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Abstract: We review the most recent technological and application 
advances of quantum cascade lasers, underlining the present milestones and 
future directions from the Mid-infrared to the Terahertz spectral range. 
Challenges and developments, which are the subject of the contributions to 
this focus issue, are also introduced. 

©2015 Optical Society of America 

OCIS codes: (140.5965) Semiconductor lasers, quantum cascade. 

References and links 

1. J. Faist, F. Capasso, D. L. Sivco, C. Sirtori, A. L. Hutchinson, and A. Y. Cho, “Quantum cascade laser,” Science 
264(5158), 553–556 (1994). 

2. R. F. Kazarinov and R. A. Suris, “Possibility of the amplification of electromagnetic waves in a semiconductor 
with a superlattice,” Sov. Phys. Semicond. 5, 707–709 (1971). 

3. A. Y. Cho Molecular Beam Epitaxy, (Woodbury, NY: AIP Press) (1997). 
4. M. Razeghi, “The MOCVD Challenge: A survey of GaInAsP-InP and GaInAsP-GaAs for photonic and 

electronic device applications” CRC Press (2010). 
5. F. Capasso Band-gap engineering: from physics and materials to new semiconductor devices Science (New York, 

N.Y.) 235 172–6, (1997). 
6. R. Ferreira and G. Bastard, “Evaluation of some scattering times for electrons in unbiased and biased single- and 

multiple-quantum-well structures,” Phys. Rev. B Condens. Matter 40(2), 1074–1086 (1989). 
7. M. Hartig, S. Haacke, B. Deveaud, and L. Rota, “Femtosecond luminescence measurements of the intersubband 

scattering rate in AlxGa1-xAs/GaAs quantum wells under selective excitation,” Phys. Rev. B Condens. Matter 
54(20), R14269 (1996). 

8. M. S. Vitiello, G. Scamarcio, V. Spagnolo, T. Losco, R. P. Green, A. Tredicucci, H. E. Beere, and D. A. Ritchie, 
“Electron-lattice coupling in bound-to-continuum THz quantum-cascade lasers,” Appl. Phys. Lett. 88(24), 
241109 (2006). 

9. M. S. Vitiello, G. Scamarcio, V. Spagnolo, C. Worrall, H. E. Beere, D. A. Ritchie, C. Sirtori, J. Alton, and S. 
Barbieri, “Subband electronic temperatures and electron-lattice energy relaxation in terahertz quantum cascade 
lasers with different conduction band offsets,” Appl. Phys. Lett. 89(13), 131114 (2006). 

10. M. S. Vitiello, G. Scamarcio, V. Spagnolo, B. S. Williams, S. Kumar, Q. Hu, and J. L. Reno, “Measurement of 
subband electronic temperatures and population inversion in THz quantum-cascade lasers,” Appl. Phys. Lett. 
86(11), 111115 (2005). 

11. J. H. Smet, C. G. Fonstad, and Q. Hu, “Intrawell and interwell intersubband transitions in multiple quantum wells 
for far-infrared sources,” J. Appl. Phys. 79(12), 9305 (1996). 

12. J. Faist, Quantum Cascade Lasers (Oxford Press 2013). 

13. N. Bandyopadhyay, Y. Bai, S. Slivken, and M. Razeghi, “High power operation of λ5.2–11μm strain balanced 

quantum cascade lasers based on the same material composition,” Appl. Phys. Lett. 105(7), 071106 (2014). 
14. M. Bahriz, G. Lollia, P. Laffaille, A. N. Baranov, and R. Teissier, “InAs/AlSb quantum cascade lasers operating 

near 20 μm,” Electron. Lett. 49(19), 1238–1240 (2013). 
15. J. Devenson, R. Teissier, O. Cathabard, and A. N. Baranov, “InAs/AlSb quantum cascade lasers emitting below 

3μm,” Appl. Phys. Lett. 90(11), 111118 (2007). 
16. M. Nobile, P. Klang, E. Mujagic, H. Detz, A. M. Andrews, W. Schrenk, and G. Strasser, “Quantum cascade laser 

utilising aluminium-free material system: InGaAs/GaAsSb lattice-matched to InP,” Electron. Lett. 45(20), 1031–
1033 (2009). 

17. C. Deutsch, H. Detz, T. Zederbauer, M. Krall, M. Brandstetter, and M. Aaron, “InGaAs/GaAsSb terahertz 
quantum cascade lasers,” J. Infrared Milli. Terahz. Waves 34, 374–385 (2013). 

18. Q. Yang, C. Manz, W. Bronner, C. Mann, L. Kirste, K. Kohler, and J. Wagner, “GaInAs/AlAsSb quantum-
cascade lasers operating up to 400 K,” Appl. Phys. Lett. 86(13), 131107 (2005). 

#234970 - $15.00 USD Received 18 Feb 2015; published 20 Feb 2015 
(C) 2015 OSA 23 Feb 2015 | Vol. 23, No. 4 | DOI:10.1364/OE.23.005167 | OPTICS EXPRESS 5167 



 

19. D. G. Revin, L. R. Wilson, E. A. Zibik, R. P. Green, J. W. Cockburn, M. J. Steer, R. J. Airey, and M. Hopkinson, 
“InGaAs/AlAsSb quantum cascade lasers,” Appl. Phys. Lett. 85(18), 3992 (2004). 

20. E. Benveniste, A. Vasanelli, A. Delteil, J. Devenson, R. Teissier, A. Baranov, A. M. Andrews, G. Strasser, I. 
Sagnes, and C. Sirtori, “Influence of the material parameters on quantum cascade devices,” Appl. Phys. Lett. 
93(13), 131108 (2008). 

21. Y. Bai, S. Slivken, S. Kuboya, S. R. Darvish, and M. Razeghi, “Quantum cascade lasers that emit more light than 
heat,” Nat. Photonics 4(2), 99–102 (2010). 

22. P. Q. Liu, A. J. Hoffman, M. D. Escarra, K. J. Franz, J. B. Khurgin, Y. Dikmelik, X. Wang, J.-Y. Fan, and C. F. 
Gmachl, “Highly power-efficient quantum cascade lasers,” Nat. Photonics 4(2), 95–98 (2010). 

23. Y. Bai, N. Bandyopadhyay, S. Tsao, S. Slivken, and M. Razeghi, “Room temperature quantum cascade lasers 
with 27% wall plug efficiency,” Appl. Phys. Lett. 98(18), 181102 (2011). 

24. Y. Yao, A. J. Hoffman, and C. F. Gmachl, “Mid-infrared quantum cascade lasers,” Nat. Photonics 6(7), 432–439 
(2012). 

25. Q. Yang, W. Bronner, C. Manz, R. Moritz, C. Mann, G. Kaufel, K. Kohler, and J. Wagner, “Continuous-wave 
operation of GaInAs-AlGaAsSb quantum cascade lasers,” IEEE Photon. Technol. Lett. 17(11), 2283–2285 
(2005). 

26. A. Bismuto, S. Riedi, B. Hinkov, M. Beck, and J. Faist, “Sb-free quantum cascade lasers in the 3–4 μm spectral 
range,” Semicond. Sci. Technol. 27(4), 045013 (2012). 

27. R. Köhler, A. Tredicucci, F. Beltram, H. E. Beere, E. H. Linfield, A. G. Davies, D. A. Ritchie, R. C. Iotti, and F. 
Rossi, “Terahertz semiconductor-heterostructure laser,” Nature 417(6885), 156–159 (2002). 

28. B. S. Williams, “Terahertz quantum-cascade lasers,” Nat. Photonics 5, 17–25 (2007). 
29. R. F. Curl, F. Capasso, C. Gmachl, A. A. Kosterev, B. McManus, R. Lewicki, M. Pusharsky, G. Wysocki, and F. 

K. Tittel, “Quantum cascade lasers in chemical physics,” Chem. Phys. Lett. 487(1-3), 1–18 (2010). 
30. S. Bartalini, M. S. Vitiello, and P. De Natale, “Quantum cascade lasers: a versatile source for precise 

measurements in the mid/far-infrared range,” Meas. Sci. Technol. 25(1), 012001 (2014). 
31. M. Beck, D. Hofstetter, T. Aellen, J. Faist, U. Oesterle, M. Ilegems, E. Gini, and H. Melchior, “Continuous wave 

operation of a mid-infrared semiconductor laser at room temperature,” Science 295(5553), 301–305 (2002). 
32. A. Lyakh, R. Maulini, A. Tsekoun, R. Go, and C. K. N. Patel, “Tapered 4.7 μm quantum cascade lasers with 

highly strained active region composition delivering over 4.5 watts of continuous wave optical power,” Opt. 
Express 20(4), 4382–4388 (2012). 

33. Y. Bai, N. Bandyopadhyay, S. Tsao, E. Selcuk, S. Slivken, and M. Razeghi, “Highly temperature insensitive 
quantum cascade lasers,” Appl. Phys. Lett. 97(25), 251104 (2010). 

34. A. Bismuto, M. Beck, and J. Faist, “High power Sb-free quantum cascade laser emitting at 3.3µm above 350 K,” 
Appl. Phys. Lett. 98(19), 191104 (2011). 

35. S. Jung, A. Jiang, Y. Jiang, K. Vijayraghavan, X. Wang, M. Troccoli, and M. A. Belkin, “Broadly tunable 
monolithic room-temperature terahertz quantum cascade laser sources,” Nat. Commun. 5, 4267 (2014). 

36. Q. Y. Lu, S. Slivken, N. Bandyopadhyay, Y. Bai, and M. Razeghi, “Widely tunable room temperature 
semiconductor terahertz source,” Appl. Phys. Lett. 105(20), 201102 (2014). 

37. D. G. Revin, J. W. Cockburn, M. J. Steer, R. J. Airey, M. Hopkinson, A. B. Krysa, L. R. Wilson, and S. Menzel, 
“InGaAs/AlAsSb/InP quantum cascade lasers operating at wavelengths close to 3μm,” Appl. Phys. Lett. 90(2), 
021108 (2007). 

38. O. Cathabard, R. Teissier, J. Devenson, J. Moreno, and A. N. Baranov, “Quantum cascade lasers emitting near 
2.6,” Appl. Phys. Lett. 96(14), 141110 (2010). 

39. R. Q. Yang, “Infrared laser based on intersubband transitions in quantum wells,” Superlattices Microstruct. 
17(1), 77–83 (1995). 

40. W. W. Bewley, C. L. Canedy, C. S. Kim, M. Kim, C. D. Merritt, J. Abell, I. Vurgaftman, and J. R. Meyer, 
“High-power room-temperature continuous-wave mid-infrared interband cascade lasers,” Opt. Express 20(19), 
20894–20901 (2012). 

41. D. Chastanet, A. Bousseksou, F. Julien, G. Lollia, M. Bahriz, A. N. Baranov, R. Teissier, and R. Colombelli, 
“High temperature, single mode, long infrared (l = 17.8 µm) InAs-based QC lasers,” Appl. Phys. Lett. 105, 
111118 (2014). 

42. K. Ohtani, M. Beck, and J. Faist, “Double metal waveguide InGaAs/AlInAs quantum cascade lasers emitting at 
24 μm,” Appl. Phys. Lett. 105(12), 121115 (2014). 

43. T. Udem, R. Holzwarth, and T. W. Hänsch, “Optical frequency metrology,” Nature 416(6877), 233–237 (2002). 
44. A. Hugi, G. Villares, S. Blaser, H. C. Liu, and J. Faist, “Mid-infrared frequency comb based on a quantum 

cascade laser,” Nature 492(7428), 229–233 (2012). 
45. T. J. Kippenberg, R. Holzwarth, and S. A. Diddams, “Microresonator-based optical frequency combs,” Science 

332(6029), 555–559 (2011). 
46. J. B. Khurgin, Y. Dikmelik, A. Hugi, and J. Faist, “Coherent frequency combs produced by self frequency 

modulation in quantum cascade lasers,” Appl. Phys. Lett. 104(8), 081118 (2014). 
47. G. Villares, A. Hugi, S. Blaser, and J. Faist, “Dual-comb spectroscopy based on quantum-cascade-laser 

frequency combs,” Nat. Commun. 5, 5192 (2014). 
48. D. Burghoff, T. Y. Kao, N. Han, C. W. I. Chan, X. Cai, Y. Yang, D. J. Hayton, and J. L. Jian-Rong Gao, 

“Hayton, J.-R. Gao, J. L. Reno, and Q. Hu, “Terahertz laser frequency combs,” Nat. Photonics 8, 462–467 
(2014). 

#234970 - $15.00 USD Received 18 Feb 2015; published 20 Feb 2015 
(C) 2015 OSA 23 Feb 2015 | Vol. 23, No. 4 | DOI:10.1364/OE.23.005167 | OPTICS EXPRESS 5168 



 

49. R. Szedlak, C. Schwarzer, T. Zederbauer, H. Detz, A. M. Andrews, W. Schrenk, and G. Strasser, “On-chip 
focusing in the mid-infrared: Demonstrated with ring quantum cascade lasers,” Appl. Phys. Lett. 104(15), 
151105 (2014). 

50. P. Rauter, S. Menzel, A. K. Goyal, B. Gokden, C. A. Wang, A. Sanchez, G. W. Turner, and F. Capasso, “Master-
oscillator power-amplifier quantum cascade laser array,” Appl. Phys. Lett. 101(26), 261117 (2012). 

51. H. Schneider and H. C. Liu, “Quantum Well Infrared Photodetectors” (Springer Series in Optical Sciences) 
(2007). 

52. P. Reininger, B. Schwarz, H. Detz, D. MacFarland, T. Zederbauer, A. Maxwell Andrews, W. Schrenk, O. 
Baumgartner, H. Kosina, and G. Strasser, “Diagonal-transition quantum cascade detector,” Appl. Phys. Lett. 105, 
091108 (2014). 

53. D. Ristanic, B. Schwarz, P. Reininger, H. Detz, T. Zederbauer, A. M. Andrews, W. Schrenk, and G. Strasser, 
“Monolithically integrated mid-infrared sensor using narrow mode operation and temperature feedback,” Appl. 
Phys. Lett. 106(4), 041101 (2015). 

54. P. Jouy, M. Mangold, B. Tuzson, L. Emmenegger, Y. C. Chang, L. Hvozdara, H. P. Herzig, P. Wägli, A. Homsy, 
N. F. de Rooij, A. Wirthmueller, D. Hofstetter, H. Looser, and J. Faist, “Mid-infrared spectroscopy for gases and 
liquids based on quantum cascade technologies,” Analyst (Lond.) 139(9), 2039–2046 (2014). 

55. C. Gmachl, D. L. Sivco, R. Colombelli, F. Capasso, and A. Y. Cho, “Ultra-broadband semiconductor laser,” 
Nature 415(6874), 883–887 (2002). 

56. A. Hugi, R. Maulini, and J. Faist, “External cavity quantum cascade laser,” Semicond. Sci. Technol. 25(8), 
083001 (2010). 

57. M. Brandstetter, C. Deutsch, M. Krall, H. Detz, D. C. MacFarland, T. Zederbauer, A. M. Andrews, W. Schrenk, 
G. Strasser, and K. Unterrainer, “High power terahertz quantum cascade lasers with symmetric wafer bonded 
active regions,” Appl. Phys. Lett. 103(17), 171113 (2013). 

58. L. Li, L. Chen, J. Zhu, J. Freeman, P. Dean, A. Valavanis, A. G. Davies, and E. H. Linfield, “Terahertz quantum 
cascade lasers with >1 W output powers,” Electron. Lett. 50(4), 309–311 (2014). 

59. S. Kumar, “Recent Progress in Terahertz Quantum Cascade Lasers,” IEEE J. Sel. Top. Quantum Electron. 17(1), 
38–47 (2011). 

60. M. A. Belkin, Q. J. Wang, C. Pflugl, A. Belyanin, S. P. Khanna, A. G. Davies, E. H. Linfield, and F. Capasso, 
“High-Temperature Operation of Terahertz Quantum Cascade Laser Sources,” IEEE J. Sel. Top. Quantum 
Electron. 15(3), 952–967 (2009). 

61. S. Fathololoumi, E. Dupont, C. W. I. Chan, Z. R. Wasilewski, S. R. Laframboise, D. Ban, A. Mátyás, C. 

Jirauschek, Q. Hu, and H. C. Liu, “Terahertz quantum cascade lasers operating up to  200 K with optimized 

oscillator strength and improved injection tunneling,” Opt. Express 20(4), 3866–3876 (2012). 
62. M. A. Belkin, J. A. Fan, S. Hormoz, F. Capasso, S. P. Khanna, M. Lachab, A. G. Davies, and E. H. Linfield, 

“Terahertz quantum cascade lasers with copper metal-metal waveguides operating up to 178 K,” Opt. Express 
16(5), 3242–3248 (2008). 

63. S. Kumar, Q. Hu, and J. L. Reno, “186 K operation of terahertz quantum-cascade lasers based on a diagonal 
design,” Appl. Phys. Lett. 94(13), 131105 (2009). 

64. M. Wienold, B. Röben, L. Schrottke, R. Sharma, A. Tahraoui, K. Biermann, and H. T. Grahn, “High-temperature, 
continuous-wave operation of terahertz quantum-cascade lasers with metal-metal waveguides and third-order 
distributed feedback,” Opt. Express 22, 3334–3348 (2014).  

65. Y. Chassagneux, Q. J. Wang, S. P. Khanna, E. Strupiechonski, J.-R. Coudevylle, E. H. Linfield, A. G. Davies, F. 
Capasso, M. A. Belkin, and R. Colombelli, “Limiting Factors to the Temperature Performance of THz Quantum 
Cascade Lasers Based on the Resonant-Phonon Depopulation Scheme,” IEEE Trans. Terahertz Sci. Tech. 2(1), 
83–92 (2012). 

66. A. Wade, G. Federov, D. Smirnov, S. Kumar, B. S. Williams, Q. Hu, and J. L. Reno, “Magnetic-field-assisted 
terahertz quantum cascade laser operating up to 225 K,” Nat. Photonics 3(1), 41–45 (2009). 

67. R. Nelander and A. Wacker, “Temperature dependence of the gain profile for terahertz quantum cascade lasers,” 
Appl. Phys. Lett. 92(8), 081102 (2008). 

68. P. Patimisco, G. Scamarcio, M. V. Santacroce, V. Spagnolo, M. S. Vitiello, E. Dupont, S. R. Laframboise, S. 
Fathololoumi, G. S. Razavipour, and Z. Wasilewski, “Electronic temperatures of terahertz quantum cascade 
active regions with phonon scattering assisted injection and extraction scheme,” Opt. Express 21(8), 10172–
10181 (2013). 

69. S. G. Razavipour, E. Dupont, S. Fathololoumi, C. W. I. Chan, M. Lindskog, Z. R. Wasilewski, G. Aers, S. R. 
Laframboise, A. Wacker, Q. Hu, D. Ban, and H. C. Liu, “An indirectly pumped terahertz quantum cascade laser 
with low injection coupling strength operating above 150K,” Appl. Phys. Lett. 113, 203107 (2013). 

70. S. Kumar, C. W. I. Chan, Q. Hu, and J. L. Reno, “A 1.8-THz quantum cascade laser operating significantly 
above the temperature of hbar ω/kB,” Nat. Phys. 7(2), 166–171 (2011). 

71. M. Fischer, G. Scalari, K. Celebi, M. Amanti, C. Walther, M. Beck, and J. Faist, “Scattering processes in 
terahertz InGaAs/InAlAs quantum cascade lasers,” Appl. Phys. Lett. 97(22), 221114 (2010). 

72. M. Fischer, G. Scalari, C. Walther, and J. Faist, “Terahertz quantum cascade lasers based on 
In0.53Ga0.47As/In0.52Al0.48As/InP,” J. Cryst. Growth 311(7), 1939–1943 (2009). 

73. C. Deutsch, M. Krall, M. Brandstetter, H. Detz, A. M. Andrews, P. Klang, W. Schrenk, G. Strasser, and K. 
Unterrainer, “High performance InGaAs/GaAsSb terahertz quantum cascade lasers operating up to 142 K,” Appl. 
Phys. Lett. 101(21), 211117 (2012). 

#234970 - $15.00 USD Received 18 Feb 2015; published 20 Feb 2015 
(C) 2015 OSA 23 Feb 2015 | Vol. 23, No. 4 | DOI:10.1364/OE.23.005167 | OPTICS EXPRESS 5169 



 

74. K. Ohtani, M. Beck, G. Scalari, and J. Faist, “Terahertz quantum cascade lasers based on quaternary AlInGaAs 
barriers,” Appl. Phys. Lett. 103(4), 041103 (2013). 

75. E. Bellotti, K. Driscoll, T. D. Moustakas, and R. Paiella, “Monte Carlo study of GaN versus GaAs terahertz 
quantum cascade structures,” Appl. Phys. Lett. 92(10), 101112 (2008). 

76. C. Bayram, Z. Vashaei, and M. Razeghi, “Reliability in room-temperature negative differential resistance 
characteristics of low-aluminum content AlGaN/GaN double-barrier resonant tunneling diodes,” Appl. Phys. 
Lett. 97(18), 181109 (2010). 

77. D. Li, J. Shao, L. Tang, C. Edmunds, G. Gardner, M. J. Manfra, and O. Malis, “Temperature-dependence of 
negative differential resistance in GaN/AlGaN resonant tunneling structures,” Semicond. Sci. Technol. 28(7), 
074024 (2013). 

78. H. Machhadani, Y. Kotsar, S. Sakr, M. Tchernycheva, R. Colombelli, J. Mangeney, E. Bellet-Amalric, E. 
Sarigiannidou, E. Monroy, and F. H. Julien, “Terahertz intersubband absorption in GaN/AlGaN step quantum 
wells,” Appl. Phys. Lett. 97(19), 191101 (2010). 

79. M. Beeler, C. Bougerol, E. Bellet-Amalric, and E. Monroy, “Pseudo-square AlGaN/GaN quantum wells for 
terahertz absorption,” Appl. Phys. Lett. 105(13), 131106 (2014). 

80. C. Edmunds, J. Shao, M. Shirazi-HD, M. J. Manfra, and O. Malis, “Terahertz intersubband absorption in non-
polar m-plane AlGaN/GaN quantum wells,” Appl. Phys. Lett. 105(2), 021109 (2014). 

81. N. S. Wingreen and C. A. Stafford, “Quantum-Dot Cascade Laser: Proposal for an Ultralow-Threshold 
Semiconductor Laser,” IEEE J. Quantum Electron. 33(7), 1170–1173 (1997). 

82. C.-F. Hsu, P. Zory, and D. Botez, “Intersubband quantum box semiconductor lasers,” IEEE J. Sel. Top. Quantum 
Electron. 6(3), 491–503 (2000). 

83. B. A. Burnett and B. S. Williams, “Density matrix model for polarons in a terahertz quantum dot cascade laser,” 
Phys. Rev. B 90(15), 155309 (2014). 

84. T. Grange, “Nanowire terahertz quantum cascade lasers,” Appl. Phys. Lett. 105(14), 141105 (2014). 
85. E. A. Zibik, T. Grange, B. A. Carpenter, N. E. Porter, R. Ferreira, G. Bastard, D. Stehr, S. Winnerl, M. Helm, H. 

Y. Liu, M. S. Skolnick, and L. R. Wilson, “Long lifetimes of quantum-dot intersublevel transitions in the 
terahertz range,” Nat. Mater. 8(10), 803–807 (2009). 

86. D. Botez, G. Tsvid, M. D’Souza, M. K. Rathi, J. C. Shin, J. Kirch, L. J. Mawst, T. F. Kuech, I. Vurgaftman, J. 
Meyer, J. Plant, and G. Turner, “Progress towards intersubband quantum-box lasers for highly efficient 
continuous wave operation in the mid-infrared,” J. Nanophotonics 3(1), 031606 (2009). 

87. M. Krall, M. Brandstetter, C. Deutsch, H. Detz, A. M. Andrews, W. Schrenk, G. Strasser, and K. Unterrainer, 
“Subwavelength micropillar array terahertz lasers,” Opt. Express 22(1), 274–282 (2014). 

88. M. A. Belkin, F. Capasso, F. Xie, A. Belyanin, M. Fischer, A. Wittmann, and J. Faist, “Room temperature 
terahertz quantum cascade laser source based on intracavity difference-frequency generation,” Appl. Phys. Lett. 
92, 201101 (2008).  

89. Q. Qin, B. S. Williams, S. Kumar, Q. Hu, and J. L. Reno, “Tuning a terahertz wire laser,” Nat. Photonics 3(12), 
732–737 (2009). 

90. Q. Qin, J. L. Reno, and Q. Hu, “MEMS-based tunable terahertz wire-laser over 330 GHz,” Opt. Lett. 36(5), 692–
694 (2011). 

91. M. S. Vitiello and A. Tredicucci, “Tunable Emission in THz Quantum Cascade Lasers,” IEEE Trans. Terahertz 
Sci. Technol. 1(1), 76–84 (2011). 

92. A. Wei Min Lee, Q. Qin, S. Kumar, B. S. Williams, Q. Hu, and J. L. Reno, “High-power and high-temperature 
THz quantum-cascade lasers based on lens-coupled metal-metal waveguides,” Opt. Lett. 32(19), 2840–2842 
(2007). 

93. M. I. Amanti, M. Fischer, C. Walther, G. Scalari, and J. Faist, “Horn antennas for terahertz quantum cascade 
lasers,” Electron. Lett. 43(10), 573 (2007). 

94. W. Maineult, P. Gellie, A. Andronico, P. Filloux, G. Leo, C. Sirtori, S. Barbieri, E. Peytavit, T. Akalin, J.-F. 
Lampin, H. E. Beere, and D. A. Ritchie, “Metal-metal terahertz quantum cascade laser with micro-transverse-
electromagnetic-horn antenna,” Appl. Phys. Lett. 93(18), 183508 (2008). 

95. S. Kumar, B. S. Williams, Q. Qin, A. W. M. Lee, Q. Hu, and J. L. Reno, “Surface-emitting distributed feedback 
terahertz quantum-cascade lasers in metal-metal waveguides,” Opt. Express 15(1), 113–128 (2007). 

96. Y. Chassagneux, R. Colombelli, W. Maineult, S. Barbieri, H. E. Beere, D. A. Ritchie, S. P. Khanna, E. H. 
Linfield, and A. G. Davies, “Electrically pumped photonic-crystal terahertz lasers controlled by boundary 
conditions,” Nature 457(7226), 174–178 (2009). 

97. Y. Chassagneux, R. Colombelli, W. Maineult, S. Barbieri, S. P. Khanna, E. H. Linfield, and A. G. Davies, 
“Graded photonic crystal terahertz quantum cascade lasers,” Appl. Phys. Lett. 96(3), 031104 (2010). 

98. M. I. Amanti, M. Fischer, G. Scalari, M. Beck, and J. Faist, “Low-divergence single-mode terahertz quantum 
cascade laser,” Nat. Photonics 3(10), 586–590 (2009). 

99. M. I. Amanti, G. Scalari, F. Castellano, M. Beck, and J. Faist, “Low divergence Terahertz photonic-wire laser,” 
Opt. Express 18(6), 6390–6395 (2010). 

100. T. Y. Kao, Q. Hu, and J. L. Reno, “Perfectly phase-matched third-order distributed feedback terahertz quantum-
cascade lasers,” Opt. Lett. 37(11), 2070–2072 (2012). 

101. G. Xu, R. Colombelli, S. P. Khanna, A. Belarouci, X. Letartre, L. Li, E. H. Linfield, A. G. Davies, H. E. Beere, 
and D. A. Ritchie, “Efficient power extraction in surface-emitting semiconductor lasers using graded photonic 
heterostructures,” Nat. Commun. 3, 952 (2012). 

#234970 - $15.00 USD Received 18 Feb 2015; published 20 Feb 2015 
(C) 2015 OSA 23 Feb 2015 | Vol. 23, No. 4 | DOI:10.1364/OE.23.005167 | OPTICS EXPRESS 5170 



 

102. G. Xu, L. Li, N. Isac, Y. Halioua, A. G. Davies, E. H. Linfield, and R. Colombelli, “Surface-emitting terahertz 
quantum cascade lasers with continuous-wave power in the tens of milliwatt range,” Appl. Phys. Lett. 104(9), 
091112 (2014). 

103. F. Castellano, S. Zanotto, L. H. Li, A. Pitanti, A. Tredicucci, E. H. Linfield, A. G. Davies, and M. S. Vitiello, 
“Distributed feedback terahertz frequency quantum cascade lasers with dual periodicity gratings,” Appl. Phys. 
Lett. 106(1), 011103 (2015). 

104. L. Mahler, A. Tredicucci, F. Beltram, C. Walther, J. Faist, H. E. Beere, D. A. Ritchie, and D. S. Wiersma, 
“Quasi-periodic distributed feedback laser,” Nat. Photonics 4(3), 165–169 (2010). 

105. M. S. Vitiello, M. Nobile, A. Ronzani, A. Tredicucci, F. Castellano, V. Talora, L. Li, E. H. Linfield, and A. G. 
Davies, “Photonic quasi-crystal terahertz lasers,” Nat. Commun. 5, 5884 (2014). 

106. T. S. Mansuripur, S. Menzel, R. Blanchard, L. Diehl, C. Pflügl, Y. Huang, J.-H. Ryou, R. D. Dupuis, M. Loncar, 
and F. Capasso, “Widely tunable mid-infrared quantum cascade lasers using sampled grating reflectors,” Opt. 
Express 20(21), 23339–23348 (2012). 

107. D. D. Nelson, B. McManus, S. Urbanski, S. Herndon, and M. S. Zahniser, “High precision measurements of 
atmospheric nitrous oxide and methane using thermoelectrically cooled mid-infrared quantum cascade lasers and 
detectors,” Spectrochim. Acta A Mol. Biomol. Spectrosc. 60(14), 3325–3335 (2004). 

108. G. Gagliardi, F. Tamassia, P. De Natale, C. F. Gmachl, F. Capasso, D. L. Sivco, J. N. Baillargeon, A. L. 
Hutchinson, and A. Y. Cho, “Sensitive detection of methane and nitrous oxide isotopomers using a continuous 
wave quantum cascade laser,” Eur. Phys. J. D: At. Mol. Opt. Phys. 19(3), 327–331 (2002). 

109. K. Namjou, S. Cai, E. A. Whittaker, J. Faist, C. F. Gmachl, F. Capasso, D. L. Sivco, and A. Y. Cho, “Sensitive 
absorption spectroscopy with a room-temperature distributed-feedback quantum-cascade laser,” Opt. Lett. 23(3), 
219–221 (1998). 

110. S. Borri, S. Bartalini, P. De Natale, M. Inguscio, C. F. Gmachl, F. Capasso, D. L. Sivco, and A. Y. Cho, 
“Frequency modulation spectroscopy by means of quantum-cascade lasers,” Appl. Phys. B 85(2-3), 223–229 
(2006). 

111. D. M. Sonnenfroh, W. T. Rawlins, M. G. Allen, C. F. Gmachl, F. Capasso, A. L. Hutchinson, D. L. Sivco, J. N. 
Baillargeon, and A. Y. Cho, “Application of balanced detection to absorption measurements of trace gases with 
room-temperature, quasi-cw quantum-cascade lasers,” Appl. Opt. 40(6), 812–820 (2001). 

112. R. Lewicki, G. Wysocki, A. A. Kosterev, and F. K. Tittel, “QEPAS based detection of broadband absorbing 
molecules using a widely tunable, cw quantum cascade laser at 8.4 mum,” Opt. Express 15(12), 7357–7366 
(2007). 

113. S. Bartalini, S. Borri, and P. De Natale, “Doppler-free polarization spectroscopy with a quantum cascade laser at 
4.3 µm,” Opt. Express 17(9), 7440–7449 (2009). 

114. B. A. Paldus, C. C. Harb, T. G. Spence, R. N. Zare, C. F. Gmachl, F. Capasso, D. L. Sivco, J. N. Baillargeon, A. 
L. Hutchinson, and A. Y. Cho, “Cavity ringdown spectroscopy using mid-infrared quantum-cascade lasers,” Opt. 
Lett. 25(9), 666–668 (2000). 

115. H.-W. Hubers, S. G. Pavlov, H. Richter, A. D. Semenov, L. Mahler, A. Tredicucci, H. E. Beere, and D. A. 
Ritchie, “High-resolution gas phase spectroscopy with a distributed feedback terahertz quantum cascade laser,” 
Appl. Phys. Lett. 89(6), 061115 (2006). 

116. R. Eichholz, H. Richter, S. G. Pavlov, M. Wienold, L. Schrottke, R. Hey, H. T. Grahn, and H.-W. Hubers, 
“Multi-channel terahertz grating spectrometer with quantum-cascade laser and microbolometer array,” Appl. 
Phys. Lett. 99(14), 141112 (2011). 

117. H.-W. Hubers, R. Eichholz, S. G. Pavlov, and H. Richter, “High resolution terahertz spectroscopy with quantum 
cascade lasers,” J. Infrared Millim. Terahertz Waves 34(5-6), 325–341 (2013). 

118. L. Consolino, S. Bartalini, H. E. Beere, D. A. Ritchie, M. S. Vitiello, and P. De Natale, “THz QCL-based 
cryogen-free spectrometer for in situ trace gas sensing,” Sensors (Basel) 13(3), 3331–3340 (2013). 

119. Y. Ren, J. N. Hovenier, R. Higgins, J. R. Gao, T. M. Klapwijk, S. C. Shi, B. Klein, T.-Y. Kao, Q. Hu, and J. L. 
Reno, “High-resolution heterodyne spectroscopy using a tunable quantum cascade laser around 3.5 THz,” Appl. 
Phys. Lett. 98(23), 231109 (2011). 

120. S. Borri, P. Patimisco, A. Sampaolo, H. E. Beere, D. A. Ritchie, M. S. Vitiello, G. Scamarcio, and V. Spagnolo, 
“Terahertz quartz enhanced photo-acoustic sensor,” Appl. Phys. Lett. 103(2), 021105 (2013). 

121. P. Maddaloni and M. Bellini, P. De Natale Laser-based Measurements for Time and Frequency Domain 
Applications: A Handbook (CRC Press-Taylor&Francis ed.) (2013). 

122. F. Rana, P. Mayer, and R. J. Ram, “Scaling of the photon noise in semiconductor cascade lasers,” J. Opt. B 
Quantum Semiclassical Opt. 6(8), S771–S774 (2004). 

123. M. Yamanishi, T. Edamura, K. Fujita, N. Akikusa, and H. Kan, “Theory of the intrinsic linewidth of Quantum-
Cascade-Lasers: hidden reason for the narrow linewidth and line broadening by thermal photons,” IEEE J. 
Quantum Electron. 44(1), 12–29 (2008). 

124. S. Bartalini, S. Borri, P. Cancio, A. Castrillo, I. Galli, G. Giusfredi, D. Mazzotti, L. Gianfrani, and P. De Natale, 
“Observing the intrinsic linewidth of a quantum-cascade laser: beyond the Schawlow-Townes limit,” Phys. Rev. 
Lett. 104(8), 083904 (2010). 

125. L. Tombez, J. Di Francesco, S. Schilt, G. Di Domenico, J. Faist, P. Thomann, and D. Hofstetter, “Frequency 
noise of free-running 4.6 μm distributed feedback quantum cascade lasers near room temperature,” Opt. Lett. 
36(16), 3109–3111 (2011). 

#234970 - $15.00 USD Received 18 Feb 2015; published 20 Feb 2015 
(C) 2015 OSA 23 Feb 2015 | Vol. 23, No. 4 | DOI:10.1364/OE.23.005167 | OPTICS EXPRESS 5171 



 

126. M. S. Vitiello, L. Consolino, S. Bartalini, A. Taschin, A. Tredicucci, M. Inguscio, and P. De Natale, “Quantum-
limited frequency fluctuations in a Terahertz laser,” Nat. Photonics 6(8), 525–528 (2012). 

127. M. Ravaro, S. Barbieri, G. Santarelli, V. Jagtap, C. Manquest, C. Sirtori, S. P. Khanna, and E. H. Linfield, 
“Measurement of the intrinsic linewidth of terahertz quantum cascade lasers using a near-infrared frequency 
comb,” Opt. Express 20(23), 25654–25661 (2012). 

128. F. Cappelli, I. Galli, S. Borri, G. Giusfredi, P. Cancio, D. Mazzotti, A. Montori, N. Akikusa, M. Yamanishi, S. 
Bartalini, and P. De Natale, “Subkilohertz linewidth room-temperature mid-infrared quantum cascade laser using 
a molecular sub-Doppler reference,” Opt. Lett. 37(23), 4811–4813 (2012). 

129. E. Fasci, N. Coluccelli, M. Cassinerio, A. Gambetta, L. Hilico, L. Gianfrani, P. Laporta, A. Castrillo, and G. 
Galzerano, “Narrow-linewidth quantum cascade laser at 8.6 μm,” Opt. Lett. 39(16), 4946–4949 (2014). 

130. B. Argence, B. Chanteau, O. Lopez, D. Nicolodi, M. Abgrall, C. Chardonnet, C. Daussy, B. Darquié, Y. Le Coq, 
and A. Amy-Klein, “Quantum cascade laser frequency stabilisation at the sub-Hz level,” arXiv:1412.2207.  

131. S. Borri, I. Galli, F. Cappelli, A. Bismuto, S. Bartalini, P. Cancio, G. Giusfredi, D. Mazzotti, J. Faist, and P. De 
Natale, “Direct link of a mid-infrared QCL to a frequency comb by optical injection,” Opt. Lett. 37(6), 1011–
1013 (2012). 

132. M. Yamanishi, T. Hirohata, S. Hayashi, K. Fujita, and K. Tanaka, “Electrical flicker-noise generated by filling 
and emptying of impurity states in injectors of quantum-cascade lasers,” J. Appl. Phys. 116(18), 183106 (2014). 

133. S. Bartalini, P. Cancio, G. Giusfredi, D. Mazzotti, P. De Natale, S. Borri, I. Galli, T. Leveque, and L. Gianfrani, 
“Frequency-comb-referenced quantum-cascade laser at 4.4 microm,” Opt. Lett. 32(8), 988–990 (2007). 

134. I. Galli, M. Siciliani de Cumis, F. Cappelli, S. Bartalini, D. Mazzotti, S. Borri, A. Montori, N. Akikusa, M. 
Yamanishi, G. Giusfredi, P. Cancio, and P. De Natale, “Comb-assisted subkilohertz linewidth quantum cascade 
laser for high-precision mid-infrared spectroscopy,” Appl. Phys. Lett. 102(12), 121117 (2013). 

135. S. Barbieri, P. Gellie, G. Santarelli, L. Ding, W. Maineult, C. Sirtori, R. Colombelli, H. E. Beere, and D. A. 
Ritchie, “Phase-locking of a 2.7-THz quantum cascade laser to a mode-locked erbium-doped fibre laser,” Nat. 
Photonics 4(9), 636 (2010). 

136. L. Consolino, A. Taschin, P. Bartolini, S. Bartalini, P. Cancio, A. Tredicucci, H. E. Beere, D. A. Ritchie, R. 
Torre, M. S. Vitiello, and P. De Natale, “Phase-locking to a free-space terahertz comb for metrological-grade 
terahertz lasers,” Nat. Commun. 3, 1040 (2012). 

137. S. Bartalini, L. Consolino, P. Cancio, P. De Natale, P. Bartolini, A. Taschin, M. De Pas, H. Beere, D. A. Ritchie, 
M. S. Vitiello, and R. Torre, “Frequency-comb-assisted terahertz quantum cascade laser spectroscopy,” Phys. 
Rev. X 4, 021006 (2014). 

138. J. Madéo, P. Cavalié, J. R. Freeman, N. Jukam, J. Maysonnave, K. Maussang, H. E. Beere, D. A. Ritchie, C. 
Sirtori, J. Tignon, and S. S. Dhillon, “All-optical wavelength shifting in a semiconductor laser using resonant 
nonlinearities,” Nat. Photonics 6(8), 519–524 (2012). 

139. M. Rösch, G. Scalari, M. Beck, and J. Faist, “Octave-spanning semiconductor laser,” Nat. Photonics 9(1), 42–47 
(2014). 

1. Introduction 

The quantum cascade laser (QCL) is an unipolar device that exploits optical transitions 
between electronic states (conduction subbands) created by spatial confinement in 
semiconductor multi-quantum-wells, via the quantum engineering of electronic wavefunctions 
on a nanometer scale. The extreme precision of the material growth necessary to obtain the 
particular characteristics required by the device design, together with the large number of 
layers and the complexity of the structure, makes this laser perhaps the most impressive 
demonstration of bandgap engineering. 

Conceived and demonstrated at Bell Laboratories in 1994 [1], QCLs rapidly evolved 
across 20-years of discoveries from an interesting laboratory proof-of-principle to a powerful 
and groundbreaking technology having concrete impacts in many technological applications 
such as trace gas analysis, optical communications and real-time imaging. 

The history of QCLs is full of exciting milestones. The use of “inter-subband transitions” 
for radiation amplification, the core idea of the QCL, was first proposed in 1971 by Kazarinov 
and Suris in a superlattice structure [2]. It was the later development of growth techniques 
such as Molecular Beam Epitaxy (MBE) [3] or metallorganic vapor phase epitaxy (MOCVD) 
[4] that provide unprecedented control of layer thickness down to a single atomic monolayer 
that has enabled realization of this concept. In essence, new materials are created by the use of 
heterostructures which creates sharp discontinuities in the conduction and valence bands 
edges [5]. This signified the birth of a new class of phenomena and devices, offering novel 
ability to control the size quantization effects on charge carriers at nanometer scale and 
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leading to the tuning of the electronic energy by variation of the layer thickness and control of 
the electron localization and transport as well as of the optical processes. 

The most characteristic feature of the QCL is the possibility to tune the emission 
frequency over a large bandwidth without changing the semiconductor material system, 
merely by, changing the size of quantum wells to change the energy separation of electronic 
states. This, together with the unipolar nature of the charge transport and the peculiar shape of 
the density of states, is in stark contrast with conventional inter-band lasers, where the 
emission wavelength depends on the material bandgap and the gain is strongly temperature-
dependent. In addition, the multistage-cascaded geometry allows for electron recycling, so 
that each electron injected above threshold may generate a number of photons equal to the 
number of stages. 

It has been well established both theoretically and experimentally [6,7] that in a QCL 
electron- longitudinal optical (LO) phonon scattering is the dominant inter-subband scattering 
mechanism for subband separations wider than the LO-phonon energy ELO. For intrawell 
transitions, these scattering times tend to be less than 1ps. For inter-subband transitions where 
the separation is less than ELO, emission of LO-phonons is energetically forbidden at low 
temperatures. Non-radiative relaxation is therefore dominated by the combination of electron-
electron (e-e) scattering, electron-impurity scattering, and LO-phonon scattering of the high-
energy tail of the subband electron distribution. However, even when devices are operated at 
low temperature, a non-equilibrium electron distribution may exist [8–10]. Furthermore, the 
electron scattering with ionized impurities plays an important role in intersubband transport, 
and in some cases may be stronger than e-e scattering. Other relaxation paths turn out to be 
less important: acoustic phonon scattering is relatively inefficient (100 ps scattering times), 
especially at low-temperatures where the phonon population is small [11]. Interface roughness 
scattering competes with optical phonons in the scattering efficiency, and becomes extremely 
efficient for short wavelength transitions above 300 meV. Interface roughness through intra-
subband scattering has also found to be the main broadening mechanism for optical transitions 
between intersubband states, whose width is generally not lifetime limited [12]. Other 
fundamental channels to be considered are represented by intrasubband - type transitions. 
Intrasubband LO-phonon scattering is an important process in cooling the subband electron 
gas [9]. The effect of intrasubband e-e scattering is to thermalize the electron distribution 
inside a particular subband. 

In principle, QCLs may be realized using almost any semiconductor material system. To 
date, the best QCL performance has been obtained by using four semiconductor material 
systems: GaInAs/AlInAs grow on InP substrates [13], GaAs/AlGaAs grown on GaAs 
substrates [9], AlSb/InAs grown on InAs [14,15], InGaAs/AlInAsSb, InGaAs/GaAsSb or 
InGaAs/AlInGaAs grown on InP substrates [16–19]. The intersubband gain affected by the 
material choice since it is influenced by both electron effective masses m* in well and barriers 
[20]; the conduction band ΔΕC. limits the shortest possible wavelength operation for a given 
material system 

After two decades from their invention, QCLs operating in the mid-IR have reached 
impressive performance levels. Multi-watt output power, continuous wave (CW), room-
temperature (RT) devices operating across the mid-infrared (IR) with wall-plug efficiencies of 
up to 21% observed at room temperature, and larger than 50% cryogenic temperatures (77 K) 
[21–23]. Spectral coverage has been achieved at wavelengths from ~3–25 μm with the 
potential for large tunability [24]. QCLs with new promising material systems have been 
recently demonstrated to work up to 400 K at wavelengths within the first atmospheric 
window (3-5 μm) [15,17,24–26]. In 2002, the spectral coverage of QCLs was extended to the 
Terahertz (THz) region [27], where efficient and miniaturized sources operating in the 1.2-4.9 
THz window have now been successfully developed, in either single-plasmon or double-metal 
waveguide configuration [28]. 
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The present state of available frequencies as a function of the temperature performances of 
QCLs is schematically summarized in Fig. 1. 

In this manuscript we will review such recent advances in the field of mid-IR and far-IR 
QCLs, from the major technological developments to some of the present challenging 
applications. 

 

Fig. 1. Operating temperature plot as a function of the emission wavelength (or frequency, top 
axis) for quantum cascade lasers. 

2. Mid-IR quantum cascade lasers 

In the past few years, Mid-IR QCL research has progressively shifted from the lab to the 
photonic market: many commercial providers now offer QCL and interband cascade lasers 
(ICLs) in different configurations ranging from Fabry-Pérot devices, to distributed feedback 
(DFB) resonators, to multi-wavelength systems based on tunable external cavities, as well as 
high-power devices. Remote sensing [29], metrology [30] and infrared countermeasures are 
some of the most exciting areas where QCL technology finds progressively more and more 
space, resulting an enabling platform. Here we will discuss some very recent advances in the 
field, namely high performance Mid-IR QCLs, the realization of on-chip frequency combs in 
the Mid-IR based on QCLs and the photonic engineering to address tunability and integrated 
solutions for spectroscopy and sensing applications. 

2.1 High performance Mid-IR quantum cascade lasers 

Room temperature, CW operation of Mid-IR QCLs has been achieved more than 10 years ago 
[31]. The last decade saw a dramatic improvement of the QCL performances across the Mid-
IR range. The development of high performance Mid-IR QCLs in the last few years [23,31] 
has made possible to reach remarkable performances with emitted powers in the 1-5 W range. 
The wall-plug efficiency, namely the ratio between injected power and extracted optical 
power in a laser device, has reached values as high as 27% in pulsed mode and 21% in CW 
mode [23] with more than 5 W of CW output power at RT employing advanced active region 
engineering in the InGaAs/AlnGAs/InP material system. In several high performance designs 
the conduction band offset has been engineered in order to limit the leakage current above the 
barriers and to enhance the upper state lifetime through a careful choice of barrier and well 
heights [33,34]. These impressive performances are then due to a combination of refined 
quantum engineering of the laser active region together with a refined material growth, 
advanced processing solutions like buried heterostructures and careful management of 
dissipated heat. Such remarkable power performance has already allowed the development of 
RT, Mid-IR-based THz sources relying on intra-cavity difference frequency generation 
[35,36] In the short-wavelength Mid-IR region the most relevant results come from advanced 
engineering of materials and from ICL devices. The conduction band offset limits the shortest 
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possible wavelength achievable in a partiular material system – as the upper radiative subband 
energy approaches the barrier height, increasing numbers of electrons are lost to thermionic 
leakage. Hence, QC-lasers with photon energies above 250 meV(λ< 5 μm) have required 
using of the InGaAs/AlInAs/InP alloys adopting strain balanced structures [13] or introducing 
AlAs barriers to increase the confinement. The use of different antimony-based ternary alloys 
[37] has led to operation above room temperature at wavelengths around 3 um and to the 
demonstration of laser emission below 2.7 um [38] using InAs/AlSb heterostructures. 

While not technically a QCL, the interband cascade laser (ICL) is a competitive approach 
for emission wavelengths from approximately 2-4 μm. First demonstrated in 1995 [39], the 
ICL is based on band-to-band transitions in heterostructures exploiting type-II band alignment 
of the GaSb-based material system. ICLs now display excellent performances reaching 15% 
of wall plug efficiency in CW at room temperature with 290 mW power at 3.6 um [40]. On 
the other extreme of the Mid-IR spectrum, close to the phonon absorption band the same 
material combination of Sb-based heterostructures has been successfully employed to improve 
the performance of long-wavelength Mid-IR lasers operating at a wavelength of 17 um or 
longer [41]. Recently, QCL emission at 24.4 um and at 240 K has been demonstrated by using 
InGaAs/AlInAs material system [42]. 

2.2 Frequency comb operation of quantum cascade lasers 

Optical frequency combs [43] have revolutionized the fields of high precision spectroscopy 
and metrology and their paramount importance has been certified by the attribution of the 
2005 Nobel prize in physics to Ted Hänsch and John Hall. The extension of the comb concept 
to all the electromagnetic spectrum is currently involving a number of technologies, including 
quantum cascade lasers. Mid-IR frequency combs have been already realized starting from 
pulsed sources by means of non-linear optics and frequency down-conversion. QCLs are an 
ideal platform to implement a fully on-chip, comb-based Mid-IR spectrometer. In the last 
three years a number of milestones have been achieved, starting with the first demonstration 
of comb operation of a broadband mid-IR QCL [44]. Like in micro-resonator Kerr combs 
[45], the comb-driving mechanism in QCLs is the large intrinsic χ(3) non-linearity of the gain 
medium which favours phase locking due to cascaded four-wave-mixing processes. 
Therefore, Mid-IR QCL combs are practically CW sources, differently from the combs 
produced by conventional mode-locked lasers where broadband, ultra short optical pulses are 
generated. Group velocity dispersion can be significantly reduced through active region 
design and waveguide design. After the first demonstration, theoretical analysis has been 
carried on to identify the QCL comb formation mechanism [46] and dual-comb spectroscopy 
demonstrated [47]. QCL comb operation has been recently extended also to the THz range, 
where the role of dispersion is much stronger than in Mid-IR: the careful compensation of this 
effect has led to QCL combs at 3.5 THz [48]. 

2.3 Photonic engineered and integrated solutions for high tunability and lab-on-a-chip. 

The area of QCL-based integrated devices for spectroscopic applications is another research 
area that has shown significant recent progress. Arrays of vertical-emitting ring cavities [49] 
and DFBs in MOPA configuration [50] represent promising solutions for highly integrated 
spectrometers and sensing systems. Interestingly, the intersubband transitions can be 
successfully used to produce detectors matching the spectral range of the quantum cascade 
lasers. Quantum Well Infrared Photodetectors (QWIPs) [51] and Quantum Cascade Detectors 
(QCDs) display very good performances in the Mid-IR [52]: they start to be combined with 
photonic microstructures to increase the responsivity and can be integrated together with 
QCLs to form an all-intersubband high performance sensing platform [53,54]. Due to the 
atomic-like joint density of states characteristic of intersubband transitions, QCLs are 
particularly suited for broadband operation since the gain profile can be engineered without 
incurring in reabsorption. Heterogeneous QCLs [55] are the core of broadly tunable external 
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cavity laser systems [56], which nowadays represent a sizeable portion of the QCL products 
on the market. Recently, tuning ranges of more than a 1000 cm−1 from a combined source 
(Block Engineering) and more than 350 cm−1 from a single chip (Daylight solutions) have 
been achieved and made commercially available. 

3. Terahertz quantum cascade lasers 

The QCL provides a very attractive approach to cover the upper terahertz frequency range – at 
this time THz QCLs of various types have now been demonstrated to cover the wavelength 
range from 1.2 to 4.9 THz. Power levels are typically on the level of a few milliwatts, 
although large area devices have recently demonstrated Watt-level output powers [57,58]. 
THz QCLs are qualitatively different from the mid-infrared ones for two reasons. First, the 
photon energy is smaller than the LO-phonon energy, which leads to significant differences in 
carrier dynamics, and requires a more precise injection and depopulation of carriers into the 
closely spaced energy levels. Hence, a different set of active region designs are used. Second, 
because free carrier loss scales as λ2, even lightly doped semiconductor layers can contribute 
significant loss – hence THz QCL waveguides must be designed to minimize overlap with 
doped regions (except of course the doped active region layers which produce gain). 

There have been several review papers in the past that have described the basics of THz 
QC-lasers and their challenges [28,59,60]. Here we will focus on advances in the past few 
years focusing on progress in: high-temperature operation, development of novel waveguides 
and cavities, and development of stabilized THz sources for spectroscopy. 

3.1 High temperature operation: state of the art and new approaches 

Despite over a decade of effort, unfortunately THz QCLs are still limited to cryogenic 
operation. The highest temperature operation for a QCL in the THz frequency range is 
currently 199.5 K in pulsed mode [61], but there have been a number of reports of lasers in 
the 160-190 K range [62,63]. These temperatures set an upper bound on continuous-wave 
operation due to the added issue of thermal management: (Tmax,CW = 129 K [64]). These lasers 
are based upon variations of the so-called resonant-phonon active region design [28]. This is 
somewhat similar to mid-IR active region designs, where rapid electron-LO-phonon scattering 
is used to depopulate the lower radiative state – although the details of the implementation 
differ considerably in the THz. 

It is generally agreed that the major impediment to room-temperature operation for THz 
QCL is the reduction of gain at higher temperatures due to the onset of a thermally activated 
relaxation mechanism between the upper and lower radiative states based upon emission of 
optical phonons [28,65]. Since ηωTHz <ELO, (ELO=36 meV in GaAs) at low electronic 
temperatures this scattering path is suppressed. However, at high temperatures electrons in the 
upper radiative subband gain sufficient in-plane kinetic energy to emit an LO-phonon and 
relax to the lower subband [28,65,66]. This process causes the upper state lifetime to decrease 
exponentially with increasing electronic temperature; this in turn reduces the gain and 
eventually leads to laser shutoff. It should be noted however, there are also minor effects 
which also contribute. The metal-metal waveguides become somewhat more lossy at higher 
temperatures as the Drude scattering rate increases [66]. Some simulations show broader gain 
linewidths (and reduced peak gain) at higher temperatures [67]. 

The most straightforward approach to improve the operating temperature is to explore 
novel active region designs within the GaAs/AlGaAs material system. Several designs have 
been demonstrated using an “indirect injection” scheme, where electrons are injected into the 
upper radiative state not by resonant tunneling, but by LO-phonon scattering from a higher 
energy state [68]. This scheme adds a degree of flexibility to design, and can in principle help 
to suppress sub-threshold parasitic leakage currents which plague THz QC-lasers. Good 
results have been obtained with this approach, particularly at lower frequencies – for example 
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150K operation at 2.7 THz [69], 163 K at 1.8 THz [70]. It seems likely that this scheme will 
be most useful for lasers < 2.5 THz where parasitic currents are the most problematic. 

Given the lack of success in reaching room temperature operation using GaAs/AlGaAs 
based QCLs, other material systems become more attractive. There have been several THz 
QC-lasers demonstrated using InGaAs quantum wells with various barrier materials (InAlAs 
[71,72], GaAsSb [73], and AlInGaAs [74]). However none of these materials has matched the 
performance of GaAs/AlGaAs designs – likely due to the larger barrier heights, and perhaps 
increased alloy disorder scattering. Although InGaAs has a smaller effective mass than GaAs, 
which (in theory) increases the gain and reduces non-radiative scattering, these materials still 
have LO-phonon energies near 30-40 meV. Thus we might expect they will suffer from the 
same limitations of thermally activated phonon scattering as in GaAs-based wells. The use of 
III-nitride quantum wells is more promising; GaN has an LO phonon energy of 92 meV and 
hence thermally activated LO-phonon scattering should be dramatically suppressed at room 
temperature [75]. However, nitride quantum wells have proven to be very challenging to grow 
for vertical transport applications quantum cascade devices – even achieving reliable and 
repeatable RTDs is a challenge which has just begun to be solved [76,77]. Furthermore, the 
large built-in polarization fields for c-plane GaN creates sawtooth quantum well profiles. 
However, advances are occurring steadily: THz intersubband absorption has been measured in 
various step-well structures designed to flatten the band profile [78,79], and in quantum wells 
grown on the non-polar m-plane [80]. 

An even more radical approach is to suppress nonradiative scattering by implementing a 
cascade laser in quantum-dots instead of quantum wells [81,82]. The idea is based upon the 
so-called “phonon-bottleneck” mechanism: the zero-dimensional quantization in a quantum 
dot will eliminate electronic states at the LO-phonon resonance energy, which suppresses both 
relaxation and dephasing scattering. While this idea was originally proposed for mid-infrared 
QCLs (which have photon energies ηω > ELO), it is in the THz where the payoff is greatest. 
Both density matrix [83], and non-equilibrium Green’s function theory simulations [84] 
predict significant gain present in THz QD QC-lasers at 300 K, although the transport physics 
are strongly altered due to the expected formation of strongly coupled electron-phonon 
polarons [85]. Efforts to use self-assembled quantum dots embedded into quantum wells have 
not been successful at demonstrating lasing but has led to renewed interest in the “top-down” 
etching of semiconductor nanowires [86,87]. This approach has the advantage of starting with 
high quality planar epitaxial material. However, it has its own challenges, including the 
difficulty of etching high aspect ratio nanowires with the required diameters of ~30-50 nm. 
For example, a recent attempt found that lasing in a nanopillar THz QC-laser ceased when the 
etched pillar diameter fell below 5 μm – likely due to surface damage/state induced depletion 
[88]. Because of these difficulties in achieving room temperature operation, there has been 
considerable effort to leverage the advances in high-power two-color mid-IR QC-lasers for 
intracavity THz difference frequency generation at room-temperature [89]. This approach has 
several appealing aspects, since the intersubband transitions within the QC-laser material 
itself provide the χ(2) nonlinearity, the sources are monolithic and operate at room temperature, 
and wide fractional THz tunability can be obtained with only modest tuning of the mid-IR 
modes [35,36]. The highest reported output powers to date are 1.4 mW in pulsed mode and 3 
μW in CW mode [36]. The challenges reside primarily in the conversion and overall wallplug 
efficiency, which is ~10−5 or less. Coupling of the THz radiation out in a useable fashion is 
also a challenge, since free-carrier losses make the mid-IR laser cavity is quite lossy for THz. 
The most effective approach to date is a “Ĉerenkov” coupling scheme, where the THz 
radiation is coupled out in a distributed fashion in a cone-beam through the substrate [35]. 

3.2 Novel cavities for high power and beam shaping 

A great deal of progress has recently been made on the difficulty of coupling of the generated 
THz radiation out of the QC-laser cavity in a high quality beam. The problem results from the 
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subwavelength nature of the preferred “metal-metal” waveguide. This involves the QCL gain 
medium (typically 5-10 μm thick) sandwiched in between metal cladding layers and etched 
into a laser ridge – similar in form to a microstrip or parallel plate waveguide. This waveguide 
has very little doped semiconductor cladding and allows scaling of the transverse dimensions 
to sub-wavelength dimensions – for example ridges as narrow as ~15 μm. This is very 
advantageous for thermal dissipation – as a result metal-metal waveguides have been the only 
devices demonstrated with CW operation at temperatures > 100 K [64]. An interesting 
functionality is also made possible by the subwavelength nature of the metal-metal 
waveguide, when scaled to extremely narrow widths; for example, the laser cavity can be 
tuned over ~300 GHz by using a MEMS structure that interacts with the fringing field [89–
91]. However, the subwavelength waveguide dimension has a disadvantage: the facet leads to 
a strong impedance mismatch of the waveguide mode with free-space, and acts as a point 
source with a highly divergent beam. Initial efforts to solve this employed a variety of 
solutions: facet-mounted lenses [92], horn antennas [93,94], 2nd-order DFBs and photonic 
crystals [95–97] – none of which simultaneously gave high output power combined with 
excellent beam patterns and CW operation over 77K. In the past five years however, several 
new and promising approaches have emerged. 

First is the use of 3rd order DFB cavities, where the 3rd order diffraction provides optical 
feedback (for single-frequency operation). When the effective index of the waveguide is 
properly designed, the 3rd order diffraction couples into an end-fire antenna mode, where the 
beam divergence depends only on the length of the cavity, not on the transverse dimensions 
[98,99]. Hence narrow beams with divergence as low as 5 degrees from metal-metal 
waveguides have been reported. For example, this allowed Wienold et al. to operate a device 
up to 129 K in CW mode in a 15 μm wide device – at 80K it maintained 0.6 mW level power. 
Research is active on how to increase the output power levels from 3rd order DFBs – one 
promising scheme is to increase the radiative aperture by integrating periodic slot antenna-like 
structures into the waveguide itself [100]. 

Second, the new approach of a “graded photonic heterostructure” is a modified form of a 
2nd order DFB cavity designed to lase in the high radiative efficiency symmetric band edge 
mode. While this mode is present in every 2nd order DFB, usually a laser prefers to lase in the 
antisymmetric mode, since its anti-symmetric fields tend to cancel, thus dramatically reducing 
the radiative loss. However this leads to low output power. The photonic heterostructure 
designs engineer lossy boundary conditions so that the antisymmetric mode is selectively 
absorbed at the waveguide edges, so that the strongly radiating symmetric mode is preferred. 
This approach has demonstrated high powers from single mode lasers, such as over 100 mW 
power in pulsed mode at 10 K with high slope efficiencies of 230 mW/A [101], 25 mW of 
CW power at 10 K, and 1 mW of CW power at 80 K [102]. 

While these approaches are so far very successful for single mode lasers, they are all 
frequency-selective in nature, and so are not appropriate for broadband coupling needed for 
amplifiers, widely tunable lasers, and frequency combs. Hence, broadband, efficient 
integrated couplers still remains a challenge, particularly at very high powers. A possible 
option could be the post-process integration of an-index matched collimating lens. Another 
approach that has just begun to be explored is the use of quasi-periodic structures (1D 
gratings, 2D quasi-crystals) to break the symmetry of the radiating modes [103–105]. 

4. Applications 

QCLs emitting in the mid and far IR spectral regions are very well suited for interrogation of 
molecules. Indeed, the mid-IR region (that can be roughly defined as the 2.9 - 24 micron 
wavelength interval) is the well- known molecular “fingerprint region,” where the strongest 
fundamental ro-vibrational bands, that allow to distinguish specific molecules and 
isotopomers, lie. In the far-infrared region, instead, rotational transitions can be excited for 
molecules possessing a permanent dipole moment. The intensity of such transitions can be 
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comparable with the strongest ro-vibrational transitions in the mid-IR. However, sources, 
components and detectors in the far-IR are far worse in terms of performance, cost and ease-
of-use, also due to the need of cryogenical cooling (often at liquid-He temperature) for most 
lasers and best performing detectors. Present-day availability of THz-emitting QCLs 
(although not yet commercial) is partially filling this gap. In the following, we review recent 
applications of mid and far-IR QCLs to high-resolution spectroscopy and comb-assisted 
metrology. 

4.1 Spectroscopy 

The availability of compact, room-temperature operated QCLs, that are convenient single-
frequency, relatively high-power, narrow linewidth laser sources, is matching increasing 
demand for spectroscopic applications encompassing environmental monitoring, security and 
biomedical sensing, smart sensor networks as well as more fundamental molecular studies and 
frequency metrology [30]. Several key advancements have favored applications of mid-IR 
QCLs, in the last two decades, as reviewed in paragraph 2.1. A key enabling feature for 
extensive spectroscopic application of mid-IR QCLs is the broad tunability, obtained mainly 
by use of an extended-cavity configuration [32,106] though, even before its demonstration, a 
number of spectroscopic techniques were developed. Among them we cite: standard direct 
absorption spectroscopy [107], modulation of wavelength [108,109] or frequency [110], 
differential or quartz-enhanced photoacoustic detection [111–113], polarization spectroscopy 
(that exploits birefringence induced in the gas by optical pumping) [114] or cavity ring-down 
spectroscopy, making use of high-finesse optical cavities [115]. 

The development of far-infrared (or THz) QCLs [27] more recently allowed extension of 
sensing technique across the far-infrared. This spectral range is very interesting for 
spectroscopy, due to the presence of rotational molecular bands that have absorption 
intensities comparable to those of ro-vibrational transitions. However, cryogenical cooling, 
often at liquid-He temperatures, is often required for sensitive detection, to cut-off the strong 
blackbody emission. Such a limitation, together with the still low-performing “optical” 
components available, halfway between microwave and optical technologies, has hindered a 
full exploitation of THz technologies. THZ QCLs have partly filled the very scarce 
availability of coherent sources in this range, though cryo-cooling and very limited tunability 
have limited the number of spectroscopic applications. In particular, classical direct 
absorption spectroscopy [115], or commonly used schemes, like wavelength modulation 
[116,117] or differential spectroscopy [118], heterodyne spectroscopy [119] or quartz 
enhanced photoacoustic spectroscopy [120] have been implemented, although more complex 
schemes, which are commonly used in other spectral windows, have not yet been 
demonstrated. 

4.1 Frequency metrology with QCLs 

QCLs have gained acceptance for metrological frequency domain applications [121]. Their 
peculiar intrinsic low frequency noise was theoretically described at an early stage [122,123] 
but only recently was their intrinsic linewidth, (i.e. the quantum-limited frequency 
fluctuations or the Townes-Schawlow linewidth) has been unambiguously observed in the 
mid-IR [124,125] and in the THz range [126,127]. From these pioneering studies, it clearly 
emerged that an overwhelming contribution to frequency noise generally comes from the 
QCL current source. Therefore, low-noise current drivers have been developed to single out 
the QCLs elusive intrinsic noise. To such purpose, in the experiments reported to date, 
frequency domain fluctuations were converted to intensity fluctuations. This was more often 
done, by using the side of a Doppler-broadened molecular line as discriminator. From 
frequency noise spectral density curves obtained in this way, a quantum-limited linewidth of 
about 200 Hz for room-temperature operated mid-IR QCLs was found and less than 100 Hz 
for THz QCLs. Several experimental schemes have already been devised to exploit such 
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narrow linewidths for spectroscopic applications. They generally rely on phase/frequency 
locks to molecular lines [128], high finesse cavities [129] or other laser sources with a very 
low frequency jitter [130] or onto QCL emission control by injection of radiation from an 
external, stable source [131]. Although the main mechanisms determining such linewidths, 
that are the best for semiconductor lasers, have been unveiled, a number of unsolved questions 
still remain. Among these, a thorough understanding of the origin of QCL noise, in particular 
flicker noise, would pave the way to new laser designs for much less noisy QCLs, even better 
suited for demanding applications. Theoretical studies, going hand-in-hand with experiments, 
are trying to shed light on this key issue [132]. 

A very recent field of research on QCLs is the investigation of new schemes for 
referencing them to frequency comb synthesizers or also for generating comb-like radiation 
patterns directly from QCLs. 

Referencing a QCL to a frequency comb synthesizer can provide frequency stability 
limited, in principle, by that of the comb itself and, therefore, by the clock used to stabilize the 
comb. While cesium fountains have a stability of about 10−14 /τ½, the best optical clocks are 
even two to three orders of magnitude better. In addition, unlike molecular references, comb 
referencing allows to freely tune the wavelength of the QCL while reducing its frequency 
jitter and knowing its absolute emission frequency. Therefore, as early as in 2007, the first 
absolute frequency measurement, performed using a QCL at 4.43 μm referenced to an optical 
frequency comb synthesizer, was reported [133], using a frequency up-conversion scheme. 
More recently, a “smart” phase-lock to an optical comb was done with a mid-IR QCL that 
provided a full tunability and a linewidth below 1 kilohertz in a 1 ms timescale [134]. This 
also allowed scanning the laser around a carbon dioxide molecular transition obtaining an 
overall uncertainty of 1 kHz in the frequency determination (about 10−11 fractional 
uncertainty). Also for THz QCLs, referencing to a near-IR comb [135] was shown. More 
recently, direct referencing of a QCL, emitting around 2.5 THz, to an air-propagating THz 
comb was obtained [136], thus enabling spectroscopic scans over molecular lines with an 
absolute frequency scale providing an uncertainty of a few parts in 10−11 on the laser 
frequency and an uncertainty on the line-center determination of 10 kHz [137]. The recent 
demonstration of direct comb emission from mid-IR and THz QCLs represents a compact 
alternative to referencing to external combs [44,47,48] although absolute frequency 
referencing is not provided. Here it is not a mode-locked train of pulses in the time domain 
that gives rise to the comb spectrum in the frequency domain. Also no conversion up-
conversion processes are involved [138]. Instead, a multimode emission with a controlled 
dispersion within the active medium, combined with four-wave mixing, generates the comb-
like spectrum. Although metrological-grade applications still need to be demonstrated, these 
first results and the recent advent of octave spanning THz QCLs [139] are quite encouraging 
for direct comb generation in QCLs. 

5. Focus issue 

In this focus issue of Optics Express are reported some of the latest advances and 
developments in the field of quantum cascade lasers, in the 20 year anniversary of this 
groundbreaking device, presented during the International Quantum Cascade Laser School 
and Workshop (IQCLSW 2014), held in Policoro (MT), Italy. 

In the spotlight there is the understanding of the physical mechanisms governing the 
operating regime of Mid-IR and THz QCL optical frequency combs (OFC). The careful 
analysis of four-wave mixing in broadband gain, low dispersion mid-IR cavities underline 
future routes for broadband QCL frequency combs (Villares et al.); furthermore through 
shifted wave interference Fourier Transform Spectroscopy (Burghoff et al.) elucidate the time 
domain properties of THz QCL-OFCs, demonstrating frequency and amplitude modulation 
signatures. 
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The remarkable performance of Mid-IR QCLs nowadays capable to deliver continuous 
wave power output up to 5.1 W at room temperature, in a broad spectral range from 3 to 12 
μm, with monolithic sampled grating design and on-chip beam QCL combiner are critically 
discussed in the manuscript of Razeghi et al., which also elucidates the advantage of such a 
major improvement, for the demonstration of room temperature THz QCLs providing up to 
1.9 mW peak power on a widely tunable 1-5 THz frequency range. State of the art 
performance levels on both the long-wavelength side of the mid-IR window and the low 
frequency boarder are discussed by Bahriz et al. reporting up to 80°C QC lasing at 20 μm. 
The research on integrated solutions for spectroscopic applications has led to innovative 
devices like spiral cavity superluminescent (SL) emitters at 5 μm providing 57 mW of SL 
power at 250 K with a 107 μm coherence length (Zheng et al.) and to broadband (5.9μm - 
7.2μm) superluminescent emitters (Riedi et al.) of potential use as amplifiers for mid-IR 
frequency combs. Progress in the field of low consumption devices for integrated systems are 
presented in the manuscript of Bismuto et al., showing QCL optical powers larger than 20 
mW with less than 1W electrical consumption. The versatility of mid-IR QCLs for down-
conversion processes in the telecom range is discussed in the manuscript of Houver et al. 
demonstrating optical sideband generation in MIR QCLs up to room temperature, providing a 
simple method of stabilizing a QCL to an optical-comb through MIR up-conversion. 

As a novel possibility the intersubband transitions, core idea of the QCL, can be 
successfully used to produce detectors matching the spectral range of the QCL. Reininger et 
al. report on a resonant cavity quantum cascade photodetector promising a 95mA/W 
responsivity and a specific detectivity of ~ 109 Jones at T = 300K. 

Such a major improvement opens the path to possible on-chip detector/source integration 
for an all-intersubband high performance sensing platform, as discussed and demonstrated by 
Jagerska et al. With an alternative approach Krall et al. demonstrate simultaneous on-chip 
generation and detection of THz radiation in coupled cavity systems, using a single 
semiconductor heterostructure, based on a four-well resonant phonon THz QCL. It is clear 
that the beam divergence here plays a very fundamental role. Monolithic solutions targeting 
the improvement of the optical beam profile of THz QCLs are also discussed in the issue 
presented by Halioua et al. reporting on phase-locked arrays of surface emitting THz QC 
lasers with 10° degree optical beam divergence and by Castellano et al. discussing on a novel 
micromachined feed-horn waveguide, assembled around a double-metal THz QCL, and 
integrated with a slit-coupler providing a 20° beam divergence. The possibility to employ THz 
QCLs as powerful and broadband sources for time-domain systems promising to boost the 
signal-to-noise ratio is now a concrete perspective. Bachmann et al. demonstrate a 
heterogeneous broadband QC based THz amplifier that employs an integrated source of 
coherent THz radiation, discussing the potential of this novel technology. Pushing the 
performance of THz QCLs at a higher level of maturity in terms of CW, RT and wall-plug 
efficiency potential is related to a careful compromise between bandgap engineering and high-
quality molecular beam material growth as discussed by Li et al. Despite the present 
limitations, the QCL technology has already a prominent impact on sensing applications as 
extensively discussed in the present focus issue. Zhao et al. propose a broadband THz sensor 
based on arrays of single-mode QCLs, promising the possibility to probe the complex 
refractive index of an analyte on a broad range of THz frequencies; the potential of V-shaped 
and ring-shaped THz resonant cavities is presented by Campa et al. envisioning their impact 
for the next generation of high-sensitivity and high-resolution QCL-based THz spectroscopic 
systems, promising build-up cavities and novel frequency references for QCLs; high 
optoacoustic transduction efficiency set-up for quartz enhanced photoacoustic spectroscopy 
(QEPAS) in the THz are presented by Spagnolo et al., underlining this potential of the 
QEPAS technique for highly selective gas recognition in the infrared; the potential of external 
cavity mid-IR QCLs for stand-off detection of broadband absorbers is discussed by Macleod 
et al., employing a widely tunable active coherent laser spectrometer; alternative technologies 
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based on mid-infrared QCL-coupled silicon-on-sapphire ring resonator gas sensor are 
presented and discussed by Smith et al., offering a concrete perspective of size-shrinking for 
trace-gas detection systems; the potential of combined QCL-tunable laser diode systems for 
simultaneous measurements of distinctive isotope ratios is discussed by McManus et al. 

The potential of the QCL mostly comes from its “quantum engineering” design strategy. 
Driving these devices in new operating regime means also to find solid design and 
engineering strategies enabling to predict the device behavior and to improve its 
functionalities. In this focus issue, some recent modeling progresses in the several different 
contexts are described: i) predictions of the “dissipative quantum transport” by developing 
new approaches and simulation strategies (Greck et al.), ii) engineering of the waveguide 
structures via a rigorous theoretical test, that takes into account increased waveguide loss, 
Auger recombination, and Purcell enhancement of spontaneous recombination (Khurgin); iii) 
Monte Carlo analysis of the terahertz difference frequency generation susceptibility to 
consolidate the development of RT THz sources (Jirauschek et al.); iv) limits and prospects 
for pushing QCL operation in the mode locking regime (Jung et al.); v) detailed analysis of 
several competing models for interface roughness scattering (Lindskog et al.). 
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