1019 cm-3) and a 1.5-µm-thick top InAs spacer layer just above the cascade region. The thin top cladding layer was capped by a top dielectric layer (SiO2 or Si3N4 layer) and a metal contact layer for current injection. The preliminary research suggested that the device performance was comparable to IC lasers with symmetric cladding structure [69]. As a result, this thin top cladding simplifies both the growth and  the fabrication of a top DFB grating with a large coupling coefficient.
Part of the wafer was first processed into broad-area (150-µm-wide) mesa FP devices (without a DFB grating) by contact lithography and wet chemical etching. The etching depth reached the bottom spacer to prevent lateral current spreading. A 200-nm-thick, 90-µm-wide SiO2 insulating layer was deposited on the center of the mesa stripe, followed by the sputter deposition of a 30/300-nm-thick and 100-µm-wide Ti/Au layer for current injection. The laser geometry is the same as that in Figure 3 of reference  [68].  The processed wafer was cleaved into laser bars with cavity lengths of 1 to 2 mm, the facets were left uncoated, and the devices were mounted epi-side-up. The laser bars were placed on the cold finger of a cryostat for measurements in CW and pulsed modes.  A representative 2-mm-long device worked at temperatures up to 231 K in CW mode near 4.9 µm (~4.3 µm at 80 K) and 320 K in pulsed mode near 5.0 µm. This result will be compared to our DFB lasers later. At 300 K, this device had a threshold current density of 600 A/cm2  with a voltage efficiency of about 70 %. These characteristics indicate that the material quality is good enough for DFB lasers.
After the F-P devices had been evaluated, two pieces of the wafer were processed separately into DFB lasers. The DFB grating period  was designed according to the standard first-order grating equation: 

                                                                                                       (8.1)                                                                 
where Neff is the effective index of the laser waveguide and  is the lasing wavelength.  The FP laser mentioned above had a temperature tuning rate of ~3.2 nm/K,  which is mainly determined by the temperature dependence of the bandgap of InAs. In contrast, the wavelength tuning of a DFB laser is dominated by the less temperature sensitive effective index (dNeff/dT=2-3×10-4). This means, a DFB laser only operates in a relatively narrow temperature window with single mode output. In order to have a reasonable tuning range, we chose an intermediate CW operating temperature of 160 K and the corresponding target wavelength of 4.45 µm. Our waveguide simulation gave an effective index of ~3.4 for our laser structure. Using equation (8.1), the designed grating period was 655 nm. For simplification of the device fabrication in this initial attempt, gratings were only covered by metal without a dielectric layer. 

Our calculation gave a coupling coefficient of ~12 cm-1 for a rectangular grating with a depth of 100 nm and a duty cycle of 50%. If the cavity length is chosen to be 1 mm, the DFB laser will have a decent coupling strength (i.e., [image: ]). Note that in this case both index coupling and loss coupling exist because of the large imaginary part of the refractive index for a metal. The calculation detail for coupling coefficient is given in Appendix D.
The DFB gratings were defined using interference lithography and Cl2 reactive ion etching (RIE) to etch the grating into the top InAs spacer layer. These DFB samples were processed into broad-area lasers by contact photolithography and wet chemical etching. Without a dielectric layer on the top, 30/300 nm-thick Ti/Au layers were directly deposited on the top grating for complex coupling as well as electrical injection. After substrate lapping and deposition of metal back contact, the wafers were cleaved into laser bars with cavity lengths of 1.0 to 2.0 mm without facet coatings.  These DFB lasers were mounted epi-side-up on a Cu-heatsink for measurement. SEM images of typical lasers with magnifications in critical regions are shown in Figure 8-1. As shown in Figures 8-1(a) and (d), the top metal strips were narrower than the mesa width to prevent the metal contact layer from covering to the sidewall. However, the majority of the grating regions are covered by these metal layers to ensure sufficient complex index coupling. As seen in Figure 8-1(b), the grating stripes are essentially periodic, although there are some variations and non-uniformity.  In Figure 8-1(c), 8 cascade stages can be identified below the top spacer layer.  The surface DFB gratings have a depth of about 100 nm and a duty cycle of about 35%.  The grating period is 595±5  nm for the first and 640±5 nm for the second laser samples, respectively. 
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[bookmark: _Toc450604481]Figure 8‑1. SEM images of IC laser structures.  (a) a top view of the DFB gratings covered with metal and without metal; (b) zoom-in of the DFB grating; (c) cross-sectional view of a laser; (d) the top view of a laser mesa

[bookmark: _Toc450648323]8.3 Experimental results and discussion
Lasers from the first DFB sample (grating period of ~ 595 nm) had a grating period that was significantly shorter than the designed value (655 nm).  As expected, most of these lasers didn’t achieve single-mode operation, because the wavelength determined by DFB grating was not aligned with the gain peak (see Figure 8-2 (a) for device C). Two emission peaks separated by about 140 nm could be identified in the sub-threshold spectra. The two distinctive dips around 4.3 μm are due to the strong absorption of CO2. Nevertheless because of material non-uniformity and/or variations of the DFB grating period, a few lasers did exhibit single-mode operation at 80 K. The gain peak for these devices happened to be close to the wavelength of the DFB mode, as shown in Figure 8-2(b) for device H. The electroluminescent intensity for device H increased with current at a much slower rate than that for device C (without lasing at the DFB wavelength), which resulted in a higher threshold current density (7 A/cm2 vs. 4 A/cm2). The differences in lasing wavelength and threshold current density between device C and H in a wide temperature range are shown later in Figure 8-7.
Nevertheless, when device H lased at 80 K, the side modes around the DFB mode (4.204 µm) were suppressed with a side mode suppression ratio (SMSR) of about 30 dB (see inset in Figure 8-2 (b)). For device H, the single DFB-mode behavior was observed at 90 K with an SMSR larger than 20 dB, which existed simultaneously with FP modes at a relatively high current. By equation (1), the effective index is 3.53±0.04 at 80 K. The extracted effective index is greater than the value calculated for this laser layer structure.  Currently, this is not understood: it may be related to the complex refractive index in metals and/or variations and non-uniformity of the DFB gratings. 


[image: ]
[bookmark: _Toc450604482]Figure 8‑2. Emission spectra from two IC lasers at 80 K for several currents using (a) device C; and (b) device H, with a log intensity plot inset.

The devices from the second DFB processing (grating period ~640 nm) exhibited robust single-mode lasing at higher temperatures.  The sub-threshold emission spectra for a 1-mm-long device at several temperatures (see Fig. 8-3) indicate that the laser gain spectrum is well aligned with the DFB mode at a wavelength of 4.48 µm at temperatures above 150 K. Above threshold, mode-hop-free single-frequency lasing emission was observed in a temperature range of 150 to 180 K. Figure 8-4 shows typical current-tuning spectra for this device at 160 K, with an SMSR of about 30 dB (inset Figure 8-4) and a current-tuning rate of 16 nm/A in the vicinity of 4.49 µm. The tuning range was about 2 nm when the current was raised from 140 to 260 mA at 160 K. This tuning is mainly attributed to Joule heating from the current injection. Hence, the tuning range can be expanded with more current injection. 
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[bookmark: _Toc450604483]Figure 8‑3. Sub-threshold emission spectra from a BA DFB IC laser with a grating period of ~640-nm at heat-sink temperatures ranging from 150  to 180 K.
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[bookmark: _Toc450604484]Figure 8‑4. Current-tuning CW spectra of a DFB IC laser at 160 K, with an SMSR of ~ 30 dB. Inset is a plot of intensity with log scale.

Figure 8-5 shows the single-mode lasing wavelengths measured for the same laser operating at various heat-sink temperatures and injection currents. The extracted average temperature-tuning rate of the DFB wavelengths was 0.4 nm/K. Together with the current tuning, a total tuning range of 16 nm was achieved for a single device, which is sufficient for covering a specific absorption spectral region of a gas molecule. The current-voltage-light characteristics in the corresponding temperature range are shown in Figure 8-6. The output power emitted from one facet of the device was larger than 1 mW at 180 K near 4.50 µm, which can satisfy the requirement for in situ sensing.  Note that the collected power was only calibrated for the 10% transmission loss from the CaF2 window of the cryostat, without considering the beam divergence. Hence, the actual output power should be higher than the reported values in Figure 8-6.  The inset to Figure 8-6 shows the lasing spectra of the DFB mode at temperatures from 150 to 180 K.  The extracted effective index is 3.54±0.04 (with a temperature coefficient of dNeff/dT = 3.6 ×10-4), which is again higher than our previous estimate based on the laser layer structure.  These experimental values will help improve the accuracy in our future design.  
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[bookmark: _Toc450604485]Figure 8‑5. Single-mode lasing wavelengths of a DFB IC laser as a function of injected currents at T=150-180 K. A total tuning range of 16 nm was achieved for a single device.  Only data with spectral SMSR larger than 20 dB are included.

[image: ]
[bookmark: _Toc450604486]Figure 8‑6. Current-voltage-light characteristics for a DFB IC laser. Inset: CW spectra at temperatures from 150 to 180 K.

Above 185 K, the DFB mode became detuned away from the gain spectral peak, and the laser operation was based on FP modes. If the DFB grating is designed to aim at a longer wavelength (corresponding to the higher temperature) and narrow-ridge lasers are fabricated from this same wafer, CW operation based on the DFB mode near 5 μm would be achievable at ~ 270 K. The expected device performance from this InAs-based wafer is still no better than the state-of-the-art GaSb-based DFB IC lasers.  However, these results are helpful to assess how InAs-based DFB lasers can be further developed. 
For the evaluation of how DFB gratings can affect the device performance, InAs-based IC lasers with and without DFB gratings are compared in terms of their temperature dependent lasing wavelengths and threshold current densities in CW mode, as shown in Figure 8. Because the longer cavity length will lead to less mirror loss and thus lower threshold current density, the FP lasers with two different lengths are plotted as reference lasers (open symbols). As shown in Figure 8, the devices that lased with DFB modes (solid symbols) had a higher threshold current densities than the FP lasers. The laser with the widest DFB tuning range had the highest threshold current density. This suggests that the optical coupling with the grating contributed significant extra loss, or the differential gain at the DFB wavelength is smaller, or a combination of both factors. Also shown in Figure 8-7, a laser with the grating but no lasing at the DFB mode (half-filled symbol), had a similar threshold current density as the FP laser of a similar length. This implies that the metal grating itself might not have a substantial effect on the FP laser performance, which is worth further exploration. A way to further eliminate the possible loss is to insert a dielectric layer between the grating and the metal, which will be investigated in our future effort.
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[bookmark: _Toc450604487]Figure 8‑7. Comparison of FP and DFB lasers at various operating temperatures: (a) CW lasing wavelengths and (b) threshold current densities


Chapter 9 [bookmark: _Toc450648324]Conclusions and future work
[bookmark: _Toc450648325]9.1 Dissertation summary
The topic of  this dissertation is to achieve high performance for InAs-based IC lasers. This subject is broken into several parts, including far-field patterns, high-temperature operation, long-wavelength operation, wide tunability and single frequency mode operation.
Double-lobe far-field pattern was observed on a single-plasmon waveguide IC laser, which was attributed to the first-order lateral mode. By placing metal contacts near the edges of the ridge, the higher-order spatial mode can be suppressed, resulting in a better beam quality.
A series of design innovations, including “shortened injector” and “carrier rebalancing,” have brought down the threshold current densities of IC lasers.  The double cladding waveguide, consisting of superlattice and highly doped InAs, has significantly improved the optical confinement of InAs-based IC lasers. CW operations above room temperature have been achieved at wavelengths of 4.6~4.8 μm. The threshold current density, 247 A/cm2 at 300 K in pulsed mode, is the lowest ever reported among semiconductor mid-infrared lasers at similar wavelengths. The pulsed operating temperature is as high as 377 K. 
With the hybrid waveguide mentioned above, the lasing wavelength reaches 6.4 μm at 324 K. While a large waveguide loss at 11 μm is because the lasing wavelength overlaps with the plasmon wavelength for the heavily-doped InAs, the unexpected high threshold current density may be related to the negative differential resistance discovered from the current-voltage characteristics.
By increasing the number of InAs active QWs to three, a large repeatable electrical tunable range of 180 cm-1 (or 900 nm in wavelength) are achieved near λ~7 μm. Significant tuning by Stark effect requires a substantial change of the applied electrical field, which is usually inhibited by the carrier density pinned at the threshold level. However, by trading the modal gain, the carrier pinning is loosened. As a result, the electrical field after threshold continuously increased and significant tuning was achieved.
The InAs-based IC lasers with the asymmetric cladding layers are readily suitable for the fabrication of top DFB grating which would have a strong coupling with the optical wave. The grating was patterned using interference lithography to etch directly into the top spacer layer. Single-mode emission with a side mode suppression ratio of 30 dB is obtained in continuous wave operation at temperatures up to 180 K near 4.5 μm. A total tuning range of 16 nm could be achieved for a single device, with typical temperature- and current-tuning rates of 0.4 nm/K and 0.016 nm/mA, respectively. However, the grating had introduced quite a lot of loss and degraded device performance compared with Fabry–Perot lasers. A further optimization of the structure and a better grating fabrication are required to improve the DFB laser performance. 

[bookmark: _Toc450648326]9.2 Future work
InAs-based IC lasers have been developed as a complementary counterpart of GaSb-based IC lasers at a longer wavelength. Up to now, the overall performance of InAs-based IC lasers is still lagging behind, which is due to the increased optical loss at longer wavelengths, reduced optical confinement, less optimized laser structure and less uniform material quality grown on the InAs substrate. 
Although significant advancements have been made by several research groups in recent years, there is ample room for design improvement. Practically, it’s impossible to exhaust all the design possibilities. Instead, inspiration comes from a better understanding of the fundamental physics behind a working laser. Such understanding and derived models also require prompt feedback from reliable and repeatable experimental results. 
Specifically, I have several ideas for future work.
1st, the injection region can be further optimized. The concept of “carrier rebalancing” [51] should be revisited. The authors’ latest claim is still that the hole density will outnumber the electron density in the active region if no extrinsic doping is introduced [34]. However, the scanning voltage microscopy (SVM) measurements [204] showed the electron and hole carriers are always approximately balanced,  no matter the electron injector is heavily-doped (as in wafer R84) or lightly-doped (as in wafer R94). Furthermore, SVM measurements found no net charge distribution in the electron injector in both cases. This means that the ionized electrons are still bound to their donors without participating in the active region. 
In my understanding, these ionized electrons, provided by the heavily-doped InAs, play an essential role in the Bernard-Duraffourg inversion, as in equation (2.2.5). These electron carriers help to elevate the common quasi-Fermi level [34] on both sides of the semi-metallic interface.  The real effects of the heavily-doped injection are: (1) decrease the transparency carrier density, as shown in Figure 5-3; (2) smooth the carrier transport process from the semi-metallic interface to the active region. A comprehensive model, considering Poisson equation, rate equation, and Schrödinger equation, should be able to describe these two effects quantitatively and obtain the optimal doping concentration for the different injector. A set of design structures is to be grown accordingly to validate this idea.  
2nd, the active region can be further optimized. A drawback of the type-II active QWs is the reduced wavefunction overlap, which leads to reduced modal gain. This becomes more severe at a longer wavelength because the InAs QWs are made wider to decrease the eigenenergy. One way to compensate the reduced modal gain is to increase the number of cascade stages, which, however, also increase the thermal resistance that is detrimental to the CW operation. Another way is to change the composition of GaInSb hole QW. It’s still not conclusive whether increasing the indium content would reduce the overlap as suggested by [98]. From the perspective of the strain effect, the increased indium content will introduce more compressive strain and reduce the effective mass of heavy hole, which partially alleviate the asymmetry of between very light conduction band mass and the heavy valence band mass.  Furthermore, a quaternary material is probably a better substitute for GaInSb [98].   
3rd, the mechanism of the negative differential resistance in long-wavelength IC lasers is not year clear. As suggested by Figure 5-3, the material gain is independent of the lasing wavelength. So the dramatically increased threshold current is a combined effect of increased optical loss, reduced carrier lifetime and reduced wavefunction overlap. The material is inversely linear dependent on the temperature. So at low temperature,  all the IC lasers at different wavelengths should have very similar threshold current densities. This is verified by the experimental results that even the λ~9 μm laser with a size of 20 μm×1 mm had a threshold current density as low as 10 A/cm2 at 80 K [180]. However, the λ~11 μm laser had a threshold current density as high as 72 A/cm2 at 80 K, as shown in Figure 6-4. Although the closeness of the lasing wavelength and the plasmon wavelength due to heavy doping brought significant free-carrier absorption loss, another unknown mechanism,  related to the negative differential resistance as shown in Figure 6-5, could be the culprit.  Similar negative differential resistance had also been observed for devices at even longer wavelengths. A more systematical study to identify the possible mechanism would give some hints on the design of long-wavelength IC lasers. 
4th, there’s no systematical study on carrier leakage in the cascade stage.  For QC lasers based on the inter-subband transition, carrier leakage is a severe problem due to insufficient band offset. For IC lasers, carrier leakage is still possible because AlSb is an indirect bandgap material. The conduction band electrons, due to thermal spread or high injection, will gain enough energy to leak into the satellite valley of AlSb. In addition, the hole leakage into the AlSb valence band had been discovered by SVM [165]. Furthermore, a recent study by NRL yielded internal efficiency of 70%~90% at room temperature, which they expected the value to be close to 100% [108]. In my understanding, this is because they didn’t account the “injection efficiency” degraded by the carrier leakage.  What’s more, their shorter-wavelength laser performed worse, which is also possibly due the carrier leakage.
 5th, a semi-empirical model for the temperature dependence of the threshold current density is both scientifically interesting and technologically useful. The threshold current densities of most interband lasers are known to be sensitive to the operation temperature, which can be fitted into an exponential relation since 1968 [205]:

                                           (9.1)
where T0 is the characteristic temperature, and J0 is the threshold current density extrapolated to T=0 K. 
It’s quite surprising that such a simple empirical relation is valid through a wide range of temperature for various interband lasers, although  T0 is not a constant when the temperature approaches the maximum operating temperature.  Hence, the characteristic temperature T0 are routinely reported in the literature. 
Early research on GaAs-based InGaAs QW lasers at 0.86 μm reported an extremely high T0 value of 437 C [206], which was overinflated due to its high threshold current density of 3 kA/cm2.  T0 quickly dropped to 200 K for a λ~1.17 μm InGaAs QW laser with a Jth of 130 A/cm2 [207]. For λ~1.5 μm lasers on different substrates, T0 all dived below 100 K [208-210]. For λ=3~5 μm state-of-the-art IC lasers, T0 is in the range of 45-60 K [34,73,211]. These statistics seem to imply some common mechanism. 
Early researchers tried to relate this strong temperature dependence of threshold to the temperature-dependent shift of the Fermi level [212] [213] and density of states [214], or the band tailing effect on the differential gain [215,216]. Later, the temperature dependence of threshold current in different types of lasers have been extensively investigated [208,217-226]. However, due to various detailed scenarios, these individual case studies are not readily applicable to a more general case. So far, the low T0 value is not quantitatively explained. 
Figure 9-1 shows a preliminary model of temperature-dependent threshold current, which is able to predict reasonable T0 values. Basically, the gain coefficient is calculated from the Fermi’s Golden rule. The Auger coefficient and temperature dependent optical loss are empirical values from the literature.  The details of this model require more refinements and deserve a future publication. Anyway, a generalized model of Jth(T) is of vital importance to the interband laser community. 
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[bookmark: _Toc450604488]Figure 9‑1.Calculated temperature dependency of the threshold current density
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[bookmark: _Toc310579475][bookmark: _Toc450648328]Appendix A: Fourier transform in lock-in amplifier
A lock-in amplifier (LIA) is a very useful electronic equipment to extract the pulsed signal from the noisy background. However, the reading on the display is different from the input signal. It’s important to figure out their relation so as to restore the original input signal. 
Assume a square pulse wave f(t), as shown in Figure A-1. It has a peak-to-peak height of P, a period of T and a duty cycle of c=T1/T. A period function can be decomposed into the sum of a set of sine and cosine functions by Fourier series expansion:

                            (A.1)
where w=2π/T is the circular frequency. The coefficient an and bn are defined by:

             (A.2)
[image: ]
Figure A-1. a squared pulsed wave

The zero order and first order of Fourier coefficient can be explicitly given by:

                               (A.3)

               (A.4)
Because LIA only extracts the first harmonic component in the signal, we pack the first order term together:

   (A.5)

From the manual of the LIA, we know the internal reference signal is .The output of the phase-sensitive detector (PSD) is the product of input signal and internal signal:

                 (A.6)
If the internal reference signal is triggered to the source frequency of the input signal, they have the same frequency (ω= ωref). With a low pass filter, the frequency- independent value (DC signal) can be output as:

                       (A.7)
Note that X is phase dependent. By changing phase by π/2, the output from another PSD is :

                       (A.8)
We are most interested in the phase-independent amplitude:

                       (A.9)
The ultimate output in the display of LIA is actually a root mean square (rms) value:

                         (A.10)
Then the only unknown factor is VL, which can be determined by a simple measurement. For this purpose, a resistor of 50 Ω driven by a current source with 50% duty cycle is used. The peak-peak value obtained in an oscilloscope,  as shown in the x-axis of Figure A-2,  is the voltage input to the LIA. The reading in LIA is plotted as the y-axis value. A predicted curve using VL=2 is in excellent agreement with the experimental value.
[image: ]
Figure A-2. Determination of VL by equation (A.10)

In conclusion, the relation between the input voltage P and the LIA display Vrms is:   

                             (A.11)


[bookmark: _Toc450648329]Appendix B: Light collecting efficiency due to beam divergence
The laser beam is very divergent along the fast axis due to the small size of active QW. As shown in Figure B-1, the full divergence angle is 95° in the vertical direction, almost twice the receiving angle of the active element inside a power meter. This severely decreases the light collecting efficiency. An accurate value of the laser output power is very critical to extracting the most fundamental properties such as internal efficiency and internal loss, as discussed in section 3.3.1. This appendix aims to estimate the light collecting efficiency in our current setup. 
[image: ]
Figure B-1. Elliptical laser beam struck on the round sensor of a power meter

Figure B-2 shows a thermal pile power meter and an MCT detector that are used in our lab to collect the laser power. The power meter is put as close as to the cryostat’s optical window the maximize the power collection. A divergence half angle is calculated to be 24° in the vertical direction.  In contrast, the MCT detector is much more sensitive to a rather high response.  Its active element is quite small, with  a diameter of 1 mm. If it’s put as close as the cryostat window, the far-field patterns can be measured. The receiving half angle for this MCT detector is 1.5°. As a result, the resolution of the far-field measurement can’t be better than 3°.
[image: ]
Figure B-2. Receiving angle of  power meter and MCT detector

If the far-field pattern is measured by the translation method,  as in Figure 4-7(a),  attention must be paid to the finite field of view of the MCT detector.  The detailed geometric structure of the MCT detector is shown in Figure B-3. Due to the finite size of the detector window, when the oblique incidence angle is larger than 33°, the light can’t fully reach the 1×1 mm2 sensitive element.  If the incident angle  is greater than 38°, the light will be totally blocked by the opaque material. This means that the translation is not suitable to measure the vertical far-field pattern because the divergence half angle of a typical laser is larger than 45°. We note that the optical window of the cryostat has an emitting half angle of about 65°, which is much bigger than the divergence half angle along the fast axis. 
[image: ]
Figure B-3. Internal structure of the MCT detector

In the collection of laser output power in pulsed operation, a lens is used to focus the light to the tiny active area of MCT detector, as shown in Figure B-4. According to the geometry optics, the lens must put two times focal lengths away from the laser source. As a result, the receiving half angle for the lens is only 15.7°, and the collecting efficiency is much smaller than that of the power meter near the cryostat. This also causes some difficulty in the optical alignment for a brand new test. 
[image: ]
B-4. Experimental setup for collecting laser power in pulsed operation

After we examine blind areas of all the setups, the measured far-field patterns can be used to estimate the collecting efficiency.  Figure B-5 shows a far-field pattern measured on a narrow ridge device R083NR_1F.  We can immediately recognize that the data was collected by the translation method because the light intensity decay to zero near 38°. Although this far-field measurement is not desirable, we could still get a rough estimate of the collecting efficiency. With a simple integral, we can calculate that 72% of the light is collected by the lens, and 83% of the light is collected directly by the power meter. 
[image: ]
Figure B-5. Collecting efficiency along the fast axis

Along the lateral direction, the collecting efficiencies are expected to be higher due to smaller divergence. At low injection current, the collecting efficiencies for lens and power meter are 89% and 96%, respectively. But as the current increased, the beam became significantly wider, as shown in Figure B-6. The collection efficiency of lens decreased sharply to 71%. The collection efficiency of power meter decreased slowly due to its larger receiving angle. This means that the degradation of beam quality is also one of the reason for a decreasing power slope efficiency at large injection. 
A further measurement is required to get a more accurate estimation of the collection efficiency. Anyway, this appendix serves as a good starting point. 


[image: ]
Figure B-6. Collecting efficiency along the slow axis



[bookmark: _Toc450648330]Appendix C: Plasmonic waveguide
As mentioned at the end of section 4.1.1, the terminology “plasmon waveguide” in InAs-based QC [1] or IC lasers [2] was often used to refer to “plasmon-enhanced waveguide” that consists of highly doped InAs as the cladding layer. This may confuse readers because “plasmon waveguide” usually refers to “plasmonic waveguide” or “surface plasmon waveguide”. To avoid such confusion, I think it’s better to fix the name “plasmon-enhanced waveguide” without any abbreviation. Because in principle, “plasmon-enhanced waveguide” is still optical waveguide that confines optical wave instead of surface plasmon wave.
To fully explain the surface plasmon wave, I will also clarify some concepts with similar spelling: plasma, plasmon, surface plasmon, and surface plasmon polariton. 
Plasma can be understood as an ionized gas. It is the fourth fundamental state of matter after solid, liquid and gas. A plasma can be created by heating a gas or subjecting it to a strong electromagnetic field. Actually, plasma is the most abundant matter in our universe, most of which is in the intergalactic regions and in stars, including the Sun. Typical examples of plasma in our daily life are lightning, plasma display, fluorescent lamps and plasma globe.   
Plasmon is the quasi-particle of the collective oscillation of plasma, based on the “free electron model”, also known as “Drude-Sommerfeld model.”  Similar to the photon, the plasmon also exhibits wave-particle duality [3]. The “particle” picture of  bulk plasmon has been discussed by a damped oscillator in 4.1.2. The “wave” picture of surface plasmon [4] is presented as follows.
Assumed a slab waveguide without the core layer, as shown in Figure C-1,  an electromagnetic wave propagates along the interface between layer 1 with a dielectric constant of ɛ1 and layer 2 with a dielectric constant of ɛ2. Due to the total internal reflection, the evanescent fields will decay exponentially away from the interface.   
[image: ]
Figure C-1. Surface wave propagating along the interface x=0

Specifically, for TE modes:
Ey=A1·exp(-k1x·x), x≥0                                             (C-1a)
Ey=A2·exp(k2x·x), x≤0                                            (C-1b)
For TM modes:
Hy=A1·exp(-k1x·x), x≥0                                             (C-1a)
Hy=A2·exp(k2x·x), x≤0                                            (C-1b)
The wavevectors k1x and k2x are related to the propagating constant β by:

                                                  (C-3a)

                                                  (C-3b)
where k0=2π/λ is the wavevector in the vacuum.  The exponential attenuation constants k1x and k2x are both positive numbers to ensure the exponential decay.

If the surface wave is TE polarized, the continuity condition requires that Ey and  are both continuous at x=0:
A1=A2                                                   (C-4a)
-k1x·A1=k2x·A2                                        (C-4b)
Because the exponential attenuation constants k1x and k2x should be both positive, equations (C-4a,b) can never be satisfied.

If the surface wave is TM polarized, the continuity condition requires that Hy and  are both continuous at x=0:
A1=A2                                                   (C-5a)
-k1x·A1/ɛ1=k2x·A2/ɛ2                                        (C-5b)
The equations (C-5a,b) can be satisfied only if the two dielectric constants  are in the opposite sign, i.e., ɛ1 ·ɛ2<0. The solution, a TM polarized surface wave, is termed “surface plasmon wave”. By solving equations (C-3a,b) and (C-5a,b) together, the propagating constant of the surface plasmon wave is:

                                              (C-6)
In order to have a positive real part of the propagating constant (so the surface plasmon wave can have a real phase velocity to transmit signal), we will require ɛ1 +ɛ2<0. This condition is quite easy to be satisfied, e.g., the interface between air and a metal. In this scenario, ɛ1=1, and the dielectric constant of metal can be calculated by a Drude model (as discussed in section 4.1.2):

                                            (C-7)
where the plasma frequency ωp is ~9 eV for typical metals such as gold and silver. For visible and infrared regions, the photon energies are smaller than 3 eV. So the condition ɛ1 +ɛ2<0 is satisfied.


If we substitute equation (C-7) into equation (C-6), replace , and define , the energy-wavevector dispersion relation of surface plasmon wave can be obtained as:

               (C-8)

Figure C-2 compares the energy dispersion relations of photons in metal, air and at the air/metal interface. The cut-off frequency of a surface plasmon wave is , which is equivalent to the condition ɛ1 +ɛ2<0. As we see, when the frequency of the surface plasmon wave approaches the cut-off frequency, its wavevector becomes much longer than the electromagnetic wave in air with the same energy. This means the wavelength of surface plasmon wave can be much shorter than the regular light, which can be used to significantly improve the imaging resolution  and overcome the diffraction limit.
[image: ]
Figure C-2. Energy dispersion relations of photons in metal, air and at the air/metal interface

However, the downside of the longer wavevector is that the surface plasmon wave is not easy to excite or emit due to the momentum mismatch,  even if its frequency is away from the cut-off frequency. Generally, there are two approaches to compensate the momentum mismatch for the generation of surface plasmon wave [5]. The first one is to use a prism coupler and take advantage of an evanescent wave, as shown in Figure C-3(a). The second one is to use a grating coupler, as shown in Figure C-3(b). Once the photon is coupled with the surface plasmon, this combination of photon and surface plasmon is called surface plasmon polariton (SPP).
[image: ]
Figure C-3. Two ways to generate surface plasmon waves [5]

Actually, the propagating constant of a surface plasmon wave is usually a complex number. Consequently, the surface plasmon wave suffers significant propagation loss and has a finite propagation length. Instead of being used as a good waveguide, the surface plasmon wave is widely used to construct various biosensors [6] or optical fiber sensors [7]. Because the incident light intensity can be significantly reduced when the momentum matching is satisfied.
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[bookmark: _Toc450648332]Appendix D: Coupling coefficient in DFB  lasers
The coupling coefficient is an important physical quantity describing the degree to which the oppositely going waves convert into each other and thus the amount of feedback per unit length provided by the structure. 
In Kogelnik and Shank’s simple couple-wave model [1], they assume a spatial modulation of the complex refractive index with a cosine shape: 

                                      (D-1)





where is the average value of the refractive index of the medium,  is the amplitude of the spatial modulation,  is the Bragg wavevector and is the period of the grating. If the perturbation of the refractive index is small, i.e., , the coupling coefficient is simply written as [1]:

                                             (D-2)
However, this only applies to the “weak-coupling” scenario. For more general cases with more realistic grating shapes, the coupling coefficient is given by [2-4]:

                            (D-3)



where dc is the duty cycle,  is the confinement factor of the grating. For index grating, ; for gain grating, .
An example for calculation of the coupling coefficient is given below. The calculated structure is a metal grating consisting of InAs and gold, as shown in Figure D-1(real object see Figure 8-1). For InAs/gold, the difference of dielectric constant is 796+185i, a large number that can significantly enhance the coupling. For example, if the confinement factor of the grating can reach 0.01%, the optimal coupling coefficient will be ~50 cm-1.
[image: C:\Users\Iceprince\Desktop\Drawing3.tif]
Figure D-1 Schematic of metal grating

The effective index and the confinement factor in equation (D-3) are calculated on the unperturbed structure, where the grating region is replaced by their average value. Then the coupling coefficient can be obtained by equation (D-3).
Figure D-2 shows the calculated coupling coefficient as a function of the grating duty cycle for three different gratings. At small duty cycle, the semiconductor gratings have larger coupling coefficients because of the larger confinement factor of the grating. Nevertheless, the large contrast of refractive index in metal grating makes it quickly catch up and even exceed the other two at larger duty cycle.
[image: ]
Figure D-2 Schematic of metal grating
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