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ABSTRACT 

Quantum Cascade Lasers have recently gained considerable attention for their capability to 

emit infrared radiation in a broad infrared spectral region, very compact dimensions, and 

high optical power/efficiency . Increasing continuous wave optical power is one of the main 

research directions in the field. A straightforward approach to increasing optical power in 

the pulsed regime is to increase number of stages in the cascade structure. However, due to 

a low active region thermal conductivity, the increase in number of stages leads to active 

region overheating in continuous wave operation. In this work, an alternative approach to 

power scaling with device dimensions is explored: number of stages is reduced to reduce 

active region thermal resistance, while active region lateral size is increased for reaching 

high optical power level. Using this approach, power scaling for active region width 

increase from 10µm to 20µm is demonstrated for the first time. An analysis based on a 

simple semi-empirical model suggests that laser power can be significantly improved by 

increasing characteristic temperature T0 that describes temperature dependence of laser 

threshold current density.  
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CHAPTER ONE: INTRODUCTION 

 

1.1 Infrared spectral region 

The infrared spectrum spans from wavelength between 700 nm – 1 mm. The International 

Commission on Illumination classifies the infrared spectrum into five bands, based on the 

water absorption window [1]. Below is the table defining the five bands.  

Table 1: - Sub-bands within Infrared Region 

IR Band Wavelength  

  
Near IR 0.7 µm - 1.4 µm 

Short IR 1.4 µm - 3 µm 

Mid IR 3 µm - 8 µm 

Long IR  8 µm - 15 µm 

Far IR 15 µm - 1mm 

Source: - Reference 1 

 

The infrared spectrum is considered very important for spectroscopy (see for example Ref. 

2 and 3) as many molecules have vibrational and rotational absorption features in this 

region. Also, certain wavelengths in IR spectrum have low propagation losses through 

atmosphere and can be used for several defense [4,5] and commercial applications, 

including free space optical communications [4,6].  
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This dissertation focuses on quantum cascade laser (QCL), a semiconductor laser that 

operates in the mid-infrared spectrum of light. One property  of this spectral band is that 

black body radiation curve for 1000 K has its peak between 3 µm - 5 µm (figure 1). Since 

MWIR QCLs operate in the same band, they can be used to emulate such blackbody sources, 

which makes them attractive for some critical defense applications.  

 

Figure 1: - Black Body Radiation Curve for Mid-IR spectrum 

Source: - http://www.sun.org/encyclopedia/electromagnetic -spectrum 

 

 

http://www.sun.org/encyclopedia/electromagnetic-spectrum


3 
 

1.2 Quantum Wells 

The laser, an acronym for Light Amplification  by Stimulated Emission of Radiation, was 

first experimentally demonstrated in 1960 by T.H. Maiman [7]. Lasers are distinct from 

other light sources as they emit coherent and narrow-band light . To achieve lasing, 

population inversion needs to take place, which is defined as a system state with a larger 

number of electrons present in the upper laser level than in the lower laser level.  

In diode lasers (interband lasers), photon energy is largely defined by the bandgap EG of 

the material [8] . By changing material composition, one can control the energy gap 

between the conduction band and valence band and, therefore, control the emission 

wavelength.  

Additional flexibility in controlling the emission wavelength for heterogeneous 

semiconductor lasers can be achieved by employing quantum well structures. Fig 2, is a 

basic schematic of a two quantum well diode laser structure. By tailoring the dimensions of 

the quantum well, one can change the energy level positions, corresponding wave 

functions, as well as add or remove energy levels. The energy of the emitted photon from a 

diode laser structure is sum of the energy gap between the conduction band and valence 

band of the quantum well material and lowest energy levels confined in the quantum wells 

of the conduction and valence bands. 
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The process of tailoring quantum well/barrier structure for achieving desired optical and 

electrical properties is called band gap engineering. In particular, band gap engineering 

enables the use of the same materials for photon emission at different wavelengths.  

 

 

Figure 2: - Photon generation by Inter band transition  

Source: - Image created by author 
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Figure 3: - Photon generation by Inter sub-band transition principle 

Source: - Image created by author 

 

 

The band gap engineering principles have been widely used in the development and 

optimization of Quantum Cascade Lasers. Photon emission in the QCL structure occurs 

during the transition of an electron from the upper energy level to lower energy level 

confined within the conduction band only (Figure 3).  Quantum cascade lasers are 

therefore a type of inter sub-band devices [9,10]. Their basics are discussed in the next 

section. 
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1.3 Quantum Cascade Laser Basics 

The concept of photon emission from inter sub-band transition of electrons was first 

proposed in 1971 by R. F. Kazarinov, & R. A. Suris [9], but it wasn’t until 1994 that it was 

practically implemented at Bell Laboratories [10]. QCLs immediately garnered 

considerable interest due to the ability to ta ilor their emission spectrum from Mid-Infrared 

to Far-Infrared spectrum. As mentioned above, this flexibility in emission wavelength is 

achieved through band gap engineering of the super lattice structure. The extensive 

knowledge on epi-growth and processing for InP-based diode lasers allowed for a rapid 

progress in QCL performance. Specifically, QCLs have demonstrated room-temperature 

operation with watt level optical power both in pulsed and CW modes of operation. 

Recently QCLs have demonstrated 28% WPE in pulsed operation [11].  

A typical QCL active region comprises of thirty to fifty  stages where a single QCL stage is a 

sequence of layers designed for one electron to efficiently emit one photon. Figure 4 shows 

a single stage of an active region. It is divided into 2 segments. The 1st segment is the active 

region where the upper and lower laser levels are confined and where actual photon 

generation is achieved. The 2nd segment is injector region where electrons lose their energy 

before they are injected into the next stage. For simplicity, we will consider a three-level 

energy system. As an electron transitions from the 3rd energy level to the 2nd energy level, a 
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single photon is emitted. The electron then quickly transit ions to the 1st energy level via a 

resonant scattering process mediated by longitudinal optical phonons. From there, it 

travels to the injector region. The injector region creates a voltage defect between 

subsequent stages to reduce the electron backscattering to their lower laser level. 

Suppressed backscattering is critical for achieving a low threshold current density. The 

optimal voltage defect that maximizes laser efficiency is in the range from 100 meV to 150 

meV [12].  

 

Figure 4: - Schematic of a single stage present within the active region 

Source: - Image created by author 

 

An electron cascades down the bandgap profile when an operational electric field is applied 

(Figure 5). During the cascading process, the electron emits a photon at each stage. 

Therefore, a single electron can produce multiple photons as it propagates through the 
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entire structure. This is one of the main reasons why QCLs are capable of very high optical 

power.  

 

Figure 5: - Cascading structure of a QCL 

Source: - Image created by author 

 

Performance of a QCL with varying number of stages within the active region, typically 

from one to seventy-five stages [13,14], have been studied. Typical QCL active region 

contains thirty to fifty  stages [15,16,17].  

 

1.4 Thermal Problem in Quantum Cascade Laser 

Heat build-up within the active region under high duty cycle conditions is one of the main 

factors limiting QCL CW performance [18]. The root cause of the thermal problem is that 

the active region is composed of ternary materials (InGaAs and InAlAs) with a low thermal 
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conductivity. The thermal problem and a proposed solution for the laser core overheating 

are illustrated below for an exemplary QCL structure using COMSOL. It was assumed that 

the QCL chip is mounted on an AlN sub-mount and that the base temperature of the sub-

mount is kept at a constant temperature of 293K. It was also assumed that all the heat 

waste is generated with in the active region and that the outer layers of the structure are 

thermally insulated. Using these assumptions, one can predict the temperature of the active 

region for a given input electrical power. Figure 6 shows simulation results. Input electrical 

power was taken to be 13W and the device dimensions were taken to be: length - 3.15mm, 

width - 10.4 µm and thickness – 1.85 µm (40 stages). Other model parameters are given in 

table 2. The mean temperature for the active region of this device was calculated to be 

380K, 80 K above the heat sink temperature. Since laser performance reduces with the 

temperature rise, laser efficiency is typically significantly lower under high duty cycle and 

CW driving conditions than in pulse mode. One of the primary goals in high power QCL 

development is therefore, minimization of laser thermal resistance. 
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Table 2: - Thermal conductivity of different materials used in QCL design 

Material 
Thickness 
(µm) 

Thermal Conductivity 
(W/m*K) 

   

InP:Si 
(Substrate)   70 - 74 

InP:Si  5 70 - 74 

Active Region  0.679 0.9 (Vertical Direction) 

Active Region  0.679 5 (Horizontal Direction) 

InP:Si 3.5 70 - 74 

Source: - Reference 19 

 

 

Figure 6: - Thermal simulation of a 40-stage structure with electrical input power of 13W 

Source: - Image created by author 
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Figure 7 demonstrates that laser thermal resistance can be significantly reduced by 

reducing number of active region stages. The calculated active region temperature for a 15-

stage structure (~0.7 µm) with otherwise same input parameters was only 355K. The 

significantly reduced temperature rise is a direct consequence of a reduced laser thermal 

resistance.  

 

Figure 7: -Thermal performance of a 15-stage active region with 10.4µm ridge width when 
subjected to 13W of electrical power 

Source: - Image created by author 



12 
 

 

Figure 8: - Thermal performance of a 15-stage active region with 40µm ridge width when 
subjected to 50W of electrical power 

Source: - Image created by author 

 

Similarly, a thermal simulation was done for a 15-stage QCL with active region dimensions: 

length - 3.15mm, width -  40 µm device and height - ~ 0.7 µm (figure 8). Injected electrical 

power was increased proportional to ridge width. Temperature rise for the broad area 

device is comparable to that for the traditional narrow ridge, 40-stage device (figure 6), 

even though total injected power was four times larger. This result suggests that QCL 

optical power can be scaled with active region dimensions when a reduced number of 

stages is used. 



13 
 

CW operation for a broad device has been demonstrated [20]. However, power scaling was 

not demonstrated in that work. In this thesis, a configuration with  a reduced number of 

stages and increased ridge width was explored for CW optical power scaling with lateral 

active region dimensions. 

 

1.5 Performance of QCLs with reduced number of stages 

To optimize the configuration of a broad area device with reduced number of stages, it is 

important to understand how the reduction in number of stages affects laser performance. 

Curve 1 in Figure 9 illustrates an exemplary optical power vs current (LI) characteristic for 

a traditional 40-stage QCL. When the number of stages is reduced, while keeping the rest of 

the structure the same, laser slope efficiency reduces (fewer stages – fewer photons 

emitted by each electron).  The other LI characteristic that needs to be evaluated is 

threshold current density. Threshold current is defined as the current at which lasing of 

device starts: 

*  *  ( 1 ) 

In formula 1, Jth is the threshold current density, Jtr  is the transparency current density of 

the active region, Ŭ is the sum of waveguide losses and mirror losses, ũ is the mode 
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confinement factor and g is the differential gain coefficient of the active region. Since, mode 

overlap factor is lower for structures with reduced number of stages, threshold current 

density is projected to increase for devices with reduced number of stages. 

Maximum or rollover current density is another characteristic describing QCL LI curve. It 

can be found by using formula 2 [9] .  

*  
ᶻ ᶻ ᶻȿȿ

ᶻ ᶻȿȿz
 (  2 ) 

Where *  is the maximum current density, e is the charge of an electron, Ω is the coupling 

strength between the upper laser level of one stage and injector ground of the previous 

stage,  ʐȿȿ is the dephasing between the upper state of laser level and ground state of 

injector, ʐ is the upper laser level lifetime and ns is the doping density. 

Due to reduced slope efficiency and increased laser threshold, projected total power is 

significantly lower for the 15-stage structure (Curve 2). However, active region can be 

redesigned to compensate for these changes. Specifically, maximum laser current and laser 

dynamic range can be increased by increasing active region doping and coupling between 

the injector and the active region. This change can result into comparable power level from 
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the two devices (Curve 3 vs Curve 1). This approach was used in design of the 15-stage 

broad area QCLs studied in this work. 

 

Figure 9: - Curve 1 represents an exemplary L-I curve for a device containing 40 stages in 
active region. Curve 2 shows how L-I changes as number of stages reduces. Curve 3 
illustrates that a high peak power can be achieved for a design with reduced number of 
stages when active region structure is modified to enable high current operation 

Source: - Image created by author 

 

1.6 Band Diagram of the tested structure 

The band diagram for the design used in this work is shown in Figure 11. It is based on a 

two well design [10]: - the upper, E4, and lower, E3, laser levels are localized in the same 

two quantum wells.  
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Eg is the ground energy level for the injector region in the previous stage. E5 is the parasitic 

energy level, which is the main leakage path for carriers to go into continuum 

[21,22,23,24]. Electrons that goes into continuum do not take part in photon emission.  

To prevent carrier escape via level 5, a combination of a two (as opposed to three) 

quantum well design and a thick extraction barrier was used. This pushed energy level E5 

spatially away from the upper laser level and increased the energy distance, E54, between 

levels 4 and 5. 

 Extraction barrier is defined as the barrier between the last quantum well of the active 

region and the first quantum well of the injection region within the same stage. A large 

coupling, 9meV, between levels g and 4 and a large doping level in the active region were 

used to increase laser dynamic range. The resultant maximum current density for this 

design was ~10kA/cm2, two to three times higher than that for traditional 40-stage designs 

optimized for CW operation (figure 11). 
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Figure 10: - Band Structure of the active region of a 15-stage device used in this thesis 

Source: - Reference 11 
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Figure 11: - Pulsed LIV for a 3.15mm long X 9 µm wide device. The device was placed on 
AlN sub-mount at tested at 300K. Pulse width:  200ns and Frequency: 10kHz 

Source: - Reference 11 

 

1.7 Wafer Processing 

The 15-stage design was first grown with molecular beam epitaxy and then processed into 

usable buried heterostructure devices [25,26,27]. Figure 12 is a schematic that shows some 

of the basic steps in the fabrication cycle. Laser ridges are first defined with standard 

photolith ography. The ridges are then transferred into the wafer with a combination of 
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reactive ion etching and wet etching. Resultant trenches were subsequently filled with 

semi-insulating (Iron-doped) InP using Metal Organic Chemical Vapor Deposition. InP has a 

high thermal conductivity of ~70W/m/K  [19]. Therefore, its presence on both sides of the 

active region further reduces laser thermal resistance. In addition, it provides lateral mode 

confinement with low scattering losses as its refractive index of 3.1 is close to that of the 

active region ~3.2.  

Once semi-insulating InP deposition is completed a top ohmic contact is deposited and the 

 wafer is lapped down to 200 µm to avoid formation of striations during the cleaving 

process.  

Finally, a bottom contact metallization is formed on the substrate side. 
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Figure 12: - Description of the basic steps for fabrication process to achieve buried 
heterostructure waveguide in QCL 

Source: - Image created by author 
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Figure 13: - SEM image of a QCL featuring a buried heterostructure waveguide with ridge 
width of 21 µm. 

Source: - Image taken by author 
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1.8 Cleaving 

 

 

Figure 14: - Cleaving Process to separate single chip from a whole bar. 

Source: - Image created by author 

 

 

Wafer processing leads to the formation of multiple active region stripes on the wafer 

(figure 14). The process of separating individual laser chips from the wafer is known as 

cleaving and it is done by using a specialized tool, scriber and breaker.  

The machine is equipped with a diamond tip that is used to scribe along the length and 

width of a chip (known as streets and avenues). Subsequently, the anvil hits the bar from 

the bottom, which separates the chip from the bar (figure 14).  
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CHAPTER TWO: EXPERIMENTAL SETUP 

 

2.1 Pulsed Testing 

To measure preliminary laser performance, the chips are tested in pulse mode.  

 An AVTECH diode driver is used to supply current to the QCL chip. Since the devices to be 

tested are small in width, micromanipulators are used to supply current across the chip.  A 

Tektronix CT2 current probe is connected to the electric leads of the AVTECH diode driver 

to provide current reading across the chip. The current and the voltage reading across the 

chip is measured with an oscilloscope. The optical power emitted by the QCL is measured 

by a thermal detector.  

A data acquisition code has been developed for the pulsed characterization. An LIV graph 

consists of Voltage and Power output as Y-axis and Current as X-axis. In our case, we also 

added another Y-axis labelled as Wall Plug Efficiency (WPE). WPE is the efficiency of the 

device that is calculated by dividing output optical power by input power. The data 

acquisition program was written using LabVIEW. Three different instruments were used 

for controlling the current supply to the QCL chip and subsequently recording the data. 
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GPIB hardware was used in serial configuration to control the AVTECH diode driver and 

the oscilloscope. USB connection was used for communication with the power meter. 

The program would instruct the AVTECH diode driver to increment the output voltage 

every 16 seconds. The time interval was empirically optimized to allow for stabilization of 

the power meter reading after each increment of voltage. The voltage increment would 

take place until  either the output voltage reached the limit defined by the user or the user 

pressed the STOP button. After the voltage increment, the oscilloscope would display the 

reading of the current and voltage across the chip for a single pulse. At the end of 16 

seconds the program will again increment the value of output voltage in AVTECH diode 

driver and display the corresponding values for voltage, current, optical power and 

efficiency from the previous step. Once the user hits the ‘stop’ button, the program will ask 

if the displayed data should be stored in a file or discard the acquired data. The acquired 

data is stored in a .DAT file format which can be later opened in Origin software for further 

data processing. 

An exemplary LIV curve for one of the tested device is shown in figure 15. 

 



25 
 

 

Figure 15: - L-I-V graph of a 30 µm device generated by the program written in LabVIEW 
software. 

Source: - Image taken by author 

 

2.2 Die Bonding 

Devices with good performance are subsequently mounted on a sub-mount. The sub-mount 

is made up of AlN (thermal conductivity of up to 285W/mK [2 8]) with patterned 

metallization on both sides. The top side of the sub-mount has positive and negative 

polarity pads, as well as a separate pad for a thermistor to measure laser temperature and 

accordingly regulate the Thermo-Electric-Cooler (TEC). The sub-mount also contains a 

layer of AuSn solder for soldering of the chip. 
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Once the chip is mounted on the negative pad of the sub-mount. The top portion of the chip 

is wire-bonded to the positive pad as shown in Figure 16.   

 

Figure 16: - QCL chip mounted on a sub-mount after Die Bonding process 

Source: - Image taken by author 

 

For uncoated devices, photons are emitted from the front and the back facets of a chip. To 

achieve a single-ended emission and lower threshold current compared to uncoated device, 

an HR coating is applied to the back facet [29] . Since mirror losses are reduced for HR-

coated devices, their threshold current density is lower [29] . A metallic HR-coating was 

used in this experiment. 

Once the coating is completed, the sub-mount is soldered onto a copper heat spreader.  
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Since the radiation emitted from a QCL chip has a large divergence, collimating lens is used 

to collimate the beam. This lens collects up to 90% of the beam incident on it. Figure 17 

displays an image of a collimated beam. 

 

 

Figure 17: - Beam image of a collimated beam 

Source: - Image taken by author 

 

2.3 CW Operation Result 

Three best devices with ridge width of 10.4 µm, 21.2 µm and 31 µm were chosen for CW 

testing. Individual devices were placed on a laser diode mount and fan cooled, to maintain 

temperature of the base of sub-mount. Optical power of the device was measured using a 

Coherent power meter.  
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As seen from Figure 18, the 10.4 µm device had a max optical power of around 1.6W, while 

the 21.2 µm device emitted ~2.3W of optical power. This result is the first demonstration 

of CW optical power scaling with increase in the ridge width of a broad area QCL. The 

increase in threshold current density from 3.36 kA/cm2 to 3.60 kA/cm2  is a direct result of 

a higher active region temperature for wider devices: higher temperature increases the 

probability of an electron to transition to the parasitic energy level 5 and also increases 

carrier backscattering to the lower laser level, both effects reducing population inversion 

for a given current flowing through the device. The increase in active region temperature is 

also the likely explanation for the observed mode hopping observed for the 21.2 µm and 31 

µm wide devices at high current (manifested as abrupt change in optical power with 

increase in current and changes in near field mode profile): as the active region 

temperature increases with the increase in current, the heat localized in the center of the 

ridge favors higher order mode operation.  

The 31 µm wide devices, while produced considerable power, did not achieve the same 

level of performance as the 20µm-wide device. This indicates that overheating is still an 

issue for this structure and laser thermal resistance needs to be further reduced. 
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Figure 18: - Experimental results for 10.4 µm, 21.2 µm and 31 µm ridge width devices 
tested in CW regime 

Source: - Image created by author 

 

 

The Figure 19 shows the change in efficiency with respect to the ridge width in CW 

operation. The blue markers represent the maximum efficiency calculated for the three 

different devices. It can be extrapolated from the data that devices with ridge width > 38 
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µm will not lase. Indeed, 40 µm wide, 15-stage devices with the same design did not reach 

threshold in CW mode. 

 

Figure 19: - Efficiency vs Ridge width plot displaying the trend that as ridge width 
increases efficiency decreases 

Source: - Image created by author 
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CHAPTER THREE: ANALYSIS 

 

3.1 Data Analysis 

Threshold current density and slope efficiency are the two main laser characteristics. Their 

behavior needs to be analyzed before further design improvements can be carried out. 

Empirical formulas can be used to project these characteristics. Formula 3 (19) is typically 

used to approximate temperature dependence for pulsed threshold current density:  

* 4  * ςωσ+z Å  ( 3 ) 

 where * ςωσ+ is the pulsed threshold current density of the device at 293K, T is the 

laser temperature, and T0 (30) is the laser characteristic temperature determined by laser 

design.  

To determine T0 for design used in this work, pulsed threshold current density was 

measured for one of the devices in a broad temperature range (Figure 20) and then fitted 

with formula 3. T0 of 140K gave the best fit to the experimental data. 
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Figure 20: - Experimental data for Threshold Current Density vs Temperature for a device 
placed on a heat sink operated in pulse regime 

Source: - Image created by author 

 

Formula 3 can also be used to predict laser threshold current density in CW regime 

provided that the active region temperature rise in CW operation, relative to heat sink 

temperature, can be accurately calculated. The temperature rise was calculated using the 

COMSOL thermal model. This approach resulted in a very good correspondence between 

experimental and model results as shown in figure 22. 
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Slope efficiency is another parameter that affects the performance of the device. It is 

defined as the rate of change of optical power with respect to current. Formula 4 is used to 

predict the slope efficiency of a device when operated in pulse mode. 

ςωσὑ  ὔ – ( 4 ) 

Where ςωσὑ  is the slope efficiency of the device in pulse regime at 293K, Ns is the 

number of stages present within an active region, h is Plank’s constant, c is the speed of 

light, λ is the emission wavelength of the photon, qe is the charge of a single electron, αm is 

the mirror losses, αWG is the waveguide losses and – is the injection efficiency.  

Slope efficiency formula for a device when operated in CW mode is different from pulsed 

mode operation since active region temperature dynamically changes as laser current 

increases. Formula 5 is used to calculate slope efficiency of the device near threshold. 

 4  4   ( 5 ) 

Where, 4 is the slope efficiency of the device near threshold when operated in CW 

mode, 4 is the change in slope efficiency with respect to temperature,  is the 
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change of optical power with respect to change in temperature of the active region,  is the 

change in temperature with respect to change in current. 

4ᶻ) )ȟ 4  (6) 

Formula 6 shows the change in optical power with respect to change in temperature of the 

active region, I is the incremented current value and )ȟ 4 is the threshold current for 

the device at a particular temperature. 

4 ςωσὑ Åz  (7) 

Formula 7 [22] is used to calculate the slope efficiency of a device at a temperature near the 

threshold current. Exponential term is used since the slope efficiency of a device changes 

with change in active region temperature. In case for slope efficiency, the exponential term 

has negative sign because the slope efficiency decreases with increase in temperature as 

seen in figure 21. The characteristic temperature for slope efficiency is known as T1 (30). 

The best fit to experimental data is shown in Figure 21 was achieved for T1 = 710K, a very 

high number for QCLs, which is a result of good carrier injection efficiency into the upper 

laser level (large E54) and large spatial separation between levels 4 and 5. 
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 CW threshold current density and slope efficiency for three devices with ridge widths of 

10.4 µm, 21.2 µm and 31 µm were calculated using T0=140K and T1=710K in Formulas 3 

and 7 respectively. Figure 22 shows comparison between the experimental and model data. 

The threshold current density was accurately predicted for all three devices, indicating that 

the constructed COMSOL thermal model was also accurate. Slope efficiency near threshold 

was also close to corresponding experimental data. The good correspondence between the 

model and experiment allows us to carry out a numerical analysis for which laser 

characteristics needs to be improved to further improve CW performance of broad area 

QCLs. 

 

Figure 21: - Experimental result of Slope Efficiency vs Temperature of a device placed on a 
heat sink 

Source: - Image created by author 
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Figure 22: - Theoretical data vs experimental data for 10.4 µm, 21.2 µm and 31 µm ridge 
width devices in CW regime 

Source: - Image created by author 
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3.2 Model Projections and Future Work 

In the previous sections, first optical power scaling with increase in lateral QCL dimensions 

from 10 µm to 20 µm was demonstrated. CW operation for QCLs with 30 µm ridge width 

was also demonstrated but power scaling was not achieved. The main reason for this was 

attributed to the residual active region overheating. In this section, we simulate the change 

in device performance by changing input  characteristic temperatures T0 and T1 used in the 

model. The goal set for this task is to provide some guidance for future work on the 

development of high power broad area QCLs. 

 

Figure 23: - Theoretical simulation of Threshold current and slope efficiency of a 31 µm 
device by changing the characteristic temperature T0 and T1 

Source: - Image created by author 
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Simulation results are presented in figure 23. When T0 was increased from 140K to 250K 

and T1 was kept constant at 710K, the threshold current decreased by 0.75A or 

approximately 30%. This is a significant change that will increase total maximum power 

and overall laser efficiency. The 250K value for T0 is a realistic number that was 

demonstrated for several state-of-the-art designs [14,22,32].  

Similar device simulations were carried out for characteristic temperature, T1.  Specifically, 

T1 was increased to 1000K, while T0 was kept constant at 140K. Under these conditions, 

there was no significant improvement in slope efficiency of the device. The simulation 

results show that characteristic temperature of 710K for slope efficiency is already 

sufficiently high and design efforts should be focused on improving temperature 

dependence of threshold current density. 

Careful inspection of the band diagram shown in Figure 10 shows that upon energy 

relaxation from the lower laser level, electrons end up on level 2 that is very tightly 

confined in the two active region quantum wells. Due to the tight confinement, level 2 

hardly overlaps with the injector states and the carrier escape to the injector is suppressed. 

This likely leads to carrier build up on the level two, which in turn  leads to increased 

carrier backscattering to the lower laser level, destroying population inversion at high 



39 
 

temperatures: the effective value for voltage defect is insufficient. Active region redesign 

efforts optimizing its thermal behavior are underway. The goal for design optimization is to 

increase T0 above 250K while keeping T1 ~700K. 

 

3.3 Conclusion 

High optical power is one of the most important QCL characteristics for a number of critical 

QCL applications. Power scaling by increasing active region width presents the most 

promising path to reaching CW optical power level exceeding 10W from a single emitter. In 

this work, optical power scaling with increase in lateral device dimensions was achieved 

for CW QCLs for the first time. Specifically, we demonstrated increase in CW power for a 

3.15mm-long, 15-stage device from approximately 1.6W to 2.34W for ridge width increase 

from 10 µm to 21 µm. The reduction in the number of stages from its typical value of 40 to 

15 was the critical design change that allowed for a reduction in laser thermal resistance 

and therefore for CW operation in the broad area configuration. Numerical analysis showed 

that the characteristic temperature T0 of 140K for the present design was not sufficiently 

high to ensure efficient operation for this structure for ridge width exceeding 30 µm. The 

modelling data showed that laser design needs to be modified to bring T0 value above 
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250K, which is projected to significantly improve CW threshold current density for 30 µm-

wide devices and therefore further improve their maximum power.  
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