
1

Excited-State Absorption in High-Power Mid-Infrared 
Quantum Cascade Lasers 

Yamac Dikmelik and Jacob B. Khurgin 
Johns Hopkins University, Department of Electrical and Computer Engineering, Baltimore, MD, 21218, USA 

yamac@jhu.edu

Anthony J. Hoffman, Scott S. Howard, Kale J. Franz, and Claire F. Gmachl 
Princeton University, Department of Electrical Engineering, Princeton, NJ, 08544, USA 

Abstract: The loss due to excited-state absorption into the continuum was calculated for high-
power mid-infrared quantum cascade lasers. We find this loss to be a significant fraction of the 
gain at the laser wavelength.  
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1. Introduction 
Continuous wave operation of mid-infrared quantum cascade lasers (QCLs) has been demonstrated at room 
temperature by several groups [1-3]. Waveguide loss is a parameter that remains relatively unexplored for high-
power QCLs and is important for improving the wallplug efficiency. Recent experimental measurements have 
suggested that waveguide loss can be attributed primarily to resonant intersubband absorption in the active region 
[4]. In this work, we investigate absorption from the upper laser level into the continuum as a potential source of 
waveguide loss. The high-power QCL structure analyzed here is an example of the double-phonon resonant design 
first reported in 2001 [5]. This particular QCL is a strain-compensated Ga0.41In0.59As/Al0.56In0.44As heterostructure 
demonstrated to emit at a wavelength of 6.1 µm [6].

2. Analysis
We perform the analysis by numerically solving Sch��������	
���
��ion to find both the bound and the continuum 
state wavefunctions, taking into account band nonparabolicity. Continuum states are evaluated by discretizing the 
energy axis above the lowest energy AlInAs barrier and solving for the wavefunction for each energy level. The loss 
due to absorption from the upper laser level to extended states in the continuum is calculated using [7]
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where Lp is the length of one period of the structure, Fbias is the bias electric field, �K is the extended state 
wavefunction indexed by wavenumber K, and �3 and �3 are the wavefunction and the lifetime of the upper laser 
level, respectively. The wavenumber indexing the extended state that corresponds to a transition frequency � is 
given by  
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where E3 is the energy of the upper laser level and Vb is the barrier height. The loss calculated from Eq. (1) includes 
the correction for the redistribution of the density of states under an applied bias. 

3. Results and Discussion 
Figure 1(a) shows the conduction band profile, bound state wavefunctions, and the continuum state wavefunctions 
as a false-color image overlaid on the band profile, for one active region sandwiched between two injector regions of 
the QCL structure under analysis. The continuum states above the active region show a minigap between two quasi-
bound states at an energy range above all the active region and injector bound states. The absorption at the laser 
transition energy falls in this minigap as shown by the gain and the loss curves in Figure 1(b). However, the residual 
loss due to the continuum states above the injector region in this energy range is about 12% of the peak gain for a 
linewidth of 14 meV, a significant fraction that corresponds to a waveguide loss of 2.3 cm-1 at an operating current 
of 4 kA/cm2. This is almost an order of magnitude higher than the free carrier absorption in the cladding for a carrier 
density of 2×1016 cm-3.
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Fig. 1. (a) Conduction band profile, bound state wavefunctions, and continuum state wavefunctions as a false-color image for the QCL under 
analysis; (b) loss due to absorption into the continuum and gain coefficient as functions of the transition energy.

Figure 2(a) shows the bound and continuum state wavefunctions obtained by solving for two stages of the QCL 
structure. Solving for two stages reveals four quasi-bound states above the injector in the energy range for which a 
minigap exists above the active region. Using Eq. (1) underestimates the loss in this case because the energy spread 
of each quasi bound state is much narrower than the line broadening typically observed in QCLs. Figure 2(b) shows 
the loss calculated by considering transitions from the upper laser level to each quasi-bound state, taking into 
account line broadening with the same linewidth as the gain. This loss curve illustrates the contribution of individual 
quasi-bound states to the total absorption, but the loss at the laser wavelength ends up being quite similar to the 
result shown in Fig. 1(b) for this particular QCL.

Fig. 2. (a) Bound, quasi-bound, and continuum state wavefunctions for two stages of the QCL structure; (b) loss due to transitions from the 
upper laser level to the quasi-bound states and gain coefficient as functions of the transition energy. 
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