
	

	
	 	



Welcome Message  

 

 

The 14th International Conference on Intersubband Transitions in Quantum Wells 
(ITQW 2017) will be held at the "Marina Bay Sands" in Singapore. ITQW aims to bring 

together leading academic scientists and researchers to exchange and share their 

experiences on all topics related to intersubband transition phenomena and devices. The 

conference will cover a wide range of topics from physics experiments to fully functional 

devices and applications. 

 

ITQW is a workshop style meeting with a mixture of oral presentations and vibrant poster 

sessions. A tradition of ITQW is to have plenty of opportunity to mix and network outside of 

the lecture theatre with planned free time and social events. 

 

Conference Chairs 
Professor Qi Jie Wang, NTU, Singapore 

Professor Miriam S. Vitiello, CNR, Italy 

Professor Mikhail Belkin, Texas Austin, USA 

Professor Carlo Sirtori, Paris Diderot, France 

 

 

 

 

 

 

 



Introduction 
 

Intersubband transitions have already quite a long history dated back to 1982, when a novel 

kind of optical transition between bound electronic levels which were present in the 

two-dimensional carrier gas at a semiconductor heterojunction was observed. Contrary to 

the interband transitions which occur in the bulk semiconductor materials, intersubband 

transitions happen in a superlattice structure consisting of a periodic series of thin layers with 

varying material composition. The energetic separation between adjacent levels is small as 

well as tailorable by engineering the thickness of thin layers. As a result, intersubband 

transitions are granted great application potentials for light emitting, detection and 

modulating in the broad mid-infrared and far-infrared (terahertz) frequency ranges.  

 

For more than thirty years, impressive progresses have been made in the field of 

intersubband transitions. Physical understanding of intersubband transitions, including 

carrier transport, electron scattering mechanisms, tunneling effect, and intersubband 

nonlinearities etc. has been tremendously enhanced. It turns out to be solid fundamental 

basis for the advance of the optoelectronic devices. 

 

So far, various photonic devices based on intersubband transitions have been developed. 

One of the most significant achievements is the quantum cascade laser (QCL). Facilitated by 

the bandstructure engineering and state-of-the-art materials growth technologies, QCLs 

have proven to be an efficient and compact source with outstanding power and temperature 

performances across the mid-infrared and terahertz spectral ranges. Another important 

intersubband transition-based device is quantum well infrared photodetector (QWIP), with 

typical feature of high speed and multicolor operation. Both QCL and QWIP have already 

been commercialized by a number of companies internationally, and is the core photonic 

component in technology underpinning a variety of applications in, for example, fields such 

as: biological, environmental and security sensing; process and quality control; high-speed 

telecommunications. 

 

The utilizing of mature material and processing technology based on GaAs or InP 

contributes a lot for the development of intersubband transition-based photonic devices. In 

recently years, novel material systems (Si/Ge, II-VI for QC devices) and low dimensional 

structures (quantum dots, boxes, nanowires), have been developed to further push the 

progresses. In addition, it is interesting to incorporate 2D atomic layer materials (graphene, 

MoS2, BP, etc) for novel functional applications. All of these make intersubband transition 

technology a mainstream for the new generation of sensing and telecommunication 

optoelectronics. 

 

History 
ITQW 2017 will be the key event in 2017 in the area of inter-subband transitions in quantum 

wells and inter-sublevel transitions in quantum dots. It is aimed at bringing together 

researchers from academia, government and industrial laboratories for scientific interaction, 

the showcasing of new results in the fields and debate on future trends. The conference 



series has a history dating back to 1991 with the first meeting in Cargese, France, followed by 

meetings in Whistler, Canada (1993), Ginosar, Israel (1995), Tainan, Taiwan (1997), Bad Ischl, 

Austria (1999), Monterey, USA (2001), Evolene, Switzerland (2003), Cape Cod, USA (2005), 

Cumbria, U. K (2007), Montreal, Canada (2009), Sardinia, Italy (2011), New York, USA (2013), 

and Vienna, Austria (2015). 
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Conference Program 

 

Sunday 10 September 2017 
16:00 – 18:00 Registration 

18:30 – 21:00 Welcome Cocktail Reception (at Clarke) 

 

Monday 11 September 2017 
09:00 – 09:15 Welcome and Opening Remarks 
Session 1 Intersubband Material and Fabrications-Chair: Mikhail A. Belkin 
09:15 – 09:45 Gottfried Strasser (Technische Universität Wien) - Invited talk 
   QCL materials and fabrications 

09:45 – 10:00 Jean-Michel Chauveau (CNRS-CRHEA) 

   Intersubband Transitions and Polarons in (Zn,Mg)O/ZnO Quantum Wells 

10:00 – 10:15 Martin A. Kainz (Technische Universität Wien) 

Compensation of asymmetries for high-performance InGaAs/InAlAs terahertz 

quantum cascade lasers 

10:15 – 10:30 Zeineb Loghmari (Université de Montpellier) 

Continuous wave operation of InAs-based quantum cascade lasers above 20 

μm 

10:30 – 11:00 Tea break 

 

Session 2 2D Material Opto-electronics-Chair: Carlo Sirtori 
11:00 – 11:45 Andrea C. Ferrari (University of Cambridge) - Plenary talk 

Graphene photonics and optoelectronics 

11:45 – 12:00 Long Xiao (University of Cambridge) 

High Responsivity Detection of Terahertz Quantum Cascade Lasers with 

Graphene-Loaded Plasmonic Antenna Arrays 

12:00 – 12:15 Xuechao Yu (Nanyang Technological University) 

Mid-infrared photodetectors based on novel two-dimensional materials 

12:15 – 14:00 Lunch 

 

Session 3 Mid-IR Frequency Comb and Lasers-Chair: Qijie Wang 

14:00 – 14:30 Jerome Faist (ETH Zurich) - Invited talk 
Frequency comb 

14:30 – 14:45 Dmitry Kazakov (Harvard University) 

Harmonic frequency comb initiated by population pulsations in a quantum 

cascade laser 

14:45 – 15:00 Pierre Jouy (ETH Zurich) 

1 Watt Quantum Cascade Laser Frequency Comb emitting at λ~8.13 μm 

15:00 – 15:15 Yves Bidaux (ETH Zurich) 

Waveguide engineering for low dispersion mid-infrared Quantum Cascade 

Lasers frequency combs 

15:15 – 15:30 Mikhail A. Belkin (The University of Texas at Austin) 



Transfer-printing of quantum cascade lasers to silicon-based substrates 

15:30 – 16:00 Tea break 

 

Session 4 Intersubband Quantum Devices-Chair: Gottfried Strasser 
16:00 – 16:15 Giacomo Scalari (ETH Zurich) 

Ultra strong THz light-matter coupling with Landau levels: transport 

measurements and nanocavities 

16:15 – 16:30 Angela Vasanelli (Université Paris Diderot) 

Quantum model of optical properties and thermal emission of superradiant 

electronic excitations 

16:30 – 16:45 Francesca Carosella (Université Paris Diderot) 

Band mixing in THz cascade structures 

16:45 – 17:00 Martin Franckie (ETH Zürich) 

Phonon-Polariton Intersubband Gain 

17:00 – 17:15 Daniele Palaferri (University Paris Diderot- Paris 7) 

Room temperature quantum well mid-infrared photodetector embedded into 

a patch-antennae array 

17:15 – 17:30 Martin Franckie (ETH Zürich) 

Theory of 2-well GaAs/Al0.25Ga0.75As THz Quantum Cascade Lasers 

17:30 – 17:45 Asaf Albo (Massachusetts Institute of Technology) 

Direct-phonon terahertz light-emitting intersubband lasers 

17:45    End of day one 

18:30    Banquet diner near Dome flower (Majestic Bay) 

 

Tuesday 12 September 2017 
Session 5 Mid-IR Sensing and Spectroscopy-Chair: Jerome Faist 
09:00 – 09:30 Boris Mizaikoff (Ulm University) - Invited talk 
   mid-IR QCLs for sensing and spectroscopy 

09:30 – 09:45 Filippos Kapsalidis (ETH Zurich) 

   Dual-wavelength DFB Quantum Cascade Lasers for Trace Gas Spectroscopy 

09:45 – 10:00 Lorenz Butschek (Fraunhofer Institute for Applied Solid State Physics) 

MOEMS-based External Cavity QCLs for Real-time Spectroscopy 

10:00 – 10:30 Bernhard Lendl (Technische Universität Wien) - Invited talk 

Introducing New approaches in QCL based gas sensing: Photothermal 

Interferometry and Heterodyne Phase Sensitive Dispersion Spectroscopy 

10:30 – 11:00 Tea break 

 

Session 6 THz detection and generation-Chair: Boris Mizaikoff 
11:00 – 11:45 Junichiro Kono (Rice University) - Plenary talk 
   THz detection and spectroscopy 

11:45 – 12:15 Yanko Todorov (Université Paris Diderot) - Invited talk 

   THz detection using metamaterial resonators and microcavities 

12:15 – 12:30 Stefano Pirotta (Universite Paris Sud and CNRS) 

Ultrafast terahertz detectors based on 3D meta-atoms 



12:30 – 12:45 Sukhdeep Dhillon (Laboratoire Pierre Aigrain) 

Short THz pulse generation from a dispersion compensated mode locked 

quantum cascade laser 

12:45 – 13:00 Petar Tzenov (Technical University of Munich) 

Gain recovery dynamics and passive mode locking of THz quantum cascade 

lasers 

13:00 – 14:30 Lunch 

14:30 – 17:00 Social Events (Free) 

 

Wednesday 13 September 2017 
Session 7 THz Frequency Comb-Chair: Harald Schneider 
09:00 – 09:30 Jacob Khurgin (Johns Hopkins University) - Invited talk 
   Frequency comb-theory 

09:30 – 09:45 Yang Yang (Massachusetts Institute of Technology) 

   Full dynamic range comb formation in terahertz quantum cascade laser 

09:45 – 10:00 Benedikt Schwarz (Technische Universität Wien) 

High power frequency comb based on a bi-functional QCLD 

10:00 – 10:15 Hua Li (Shanghai Institute of Microsystem and Information Technology) 

Terahertz intersubband photonic devices for frequency comb operation and 

fast detection 

10:15 – 10:45 Tea break 

 

Session 8 THz Frequency Comb and Spectroscopy-Chair: Jacob Khurgin 

10:45 – 11:30 Qing Hu (Massachusetts Institute of Technology) - Plenary talk 
   THz frequency comb 

11:30 – 12:00 Harald Schneider (Helmholtz-Zentrum Dresden-Rossendorf) - Invited talk 

THz-spectroscopic studies on electron dynamics in a GaAs single quantum 

well and an InAs single quantum dot 

12:00 – 12:15 Jonas Westberg (Princeton University) 

Terahertz multiheterodyne spectroscopy of molecular samples with quantum 

cascade laser frequency combs 

12:15 – 12:30 Alexander Valavanis (University of Leeds) 

Frequency-monitored gas spectroscopy through self-mixing interferometry in 

a terahertz quantum-cascade laser 

12:30 – 12:45 Till Hagelschuer (German Aerospace Center) 

Real-time spectroscopy of various gas species through optical feedback in a 

terahertz quantum-cascade laser 

12:45 – 13:00 Miriam Serena Vitiello (NEST, CNR) 

Spectral purity of terahertz quantum cascade laser sources based on 

intra-cavity difference frequency generation 

13:00 – 14:30 Lunch 

14:30 – 17:00 Excursion starts (S.E.A. Aquarium) 

18:00 – 21:00 BBQ at beach  

 



 

Thursday 14 September 2017 
Session 9 THz Quantum Cascade Lasers-Chair: Harald Schneider 
09:00 – 09:15 Ji Chen (Lehigh University) 

High brightness THz quantum-cascade lasers utilizing inexpensive 

custom-made lenses 

09:15 – 09:30 Huan Zhu / Gangyi Xu (Shanghai Institute of Technical Physics) 

Terahertz master-oscillator power-amplifier quantum cascade laser with 

improved output power 

09:30 – 09:45 Yongquan Zeng (Nanyang Technological University) 

Two-Dimensional Multimode Terahertz Random Lasing with Metallic Pillars 

09:45 – 10:00 Simone Biasco (NEST, CNR) 

High-power, low-divergent, single-mode THz quantum cascade wire lasers 

operating in pulsed and continuous-wave regime 

10:00 – 10:30 Tea break 

 

Session 10 Photodetectors-Chair: Yanko Todorov 
10:30 – 11:15 Philippe Bois (Thales Research & Technology) - Plenary talk 
   Infrared PDs 

11:15 – 11:45 Kaz Hirakawa/Zhang Ya (University of Tokyo) - Invited talk 

   Novel bolometric THz detection by MEMS resonators 

11:45 – 12:00 Behnam Mirzaei (Delft University of Technology) 

An 8-Beam, 4.7 THz Local Oscillator Using a Quantum Cascade Laser and a 

Phase Grating 

12:00 – 12:15 Pedro Pereira (Pontifícia Universidade Católica do Rio de Janeiro) 

Photovoltaic asymmetric superlattice QWIP with confined states in the 

continuum 

12:15 – 12:30 Zahra Asghari (University Paris Diderot- Paris 7) 

Room Temperature High Performances Quantum Cascade Detectors 

12:30 – 14:00 Lunch 

 

Session 11 Mid-IR Quantum Cascade Lasers-Chair: Igor Vurgaftman 

14:00 – 14:30 Liu Fengqi (Institute of Semiconductors, CAS) - Invited talk 
   History and recent development of QCLs in China 

14:30 – 14:45 Dan Botez (University of Wisconsin-Madison) 

4.7 μm-Emitting In-Phase Resonant-Coupled, Phase-Locked Arrays of QCLs: 

3.6 W Near-Diffraction-Limited Power 

14:45 – 15:00 Marco Piccardo (Harvard University) 

Beat spatial hole burning 

15:00 – 15:15 Frederic Demmerle (Technische Universität München) 

Surface Emission by Transversally Superimposed Gratings in Nonlinear 

Quantum Cascade Lasers 

15:15 – 15:30 Dan Botez (University of Wisconsin-Madison) 

High Internal Efficiency Mid-IR Quantum Cascade Lasers 



15:30 – 16:00 Tea break 

Session 12 Interband Cascade Lasers-Chair: Dan Botez 

16:00 – 16:30 Igor Vurgaftman (Naval Research Laboratory) - Invited talk 
   Interband cascade lasers in the mid-IR 

16:30 – 16:45 Alireza Mottaghizadeh (University Paris Diderot- Paris 7) 

Ultra-fast modulation of mid infrared buried heterostructure quantum cascade 

lasers 

16:45 – 17:00 Sukhdeep Dhillon (Laboratoire Pierre Aigrain) 

Multi-THz Sideband Generation on an optical telecom carrier at room 

temperature using InP-based Quantum Cascade Lasers 

17:00 – 17:15 Martin Holzbauer (Technische Universität Wien) 

Ring Cavity interband cascade lasers 

17:15    End of day four 

 

Friday 15 September 2017 
Session 13 Intersubband Devices and applications-Chair: Benjamin Williams 
09:00 – 09:30 Claire F. Gmachl /Yasin Kaya (Princeton University) - Invited talk 

II-VI and II-VI/III-V hybrid intersubband devices 

09:30 – 09:45 Martin Wienold (German Aerospace Center) 

Doppler-free spectroscopy with a terahertz quantum-cascade laser 

09:45 – 10:00 Rolf Szedlak (Technische Universität Wien) 

Commutable Monolithic QC Laser/Detector System for Remote Sensing 

10:00 – 10:15 Bernhard Lendl (Technische Universität Wien) 

New sensing approaches employing QCLs 

10:15 – 10:45 Tea break 

 

Session 14 Metasurfaces-Chair: Yasin Kaya 

10:45 – 11:30 Federico Capasso (Harvard University) - Plenary talk 
   Metasurface 

11:30 – 12:00 Benjamin Williams (University of California Los Angeles) - Invited talk 
   THz metasurface 

12:00 – 12:15 Matias Katz (Technion-Israel Institute of Technology) 

Vacuum-field Rabi Splitting at SWIR in Photocurrent of Quantum Cascade 

Infrared Photodetectors Coupled to Metamaterial Nano-antennas 

12:15 – 12:30 Lorenzo Bosco (ETH Zurich) 

High power surface emitting single mode Terahertz Quantum Cascade Laser 

12:30 – 12:45 Moritz Wenclawiak (Technische Universität Wien) 

Controlling the radiative response of plasmonic resonators in the terahertz 

regime 

12:45 – 14:00 Lunch 

14:00 – 17:00 NTU-visit 



Poster Sessions 
 
Monday 11 to Tuesday 12 September 2017 (10 am – 5 pm) 
Poster Session 1 

P1  Xiaoyong He (Shanghai Normal University) 

 Investigation of tunable manipulation terahertz waves based on graphene patterns 
P2  Hiroaki Yasuda (National Institute of Information and Communications Technology) 

Calculation of performance of InGaSb-based terahertz quantum cascade lasers 
P3  Wenjian Wan (Shanghai Insititute of Microsystem and Information Technology) 

Homogeneous spectral broadening of pulsed terahertz quantum cascade lasers with 
radio frequency modulation 

P4  Wenqi Wei (IOP CAS) 

C/L-band emission of InAs QDs monolithically grown on a CMOS compatible Ge 
platform 

P5  Sebastian Schoenhuber (Technische Universität Wien) 

Frequency resolved far fields of terahertz quantum cascade lasers 
P6  Jianbin Kang (Microsystem & Terahertz Research Center) 

Strain dependent intersubband transition in GaN/AlGaN single quantum well on 
different crystal planes 

P7  Sumit Saha (IIT (ISM), Dhanbad) 

Optical analysis of non-polar, m-plane GaN/AlGaN quantum cascade structures 
P8 Y. Zhang (University of Tokyo) 

Intersubelvel transitions in zero-dimensional nanomaterials probed by terahertz 
photocurrent spectroscopy 

P9 Xiaoqiong Qi (The University of Queensland) 

Dynamic modelling of coupled-cavity Terahertz Quantum Cascade lasers with optical 
feedback 

P10 She Han (The University of Queensland) 

Analysis of Granular Materials using a THz QCL operating as a Laser Feedback 
Interferometer 

P11 Yuanyuan Li (Institute of Semiconductors, CAS) 

High-power single-mode terahertz quantum cascade lasers 
P12 Holger T. Grahn (Paul-Drude-Institut fuer Festkoerperelektronik) 

Two-section, single-frequency terahertz quantum-cascade lasers with continuous 
frequency tuning by external illumination 

P13 Ke Wang (Quantum Device Group, RIKEN at Sendai) 

Waveguide design for GaN/AlGaN terahertz quantum cascade lasers 
P14 Moritz Wenclawiak (Technische Universität Wien) 

Efficient frequency conversion in THz metal-insulator-metal disk resonators loaded with 
semiconductor quantum wells 

P15 Roland Teissier (University of Montpellier) 

A comparative study of a three-well active region in double metal and single plasmon 
THz QCLs  

P16 Yue Zhao (Institute of Semiconductors, CAS) 



Phase-locked quantum cascade laser array based on a monolithically integrated Talbot 
cavity 

P17 Feng-Jiao Wang (Institute of Semiconductors, CAS) 

Normal incident long wave infrared quantum dash quantum cascade photodetector 
P18 Xuefeng Jia (Institute of Semiconductors, CAS) 

The design and fabrication of slotted quantum cascade lasers at 5.1μm 
P19 Wolfhard Oberhausen (Technische Universität München) 

Gain Coupled Distributed Feedback Mid-Infrared Quantum Cascade Lasers for THz 
generation 

P20 Djamal Gacemi (University Paris 7 Diderot) 

Parallel plates waveguide for single resonator THz spectroscopy 
P21 Tsung-Tse Lin (Center for Advanced Photonics, RIKEN) 

THz Quantum Cascade Lasers Toward High Output Power Near Liquid Nitrogen 
Temperature Operation 

P22 Thomas Grange (CNRS) 

Doping engineering in THz QCLs 
 
Wednesday 13 to Thursday 14 September 2017 (10 am – 5 pm) 
Poster Session 2 

P23 Yulian Cao (Institute of Semiconductors, CAS) 

Longer than 1.9 μm photoluminescence emission from InAs quantum structure on GaAs 
(001) substrate 

P24 Yanhua Zhang (Institute of Semiconductors, CAS) 

Pushing detection wavelength toward 1um by type II InAs/GaAsSb superlattices 
P25 Jianliang Huang (Institute of Semiconductors, CAS) 

Impact of band structure of Ohmic contact layers on the response feature of p-i-n very 
long wavelength type II InAs/GaSb superlattice photodetector 

P26 Benjamin Burnett (Northrop Grumman) 

Reliable density matrix modeling of THz QCL active regions from the energy eigenbasis 
P27 Kedi Wu (Nanyang Technological University) 

Grayscale hologram based on mid-infrared metasurfaces 
P28 Wj Fan (Nanyang Technological University) 

Electronic structure and optical properties of GeSn and Ge quantum wells 
P29 Xiaonan Hu (Nanyang Technological University) 

Graphene-based mid-infrared Si modulator 
P30 Stefan Birner (Nextnano GmbH) 

User-friendly Software for the Simulation of Quantum Cascade Lasers with the NEGF 
Method 

P31 Dao Hua Zhang (Nanyang Technological University) 

InAsSb based heterojunction infrared photodetectors 
P32 Yi Zheng (Nanyang Technological University) 

Growth of AlGaN/GaN multiple quantum well structure on silicon by plasma assisted 
molecular beam epitaxy for infrared photodetector 

P33 Lin Zhang (Nanyang Technological University) 



Epitaxial Growth of GeSn Alloy by Chemical Vapor Deposition (CVD) Using Ge2H6 and 
SnCl4 

P34 Ruochong Zhang (Nanyang Technological University) 

Noninvasive Photoacoustic Glucose Measurement by Near-infrared Laser  
P35 Mingyu Sun (Nanyang Technological University) 

Electrical modulation of all dielectric metamaterial tuned by birefringent liquid crystal 
P36 D. Ban (University of Waterloo) 

Lasing channels switching in dual color scattering assisted THz quantum-cascade laser 
P37 Xiao Zou (Nanyang Technological University) 

High efficient 3μm OPCPA pumped by temporal and spatial flat-top pulse 
P38 Shizhen Qu (Nanyang Technological University) 

3um OPCPA System With High Energy at 10kHz 
P39 Kun Liu (Nanyang Technological University) 

Stable broadband supercontinuum generation in dielectrics pumped by 1μm 
picosecond pulses for CEP-stable OPCPA 

P40 Tao Ye (Nanyang Technological University) 

Bright Monolayer Tungsten Disulfide via Exciton Chemical Modulations 
P41 Bin Hu (Beijing Institute of Technology) 

Active focal tuning of graphene-metal metasurface lenses 
P42 Lin Liu (Nanyang Technological University) 

Strong Light-matter Interaction in Monolayer WS2 Coupled with Nanoantenna Arrays 
 
 



 
 
 
 
 
 
 
 
 
 
 

Plenary and Invited talks 
 
 
 
 
 
 
 
 
 
 



High Performance Flat Optics from the Mid-IR to the Visible 

Federico Capasso 

Harvard John A. Paulson School of Engineering and Applied Sciences 

 Harvard University 

Cambridge, MA 02138 

capasso@seas.harvard.edu 

The design of fundamental optical components such as lenses, relying on textbook refractive and diffractive 
optics, has remained essentially unchanged for decades. Subwavelength structured surfaces known as 
metasurfaces are leading to a fundamental reassessment of such designs with the emergence of optically 
thin, ultracompact components that circumvent the limitations of standard optics and have the ability to 
shape the wavefronts of light in arbitrary ways.1, 2 Our formulation of the generalized Snell law3 for 
metasurfaces has led us to demonstrate diffraction limited metalenses in the near-iR, mid-IR and the visible, 
including achromatic focusing at discrete wavelengths and in a finite bandwidth.4-9 Metalenses are expected 
to find high volume applications in areas such as cameras, displays, wearable optics for virtual/augmented 
reality, microscopy, white lighting. 10 High performance ultra compact polarimeters11 and spectrometers 
based on metasurfaces12 will also be discussed along with new phase plates that generate complex 
wavefronts such as helical beams with arbitrary orbital angular momentum13 and Bessel beams of any 
order.14  

1. N. Yu and F. Capasso Nature Materials 13, 139 (2014) 
2. P. Genevet et al. Optica 4, 139 (2017) 
3. N. Yu et al. Science 334, 333 (2011) 
4. F. Aieta et al. Nano Letters 12, 4932 (2012) 
5. F. Aieta et al. Science 347, 1342 (2015), 
6. M. Khorasaninejad et al Nano Letters 15, 5358 (2015) 
7. S. Zhang et al. Optics Express 24, 18024 (2016) 
8. M. Khorasaninejad et al. Science 352, 1190 (2016) 
9. M. Khorasaninejad et al Nano Letters 17, 1819 (2017) 
10. Metalens: https://www.youtube.com/watch?v=ETx_fjM5pms 
11. J.P. Balthasar Mueller et al. Optica 3, 42 (2016) 
12. A. Y. Zhu et al. APL Photonics 2, 036103 (2017) 
13. R. C. Devlin et al. Optics Express 25, 377 (2017) 
14. Wei Ting Chen et al. Light: Science & Applications 6, e16259 (2017)  

 

 

https://www.youtube.com/watch?v=ETx_fjM5pms


THz amplifiers, phased arrays, and novel emitting structures 

Qing Hu 

Department of Electrical Engineering and Computer Science, Research Laboratory of Electronics, 
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA 

Contact Email: qhu@mit.edu 

In this talk, we will present our development of amplifiers of free-space THz radiation [1], 
phased arrays through global antenna coupling [2], antenna-coupled photonic wire lasers [3], and 
unidirectional photonic wire lasers [4]. The schematics of these devices are illustrated in the figures 
below. 

 
Left: SEM pictures for a typical THz radiation amplifier. (a) 
The overall view of the amplifier. (b) Close-up view of the same 
picture. (c) SEM picture of a single-element 3-period device. (d) 
Zoom-in picture shows a clear air-bridge structure and its SiO2 
insulation layer. 
Right: Schematic of phased array through global antenna 
coupling. 

 

 

 

 

 

 

Left: SEM of an antenna-coupled wire laser. 
Right: Schematic of a unidirectional wire laser. 
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2. Tsung-Yu Kao, John L. Reno, and Qing Hu, “Phase-locked laser arrays through global antenna mutual 
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Photonic Wire Lasers,” Optics Express, 23, 17091- 17100, (2015). 
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to be published in Nat. Phot. (2017). 

 
 



ISBT for IR Detection 

Philippe Bois 

3-5 lab, Campus Polytechnique, 1 Avenue Augustin Fresnel, 91767 Palaiseau, France 

mailto:philippe.bois@thalesgroup.com 

 

Since the late 80's, tremendous progress has been made in developing Infrared Detectors 

based on Intersubband Transition in Quantum Wells. After many years, their physics is now 

well enough understood allowing a change from laboratory objects to commercial products. 

The versatility of the band-gap engineering gives large freedom in detector design to fulfill 

specific application requirements in MWIR, LWIR or VLWIR ranges. The maturity of III-V 

microelectronics based on GaAs or InP substrates gives uniformity, stability and high 

production rate, suitable for large format focal plane arrays. In this presentation we will 

discuss and give illustrations of the specific advantages of QWIPs and QCDs. An overview 

of the available performances and production status will be presented. 

 

mailto:philippe.bois@thalesgroup.com


Ultrastrong Light-Matter Coupling in a High-Q Terahertz Cavity 
 

Junichiro Kono 
Departments of Electrical & Computer Engineering, Physics & Astronomy, and Materials Science & 

NanoEngineering, Rice University, Houston, Texas, U.S.A. 
kono@rice.edu 

 
Strong resonant light-matter coupling in a cavity setting is an essential ingredient in fundamental cavity 

quantum electrodynamics (QED) studies as well as in cavity-QED-based quantum information processing. In 
particular, a variety of solid-state cavity QED systems have recently been examined, not only for the purpose of 
developing scalable quantum technologies, but also for exploring novel many-body effects inherent to condensed 
matter. For example, collective N1/2-fold enhancement of light-matter coupling in an N-body system, combined 
with colossal dipole moments available in solids, compared to traditional atomic systems, is promising for entering 
uncharted regimes of ultrastrong light-matter coupling. Nonintuitive quantum phenomena can occur in such 
regimes, including a squeezed vacuum state, the Dicke superradiant phase transition, the breakdown of the Purcell 
effect, and quantum vacuum radiation induced by the dynamic Casimir effect. However, creating a system that 
combines a long electronic coherence time, a large dipole moment, and a high cavity quality (Q) factor has been a 
challenging goal. 

This talk will describe our recent observation of 
collective ultrastrong light-matter coupling in an 
ultrahigh-mobility two-dimensional electron gas (2DEG) 
in a high-Q terahertz photonic-crystal cavity in a 
quantizing magnetic field, demonstrating a cooperativity 
of ~360 [1]. The electron cyclotron resonance (CR) peak 
exhibited splitting into the lower and upper polariton 
branches with a magnitude that is proportional to the 
square-root of the 2DEG density, a hallmark of collective 
vacuum Rabi splitting. Remarkably, the influence of this 
large splitting can be seen even in a frequency region 
where the detuning is larger than the resonance frequency 
itself. Furthermore, a small but definite blue shift was 
observed for the polariton frequencies due to the normally 
negligible A2 term in the light-matter interaction Hamiltonian. Finally, the high-Q cavity suppressed the 
superradiant decay of coherent CR, which resulted in an unprecedentedly narrow intrinsic CR linewidth of 5.6 
GHz at 2 K. These results open up a variety of new possibilities to combine the traditional disciplines of many-
body condensed matter physics and cavity-based quantum optics. 
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Recent years have seen a significan growth of interest to the optical frequency combs (FCs) for 
use in metrology [1,2] and especially spectroscopy.  While significant strides had been made in 
deevlopment of FCs in the visible and near IR using mode-locked lasers and microresonators, 
the progress had been less rapid in the mid-IR and THz regions until the last few years when it 
had been demonstrated [3]  that free running quantum cascade lasers (QCLs) are capable of 
producing frequency combs in mid-IR and THz [4]  regions of the spectrum. Unlike familiar 
FCs combs originating from mode locked lasers the QCL FC’s do not require any additional 
optical elements inside the cavity and have temporal characteristics that are dramatically 
different from the periodic pulse train of conventional FC’s. The QCL FC’s are characterized by 
absence of sharp pulses and strong frequency modulation periodic with the cavity round trip 
time but lacking any periodicity within that period. Previous model [5] based on coupled laser 
mode equations in frequency domain had explained that frequency modulation (FM) regime is 
indeed the lowest threshold operational mode of QCL due to mitigation of both spatial and 
spectral hole burning. But the observed „randomness“ of the FM has defied explanation up until 
now. To explicate for this seemingly perplexing behavior, we develop a model of QCL gain 
medium using Optical Bloch equations (OBEs) that accounts for the hole burning in the laser 
gain profile in  spectral, spatial and temporal domains. With this model we confirm that the 
most efficient mode of operation of a free running QCL is indeed a pseudo-random frequency 
modulated field with nearly constant intensity. We show that the optimum FM period is 
commensurate with the gain recovery time of the laser medium and the FM amplitude is 
comparable to the gain bandwidth, behavior that has indeed been observed in experiments. 
Interestingly, while the observed behavior appears to be random, it can, nevertheless be quite 
tsable and even repeatable for each particular QCL and in this talk a potentail explanation for 
this phenomenon will be pressented as well.  
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Introduction 

Intense, spectrally narrow terahertz fields from the free-electron laser (FEL) facility FELBE in 

Dresden, Germany, provide interesting opportunities for investigating the carrier dynamics in 

III-V semiconductor nanostructures. This talk will focus on recent FEL studies on dressing 

intersubband transitions (ISBT) in a wide GaAs single quantum well (QW) using terahertz 

(THz) time-domain spectroscopy, and on exciton dynamics in a single InAs/GaAs quantum dot 

(QD) using time-dependent photoluminescence (TDPL). 

1. Dressing intersubband transitions in a wide GaAs single quantum well 

Combining spectrally narrow FEL pump pulses with terahertz time-domain spectroscopy 

involving broadband THz probe pulses allows us to study the intersubband relaxation dynamics 

with added spectral resolution. In this way, it becomes possible to detect pump-induced 

modifications of the entire absorption spectrum, in particular dressed intersubband transitions 

and related coherent phenomena. 

We have investigated a 40 nm wide modulation doped single GaAs QW with the 1-2 ISBT 

located at 2.15 THz and the 2-3 transition at 3.4 THz. The sample is equipped with a top gate 

which allows us to tune the carrier density in the quantum well. Suitable modulation of the gate 

voltage enables us to measure directly the influence of the carriers present in the QW, which 

leads to efficient baseline suppression and very good sensitivity to intersubband absorption [1]. 

As a main goal, these experiments aim at pumping the 2-3 transition resonantly using the FEL 

and detecting induced changes in the spectral line shape of the probe absorption. As a textbook 

expectation, the 1-2 and 2-3 transitions should split in this case into an Autler-Townes doublet 

and a Mollow triplet, respectively. 

2. Sublevel dynamics in a single InAs/GaAs quantum dot 

In order to avoid strong inhomogeneous broadening, which is usually present in QD ensembles 

and gives rise to limited spectral resolution, we have developed a micro-TDPL setup which is 

sensitive enough to enable measurements on one single QD. In this way, by avoiding spectral 

overlap between different QD exciton levels which would occur in QD ensembles, it becomes 

possible to study the dynamics of QD exciton levels [2]. 

In our experiments, we investigate in particular the dynamics of the s-to-p inter-sublevel 

transition, which occurs in the range 13 – 20 meV for the QD under study. Resonant THz 

excitation, at about 0.7 ns time delay after interband excitation, causes an instantaneous 



reduction of the ground state TDPL. The signal recovers within about 100ps towards a value 

which depends on the near-infrared excitation energy. In particular, qualitatively different 

behavior is observed for interband excitation of the GaAs matrix, the InGaAs wetting layer, and 

quasi-resonant QD excitation. The experimental results are analyzed using a phenomenological 

rate equation. 
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Abstract  

We report recent advances in the development of terahertz quantum-cascade lasers 
based upon metasurfaces [1, 2]. The metasurfaces in question are up of sub-wavelength 
reflectarrays of antenna-coupled sub-cavities, each loaded with quantum-cascade active material. 
The sub-cavities are fabricated using the metal-metal waveguide technology that is standard for 
THz QC-lasers; the geometry is very similar to that of microstrip patch antennas fabricated on a 
continuous ground plane. When electrical bias is applied, the quantum-cascade material 
provides THz gain, and the metasurface becomes an amplifying reflector, which can be placed 
as part of an external cavity. This allows the demonstration of QC vertical external cavity 
surface emitting lasers (VECSELs), which is particularly useful to allow the scaling of laser 
power while maintaining a high quality, near diffraction limited beam - something which has 
been a long standing challenge for THz quantum-cascade lasers with sub-wavelength metallic 
waveguides. 

Several recent advances will be discussed which show the potential of this approach. 
First is the demonstration of focusing metasurface VECSELs, in which the dimensions of the 
sub-cavities on the metasurface are engineered to create a spatially varying phase of the 
reflection coefficient that mimics a parabolic reflector. This is used to demonstrate flat-optic 
hemispherical cavity VECSELs, which exhibit improved cavity stability, and high-brightness, 
near-diffraction limited beam patterns with beam quality parameters as low as M2=1.3 [3]. 
Second, we will discuss the recent demonstration of intra-cryostat cavity VECSELs, where the 
output coupler reflector is moved inside the cryostat. This results in significantly improved 
performance, due to the elimination of intracavity aborption and etalon effects associated with 
the cryostat window. For example, pulsed-mode operation of devices at 77 K with peak power 
of 140 mW and slope efficiencies of 745 mW/A has been observed. Furthermore, this 
configuration allowed the use of much shorter cavity lengths, which in turn allows smaller 
metasurface active areas. This reduces the total thermal load, which enabled observation of >5 
mW of continuous-wave power at 83 K in a directive beam – the best reported from a THz QCL 
to date. Third, we will discuss the demonstration of a QC-VECSEL in which the polarization of 
the output can be dynamically switched. This is accomplished by the design of a metasurface 
made up of two sets of inerlaced antennas. Each set of antennas is designed to amplify only a 
specific polarization, and can be separately electrically biased to allow electrical switching 
between two nearly-orthogonal linear polarization states [4].  
 
 



 

Fig. 1: (a) Schematic of reflectarray metasurface terahertz quantum-cascade laser 
based upon the VECSEL concept. (b) SEM image of antenna array with tapered lossy 

terminations to prevent self-oscillation. 
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The THz spectral domain (1-20 THz) has numerous applications in spectroscopy, gas sensing, 
security screening, and imaging, and is even seen as the next frontier for wireless 
communications [1, 2]. Com-pact and powerful sources of THz radiations, such as quantum 
cascade lasers are now available, and they deliver more than 10mW in continuous wave, even if 
they are constrained to operate at cryogenic temperatures (< 50 K). On the other hand, the 
detection in the THz domain is a notoriously difficult problem, owe to the large photon 
wavelengths involved. Indeed, neither of the existing commercial THz detectors, such as 
bolometers or Golay cells, are altogether sensitive, fast and room temperature [3]. These issues 
can be tackled by adopting completely novel approaches for the electromagnetic confine-ment 
in the detector, inspired from the recent progress of electromagnetic metamaterials [4]. In this 
approach, engineered metamaterial resonators are used to provide highly sub-wavelength 
confinement of the electromagnetic field, and direct THz photons into detector absorbers with 
high efficiency. 
 
I will report on our effort to take benefit from metamaterial architectures for THz detection. 
These efforts concern two classes of devices. The first is intrinsically quantum detectors, such 
as QWIPs, where the increased electromagnetic field confinement leads to a drastic suppression 
of the dark current and higher operating temperatures [5]. I will report on our recent progress 
with patch cavities and our studies on new metamaterial architectures. In the second type of 
device, a THz metamaterial resonator is upgraded with a mechanical element enabling a 
nanoscale optomechanical coupling. This approach allows detection at room temperature with 
high speed, with sensitivities that can potentially reach those of commercial semiconductor 
bolometers operating at cryogenic temperatures [6]. 
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Abstract 

Over the last 23 years quantum cascade lasers (QCLs) have become powerful, reliable, versatile 
and desirable light sources, providing tailorable emission in a wide range from the mid-infrared 
to the terahertz spectral region. Therefore, such lasers are suitable for many applications in science, 
medicine and industry. In spite of the developments during the last 20 years in this lively field 
there is still room for further improvement in terms of materials, material combinations, and 
growth. In addition, various cavity concepts have been developed, partly exploited, and might 
open broader applications and novel markets. This talk covers recent material and growth related 
advancements as well as the development of innovative cavity concepts enabling unique sensor 
concepts. 
From a growth perspective symmetric quantum cascade laser active regions can be used to study 
material and growth related effects on the device performance. GaAs, InAs and InGaAs-based 
heterostructures will be discussed in terms of material induced imperfections like monolayer 
fluctuations (InAs THz QCs), roughness scattering (e.g. InGaAs/GaAsSb), or dopant diffusion 
during epitaxial growth (GaAs/AlGaAs). Novel, more exotic material combinations for QC 
devices will be addressed. 
Apart from QCLs the field around QC devices also includes quantum cascade detectors (QCDs) 
and the combination of QC lasers and detectors. Combined laser/detector single chip systems are 
asking for additional design rules and processing recipes. Various cavity concepts like facet 
emitting, surface emitting, and substrate emitting lasers and their detector counterparts will gain 
importance in the future. 
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Abstract 

The invention of quantum cascade laser (QCL) by Bell Laboratories in 1994 proved the 
feasibility towards efficient mid-infrared light sources by III-V compound semiconductor 
quantum wells. The MBE technique is considered as the basis in the early stage of QCL 
development. As one of the MBE pioneers in mainland of China, Li Aizhen has explored QCLs 
since 1995 using a gas source MBE in Shanghai, and demonstrated a QCL operating at 
wavelength of 8.16 µm in 1998. In the meantime, Liu Fengqi has studied QCL since 1996 using 
a solid source MBE in Beijing, and realized a QCL emitting at 5.1 µm in the end of 1999 and 
the room temperature operated QCLs emitting at ∼3.54 µm in 2000. Thereafter progressive 
improvements have been achieved in China. More recently, several groups have reported the 
results on terahertz QCLs and the potential applications, more and more companies have 
attempted the usages of QCL on air-pollution, water-contamination, industrial-discharge, 
breath-medicine, and toxicant detection.  

At present, how to increase the efficiency of QCL further on is still a challenge. Although 
quantum dot cascade laser (QDCL) is supposed as high-efficiency, the growth of QDCLs is 
extremely difficult. Liu’s group has demonstrated QDCLs by two-step strain-compensation 
active region design and material growth technique. The QDCLs based on three-layer QDs 
active region, two-layer QDs active region, and single-layer QD active region have been 
exploited, paving a route for QDCLs.  

In this talk, I will review the history of QCLs in China, and present latest QDCLs results of 
Liu’s group.  
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Fig. 1: (a) The layer structure of QDCL based on three-layer QDs active region. (b)Calculated 
conduction band diagram and subband wave functions under electric bias. 

 

 
Fig. 2: P-I-V curves of QDCL operating in CW mode at room temperature. Inset: Spontaneous and stimulated 

emission spectra from both QDCL and QCL samples at room temperature. 
 
 
 

 
 

Fig. 3: The lasing spectrum of a QDCL based on single-layer QD active region, and the corresponding temperature 
dependence of the threshold current. 
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Microelectromechanical system (MEMS)-based resonators are very attractive for sensing 

applications owing to their high sensitivities. High quality (Q)-factors of MEMS resonators lead 

to excellent sensitivities in detecting changes in the resonance frequencies. Recently, we 

proposed an uncooled, sensitive bolometer by using a MEMS resonator1,2. When a heat is 

applied to the MEMS beam, an internal thermal stress is generated in the beam and decreases 

the resonance frequency. The present device detects such a shift in the resonance frequency 

induced by THz radiation and works as a very sensitive bolometer. The MEMS bolometers have 

advantages such as (1) high sensitivity, (2) high speed operation, and (3) being suitable for 

making detector arrays.  

Fig. 1(a) shows the wafer structure3 and Fig. 1(b) shows a schematic illustration of a 

MEMS resonator, which can be excited and detected both by piezoelectric effect.2 The device 

had an oscillation frequency of ~380 kHz and a Q-factor of ~ 3000, measured in a vacuum at 

300 K. We deposited a 10-nm NiCr layer on the MEMS beam surface as a THz absorber and 

also as a heater for the calibration of the sensitivity of the detector. When a heating power is 

applied to the NiCr film, a thermal stress is generated in the beam, which reduces the resonance 

frequency, as shown in Fig. 1(c). We have estimated the noise equivalent power (NEP) of the 

resonator to be below 20 pW/Hz1/2, which is very promising for realizing high sensitivity 

terahertz (THz) detection at room temperature. 

Furthermore, we have performed frequency modulation (FM) detection for fast operation 

of the MEMS bolometers. In the conventional “slope detection” scheme, the shift in the 

resonance frequency is determined by the change in the oscillation amplitude, which limits the 

operation bandwidth to be ~f/Q (~100 Hz for the present device). In contrast, in the FM 

detection scheme, the resonator works in a self-sustained mode with a constant amplitude by 

using a feedback circuit. The FM detection scheme allows a heat detecting speed which is not 

limited by the Q-factor, allowing fast THz detection in the order of several kHz. Fig.1 (d) shows 

the normalized thermal responses in two different schemes (slope detection and FM detection) 

as a function fo the heat modulation frequency. As seen, the heat detecting bandwidth for the 

FM detection is ~50 times larger than that for the slope detection scheme, demonstrating fast 

THz bolometric detection by MEMS resonators. 

Finally, we have fabricated a two-dimensional phononic crystal (PnC) structure on the 

MEMS beam resonators in ordert o enhance the thermal sensitivity by modulating their thermal 

conductances. Since the phonon wavelength at 300 K is much shorter than the period of the 

fabricated PnCs, the predominant effect of introducing the PnCs is to enhance phonon scattering 

and reduce the thermal conductance of the beam. The measurement results show that the 

samples with PnC has larger thermal sensitivities (1.6~2 times) than that of the reference sample 

without PnC, indicating effectiveness of PnCs for thermal sensing applications. 
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Fig. 1 (a) Schematic cross section of the wafer structure. (b) Schematic sample structure of the MEMS resonator 

(120L×30W×1.5H μm3).  (b) Shift in the resonance frequency with increasing heating power. (c) Normalized thermal 

responses for the slope and FM detection schemes as a function of the heat modulation frequency. 
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Abstract 

Interband cascade lasers (ICLs) combine the long carrier lifetimes characteristic of interband 
transitions with the high voltage efficiency of a cascaded geometry, enabling room-temperature 
threshold current densities of ≈ 150 A/cm2 in the mid-IR (3-6 µm). We compare and contrast the 
fundamental performance charactersitics of the ICL and the quantum cascade laser (QCL). We 
also review the state-of-the-art performance of the ICLs and ICLEDs. 

1. Interband vs. Intersubband Transitions for Mid-IR Lasers 
In order to analyze the fundamental limitations of the device performance, we need to address the 
differences and similarities between active interband and intersubband transitions. A key 
difference is that the carrier lifetime in a narrow-gap interband device is driven primarily by Auger 
recombination, with typical values of a fraction of 1 ns at the sheet carrier densities of 5-10x1011 
cm-3 necessary to reach the lasing threshold, whereas the scattering time for carriers in the upper 
subband of a mid-IR intersubband structure, as determined by a combination of phonon and 
interface-roughness scattering, is nearly three orders of magnitude shorter. 
 While the short lifetime for intersubband transitions are disadvantageous, this is mitigated 
by a somewhat higher differential gain and a far lower transparency carrier density. In practice, 
the modal differential gain is boosted by employing a large number of active stages, each with an 
emitting intersubband transition. These factors reduce the difference in threshold power density 
for operation at room temperature in the mid-IR to only an order of magnitude [1]. However, the 
underlying reasons that QCLs have become practical and versatile devices are their use of the 
mature InP-based material system and the much weaker temperature dependence of the threshold 
and slope efficiency. We will review these considerations with practical examples during the talk. 

2. State-of-the-Art Edge-Emitting Interband Cascade Lasers 
We will discuss the current status of ICLs and the factors limiting their performance. At room 
temperature, cw operation with input powers as low as 30 mW has been demonstrated [2]. Single-
mode distributed-feedback (DFB) ICLs emitted 27 mW of cw output power at λ = 3.8 µm at T = 
40oC [3]. The current tuning range at fixed T was 10 nm, while the full temperature tuning range 
was 21.5 nm. DFB ICLs have emitted in a single spectral mode at λ as long as 6.6 µm [4]. 
 A 32-µm-wide ICL ridge that was designed for high-power operation a emitted 464 mW 
of cw power at T = 25oC, with a wall-plug efficiency of 11% and beam quality characterized by 
M2 = 1.9 [5]. However, the slope efficiency decreases significantly for λ < 3.5 µm, which sets a 
limit on how much power can be generated. The origin of this “efficiency droop“ remains unclear 
at this time, although cavity-length measurements indicate that the internal loss increases above 
the lasing threshold, possibly because of poor carrier pinning [6]. 

3. Interband Cascade Vertical-Cavity Surface-Emitting Lasers and LEDs 



Recently, we demonstrated an electrically pumped interband cascade vertical-cavity surface-
emitting laser (ICVCSEL) operating at room temperature at λ =3.4 µm [7]. Whereas intersubband 
transitions provide very little gain for in-plane polarization, the compressively-strained hole wells 
in ICLs are ideal for this purpose. The bottom Bragg mirror was formed with 22.5 repeats of 
GaSb/AlAsSb, while the cavity included 15 interband cascade stages split into three groups of 
five positioned at the antinodes of the optical field. The top mirror was a 4-period Ge/Al2O3 Bragg 
reflector. The threshold current density at room temperature was as low as 390 A/cm2 for a 60-
µm-diameter mesa with a 40-µm-diameter opening in the top metallization. Ongoing work 
focuses on the development of ICVCSELs capable of cw operation, single-mode emission, and 
higher output power. 
 We also recently demonstrated interband cascade light-emitting devices (ICLEDs), 
emitting at peak wavelengths of 3.1-3.2 µm, which when operated at T = 10-105 ºC display higher 
maximum output powers, radiances, and efficiencies than any earlier mid-IR LEDs. A novel 
design positions the 22 active stages at the antinodes of the normal field near the center of the 
emission spectrum, we observed 3.1 mW of cw output power at T = 10oC from an ICLED with 
400 µm diameter. A radiance of 0.6 W/cm2/sr can be achieved at a wall-plug efficiency of ≈ 0.1%. 
The efficiency decreases at higher currents because the dominant Auger recombination 
mechanism scales faster with carrier density than radiative recombination. 
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Fig. 1: L-I-V characteristics for an epi-down-mounted ICLED with mesa diameter 400 µm operating cw at six 

different temperatures ranging from 10°C to 105ºC. 
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Abstract 
Mid-infrared (MIR; 3-20 µm) sensor technology is increasingly adopted in environmental 
analysis, process monitoring and biodiagnostics due to the inherent molecular specificity 
enabling the discrimination of molecular constituents at ppm-ppb concentration levels in 
condensed and vapor phase media. Recently emerging strategies taking advantage of innovative 
waveguide technologies such as substrate-integrated hollow waveguides, and planar 
semiconductor waveguides shaped into sophisticated optical structures (e.g., MIR Mach-
Zehnder interferometers) in combination with highly efficient light sources such as tunable 
quantum cascade and interband cascade lasers (QCLs, ICLs) facilitate compact yet robust MIR 
diagnostic platforms for label-free chem/bio sensing and diagnostics. Highlighted applications 
will include advanced breath diagnostics, mid-infrared assay technology, and IR lab-on-chip 
systems. 

State-of-the-art sensing platforms ideally benefit from miniaturized and integrated optical 
technologies providing direct access to molecule-specific information. With in-situ sensing 
strategies e.g., in harsh environments or point-of-care diagnostics in medicine becoming more 
prevalent, detection schemes that do not require reagents or labeled constituents facilitate 
localized on-site analysis close to real-time. 

This presentation will focus on using mid-infrared spectroscopy and sensing schemes for non-
invasive biodiagnostics via analyzing exhaled breath. In particular, sensing systems providing 
access to minute sample volumes, as encountered in small animal models (e.g., mice) will be 
highlighted. Furthermore, challenges along the translation of these technologies from the 
laboratory to the small animal model, and further on to the human patient will be discussed. 
 

 
Fig. 1: (left) Front panel view of prototype APOSEMA gas analyzer system for online monitoring of carbon dioxide 
(sum), isotope ratio 13CO2/12CO2, and oxygen in exhaled mouse breath. The APOSEMA analyzer was developed in a 

collaboration between IABC-UULM (GER), OptoPrecision GmbH (GER), Nanoplus GmbH (GER), Joanneum 
Research Forschungsgesellschaft mbH (AUT), and TecSense GmbH (AUT). (right) Schematic system design. 



   
Fig. 2: (left) CAD model of a straight-channel substrate-integrated hollow waveguide (iHWG) pioneered at IABC, 

which simultaneously serves as a waveguide, and as a miniaturized gas cell (internal volume: 300 µL3). (right) 
iHWG-based sensing systems developed at IABC. 

   
Fig. 3: (left) Performance of ICL-based APOSEMA prototype: 45 measurements (i.e., six mouse experiments); 
mean relative deviation of 0.44% TTR (i.e., tracer-to-tracee ratio; 12CO2/13CO2), and 0.60% CO2 vs. GC-MS. 

(right) Exemplary trace of CO2 and O2 obtained during mouse experiment. All mouse experiments were 
performed in collaboration with the Institute of Anesthesiologic Pathophysiology and Method Development @ 

Ulm University Medical Center (GER). 
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Abstract 

The terahertz wave with the frequency defined between 0.1 and 10 THz is of great interest due 

to its unique properties such as transparency for papers and plastic materials, abundant 

absorption "fingerprints" of various chemicals, and potential large communication bandwidth. 

The development of the terahertz technology is strongly dependent on the advances of terahertz 

sources and detectors. In our laboratory, we have been working on the semiconductor photonic 

devices employing the intersubband transitions, quantum cascade laser (QCL) and quantum 

well photodetector (QWP), for terahertz generation and detection, respectively. Here in this 

work, we report the homogeneous spectral spanning of terahertz QCLs for comb operation and 

fast terahertz QWP for detection of gigahertz modulated terahertz radiation. 

A hybrid active region structure, bound-to-continuum transition combined with resonant phonon 

extraction, is adapted for the QCL design. The fabricated single plasmon waveguide ridge lasers 

show an ultralow threshold current density, which gives us an opportunity to investigate the 

coherent properties of long cavity terahertz QCLs in continuous wave mode. The 6-mm long 

QCL in free running demonstrates frequency comb operation characterized by the electrical 

inter-mode beat note signal in both frequency and time domains. Due to the long cavity 

geometry that results in a smaller inter-mode beat note frequency and then stronger mode 

coupling, we can efficiently modulate the long cavity laser and broaden the terahertz emission 

spectra utilizing a radio frequency modulation technique. The modulated spectra can 

homogeneously span 330 GHz frequency range, which is approximately 8% of the central 

frequency, as shown in Fig. 1(a). Using the long cavity laser with homogeneous spectral 

spanning, GaAs etalon transmission and ammonia gas (NH3) absorption measurements are 

successfully demonstrated. 

The fast detection of terahertz radiation is of great importance for various applications such as 

fast imaging, high speed data transmission, and spectroscopy. The terahertz QWP is intrinsically 

characterized by the fast operation due to the fast carrier relaxation. However, due to the RC 

limit, the detection of gigahertz modulated terahertz radiation has not been reported for terahertz 

QWP. Here, by carefully designing the device structure and the microwave transmission line, 

we first demonstrate the fast detection of terahertz light using a terahertz QWP with a device 

area of 400x400 μm2. The electrical rectification measurements reveal that the QWP device has 

a modulation response bandwidth upto 4.3 GHz. As a proof for the fast detection, a 6.2 GHz 

modulated terahertz light emitted from the 6-mm long terahertz QCL is successfully detected in 

terms of inter-mode optical beat note spectrum using the fast terahertz QWP. The experimental 

setup is shown in Fig. 1(b). The inset of Fig. 1(b) shows the measured beat note spectrum peak 

at 6.2 GHz. 

 

 



 

Fig. 1: (a) Homogeneous spectral spanning of terahertz QCL frequency comb. (b) Fast terahertz detection using 

terahertz QWPs. 
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Abstract 
Terahertz quantum cascade lasers (THz-QCLs) are unique light sources in the submillimeter 
wavelength range with enormous potential for novel, groundbreaking scientific instrumentation 
as well as novel commercial applications. Light generation in THz-QCLs is achieved by radiative 
transitions between quantum-well states within the conduction band of a semiconductor 
heterostructure. The maximum operating temperature of THz-QCLs is currently limited to values 
up to ~200 K in pulsed operation mode and its improvement has decelerated in the last 
years. 
For THz-QCLs with using vertical transitions, the main physical mechanism that limits  and 
reduces the population inversion at high temperatures is thermally activated LO-phonon 
scattering [2]. One way to improve the temperature degradation of THz-QCLs is by using 
diagonal structures in order to reduce non-radiative scattering from the upper into the lower laser 
state [3]. However, this approach is limited by carrier leakage into excited states and into the 
continuum, which is enhanced in highly-diagonal structures [4, 5]. Although room-temperature 
negative differential resistance (NDR) behavior that indicates for suppressed leakage into excited 
and continuum states was demonstrated for devices combining high barriers and thin wells, 
reported  values for these structures remained low (~90 K). 
Here we discuss novel design schemes for THz-QCLs with room-temperature NDR. Our 
structures benefit from a nearly ideal isolation of the upper laser level from excited and continuum 
states, which results in NDR behavior up to room temperature and maximum lasing temperatures 
as high as 170 K. In order to achieve simultaneously room-temperature NDR and such 
high values of , a novel so-called “direct-phonon” relaxation scheme is designed and 
implemented. Due to its energetically isolated laser levels system, this novel scheme serves a 
good platform to study carrier dynamics and mechanisms that govern the temperature 
performance of THz-QCLs. Our approach serves as an excellent platform towards achieving 
terahertz room-temperature lasing. 
 
 
 
 
 
 
 
 
 

Fig. 1: Current-voltage curves of a novel direct-phonon (DP) THz-QCL 
structure at low, maximum-operating and room temperatures.
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Resonant leaky-wave coupling has been used to phase-lock five-element, 4.7 µm-emitting QCL 
arrays primarily in the in-phase array mode. Beams of lobewidths 1.68 × diffraction limit (D.L.) 
are obtained at 3.6 W in structures close to the lateral (leaky-wave) resonance condition [1]. In 
structures further away from resonance in-phase-like beam patterns with lobewidths 3.5 × D.L. 
are obtained at 6.1 W. Simulation studies are in good agreement with experimental results.  
      The devices are fabricated by a two-step MOCVD growth process (Fig. 1 a) that involves 
the regrowth of high-index interelement regions, to obtain arrays of laterally antiguided 
elements. A 35-stage core region with a 0.5 µm-thick InP spacer layer was grown using an 
active-region structure similar to that of conventional 4.7 µm-emitting QCLs [2]. A regrowth 
temperature of 675oC was found to improve the surface morphology and layer-thickness control 
compared to the 620oC value previously used for 8.4 µm-emitting arrays [3]. The regrown 
layers, in deep trenches made by using a Si3N4 mask and wet and dry etching, were Fe: InP and 
InGaAs (Fig. 1 a). After regrowth, a Si3N4 mask is placed, for current confinement, 5 µm away 
from the array edges. Then, Ti and Au films are evaporated for metal contact. 3 mm-long, HR-
coated chips were tested under pulsed operation in the epi-side up configuration.  
 

    Arrays of two different interelement width St: 4.8 µm and 6.35 µm, were studied. Fig. 1 b 
shows the simulated threshold current Ith as a function of St by using the actual regrown-layer 
geometry (Fig. 1 a). Resonance occurs at St ≈ 4.6 µm, where the in-phase mode is found to have 
uniform intensity across all array elements. Near resonance, at St = 4.8 µm, the in-phase mode 
has the lowest Ith value and there is strong discrimination against other array-modes lasing; 
thus, near-D.L. in-phase-mode operation to high drive levels is expected. In contrast, for St = 
6.35 µm, while the in-phase mode lases first, low intermodal discrimination is likely to result in 
moderate beam broadening, due to multi-mode operation at high drive levels above threshold. 

Fig. 1(a) SEM images: interelement region and 5-element array; (b) Intermodal	  discrimination vs. interelement width.	  



The strong intermodal discrimination near in-phase resonance is caused by the other array 
modes being subjected to significantly more absorption loss in the intelement regions, to the Ti 
and Au layers, than the in-phase mode [1,3].	   

 

      The Ith values are ~ 4.3 A and ~ 5.3 A when St  is 6.35 µm and 4.8 µm (Fig. 2 a). For the 
near-D.L operation case, the threshold-current density Jth is ~ 1.9 kA/cm2 when considering 
current spreading under the interelement regions and 5 µm beyond the SiN isolation-film’s 
edges. Note that, for the near-D.L case, the Ith value (i.e., 5.3 A) is basically half the value for 
the previously published near-D.L.-beam, 8.4 µm-emitting 5-element phase-locked arrays [3]. 
For St = 4.8 µm the beam pattern (Fig. 2 b) starts diffraction-limited near threshold and at 1.89 × 
Ith the main lobewidth is 5.5o FWHM, that is 1.68 × D.L, as expected from theory (Fig. 1 b). 
Near-D.L.-beam operation is thus achieved to 3.6 W peak power. To our knowledge this is the 
highest near-D.L. power reported to date from 4.5-6.0 µm-emitting large-aperture QCLs. (The 
next closest figure is 0.5 W/facet near-D.L.-beam operation, at 4.6 µm, from PCDFB QCLs [4]). 
For St = 6.35 µm, since the intermodal discrimination is small, the beam broadens above 
threshold (Fig. 2 c) due to multimoding, reaching a lobewidth 3.5 × D.L at 6.1 W peak power. 
 

      With further optimization, such as tight current confinement to the element regions via 
proton implantation [5], the devices hold potential for quasi-CW operation in the in-phase array 
mode to average powers in the multi-Watt range. 
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Fig. 2 (a) L-I curves for 5-element arrays; Lateral far-field beam patterns for St = 4.8 µm (b) and = 6.35 µm (c).	  
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Quantum Cascade Lasers (QCLs) have become one of the most used light sources in the Mid-IR. It has been
demonstrated that QCLs can operate as frequency combs (FCs) [1] and that the performance of QCL FCs can
be significantly improved by compensating for their waveguide dispersion using dielectric coating based Gires-
Tournois interferometers [2]. However, the latter are incompatible with high optical output power since due to
the optical absorption of the materials they overheat and burn. In this work we investigate how the properties of
mid-IR QCL FCs can be improved by tailoring their waveguide dispersion.

At 7.8 µm the GVD of InP is positive the waveguide GVD should therefore be made negative in order to
compensate for the material dispersion. However, a standard narrow ridge waveguide naturally has a positive
GVD that can be more than 1000 fs2/mm due to the increasing leakage of the optical mode into the waveguide
sidewalls for longer wavelengths [2]. In this work we use a plasmon-enhanced waveguide. In such a waveguide the
active region is placed between two low doped InP bottom and top claddings. In the last layer of the top cladding
the doping is increased in order to shift the plasma frequency close to the laser frequency. The high decrease of
the refractive index in this layer has the effect to increase the confinement of the fundamental mode and decrease
optical losses associated with the metallic top contact of the device [3]. The refractive index profile along the
growth axis for the device used in this work is shown in Fig. 1 (a). The profile of the fundamental mode (at the
lasing frequency: 1250 cm−1, blue curve) was computed and is shown in 1D along the vertical axis in Fig. 1
(a) and in 2D in Fig. 1 (c). The refractive indices of the doped layers is obtained using the Drude Zener theory
and the optical modes are obtained using COMSOL electromagnetic module. Because of the addition of a highly
doped InP layer, the waveguide can also guide a surface plasmon mode. The profile of the plasmon mode (at
the frequency: 700 cm−1, red curve) was also computed and is shown in 1D along the vertical axis in Fig. 1 (a)
and in 2D in Fig. 1coupling (b). In order to study how the coupling of these two optical modes influences their
dispersion, their effective refractive indices were computed as a function of the optical frequency for various top
cladding thickness (T = 1.0 to 3.0 µm). The dispersion of both modes is shown in Fig. 1 (d). The GVD of the
fundamental mode was computed for each step and is shown in Fig. 1 (e). The coupling of the fundamental mode
to the plasmon mode is proportional to the overlap factor between the fundamental mode and the highly doped InP
layer (red area). This reflects on the dispersion. When the top cladding thickness is reduced, the coupling of the
modes is increased and the GVD of the fundamental mode is reduced. This is shown in Fig. 1 (f), demonstrating
that the coupling to the plasmon mode allows to tune the dispersion of the fundamental mode of the waveguide.

Fig. 1 (a) Refractive index profile along the growth axis (Black curve) and 1D computed waveguide fundamental mode at
1250 cm−1 (Blue curve) and plasmon mode at 700 cm−1 (Red curve). The red area indicates the highly doped InP layer, the
black area indicates the top cladding layer and the blue area indicates the active region. (b) and (c) 2D profile of the plasmon
and fundamental mode. (d) Effective refractive index of both the plasmon and fundamental modes as a function of the optical
frequency for a top cladding thickness varying from 1.0 (shaded red and blue) to 3.0 µm. (e) GVD of the fundamental mode.
(f) GVD of the fundamental mode as a function of the overlap between the fundamental mode and the plasmonic layer at the
lasing frequency (1250 cm−1).



A QCL with an active region based on a single stack double-phonon QCL design emitting at 7.8 µm was
grown [4]. The device was soldered epi-up on a copper submount. The gain and the dispersion of the device were
measured using the so called Fourier-Transform technique [5] and the deduced spectrally resolved GVD at -20
◦C for a current of 275 mA are shown in Fig. 2 (a). The uncertainty was deduced comparing three subsequent
measurements. The waveguide dispersion was computed taking into account the materials dispersion while the
gain induced dispersion was computed using Kramers-Kronig relation from the experimental gain curve. The total
GVD is displayed on Fig. 2 (b) and shows a good agreement with the measured value). At 1250 cm−1 the measured
GVD is -40 fs2/mm confirming the low dispersion of the fabricated device.

The output power of the device was then measured as a function of current and voltage for temperature ranging
from -20 ◦C to 50 ◦C and reached 180 mW as shown in Fig. 2 (b). For all operating points beatnotes narrower than
750 Hz were measured using a RBW of 200 Hz. In order to demonstrate the capabilities of the fabricated devices
for dual-comb spectroscopy, the multi-heterodyne beating spectrum [6] of two of the devices was measured. The
heatsink temperature was set to -15 ◦C and the lasers current optimized in order to maximize the span of the multi-
heterodyne beating spectrum. The first laser (FC1) current was set to 782 mA and the second laser (FC2) current
to 697 mA. The optical spectra of both devices is displayed in Fig. 2 (c). The mixed optical beam was focused
on a MCT detector, recorded using an oscilloscope and Fourier transformed with a RBW of 10 kHz. 93 modes
are observed on the multi-heterodyne beating spectrum displayed in Fig. 2 (d). As the comb free spectral range is
approximately 0.49 cm−1, this corresponds to an optical bandwidth of 46 cm−1.

Fig. 1 (a) Measured and calculated GVD of the device (b) Light-current-voltage curve of the device. (c) Optical spectra of the
two combs at -15 ◦C for a current of 800 mA (FC1) and 700 mA (FC2). (d) Corresponding multi-heterodyne spectrum.

To conclude, we have demonstrated dispersion engineering of mid-infrared QCL FCs. The obtained FCs
operate on broad ranges of operation and no high phase noise regime is observed. In particular, an output power of
275 mW is obtained at 7.8 µm and a multi-heterodyne beating spectrum spanning 46 cm−1 has been measured.
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Abstract 
External cavity quantum cascade lasers (EC-QCLs) are particularly suited as light sources for 
mid-infrared (MIR) spectroscopy due to their high spectral brightness and broad spectral 
coverage of several hundred wavenumbers. 
We report on real-time MIR spectroscopy employing a rapidly tunable EC-QCL with a micro-
opto-electro-mechanical-systems (MOEMS) based grating serving as wavelength selective 
element in the external resonator. This MOEMS scanner with integrated diffraction grating is 
driven resonantly at 1 kHz, allowing for scanning a single spectrum spanning more than  
300 cm-1 in about 500 µs. This paves the way for a wide range of real-time applications, e.g. in-
line process analysis in pharma, food or chemical industry, as well as for hand-held field 
applications.  
We present an evaluation of the laser source with regard to spectral resolution, wavelength 
reproducibility and stability as well as intensity noise in pulsed and continuous-wave operation. 
We will further show spectroscopic measurements with this MOEMS based EC-QCL. Both 
backscattering measurements for stand-off identification of chemicals as well as transmission 
measurements on liquids and gases will be presented, demonstrating the real-time capabilities of 
the light source in different scenarios. Shown below is a time-resolved absorbance measurement 
of isopropanol vapor as it is blown into an integrating sphere illuminated by the MOEMS EC-
QCL. 

 
 

 
 

Fig. 1:  Air saturated with isopropanol vapor is blown into an integrating sphere while spectra are recorded 
(without averaging for maximum temporal resolution). Left: Color-coded representation of the 

absorbance spectrum plotted against time. Right: Absorbance spectrum measured after 0.5 s in red, 
reference data in blue (taken and adapted from NIST) 

absorbance  
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1. Introduction 
Strong light-matter coupling has been recently successfully explored in the GHz and THz [1] 
range with on-chip platforms. New and intriguing quantum optical phenomena have been 
predicted in the ultrastrong coupling regime [2], when the coupling strength Ω becomes 
comparable to the unperturbed frequency of the system ω. We proposed a new experimental 
platform where the inter-Landau level transition of a high-mobility 2DEG couples to the 
photonic mode of an LC meta-atom [3]. In this paper we present two new experiments: in the 
first one we probe the strong-light matter coupling measuring the longitudinal 
magnetoresistance of an Hall bar coupled to a slot cavity. In the second experiment we engineer 
a cavity with ultrasmall effective surface [4] were we investigate few-electrons ultrastrong 
coupling physics at 300 GHz. 

2. Spectrally resolved transport measurements in the ultrastrong coupling regime 
It was suggested already some time ago [5], that the ultrastrong light-matter coupling regime 
could alter quantum Hall transport and also microwave induced resistance oscillations 
(MIRO)[6]. In this work, we present a GaAs/AlGaAs-based Hall bar inside a microwave cavity. 
The latter couples ultra-strongly to the electrons at the Fermi energy that contribute to transport 
[7]. We probe the changes in the longitudinal magneto-resistance Δρxx altered by our mixed 
light-matter particles (polaritons) by weakly illuminating the sample with a widely tunable sub-
THz source (50 GHz to 1.2 THz) at temperatures of around 100 mK. 

 

Fig. 1: 

Colormap: Radiation induced longitudinal resistance change Δρxx as function of 
irradiation frequency and magnetic field of a Hall bar inside a microwave cavity 
(T=100 mK).  The expected MP-polariton dispersions (magenta) result from the anti-
crossing of the MP (green) and cavity 

We use a 40 µm wide Hallbar with density 3x1011 cm-2 and mobility 3x106 cm2/Vs. The 
resulting magneto-plasmon (MP) dispersion is shown as green line in Fig. 1. The Hall bar is 
placed inside a complementary λ/2 microwave cavity (fres=200 GHz, red line). The cavity 



vacuum electric field polarized across the Hallbar width couples to the MP (green) resulting in 
MP-polaritons (magenta) [7]. Fig.1 shows the radiation-induced longitudinal resistance change 
as function of irradiation frequency and magnetic field normalized to the irradiated power. A 
reduced resistance is observed at the theoretically expected position of the MP-polariton 
dispersion (magenta line). The observed normalized light-matter coupling Ω/ωcav~25 %. 
 
 3. THz nanocavities for few-electrons light-matter coupling 
 
We engineered a new cavity, resonant at 290 GHz, with an extremely reduced effective mode 
surface Seff = 4 × 10−14 m2 (FE simulations, CST) allowing to enter the few (<100) electron 
regime [8].  It consist of a complementary metasurface with two very sharp metallic tips 
separated by a 60 nm gap (Fig.2(a,b)) on top of a single triangular quantum well. THz-TDS 
transmission experiments as a function of the applied magnetic field reveal strong anticrossing 
of the cavity mode with linear cyclotron dispersion. Measurements for arrays of only 12 cavities 
are reported in Fig.2(c). On the top horizontal axis we report the number of electrons occupying 
the topmost Landau level as a function of the magnetic field. At the anticrossing field of B=0.73 
T we measure approximately 60 electrons ultra strongly coupled (Ω/ωc = 0.3) to the cavity 
mode. We also performed measurements of single resonators at 280 GHz (data not shown) 
where we measure a normalized ratio Ω/ωc = 0.08 for 100 electrons and Ω/ωc = 0.05 for 60 
electrons. These experiments open up the possibility of single-object ultrastrong coupling 
experiments on few electrons.   
 

 
Fig. 2. 

(a) Bird’s 
eye SEM 

picture of the Au resonant cavity deposited on top of the GaAs/AlGaAs QW with a 
zoom (b) of the tip region (60 nm wide). (c):  Transmission measurement at 2.8 K on 
a 10 cavity sample. 
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Optical frequency combs are great tools for various applications ranging from metrology to 

spectroscopy. They consist of equaly spaced lines with a well defined phase relation between each 

line. The mid-infrared domain represents a region of particular interest for spectroscopy as it 

displays the strongest ro-vibrational absorption lines of many molecules. Among other techniques 

to generate a frequency comb in the mid-infrared [1], Quantum Cascade Lasers (QCL) [2] can be 

used. They have the advantage of being very powerful sources which can lead to high precision 

measurements and have already been experimentaly demonstrated [3] together with dual-comb 

spectroscopy [4,5]. Increasing the optical power of QCL frequency combs [6,7] will allow for 

high speed and high precision spectroscopy. In this work, we present for the first time a QCL 

frequency comb with a power of 1W. 

 

A two stack InGaAs/AlInAs active region was processed in a burried-het ridge configuration. A 

6 mm long device was mounted epi-down and high reflectivity (HR) coated on the back facet. 

The left graph of Figure 1 shows the Power-Voltage-Current characteristics of this device at 

different temperatures. The right panel shows the beatnote spectra measured with a spectrum 

analyser with a span of 800 kHz and bandwidth resolution of 200 Hz at a current of 1808 mA and 

a temperature of -7 ºC. It is very narrow (30 kHz width at -20 dBm) and shows an intensity more 

than 45 dBm about noise. As the star on the left panel shows, a power of 1 W is achieved under 

those driving conditions. 

  

Fig. 1: Power – Voltage – Current characteristic of the 6 mm HR coated laser at different temperatures; the 

star pinpoints the power at 1808 mA and -7 ºC (left). Beatnote spectra for a current of 1808 mA at -7 ºC  for a 

span of 800 kHz and a bandwidth resolution of 200 Hz (right). 

Figure 2 shows the spectrum corresponding to this narrow beatnote. Both were recorded under 

the same electrical and optical conditions to make sure the spectra corresponds to the beatnote. 

The top panel shows the peak spacing as a function of the wavenumber; the middle panel shows 

the spectra; the bottom panel shows the optical power of each peak. A bandwidth of 90 cm-1 



centred at a wavelength of 8.13 μm is obtained and most of the peaks have a power of more than 

1 mW. 

 

Fig. 2: Spectra characteristics at -7 ºC and 1808 mA. Top: Wavenumber difference between 

neighbouring peaks as a function of wavenumber. Center: Spectra. Bottom: Power distribution 

for each peak; the black line pinpoints the 1 mW limit.  

To conclude, we demonstrated a 1 W QCL frequency comb emitting around 8.13 μm and covering 

more than 90 cm-1. A very intense and narrow beatnote was observed and most of the peaks 

showed a power per peak of more than 1mW. Such device will be implemented in a dual comb 

setup in order to observe the multi-heterodyne spectra and perform spectroscopy measurements. 
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Abstract:  We present the design, realization, and characterization of room temperature optical and electrical strong 
light−matter coupling between intersubband transitions, at wavelength of 1.8 micron, in quantum cascade detector 
and planar metamaterials nano-cavity antenna. 
  

1. Introduction         
          Intersubband (ISB) transitions constitute the backbone principle behind quantum cascade lasers and quantum 

well (QW) infrared detectors. Optical strong light−matter coupling describes the phenomenon of energy oscillating 

between an optical cavity and a two-level system at a rate that is faster than all loss mechanisms present in the system. 

This periodic energy exchange can be observed as a beating in the time domain of various observables such as 

reflectance or transmittance or in the frequency domain as a splitting of the single cavity resonance into two polariton 

branches. The characteristic frequency for this exchange is called the vacuum Rabi frequency. 

         Metamaterials are artificial structures consisting of individual sub-wavelength resonators where the electric and 

magnetic resonances are defined by the geometry of its constituents. These properties can be realized with a single 

layer of sub-wavelength resonators, often referred to as a meta-surface making metamaterials very interesting for 

experiments as the fabrication remains fully compatible with conventional planar processing. Furthermore, 

metamaterials allow for strong electric field confinement and enhancement in their vicinity making them well suited 

to couple incoming light to a detector medium. The optical properties of dipole transitions in semiconductor 

heterostructures can be engineered to a similar extent as the optical resonances in metamaterials using advanced 

epitaxial growth techniques. The optical transitions are now restricted to quantized states with discrete energies. The 

energy and the dipole matrix element of these intersubband transitions can be controlled by the width of the individual 

barriers and wells leading to advanced concepts for light detectors especially in SWIR, MID-IR and LW-IR spectral 

regions.           

       The basic idea of coupling mechanism is described schematically in Figure 1a. Short wave IR (SWIR) light is 

normally incident on the sample surface with the electric field vector parallel to the x-axis. The active QW is located 

beneath the meta-material antenna with its growth direction parallel to the z-axis. In this geometry, the incident SWIR 

light cannot directly couple to the ISBs transition due to the selection rules, but it can couple to the meta-material 

antenna. Most of the light (propagating along the z direction) is transferred into the z component of the electric field 

(Ez) in the vicinity of the metamaterial. Hence, the meta-material couples the incident in-plane field to the z field that 

is necessary to induce ISBs.  

2. Experimental    

         A recent work by Benz et al [1] described optical (transmission measurement) strong coupling between near-

infrared metamaterials and ISB transitions in III-nitride multi-quantum wells. In our work we demonstrate electrical 

(photocurrent measurement) strong coupling between shortwave- infrared (SWIR) metamaterials resonators and ISB 

transitions in III-nitride quantum cascade detector (QCD). Experimentally, we study strong light-matter interaction by 

performing optical transmission and electrical photocurrent measurements at normal incidence. The study was 

performed on the alloy-extractor QCD sample that described in Ref. 2. The sample consists of 40 active periods 

sandwiched between top and bottom Si doped Al0.6Ga0.4N contact layers. The active QW consists of 8 ML thick GaN 

well lightly doped with Si and two AlN barriers and extraction region that formed by a non-intentionally-doped 15 

nm thick Al0.58Ga0.42N layer (Fig 2a). The devices was first processed in the form of 700x700 μm2 mesas with 

Ti/Al/Ti/Au metallic layers to form the top and bottom contacts layers. The photo-response, measured at room 

temperature (RT) in wedge configuration, was peaked at 1.87 μm.  Following full characterization, at different light 

coupling schemes, a second metallization deposition of metamaterial structures (100x120μm2) on the mesa top surface 

was implemented. For the experimental verification of the strong light-matter coupling, we fabricate “H” metamaterial 

nanocavities with different bare cavity resonances on top of the mesa structure (Fig. 1c and Fig.2a). We used 

commercial finite-difference time–domain (FDTD) simulation package for the design of metamaterial structures 

(Figures 1bc). We model one unit cell with periodic boundary conditions that mimic the effect of two-dimensional 
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metamaterial array in the real device. The metamaterial structures are define by electron-beam lithography, followed 

by an e-beam Ti/Au (5/50 nm) evaporation and lift-off. Eleven metamaterial structures with scaled geometric sizes 

(area of 100x120 µm2) where define on the top surface of the QCD (Fig. 2b). We perform all measurements at room 

temperature using Bruker Equinox 55 FTIR equipped with a IR microscope objective to control the spot size of 

incident light (Fig.2e). As the bare metamaterial resonance frequency is varied across the intersubband resonance (as 

shown in Fig. 1c), a clear anti-crossing behavior is observed in the frequency domain both in transmission and 

photocurrent measurements (see Figures 2f and 2g). Using bound-to-bound transition in quantum cascade detector as 

a two-level system and metamaterial nano-cavities with deep sub-wavelength mode-volumes (Veff ≈ 2x10-3 (λ/n)3), we 

demonstrate room temperature strong coupling, in photo current measurement, with Rabi splitting on the order of 15% 

of the fundamental bare cavity frequency at short wave infrared spectral region of 1.8 micron (Fig.2g). By changing 

the metamaterial array period the photocurrent response changes from light-matter interaction that occurs at the single 

resonator level (Fig. 2g) to collective resonance phenomenon that enhances the photo-signal responsivity from 2.5 

mA/W  (Normal incident with MHA Ref. 2) to 15 mA/W (Fig. 2h), opening the possibility to fabricate enhanced 

normal incidence two dimensional multi-element planar detector.  
 
The Authors acknowledge partial finance support by the EC FET OPEN "Unitride" Grant # 233950" and by the FTA program on Nanophotonics 

for Detection and Sensing. 
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Figure 1 (a)   Schematic view of the experiment (b) Calculated spectrally and spatially resolved near field Ez (c) Transmission simulation of  basic 

metamaterial unit cells on bare sapphire/AlN template. The bare metamaterial resonance frequency is varied across the intersubband resonance. 

 
Fig. 2 (a) Device structure. (b) SEM image of mesa top surface. (c) - (d) SEM images of single metamaterial structure. (e) FTIR + IR microscope. 
(f) Details transmission plots for 11 different metamaterial nano-cavities corresponding to bare cavity frequencies shown in Fig. 1c. (g) Details 
Photocurrent plots for 11 different metamaterial nano-cavities. (h) Transition from strong coupling of single resonator to collective resonance 
phenomenon. 
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1. Introduction 

 
Quantum Cascade Lasers (QCLs) are compact and powerful semiconductor sources [1], based on 

intersubband transitions, which can be tailored to operate in the mid-infrared (MIR) region of the 

electromagnetic spectrum. Many of the characteristic roto-vibrational transitions occur at energies 

corresponding at this region, making QCLs interesting for trace gas spectroscopy of most  

pollutant and greenhouse gases. 

 

2. Neighbour Distributed Feedback Grating QCLs (NDFB QCLs) 

 
     Spectroscopic schemes for the simultaneous detection of multiple gases require light sources 

capable of emitting at several wavelengths [3]. Here, a novel design of dual-wavelength devices, 

consisting of two distributed feedback (DFB) grating QCLs fabricated next to each other, is 

presented and applied for NO and NO2 spectroscopy. The fabrication process is based on a buried 

heterostructure protocol [4]. The active regions consist of a double heterogeneous quantum 

cascade stack of InGaAs and InAlAs layers. On top, a DFB grating was wet-etched, allowing for 

single-mode emission at either 1600 cm-1 or 1900 cm-1 per each neighbour laser.   The 

neighbouring lasers were electrically separated with a wet-etching process. Their separation 

distance is 35 μm, still allowing single-beam collimation. 

 

 

Fig. 1. (a) Schematic drawing of a NDFB QCL device. (b) SEM image of the device 

front facet. The ridge to ridge distance is 35 μm. 

 
 



3. Device Characterization and Outlook 

The light-current-voltage (LIV) characterization and spectral evolution analysis of 3 mm long and 

7 μm wide neighbours, show single-mode emission and temperature tuning for each device at -

22 °C. The lasers show low, comparable lasing thresholds, being 320 mA (1.5 kA/cm2) and 380 

mA (1.9 kA/cm2) at 1900 cm-1 and 1600 cm-1 respectively. In contrast to previous concepts of 

dual-wavelength DFB QCLs, where a detrimental etaloning effect on the output optical power is 

observed [3], here the LIV curves show a continuous increase of the optical power with applied 

current, showing the advantage of this new geometry. The lasers can be thermally tuned at the 

specific spectral absorption lines by driving them at a long pulse mode (20 μs pulses with 10% 

duty cycle). 

Fig. 1. (a) LIV curves of the neighbouring lasers of a 3mm long device, operating in 

pulsed mode, 100ns pulses and 1% duty cycle. (b) & (c) Temporal evolution map of 

the lasers’ emission lines, driven in a long pulse mode. 

     Using these DFB-QCLs in a spectroscopic setup, combined with a 36 m long-path gas cell, the 

concentration of NO and NO2 pollutant gases was simultaneously measured, achieving a high 

precision of 2 ppm and 0.6 ppm for 200 s acquisition time. In addition, the results of another 

design of dual wavelength QCLs based on Vernier effect with integrated heaters on the side of 

laser allowing for switching of the frequency between 1600 cm-1 and 1900 cm-1 will be presented 

as well. 

     In conclusion, a novel design of DFB QCLs was fabricated and applied in a state-of-the-art 

spectroscopic scheme for the measurement of concentrations of the NO and NO2 pollutant gases. 
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Abstract 

Multiplexing of a quantum cascade laser using a 4x2 Fourier phase grating at astronomically 

significant frequency of 4.7 THz is demonstrated for the first time. Such a system is required as 

multi-beam local oscillator for THz array receivers. We establish the merit by optically driving 

a superconducting array. The phase grating itself is being reported for the first time at this 

Supra-THz frequency. We study such a phase grating by full characterization combining  

measurements with 3D simulations, where we find a diffraction efficiency of about 75%. 

1. Introduction 

HE strongest emission line in the space neutral regions heated by newly formed massive stars is 

generated by neutral oxygen at 4.7 THz. This frequency is amongst the most interesting targets 

for space high-resolution spectroscopy. Due to the quantum-noise limited sensitivity, for further 

improvement of the observing efficiency, using an array instead of a single pixel receiver is 

highly demanded for THz observatories (STO, GUSTO, SOFIA) and future space telescopes 

(FIRSPEC, TST, etc). The complexity of integration, alignment and frequency/phase 

synchronization of individual local oscillators (LO) can be overcome by generating multiple 

beams from a single radiation source. Since quantum cascade lasers (QCL) are the only 

applicable LOs at this frequency, their effective multiplexing is demanded. Here we report the 

design and manufacturing of a Fourier phase grating optimized at 4.7 THz, and full 

characterization, experimentally using a QCL, and analytically using full 3D COMOL 

simulations for the first time. We also evaluate the grating performance at even higher 

frequency of 5.3 THz using a FIR gas laser. Finally we will report the grating-QCL combination 

as a multi-beam LO in a heterodyne array experiment.  

2. Design, manufacturing and the experimental setup 

We designed an 8-pixel Fourier phase grating by employing 13 coefficients [1]. The designed 

pattern was transferred to an aluminum plate using a CNC micro-milling machine, where a good 

resemblance is achieved.  

We use a 4.7 THz 3rd order DFB QCL as the radiation source with about 0.25 mW output 

power. As known, the QCL beam is still divergent and non-Gaussian even with 3rd DFB 

structure, not applicable directly for this experiment. So we put a great effort for focusing, 

filtering and collimating the beam using intermediate optics. 

3. Grating characterization results 



We illuminate the grating with 25° incident angle with respect to the normal. The measured 

diffracted beam pattern is shown in Fig. 1, where one  can find that the incoming beam is copied 

and flipped to all the diffracted beams. 

 

 
Fig. 1: Incident (left) and diffracted beam patterns (right) 

 

We derive a diffraction efficiency of 74±1% experimentally, being  very close to the value of 

75% calculated by 3D simulations. The efficiency is the ratio of the total power of the diffracted 

beams to the power of the incoming beam. So each beam contains roughly 23 µW. 

We also characterize the grating at an even higher frequency of 5.3 THz using a FIR gas laser 

with the optimum incident angle of 37°. We found the same order of performance quality in 

terms of the beam pattern and diffraction efficiency. This is particularly interesting to see such a 

broadband optical element.   

4. Application in a receiver array 

Currently we are trying to optically drive a superconducting array receiver and bring the I-V 

curves to the optimized operating state, after collimation of the entire beam pattern generated by 

the grating-QCL pair, using a properly designed lens. This would be a promising step towards 

the realization of supra-THz heterodyne array receivers, that we hope to present. 

4. The work direct impact 

This work is being considered as a prototype of the LO unit for the 4.7 THz channel of NASA 

Galactic-extragalactic Ultra-long-duration Spectroscopic stratospheric Observatory (GUSTO). 
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Abstract  

We present 26.5 GHz direct modulation of mid infrared buried heterostructure quantum cascade 

laser (QCL) emitting at 9 µm using an ultra-fast QWIP as a detector (65 GHz bandwidth). A 

significant increase of the modulation frequency bandwidth is observed by increasing the laser 

driving DC current. Finally, we demonstrate that the laser cavity round trip frequency, frt , can be 

injection locked by direct modulation of laser driving current hinting to mode-locked operation. 

Introduction  

Quantum cascade lasers are semiconductor light sources, which covers from THz up to mid 

infrared frequency ranges [1]. They are characterized by the ultrafast upper state carrier lifetime, 

few picosecond, allowing the high frequency modulation up to hundreds of GHz [2]. The search  
 

 

Fig.1. a) schematic of the experimental setup. b) Frequency response of the QCL to RF modulation up to 26.5 GHz for 

different laser DC driving currents. Inset: LIV characterization. 



for the solutions on the fast-growing demand for the higher rate data transmission became an 

unavoidable challenge in our time. Laser based systems for free space optical (FSO) 

communication is a promising alternative to accomplish the requirements for high data rate 

transmission particularly in hard-access rural area where the deployment of heavy infrastructures 

is quasi-impossible or very expensive [3]. Furthermore, the emission wavelength of mid infrared 

QCLs falls in the so-called transparency window (3-5 µm and 8-12 µm) in which the signal can 

be transmitted without a significant attenuation in km-distance.  

 

Results 

 

The active region of QCL device is based on InGaAs/InAlAs MBE grown quantum wells on InP 

substrate and the lasers are fabricated in standard buried heterostructure geometry. Figure 1a 

presents the measurement setup schematically. The QCL device is driven in continuous wave 

(CW) mode. The RF modulation signal is applied to the device using a RF synthesizer (Anritsu 

MG3693B) through a 45 GHz bandwidth bias-tee (SHF BT 45). The optical signal is guided 

through lenses and detected by the ultra-fast QWIP. Figure 1b shows the frequency response of 

the QCL device measured on the QWIP at different laser DC driving current. We observe a net 

increase of the device frequency bandwidth by increasing the laser DC current. The -3dB cutoff 

frequency is at 21 GHz at j=3.15x jth. At 26.5 GHz, which is the circuit cut-off frequency, the 

signal is decreased by -8dB. The observed resonances (15GHz, 16.3GHz and 20GHz) are due to 

the electrical circuit. Inset is the laser LIV characterization. The dots corresponds to the QCL 

driving currents in which the frequency responses have obtained (Fig. 1b main panel).  

 

 

Fig.2. Measurement of the RF beat note spectrum of the 

QCL for different RF injected frequencies around the 

frt. The laser is operating at j=2.8x jth and the RF power 

is set to 10 dBm. The external RF injected frequency 

sweep is reported on Y-axis while the X-axis is the 

frequency of the signal measured on the spectrum 

analyzer. The color scale is the measured RF signal 

intensity on dBm. 

 

Figure 2 shows the RF spectra measurement 

of the QCL for different RF injected 

frequencies, finj. This measurement is 

obtained by changing the finj between frt-

5MHz and frt+5MHz. The injected RF power 

is set to 10 dBm. At the beginning, the finj 

signal is far from the frt. By approaching the finj frequency to the frt, the latest moves toward the 

finj until when the whole frt intensity is concentrated in a single peak, in which the locking is 

reached and the spectra are controlled by the external injected signal. As we continue to increase 

the finj, the single peak splits into two separate peaks and come back to the same position as the 

beginning of the measurements. The results are in agreement with the classical theory of laser 

injection locking. 
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Introduction  

When a single excitation is shared between a large number of two-level systems, a strong 

enhancement of the spontaneous emission appears. This phenomenon, known as superradiance 

[1], has been experimentally demonstrated first in atomic ensembles [2] and more recently in 

condensed matter systems like semiconductor quantum dots [3], superconducting q-bits [4], 

cyclotron transitions [5].  

We have recently demonstrated that collective electronic excitations in highly doped quantum 

wells, the multisubband plasmons, display a superradiant behavior: their spontaneous emission 

can be so fast that it can even dominate over non-radiative relaxation mechanisms [6]. This 

property has been experimentally demonstrated by studying the emission spectra of dense two-

dimensional electron gases thermally excited by an in-plane current. In this work we present a 

quantum model of optical properties and thermal emission of superradiant electronic excitations 

[7, 8, 9]. 

1. Quantum model of the dynamics of multisubband plasmons 

Our model relies on quantum Langevin equations, describing the dynamics of multisubband 

plasmons, coupled with an electronic and a photonic bath, which account for both radiative and 

non-radiative damping of the collective electronic excitations. We use input-output formalism 

[10] to solve the non-Markovian equations for the dynamics of the coupled system. For an 

optical input, we calculate the optical properties of the electron gas (transmissivity, reflectivity, 

absorptivity). We demonstrate that, when the radiative broadening, due to superradiance, 

becomes comparable to the energy of the plasmon, light-matter interaction becomes a non-

perturbative phenomenon. Several counter-intuitive effects can be observed in this case: for 

example, peak absorption decreases when increasing the density of electrons interacting with 

light. This is shown in figure 1a, presenting the absorptivity of a multisubband plasmon for 

different values of the ratio between the radiative and the non-radiative decay rate, g=Γ/γ. The 

regime characterized by a non-negligible value of g, in which the plasmon can be considered as 

strongly or ultra-strongly coupled with free space radiation, is characterized by the failure of 

two routinely invoked approximations of quantum optics: Markov and rotating wave 

approximation.  We have also applied our formalism to the case of an electronic input, showing 

that Kirchhoff’s law of thermal emission is a consequence of our general assumptions [7,8]. 

2. Lamb shift of the plasmon energy  

Our model is also suited to describe the optical response and thermal emission of a stack of 

highly doped quantum wells, distributed along the growth direction. We show that plasmons 

localized in different regions of space exchange real and virtual photons. They thus behave as a 

collection of macro-atoms located on different positions along the growth direction. The 



exchange of real photons among the different plasmons gives rise to Dicke superradiance, 

resulting in an increased spontaneous emission rate Γ. Absorption and re-emission of virtual 

photons, triggered by vacuum fluctuations, result in a Lamb shift of the plasmon energy. These 

two phenomena have been experimentally demonstrated through thermal emission experiments 

in a multi-quantum well (MQW) device and compared to a reference device, presenting a single 

quantum well (SQW). Figure 2b and 2c present a comparison between experimental results 

(bullets) and theoretical predictions (lines). Superradiance effect is observed through the 

increase of the radiative broadening Γ with the emission angle (panel (b)), while panel (c) 

illustrates the angle dependent Lamb shift [9]. 

 

Fig. 1: (a) Absorptivity of a multisubband plasmon for different values 
of the ratio between the radiative and the non-radiative decay rate, 

g=Γ/γ. The inset is a schematics of the charge density wave 

associated with the plasmon, with a sketch of the geometry used for 

the input-output model. (b)Measured and simulated broadening of the 

plasmon linewidth observed in thermal emission spectra. (c) Measured 

and simulated shift of the plasmon energy.   
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Abstract  
Polaritons are matter excitations interacting with an optical field, and has been extensively 
studied for excitons at optical frequencies.[1] In the mid-IR region, it has also been investigated 
for intersubband (ISB) excitations in quantum cascade laser (QCL) structures [2], as well as for 
lattice vibrations [3-4]. In contrast to these simplified models, in this work we present a full 
quantum description of an inverted ISB system interacting with phonon-polaritons. Specifically, 
we have applied this theory to a simple system of a thin AlInAs layer inside a GaAsSb/InGaAs 
resonant tunneling diode (RTD), where the interaction between the AlAs TO phonons and a 
cavity field gives rise to polariton branches in the dispersion relation, shown in Fig. 1 b). These 
polaritons provide stimulated emission of the inverted ISB system, and we investigate the 
fraction of “phononic” and “photonic” contributions to the gain. 

Fig. 1: a) Band structure of the RTD, with the barrier containing AlAs phonons and the  inverted gain 
transition are indicated. b) Dispersion relation of the phonon-polariton, forming an upper (UP) and lower 

(LP) branch. In addition, the Hopfield coefficients for the upper branch are shown, giving the ratio of 
photon and phonon mixing of the polarity creation operator, respectively. 

1. Hamiltonian of the photon-phonon-ISB system 
Our approach sets off from the Lagrangian of an oscillating polarisation density [5], originating 
from the set of harmonic oscillators describing the various phonons and ISB states in the 
system. We put all the off-resonant polarisations in an effective dielectric function ε, and keep 
explicitly only the AlAs TO phonon and the ISB polarisations PL and Pe, respectively. The 
resulting Hamiltonian, with the index i running over L and all ISB levels, is 

  and where 

are the total energies of the ISB and TO phonon polarisations, with a depolarisation shift 
coming from the background polarisation. This treatment mimics the treatment of Y. Todorov 
and C. Sirtori [2] for ISB polaritons, but here we can include any polarisation from, e. g. 
phonons as well. As in Ref. [2], we quantise the electronic polarisations in terms of micro 
currents of bosonised bright state creation/annihilation operators. The phonon polarisation is 
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These are the equivalent expressions to Todorov’s Eqs. (2) and (3), as well
as Eqs. (??) and (??) in our draft

1.3 Light-matter Hamiltonian

We now separate the total Hamiltonian into parts considering the electronic
and lattice systems (H

e

and H
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), the electro-magnetic field (H
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) and the
light-matter interaction via the polarisation density (Hint). We consider a
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Ĥ 0
I1 = ih̄

X

jk

r
!cav,k

!̃

!
Pj

2

R
⇠
j

(z)g
k

(z)dzq
Lcav

R
⇠
j

(z)2dz
(a†

k

� a�k

)(h†
jk

+ h
jk

). (1.93)

We should also be able to find h
k

in terms of d†
k

and d
k

in stead of p†�k

and p
k

in a similar fashion, however this only works if Ĥ
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quantised in a similar manor. By taking the wave-function in the growth direction to be the one 
of the harmonic oscillator and considering only the lowest excitation, we find the polarisation of 
the form 

where S is the device area, M is the reduced mass of the oscillators, ω0 is the frequency,  and pq 
is the annihilation operator of the phonon mode with in-plane momentum q. The interaction 
terms -DPe and PLPe  are treated perturbatively, and the remaining terms containing only PL are 
diagonalised through a Bogoliubov transformation. This diagonalization procedure gives as 
eigenvectors the phonon-polariton creation/anihilation operators, and the eigenvalues give the 
dispersion relation plotted in Fig. 1 b). 

2. Computational results 
We have computed the phonon-polariton gain using Fermi’s golden rule for the interaction term 
-DPe , for the structure shown in Fig. 1 a). The emission frequency is indicated in Fig. 1 b) and 
belongs to the upper polariton branch, where the mixing fraction between the phonon and 
photon creation/anihilation operators is close to 50 %. The ISB transport calculations are carried 
out with a density matrix model [6], giving the ISB state populations and dipole moments of 
each ISB transition. At the design frequency 46.5 meV, we find a non-photonic contribution to 
the gain of 11%, as shown in Fig. 2. This is already a large number, considering only 4 
monolayers (12 Å) of InAlAs in a 600 nm thick structure. 

Fig. 2: Gain fractions from photon, phonon, and mixed terms, as well as the total polariton emission gain rate. The 
gain is calculated by applying Fermi’s golden rule to the terms containing the ISB polarisation Pe in the hamiltonian. 

Optical losses of 400 cm-1 were calculated for a Au-Au double-metal waveguide. The temperature is 77 K. 
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Efficient light sources in the mid-infrared spectral region are desirable for numerous industrial, 
environmental and biochemical applications. Quantum cascade lasers (QCLs) enable tailorable 
emission characteristics over a broad wavelength range and at the same time provide high-
performance operation. In contrast to conventional Fabry-Pérot devices, surface emitting QCLs 
offer the possibility of on-chip testing and 2D array integration. Furthermore, the typically large 
aperture produces collimated beam profiles. The versatility of these lasers allows effective 
implementation in different sensing setups exploiting various spectroscopic techniques. 
 
We demonstrate the versatile applicability of ring QCLs in spectroscopic sensing systems. Such 
lasers consist of a circular waveguide with a second order distributed feedback (DFB) grating on 
top. Utilization of bi-functional quantum cascade heterostructures1 facilitates the fabrication of 
wavelength-matched lasers and detectors monolithically integrated on a single chip. In 
combination with surface emitting and detecting cavity designs, this approach enables efficient 
remote sensing. We developed an innovative sensor concept consisting of two concentric bi-
functional quantum cascade ring structures2. Both rings are capable of light emission and 
detection which makes mutual commutation possible and renders the distinction between laser 
and detector needless. In the first operation mode the inner ring acts as the detector and the outer 
ring is the laser. In the second operation mode the situation is reversed. The DFB grating allows 
to equip both rings with different emission wavelengths which increases the versatility of the 
device. Proof-of-principle gas sensing experiments were performed with isobutene and 
isobutane. The corresponding remote sensing setup is shown in Fig. 1(a). 
 
(a)                                                                                  (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1: (a) Remote sensing setup with on-chip sensor featuring two commutable ring 
QCLDs. Inset: SEM image of a segment of both rings. (b) Results of the proof-of-

principle gas sensing experiment. Transmittance versus gas concentration. Source: [2] 



Light is emitted from one of the rings on the sensor chip and collimated by the lens. After 
passing the chopper and propagating through the gas cell, the light is back-reflected by a flat 
gold mirror and travels along its initial path back to the sensor chip where it is detected by the 
other ring. The measured transmittance as a function of the gas concentration for the isobutane 
study is depicted in Fig. 1(b). Our data show a good agreement with the Beer-Lambert law and 
the experimentally determined absorbance coefficients comply with literature values. Without 
the utilization of temperature stabilization we reached a limit of detection of 400ppm with a 
10cm long gas cell. Implementation of this concept with substrate integrated hollow waveguides 
(iHWGs)3 could enable a crucial miniaturization of sensing devices. These compact gas cells 
require only small gas volumes and impress with high volumetric optical efficiencies. In 
combination with mature spectroscopic techniques, such as tunable laser spectroscopy4, the 
presented on-chip sensor system could experience significant performance enhancement and 
pave the way for compact hand-held remote sensors. Preliminary experiments demonstrated the 
compatibility of ring QCLs with iHWGs as shown in Fig. 2(a). 
 
(a)                                                                                      (b) 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2: (a) Setup combining ring QCLs and iHWGs. (b) Onset of thermal tuning in 
current modulated ring QCLs indicated by the increase of the frequency modulation 

(FM) – intensity modulation (IM) phase for decreasing modulation frequencies. 

Furthermore, tunable laser spectroscopy with ring QCLs provides profound insights into the 
electronic and optical properties of these lasers and reveals the transition from electronic to 
thermal tuning as indicated in Fig. 2(b). 
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Introduction 

In 1954, R. Dicke predicted in a theoretical paper the effects arising when confining two-level 

atoms in a subwavelength volume [1]. Later, pioneers like J. Pendry contributed various works 

for the occurring effects in subwavelength material structures – meta-atoms or simply 

metamaterials [2-3]. Combining these two subwavelength phenomena, we want to investigate 

the mechanisms arising when confining a two-dimensional meta-atom system in space. With the 

help of our results, we want take advantage of the possibility to use metamaterial systems to 

perform experiments in the strong and even ultrastrong coupling regime with semiconductor 

heterostructures [4-5]. 
 
1. Experiment 
In this contribution we want to investigate the effect of the radiative lifetime of plasmonic 

resonators coupled to intersubband transitions in the (ultra)strong coupling regime. The 

resonators can be described as system of conductively coupled dipoles whose resonant behavior 

is compared to a harmonic oscillator model. Combining a wide range of geometries with the 

possibility of mode selection by the polarization of the impinging radiation enables us to tune 

the frequency in the terahertz (THz) regime (see Fig.1). 

 

 

Fig. 1: The resonance frequencies extracted out of the measured 

transmission spectra for various shapes of meta-atoms. The solid line 

resembles the lowest order mode, the dashed lines the higher order 

modes calculated out of the model. 

The resonance frequency and the radiative lifetime are extracted by fitting a Fano-profile to the 

spectra measured with time-domain spectroscopy. Our setup hereby enables us to measure in 

transmission and reflection, yielding in a precise knowledge about the absorption behavior. 
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Plasmonic resonators are usually arranged in arrays with a large number of elements in order to 

increase the response compared to a single structure. Thereby, the incoming light can be 

diffracted into so called lattice modes [6], which can significantly influence the linewidth of the 

resonance. In our experiment we prohibit the formation of these lattice modes by choosing a 

geometry in which the resonators are arranged randomly in super cells separated by distances 

above the formation of the lattice modes in order to avoid cross talking between them. In a 

second step we increase the distance in between the super cells in order to determine the 

lengthscale of the interaction. 

2. Results 

Our experiments show that the radiative lifetime of the plasmonic resonators can be 

significantly modified if they are arranged in a confined area. We introduce the free meta-atom 

radius 𝑟𝑓 which enables us to compare the different sizes of supercells (see Fig.2). For a dense 

meta-atom sample we find a behavior comparable to the theoretical prediction by Dicke [1] 

while for the more diluted samples the meta-atoms show the intrinsic losses which are mostly 

governed by the losses in the metal. In conclusion our results show an easy way of modifying 

the rate at which the stored energy is lost. 

 

Fig. 2: The free meta-atom radius enables the comparison of the 

radiative lifetime for increasing super cell sizes and differing 

number of elements. The shaded area divides the viewgraph between 

modified (left) and intrinsic response (right). 
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Abstract 
To date, the highest operating temperature of THz quantum cascade lasers (QCLs) is 199.5 K 
[1]. In order to improve this number and realise a range of attractive applications, new material 
systems as well as design schemes have been proposed. However, so far this has not lead to any  
improvement in the operating temperature. One possible cause for the poor temperature 
performance was recently proposed to be carrier leakage into continuum states [2]. In order to 
limit this leakage, we investigate a simple quantum cascade laser design based on two GaAs/
Al0.25Ga0.75As quantum wells per period, derived from a previous structure with 15 % AlAs [3]. 
The structures were designed using a non-equilibrium Green’s function (NEGF) simulator [4], 
and optimised for highest possible gain at a lattice temperature of TL=200 K.  

Fig. 1. Level scheme and electron densities (a. u.) of (A) the QCL design A similar to Ref. [3] but with higher 
barriers, and (B) the optimised design B. The upper (u) and lower (l) laser states are separated by ~16 meV, l and 

the injector/extractor state (ei) are separated by the LO phonon energy. In B, l is in resonance with level 4’. 

1. Design optimisation 
The optimisation procedure used a 2-well QCL [3] as a starting point, with increased Al content 
in the barriers to reduce current leakage. Fig. 1 A shows design A, which has similar tunnel 
coupling, doping, and oscillator strength to the QCL of Ref. [3]. The lower laser level (l) is 
depopulated by LO phonon emission to level ie and subsequent tunnelling into the upper laser 
level (u) of the next period. As for the pervious 2-well designs [3][5], there is a parasitic 
alignment between l and the level 4’ of the next period. However, in contrast to the original 
designs, employing higher barriers is expected to reduce any leakage from 4’ into the continuum 
[2]. The low oscillator strength f=0.12 of design A works in favour of a large population 
inversion but lowers the gain proportionally. Using the NEGF simulator, we found instead an 
optimal oscillator strength of f=0.34 for the design B, shown in Fig. 1 B.  The doping density 
was also varied, and found to be levelling above ~5.1010 cm-2. For such high doping densities, 
electron-electron scattering is expected to have a significantly detrimental effect. For these 
reasons we choose a doping density of 3.1010 cm-2. The best dopant position was found to be a 
delta doped layer in the centre of the widest well, where the wave function  of l has its node. 
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Fig. 2 Current density vs. applied bias and electric field intensity inside the waveguide at different temperatures, 
for design A and the reference design [3] (A) as well as the optimised design (B). Curves with markers denote 
current density with an applied electric ac field and the inset shows the gain spectra at T=77 K and T=200 K. 

2. Transport and gain simulations 
Fig. 2 A shows the current density and radiation intensity inside the waveguide for designs A 
and B, respectively, at lattice temperatures from 77-250 K. The insets show the gain spectra for 
the respective structure. In addition, in Fig. 2 A, we show simulations of the original structure 
[3]. Considering total losses of ~20 cm-1, we find a maximum operating temperature of the 
original design [3] of Tmax≈175 K, whereas the experimental value was 125 K. Note that we 
have not modelled any current leakage to continuum, which may be responsible for the higher 
simulated Tmax. If that is the case, we expect the structure A to perform at least as well as Ref. 
[3]. The optimised design B performs much better, as seen in Fig. 2 B. For this structure, we 
find Tmax≈285 K and two times the power emitted at 77 K. Note, however, that in these 
simulations we did not include electron-electron scattering, which in a rudimentary approach [6] 
was seen to lower the gain substantially for similar designs. In addition, the interface roughness 
parameters are uncertain. In Ref. [7], a gain reduction of 50% was observed for a structure with 
25 % AlAs barriers at TL=200 K. As the temperature increases, we find that (comparing the 
population of l with a Maxwell-Bolzmann distribution) the reduction of inversion is mostly due 
to thermal backfilling. In other words, the relatively direct laser transition seems not to provide 
significant thermally activated phonon emission from u to l. 
These and similar designs are currently being fabricated and characterised at ETH Zürich, and 
the results will be shown at the conference. 
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Interband cascade lasers (ICLs) [1,2] combine the long upper-level recombination lifetimes of 
laser diodes with the voltage-efficient electron-recycling architecture of quantum cascade lasers. 
These hybrid devices rely on interband-transitions in type-II quantum wells and cover the 
spectral region of 3 - 6µm [3]. Their low power consumptions make them very attractive for 
portable systems used for spectroscopy, process control or medical applications. To date, light 
outcoupling towards the surface has been demonstrated for vertical-cavitysurface-emitting 
lasers in pulsed operation at an emission wavelength of 3.4µm [4].  
 
 
We demonstrate ring cavity [5] interband cascade lasers that emit light vertically through the 
substrate. Our approach does not require epitaxial grown Bragg mirrors for light outcoupling. 
Instead we use a distributed feedback grating etched into the upper cladding layer. Afterwards 
the grating is covered by a metal layer, ensuring a good coupling and at the same time 
improving the thermal heatsinking. The ring ICLs we fabricated emit light around 4.37 µm (see 
Fig. 1(b)) facilitating threshold current densities of ~1kA/cm² (see Fig. 1(a)).  
 

     

 

Fig. 1:  (a) Light-current-voltage characteristic together with (b) the emission spectra of a typical 2nd-order DFB ring 
ICL. A strong peak is centred at 4.37µm while additional modes can be observed around 4.32 µm and the emitted 
light is collected from the substrate side. 
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Introduction & Motivation 

It is a well-established fact that upon reaching lasing threshold the upper level lifetime of a 

terahertz (THz) quantum cascade laser (QCL) will rapidly decrease, due to the onset of stimulated 

emission [1]. These fast dynamics however, do not pose a substantial hurdle for mode locking, 

since it is only the purely electronic, i.e. non-radiative, lifetimes of the upper state which play a 

role [2]. In this contribution we theoretically investigate the possibility to passively mode lock 

(PML) terahertz QCLs via a fast saturable absorber (FSA) in a ring cavity geometry. We show 

that this simple mechanism could yield a periodic train of ultrashort pulses (one pulse per round 

trip) over a large variation of the experimental parameters, even for non-radiative upper level 

lifetimes as short as 10 picoseconds (ps). 

Below threshold the electron transport in THz QCLs is mainly driven by non-radiative 

transitions such as longitudinal optical (LO) phonon scattering or resonant tunnelling [1].  Pump-

probe experimental measurements affirm that in this regime typical lifetimes of the upper laser 

level are somewhere between 10 and 50 ps for both THz and mid-infrared QCLs [1-3], generally 

depending on the heterostructure design. Measurements of the same rates when the laser is biased 

above threshold are difficult since the electron transport is dominated by stimulated emission [2]. 

However, simple argumentation based on perturbation theory could lead one to expect that 

slightly above threshold, these numbers would not be drastically different from their sub-

threshold values.  

Here we show that, assuming soliton propagation inside the cavity, the gain recovery time 

could be even longer than these sub-threshold non-radiative lifetimes, which could also enable 

successful PML. To see why, assume a simple two level system, the inversion of which has been 

saturated by a pulse of sufficient intensity, to some minimal value Δ𝑚𝑖𝑛. After the passage of the 

pulse, the inversion begins its recovery to steady state. Now, the processes that govern this 

recovery of the gain will be mainly the non-radiative scattering processes, mentioned above, since 

there is no photon density to trigger optical transitions. From a simple rate equations approach, 

one can easily show that in this scenario the gain recovery time is approximately given by 

 

𝜏𝑔𝑟 = 𝑇1 ln
𝑝Δ𝑡ℎ − Δ𝑚𝑖𝑛

Δ𝑡ℎ(𝑝 − 1)
  , (1) 

 

where 𝑇1 denotes the non-radiative lifetime of the inversion, Δ𝑡ℎ is the inversion at threshold and 

𝑝 is the pump parameter (𝑝=1 corresponds to pumping at threshold). Importantly, from Eq. (1) 

we see that 𝜏𝑔𝑟  could become longer than 𝑇1 and that it will strongly depend onto the pump 

parameter 𝑝 and also the strength of the gain saturation. In the following, we show by simulations 

that passive mode locking is indeed possible for values of 𝑇1 as short as three times smaller than 

the cavity round trip time (𝑇𝑟𝑡).  
  



Results 

Unlike other known PML approaches, where the main ML mechanisms were the Kerr-lensing 

effect [4] or self-induced transparency mode locking [5], we propose passive mode locking with 

a fast saturable absorber in a ring cavity THz QCL. The envisaged geometry is one of a microring 

resonator, similar to the one in Ref. [6], incorporating a gain and an absorber section in a serial 

fashion as depicted in Fig. 1(a). Both the amplifier and the absorber can be suitably engineered 

as quantum well heterostructures and are assumed to have the same optical transition energy. Also 

the absorber is taken to be in a completely non-inverted state, whereas the gain medium is 

assumed to be pumped to 𝑝-times above threshold.  

Our calculations, based on the semi-classical Maxwell-Bloch equations [7], show that 

within this configuration pulse generation could be possible for self-starting, free-running lasers 

and for a large variation of the input parameters (specifically we observed pulse formation for 

values of 𝑇1 between 10~30 ps). The mode locked pulse envelope, for the case when 𝑇1 = 10 ps, 

its spectrum, together with the gain recovery time 𝜏𝑔𝑟 calculated from Eq. (1), are depicted in 

Fig. 1(b)-(d). All other simulation parameters are typical values found in literature and are omitted 

here for brevity.  
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Abstract 
We present THz surface emission by difference frequency generation in nonlinear quantum 
cascade lasers operating at room temperature. The device comprises two separate, transversely 
superimposed gratings, one for selective feedback of the mid-infrared modes and one for surface 
emission of the generated THz radiation. The mid-infrared grating is realized as a higher order, 
loss-coupled distributed feedback grating for single mode emission at two distinct wavelengths. 
It defines the spatial distribution of the nonlinear polarization wave, which allows for precise 
placement of the second order top grating for surface emission. 

Introduction 
The relatively new class of quantum cascade lasers (QCLs) emitting THz by difference frequency 
generation (DFG) have been the first monolithic semiconductor THz sources, which have 
demonstrated THz emission at room temperature [1]. State of the art devices rely on Cherenkov 
phase matching (CPM), providing both phase matching and an elaborate extraction scheme [2]. 
Phase matching at the Cherenkov angle allows the THz radiation to leak from the highly absorbing 
active region into the low loss substrate, resulting in a magnitude of order increase of THz output 
power compared to previous devices. Yet, it is estimated that less than 10% of the generated THz 
radiation is extracted from the device, because of the geometric limitations that are imposed by 
the CPM. 
We present a vertical THz extraction scheme through a second order metal top grating which 
allows for surface emission of the device. The shorter extraction paths impose lower losses on the 
THz wave and geometric limitations regarding the device length are effectively eliminated, both 
increasing the THz extraction efficiency. Furthermore, the surface emission allows the use of a 
doped substrate, which improves the electric and thermal properties of the device as well. 
Additionally, surface emitting devices provide the practical advantage of on-chip testing. 
Previous attempts to realize surface emission of THz DFG-QCLs suffered from lacking MIR 
selection mechanisms of the second order top grating, which results in an inefficient THz 
generation and extraction [3]. Consequently, the sole use of a second order top grating is not 
sufficient to provide both wavelength selective feedback of the lasing MIR modes and efficient 
surface emission of the radiant THz mode at the same time. We present the novel approach to use 
transversely superimposed gratings to fulfill both requirements. 

Design 
The first grating is a higher order distributed feedback grating, which induces selective feedback 
for MIR dual emission and defines the spatial phase of the nonlinear polarization wave. This 
grating is realized as a buried loss-coupled grating. The second grating is a metal top grating for 
vertically extracting the generated THz radiation. The design of the loss-coupled MIR grating 
defines the position of the MIR standing wave pattern, as the selected modes will both have their 



nodes in the absorber regions. Therefore, the spatial distribution of the induced nonlinear 
polarization and its radiant THz field components are determined. To avoid cancellation of the 
radiant field components in the far field, the second order top metallic grating is placed precisely 
to screen every second anti-node of the THz wave pattern. 

Results 
Fig. 1 shows spectral measurements of the THz and MIR surface emission. The MIR emission 
spectrum shows single mode operation at two distinct wavelengths in accordance to the grating 
design. Consequently, the emitted THz radiation shows single mode behavior as well and its 
frequency corresponds to the spectral separation of the MIR pump wavelengths. All 
measurements are performed at room temperature, while the device was operating in pulsed mode. 
The device emitted up to 10 µW THz power, which is an improvement of two orders of 
magnitudes compared to previously demonstrated THz surface emitters [3]. 
 

 

Fig. 1: Spectral measurement of the THz by surface emission, which corresponds  
to the spectral separation of the mid-infrared spectrum (inset).  

All measurements were performed at room temperature. 
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Terahertz quantum cascade laser (THz QCL) based frequency combs offer compactness, 

continuous wave operation and milli-watt output power, making them powerful tools for high 

speed broadband terahertz spectroscopy. Group velocity dispersion (GVD) plays a crucial role 

in the formation of stable broadband combs, because the phase-locking that gives rise to a comb 

states arises from four-wave mixing. Unlike the gain, which is clamped to a fixed value above 

lasing threshold, GVD changes with bias even above the threshold, a consequence of shifting 

intersubband populations [1]. For this reason, even for dispersion-compensated devices, comb 

formation only happens within a small dynamic range. Here, we show that by adding tunability 

to the dispersion compensator section, combs can be formed over the full dynamic range of the 

laser.  

 

Figure 1. (a) Schematic of the device. The dispersion compensator section is shown in blue, while the rest of Fabry-

Perot section is shown in red. A 2 µm air gap is between these two sections. (b) Current-voltage characteristics for 

each section. 

 Figure 1(a) shows the schematic of the device. Displayed in blue is the dispersion 

compensator (DC) section, which is similar to the structure in Ref. [2]. The DC section’s design 



parameters are optimized for the biasing point at which the gain medium possesses the broadest 

lasing spectrum. The Fabry-Perot (FP) section, shown in red, is cleaved to be 5 mm long. When 

the device is operating as a frequency comb, the repetition rate beatnote is located at around 7.5 

GHz. A two-micron-wide air gap is etched between the FP and DC section. This narrow air gap 

allows these two sections to be electrically isolated while remaining optically coupled. Figure 

1(b) shows the current-voltage characteristics for each section individually at 20 Kelvin. 

One key indication of the comb formation in THz QCLs is a narrow radio frequency 

(RF) beatnote at its repetition rate when biased continuously. In Figure 2, the left panel 

illustrates the output THz power of the FP section from Ithreshold up to Imax with the DC section 

unbiased. The middle panel shows the corresponded RF spectra collected from the bias tee at 

the same time. The device only forms a narrow beatnote and a stable comb within a very limited 

biasing range. By optimizing the DC section’s bias for each FP section biasing point, the right 

panel of Figure. 2 features a narrow RF beatnote over the laser’s entire dynamic range, implying 

that the two section configuration is a simple but effective way to make a robust frequency 

comb. The comb’s offset frequency tunability is under further investigation. 

 

Figure 2. Left panel: THz output power over the entire dynamic range. Middle panel: RF spectra for the FP section 

with the DC section unbiased. Right panel: RF spectra for the FP section, with optimized DC biasing for each FP 

biasing point. 
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1. Introduction 
Terahertz (THz) quantum-cascade lasers (QCLs) are powerful continuous-wave sources for 
high-resolution spectroscopy in the frequency range of 2−5 THz. Employed as local oscillators 
(LOs), they have led to a new class of heterodyne spectrometers for frequencies above 3 THz 
[1−5], which was not feasible until recently due to a lack of suitable LO sources. For free-
running QCLs, the resolution of such instruments is currently limited to a few MHz by the 
frequency stability of the LO system. In order to study the involved frequency tuning and drift 
mechanisms, Doppler-free spectroscopy of gaseous species in the THz range is expected to 
provide a powerful tool. While the Doppler broadening for lighter molecules such as water is of 
the order of 10 MHz at 3 THz and 300 K, the width of the Lamb dip due to residual collisional 
and lifetime broadening can be several orders of magnitude smaller. Here we report on the 
observation of a Lamb dip in a pump-probe setup with a Ge:Ga detector. The experiment 
demonstrates the feasibility of Doppler-free spectroscopy using a free-running THz QCL. 

2. Results 
The employed setup is depicted in Fig. 1(a). The QCL is operated at around 40 K in a 
mechanical cryocooler, and its emitted radiation is collimated by an off-axis parabolic mirror 
(M1). The pump beam passes through a 60-cm-long gas cell and is reflected back by a plane 
mirror (M2). A quarter-wave (λ/4) plate is used to rotate the polarization of the probe beam by 
90°, which becomes then deflected by the wire-grid polarizer (WGP) toward a Ge:Ga detector. 
The configuration with a λ/4 plate and a WGP helps to reduce the impact of external optical 
feedback to a tolerable amount. Spectra are recorded by performing a linear sweep of the 
driving current of the QCL, which is directly related to a sweep of the emission frequency. In 
order to avoid detrimental effects due to the vibrations of the cryocooler, the measurements are 
synchronized with the 45-Hz oscillation of the Stirling engine. 
For frequency calibration, the laser emission is first characterized with a Fourier-transform 
spectrometer. Subsequently, conventional gas absorption spectroscopy is performed to 
determine the frequency range and the tuning parameters with high accuracy. Therefore, 
methanol is used as the test gas, exploiting its unambiguous spectral fingerprint in the THz 
region. For the pump-probe experiments, deuterated water is used, for which the spectra reveal 
typically a mixture of D2O, HDO, and H2O with several strong absorption lines in the THz 
range. Figure 1(b) depicts an absorption line of HDO at a pressure of 16 µbar, exhibiting a 
pronounced Lamb dip. According to the full width at half maximum (FWHM) of 9.4 MHz of 
the Doppler-broadened line, the Lamb dip has a width of 0.5−1 MHz, which is close to the 
expected FWHM due to collisional broadening of 400 kHz. The data have been obtained from a 
single sweep of the QCL current in a video-like acquisition mode; the frequency window in 
Fig. 1(b) corresponds to an acquisition time of only 10 ms. Due to the fast and sensitive 
detection, active Lamb dip stabilization of the QCL frequency appears feasible. Present 
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limitations result from the accuracy of the current source as well as effects due to residual 
optical feedback and mechanical vibrations.  
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Fig. 1: (a) Experimental setup for Doppler-free spectroscopy; M1: off-axis parabolic mirror, M2: plane mirror, p: 
pressure gauge, WGP: wire grid polarizer, λ/4: quarter-wave plate. (b) Absorption line of HDO exhibiting a 
pronounced Lamb dip; the displayed frequency window corresponds to a sweep time of 10 ms. 

3. Summary 

We have observed the Lamb dip in the absorption spectrum of deuterated water by using a free-
running QCL at 3.3 THz in a pump-probe configuration with a fast Ge:Ga detector. Due to the 
significantly enhanced frequency resolution, Lamb dip spectroscopy will provide a powerful 
tool in order to investigate physical effects relevant for the frequency stability of QCLs. In 
addition, the Lamb dip might be used for frequency stabilization of QCLs.  
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Abstract  
In this work we theoretically study the effect of inter-subband couplings on the eigenstates of a 
terahertz heterostructure in the presence of impurities. We find that the inter-subband electron-
impurity interaction causes a drastic reorganization of the eigenenergies and a strong admixture 
between the subbands that decisively influences the optical absorption spectrum of the structure. 
These results illustrate the importance of the inter-subband couplings in the formulation of the 
eigenstates of imperfect terahertz heterostructures. 

1. Two subband model  
We choose as a THz structure a double quantum well (DQW) where the pair of lower lying 
states is well separated from the other states. An example is the GaAs/Ga0.85Al0.15As DQW 
structure with layer thicknesses 17/2.5/16.5 nm. Measured from the GaAs conduction band 
edge, the two lower lying states of interest have an energy E1 = 10.22 meV and E2 = 13.49 meV.  

In the case of large subband separation, the departure from an initial state in one subband due to 
inter-subband coupling can be handled perturbatively by the Fermi golden rule. In the case of 
very close subbands, such a simple approach has to be improved. In this work we take into 
account the two lowest subbands of the DQW and we look for a solution of the one electron 
problem confined in the DQW and in presence of impurities under the form 

𝜓! 𝑟 = 𝜒! 𝑧 𝑓!! 𝜌 + 𝜒! 𝑧 𝑓!! 𝜌  

where z is the growth axis, 𝜌 = 𝑥, 𝑦 , χ1 and χ2 are the two lowest DQW eigenstates and f1 and 
f2 are solutions of the following system 

𝐻!"#$%
(!) 𝜒! 𝑉!"# 𝜒!

𝜒! 𝑉!"# 𝜒! 𝐻!"#$%
(!)

𝑓!
𝑓!

= 𝜀 𝑓!
𝑓!

,  where   𝐻!"#$%
(!) = 𝐸! −

ℏ!∇!

!!!
∗ + 𝜒! 𝑉!"# 𝜒! . 

To find the solutions of this problem we expand f1 and f2 on the eigenfunctions of the intra-
subband hamiltonian. We note that these eigenstates contain a continuum as well as bound 
states [1, 2, 3]. The system then needs to be solved numerically and for this purpose we employ 
a plane wave basis made periodic on a 200x200 nm2 surface. 

2. Results 
We calculate the energy spectrum and then the absorption coefficient for three main cases: the 
impurity plane is placed in the barrier, at the maximum of 𝜒!!(𝑧) (zd = 9.3 nm) and at the 



maximum of 𝜒!! 𝑧  (zd = 28.2 nm). In contrast with previous studies [4, 5], where the E2-E1 
splitting was large compared to the inter-subband impurity matrix element, in the THz DQW 
structure the inter-subband electron-donor couplings are comparable to the intra-subband ones 
and lead to a drastic reorganization of the eigenenergies. As a matter of fact we can show that, 
in the presence of inter-subband couplings, the state bound to E2 is actually pushed above E1 and 
becomes a resonance degenerate with the E1 continuum. This causes important changes in the 
optical absorption spectra of the THz imperfect structures because more optical transition with 
non negligible oscillator strength are allowed, as shown in Fig. 1 Moreover, because of the 
presence of bound states, the absorption lineshape is strongly temperature dependent. We can 
assert the importance of subband mixing in various doping configurations (impurity position 
and density) by evaluating for each state 𝜓! its square projection 𝑃!

(!) , i = 1, 2 on the two 
lowest DQW states 𝜒! and 𝜒!. An example of this calculation is given in Fig. 2. We can show 
that the low lying part of the energy spectrum (i.e. between E1 and E2) display very strong 
subband mixing effects due to the resonance (induced by the inter-subband couplings) between 
the bound state of one subband and the continuum of the other one.  

	 	
Fig. 1: Absorption coefficient versus photon energy at 
various temperatures for a DQW doped by one donor 
located at zd = 28.2 nm [6]. 

Fig. 2: Squared projections P1 and P2 versus energy for a 
DQW doped by one donor located at zd = 28.2 nm [6]. 

3. Conclusions 
We show that even at a very low doping concentration, there exists a substantial mixing 
between the electron states that are statistically relevant in actual THz devices. The electronic 
spectrum is completely reorganized by impurity scattering over a 10 meV range from the 
subband edges. This leads to a drastic change of the subband absorption lineshape. 
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The wavelength range between 20 and 60 µm is of great interest for many applications such as 

spectroscopic sensing and astrophysics. This spectral range is very difficult to reach for 

semiconductor lasers. Indeed, in this region, absorption involved optical phonons of III-V 

semiconductors is very strong, as well as free carrier absorption. Quantum cascade lasers (QCLs) 

emitting above 20 µm have been demonstrated using different material systems. InP-based QCLs 

have been reported to operate at 24 µm with a threshold current density of 5.7 kA/cm² at 50K and 

the maximum operating temperature of 240K [1]. Below the reststrahlen band the longest QCL 

emission wavelength of 28 µm has been achieved in InP-based QCLs employing a double metal 

waveguide and operating at 10K with a threshold current density of 5.5 kA/cm² [2]. GaAs/AlGaAs 

QCLs with a simple plasmon waveguide emitting at 23 µm up to 100 K have also been 

demonstrated [3].  The InAs/AlSb system is promising for the development of far infrared QCLs 

thanks to the small electron effective mass in InAs, favorable to obtain large inter-subband optical 

gain [4]. Recently we have demonstrated QCLs in this material system with a dielectric 

waveguide, which operated at 20 μm [5]. In this devices, room temperature operation was 

achieved for the first time for semiconductor lasers at such long wavelength. The low threshold 

current density of 4.3kA/cm² at room temperature in pulsed mode confirmed the assets of the 

small effective mass in InAs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: (a) Voltage-current and light-current characteristics of a QCL operating in pulsed mode. (b) Laser emission 

spectra at different heat-sink temperature. 

Here, we report InAs/AlSb quantum cascade lasers emitting above 20 µm with lower thresholds 

and higher operation temperatures compared with ref.5. The devices are based on an improved 

vertical design similar to that employed previously in [5] but the doping level in the active region 

(a) (b) 



is significantly reduced. Likewise, the optical confinement is achieved using a plasmon-enhanced 

dielectric waveguide employed n-InAs cladding layers. The Fabry Perot lasers exhibit a threshold 

current density as low as 1.16kA/cm² at room temperature in pulsed mode and can operate in this 

regime up to 380K (Fig.1) that is the highest operation temperature reported to date for 

semiconductor lasers operating in this wavelength range. The continuous wave operation has been 

successfully achieved in these devices at temperatures up to 220K (Fig.2a), with a threshold 

current of 1.15 kA/cm². Emission spectra measured in the continuous wave regime are shown in 

(Fig. 2b).  

Fig. 2: (a) Voltage-current and light-current characteristics of 14 µm large QCL in continuous wave regime. (b) 
Emission spectra of the laser measured in continuous wave regime. 
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Introduction 

By definition the optical field emitted from an ideal frequency-modulated (FM) laser does not 

exhibit any amplitude modulation. Therefore a square-law photodetector absorbing the emitted 

light from such a laser should only produce a DC photocurrent proportional to the light 

intensity. However, recent experiments [1], [2] have demonstrated that strong beatnotes can be 

detected in FM Fabry-Perot quantum cascade lasers (FP QCLs) by extracting the radio 

frequency (RF) modulation of the electrical signal arising in the laser. By performing a spatial 

mapping of the intracavity beating we show that the solution to this paradox relies on the spatial 

profiles of the optical modes inside the standing-wave cavity inducing net amplitude 

modulations. To investigate the microscopic mechanism of the optical-to-electrical modulation 

conversion we study the fast electron dynamics of the QCL upon injection of external FM light 

inside the cavity.  

Fig. 1: (a) Illustration of the principle of the experiment based on spatial mapping of the intracavity beating in a FM 

Fabry-Perot QCL. (b) Measured beating profiles across the cavity of four distinct QCLs corresponding to the 

fundamental intermodal beatnote of the comb (top row) and to its second harmonic (bottom row). Two lasers have 

an uncoated symmetric cavity while the other two have an HR/AR-coated asymmetric cavity. (c) Schematic of the 

experiment probing the electron dynamics upon external FM light injection. (d) Intermodal beatnote power and 

photocurrent produced in the experiment shown in (c) as a function of the bias applied to the QCL below threshold. 
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1. Spatial mapping of the intracavity beating

Due to the standing-wave nature of the FP resonator the spatial profiles of the optical modes are 

such that at a given position inside the cavity the amplitudes of the different modes are not 

balanced as in the FM waveform emitted outside the cavity and therefore should give origin to 

net amplitude modulations of the optical fields. To verify the occurrence of such modulations 

we performed a spatial mapping of the intracavity beating in four distinct FP QCLs by scanning 

with a RF probe the top electrodes of the lasers (Figure 1a). Amplitude modulations inside the 

cavity are measured by detecting the beating produced by the intermodal beatnote of the FM 

comb and its higher harmonics. The intracavity beating maps exhibit characteristic signatures of 

the symmetric properties of the cavity (length 𝐿): in the two uncoated lasers we observe a strong 

suppression of the fundamental beatnote close to 𝐿/2 and of the second harmonic at 𝐿/4 and 

3𝐿/4, while in HR/AR coated lasers these positions correspond to a strong enhancement of the 

beatnote (Figure 1b). The measured beating maps are generated by the combination of the 

spatial profiles of the resonator modes and of the gain experienced by the counterpropagating 

waves in the medium, as confirmed by time-domain simulations of the intracavity field. 

2. Electron dynamics in the optical-to-electrical modulation conversion

Several nonlinear processes can give origin to a RF modulation arising from the beating of the 

optical fields inside the cavity of the QCL, such as difference frequency generation and optical 

rectification (OR) due to the resonant 𝜒(2)  nonlinearity of the active region, square-law

photodetection, and OR at a Schottky contact. Injecting FM light generated from a different 

source into the QCL allows to dispose of an independent tunable parameter in the device under 

study, i.e. the bias, to explore the electron dynamics responsible for the optical-to-electrical 

modulation conversion giving origin to the beatnote. This experiment, schematized in Figure 1c, 

reveals the occurrence of strong oscillations of the beatnote power with exponentially increasing 

amplitude at a given position in the cavity as a function of the applied bias. At the same time, 

the measurement of the IV characteristic of the device in the dark and upon external 

illumination allows to measure the DC photocurrent, which is found to also exhibit strong 

oscillations with the same periodicity of the RF signal. These observations indicate a current-

driven tuning in and out of resonance of the optical modes injected inside the Fabry-Perot 

resonator providing an electrical measurement of the cavity finesse. On the other hand the 

exponential increase of the amplitude of the oscillations shows that the electron absorption and 

transport within the structure are strongly dependent on the applied DC electric field indicating 

that square-law photodetection is the mechanism responsible for the beatnote generation. 
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Introduction 

Terahertz (THz) radiation has been found out to be of fundamental importance for astrophysics 

application, as it is a peculiar feature of roto-vibrational transition for molecules or even cooling 

lines of single atoms. For this reasons, a Quantum Cascade Laser (QCL), which can be a THz 

coherent source if properly engineered [1], is nowadays employed in heterodyne measurements 

on SOFIA, the Stratospheric Observatory For Infrared Astronomy [2], in order to conduct both 

[OI] and [CII] heterodyne measurements. It is in this perspective that we previously worked on 

a single mode, low dissipation and high power source based on the engineering of a 

multisection cavity and projected to work at 4.745 THz [3]. In the present work, we carry on the 

task of increasing the power of such a device, mainly by improving the quality of the layer and 

of the process.  

1. Design 

The design of the laser is illustrated in Fig. 1 and it composed by five different sections. 

 

 
 

Fig. 1: (a) A not in scale illustration of the cavity with the top metalization including the exctractor antenna. (b) SEM 

images of the dry etched structures. (c) Optical microscopy of an antenna detail. 

 

The cavity consists of a (1) second order lateral grating region composed by 52 µm equal 

building blocks alternately shifted by a 3.5 µm offset with a total length of almost 600 µm. The 

second order grating introduces losses to higher order transversal mode, hindering the chance to 

have a multi-mode device. Moreover, we use a (2) narrow band first order DFB as a front 

reflector which work as well as a Fabry-Perot mode selector while the back reflector is a (3) 

high reflectivity (~95%) DBR. As the front reflector is composed of building blocks of 15.5 and 

14.5 µm width, the matching from the cavity is done through a (4) high transmission 



discontinuous tapering. Finally, the front reflector is abruptly stopped and matched to a (5) 

surface emitting patch antenna which is integrated in the top metallization. The cavity is 

embedded in Benzocyclobutene (BCB), so that the antenna is deposited on top of the polymer.  

2. Preliminary Results 

Last processes have been carried out using a GaAs/AlGaAs four quantum well structure 

previously reported [cit. Ohtani paper]. Fig. 2(a) shows the LIV curve of the device operating at 

90% duty cycle. The peak power is almost 9 mW at 10 K, five times higher than previous 

results, with a slope efficiency of ~40 mW/A. The spectrum at maximum power at 47 K is 

shown in Fig. 2(b). As it is visible, the secondary mode suppressions is of the order of 30 dB. 

 

 

 

Fig. 2: (a) LIV versus T of one sample device. (b) Frequency spectrum at maximum 

power. 

3. Perspectives 

Planarization of the BCB is critical for this kind of process, thus improving it is extremely 

important. New ways for making the spinning as planar as possible are being experimented right 

now. Moreover, compared to previous devices, the major improvement came from the use of a 

layer that has been grown in optimal condition of the MBE machine. The higher quality growth 

is reflected in an overall better doping, suggesting that increasing further the doping could lead 

to improvement in the output power. Finally, the performance of the device can be improved 

also by increasing the size of the cavity in a thoughtful way that would keep the laser emitting 

single mode light. 
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Introduction 

It was recently shown by Mansuripur et al. that, increasing the injected current in continuous-

wave Fabry-Perot quantum cascade lasers (CW FP QCLs), one can observe the single-mode to 

multimode transition exhibiting a harmonically mode-locked regime [1]. This so-called harmonic 

state appearing at a pump current only fractionally higher than the lasing threshold is 

characterized by a large frequency separation, of the order of several hundred GHz, between the 

central lasing mode and the first sidebands, indicating that multiple adjacent FP cavity modes are 

effectively skipped (Figure 1a). As the current in the QCL is increased, higher order sidebands 

appear preserving the initial spacing. The origin of this state is due to the combined contribution 

of an incoherent gain caused by spatial hole burning and a parametric gain due to coherent 

oscillations of the population difference between the states of the laser transition. The latter 

process originates from the ultrastrong intersubband χ(3) nonlinearity of QCLs leading to a 

parametric distortion of the gain spectrum, which develops two relative maxima detuned on both 

sides of the central lasing frequency by tens of free spectral range (FSR). The two-lobed gain is 

the result of the optical beatnote created when the sidebands beat with the primary lasing 

frequency. This beatnote, which is simply a temporal modulation of the intracavity intensity, 

modulates the population inversion, a phenomenon known as population pulsations. When the 

frequency of this beat note is close to the Rabi frequency, energy is transferred parametrically 

from the primary lasing mode to the sidebands which, eventually, when the gain of the side lobes 

overcomes the losses, begin to lase. These modes then can proliferate through four-wave mixing 

leading to spectra comprising a handful of equally spaced modes. 

Frequency comb nature of the harmonic state 

The defining feature of the harmonic state is the large sideband spacing seeded by the population 

pulsation nonlinearity, which reveals a new mechanism for the formation of mid-infrared (mid-

IR) frequency combs. The harmonic combs reported here differ substantially with respect to the 

previous demonstrations of QCL-based combs [2], in which all adjacent cavity modes are 

populated with a phase relation similar to that of a frequency-modulated laser. An important 

implication of the large sideband spacing of the harmonic state (up to 52 free spectral ranges for 

one of the devices studied here) is that it provides an initial evidence of the possibility of 

passively-mode-locked amplitude-modulated waveform emission in QCLs, paving the way to 

applications requiring short pulses of mid-IR light. Moreover, a QCL operating in the harmonic 



state, thanks to its large sideband separation, could act as a monolithic source of parametric 

seeding for thresholdless FWM in optically-pumped microresonators with a typical FSR of the 

order of 100 GHz [3].  

 

A further study of the spectral evolution performed on the reported devices suggests new 

scenarios for the formation dynamics of the comb states in QCLs. At higher injected currents the 

harmonic state collapses to a mixed-harmonic state featuring well-defined harmonic peaks 

accompanied by a family of adjacent interleaving Fabry-Perot modes (Fig. 1b). A narrow 

intermodal beatnote produced at the cavity roundtrip is suggestive of the frequency comb nature 

of the mixed-harmonic state. The characterization of the mixed-harmonic regime by means of 

intermode beat spectroscopy (IBS) [2] reveals a high degree of relative phase-coherence among 

the optical modes. The  widely-spaced  modes  of  the  harmonic  state  produce an intermodal 

beatnote at a frequency well beyond the bandwidth of conventional RF electronics making 

inaccessible  the  assessment  of  phase-coherence  by  means of  IBS. We further employ a self-

detection scheme – a configuration partly reminiscent of that previously employed by Rösch et 

al. [4] – by heterodyning the QCL operating in the mixed-harmonic regime with a QCL in the 

harmonic state. The processing of the multiheterodyne beatnote spectrum enhanced by  

established metrological techniques allows to demonstrate that the modes of the harmonic state 

spaced by 400 GHz are equidistant to within a fractional accuracy of 4.9×10-12 (normalized to the 

optical carrier frequency) providing an undeniable evidence of the occurence of harmonic phase-

locking in quantum cascade lasers.  
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Fig. 1: QCL frequency combs initiated by the population pulsation nonlinearity. (a) Optical spectrum of a mid-infrared 

QCL in the harmonic state. Inset: nonlinear interaction of the population inversion with an amplitude modulated light. (b) 

Optical spectrum of the QCL in the mixed-harmonic state. Inset: RF intermodal beatnote generated by the adjacent Fabry-

Perot modes (f0 = 7.673077 GHz, RBW = 1.1 kHz). 
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1. Introduction 

High-resolution spectroscopy with terahertz (THz) quantum-cascade lasers (QCLs) has a large 
potential for a broad range of applications, e.g. in astrophysics, medicine, and security. A rather 
compact detection scheme is based on the sensitivity of the QCL to external optical feedback 
(EOF), which has been exploited for THz imaging of solid-state samples [1, 2]. However, relatively 
little work has been done regarding the combination of high-resolution spectroscopy and a self-
mixing technique in a QCL [3]. In this contribution, we will present a compact QCL-based setup 
that is capable of real-time self-mixing spectroscopy with a resolving power on the order of 106 and 
a tuning mechanism that is based on EOF. 

2. Experimental Setup 
THz radiation is generated by a distributed-feedback QCL mounted in a compact Stirling 
cryocooler (Ricor K535). The QCL beam is focused on a reflecting mirror that induces EOF. The 
mirror is mounted on a voice coil, which serves as a linear translation stage. The optical path 
consists of an absorption cell that can be filled with either CH3OH or CH3OD or D2O or a mixture 
of two of these species. The QCL operating point is set to a DC current of 587 mA at a heat sink 
temperature of 48 K. In this configuration, the QCL emits a single frequency of 4.75189 THz, 
which is close to a strong absorption line of D2O and of CH3OD. The frequency-current dependence 
has been derived from the fingerprint-like absorption spectrum of CH3OH. For frequency tuning of 
the laser, a sinusoidal voltage modulation with a frequency of 50 Hz and an amplitude of 33 µm is 
applied to the voice coil. This results in a variation of the interferometric phase over more than 2π, 
which in turn induces a modulation of the QCL frequency due to EOF. At the maximum feedback 
level, the QCL frequency is swept over the two absorption lines of D2O and CH3OD, which can be 
detected by monitoring the QCL voltage. The signal is read out by a compactRIO (National 
Instruments) controller with a sample rate of 50 kHz. 

3. Results 
In a first experiment, the absorption cell is filled with D2O up to a pressure of 0.4 hPa. Starting from 
t = 0, the QCL emission frequency is continuously varied by EOF, which is induced through a 
modulation of the interferometric phase via the movement of the voice coil. From the maximum 
frequency shift with respect to the QCL operating point, we derive that the unperturbed QCL 
frequency is modulated with an amplitude of more than 150 MHz. Figure 1 shows the QCL voltage 



as a function of time. Each self-mixing spectrum is acquired within 20 ms and averaged over 10 
sweeps. Note that the frequency tuning is expressed via the sampling time within a single voice coil 
modulation period. Since the EOF induces a nonlinear frequency-time dependence, an accurate 
frequency calibration of the self-mixing spectra requires an additional analysis of the feedback 
parameters. In Fig. 1(a), the absorption of the D2O line appears as a sharp peak (A). Here, the QCL 
voltage is enhanced by more than 1 mV. The absorption line is identified as a molecular rotational 
transition at approximately 4.75174 THz according to the frequency calibration and a simulation 
based on the Jet Propulsion Laboratory (JPL) data base. The line is somewhat distorted since the 
absorption reduces EOF, which in turn affects the QCL emission frequency. 

To demonstrate the potential for real-time spectroscopy, CH3OD with a strong absorption line at 
approximately 4.75179 THz is continuously injected as a second gas. Figure 1(b) presents the self-
mixing signal after 6.2 s, showing the absorption lines of D2O (A) and CH3OD (B). Note that the 
absorption signal of the D2O line is reduced. This observation is confirmed in Fig. 1(c), which 
presents another self-mixing spectrum after 9.4 s. Here, the absorption of D2O and CH3OD is very 
similar. We interpret this as a chemical interaction between both gases. 
 

 
Fig. 1: (a) Self-mixing signal as a function of time for a pressure of 0.4 hPa D2O with the absorption peak (A) visible by a 
strong enhancement of the QCL voltage. A single spectrum has been acquired within 20 ms and is averaged over 10 steps. 
(b) and (c) Self-mixing spectra after 6.2 and 9.4 s, respectively. During CH3OD injection, the absorption of the D2O line 
(A) is reduced, while the CH3OD absorption (B) is continuously enhanced. 

4. Summary 
We have developed a compact spectrometer with a high spectral resolution based on a self-mixing 
technique in a THz QCL. Such a system allows for real-time observation of various gas species far 
beyond their mere identification as demonstrated with an absorption cell filled with a mixture of 
D2O and CH3OD. 
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Introduction 

Terahertz-frequency quantum-cascade lasers (THz QCLs) [1] are attractive sources for gas 

spectroscopy, owing to their high output power, coherent continuous-wave (cw) emission and 

narrow intrinsic linewidth.  Several spectroscopy techniques using THz QCLs have been 

demonstrated including direct in situ sensing [2], photoacoustic spectroscopy [3], and heterodyne 

radiometry [4].  Recently, a novel technique has been demonstrated, based on self-mixing 

interferometry (SMI) [5].  In this approach, THz radiation is transmitted through a gas cell, and 

then reflected back along the same path into the laser cavity from an external reflector [6]. The 

resulting interference causes perturbations to the laser terminal voltage, depending both upon the 

amplitude and phase of the reflected radiation. The THz transmissivity of the external cavity can 

thus be measured without the need for any external THz detector.  This coherent homodyne 

sensing technique inherently provides high sensitivity, and the radiation passes twice through the 

gas cell, giving double the interaction length compared with that of direct detection. However, a 

key limitation reported by the previous authors is that the QCL frequency is also perturbed by the 

external cavity (i.e., the presence of the gas cell) giving rise to apparent frequency-shifts in gas 

absorption lines.  A further issue, common to all previous QCL spectroscopy approaches, is that 

a priori QCL frequency measurements become inaccurate if the operating environment (e.g., 

device temperature) changes.  Here, we present an alternative SMI spectroscopy approach that 

simultaneously provides in situ frequency-monitoring alongside transmission analysis. 

 
 

(a) (b) 

Fig. 1: (a) Schematic illustration of SMI spectroscopy apparatus (DAQ = data acquisition board) 

(b) Exemplar Fourier transform obtained from SM interferogram 

1. System configuration and sensing methodology 

Fig. 1(a) shows a schematic illustration of the SMI spectroscopy system.  A single-mode 3.4-THz 

QCL was mounted within a helium-cryostat at a heat-sink temperature of 20 K, and driven in cw 

mode using a programmable dc power supply.  THz radiation was collimated using a 1”-diameter 

off-axis paraboloidal mirror and directed through a 1-m-long Pyrex gas cell filled with low-

pressure methanol vapour.  4-mm-thick polymethylpentene (PMP) Brewster-angle windows were 

used to minimise intra-cell etalon effects, and a set of four planar mirrors was used to retro-reflect 

the THz radiation back through the gas cell and into the QCL cavity. The optical path length was 



adjusted linearly, using a 200-mm folded-beam delay stage, such that a total round-trip path 

extension of 800-mm was obtained.  An ac-coupled data acquisition board was used to record the 

SMI voltage at the QCL terminals at increments of 1-µm, such that an interferogram was obtained 

over the full optical delay.  The amplitude of the transmitted radiation, and the QCL frequency 

were then obtained from a Gaussian fitting to a Fourier transform of the interferogram, as shown 

in Fig. 1(b). This process was repeated at a range of QCL emission frequencies, with tuning being 

realised by adjusting the drive current at 1-mA increments, over the dynamic range of the laser. 

 

  
(a) (b) 

Fig. 2: (a) Comparison between spectra obtained through direct detection and SMI 

sensing (b) Absorption as a linear function of methanol vapour pressure. 

2. Results and concluding remarks 

Fig. 2(a) shows a comparison between the absorption spectra (referenced to an empty gas cell) of 

~1-Torr methanol vapour, obtained through our SMI measurements, and a conventional direct 

single-pass transmission measurement using a pyroelectric detector.  The frequencies on the upper 

axis were obtained through a linear fitting to the frequency–current relationship obtained directly 

from SMI measurements, without the need for any a priori knowledge.  Fig. 2(b) shows the 

expected linear relationship between the absorption coefficient at each peak in the SMI spectrum, 

and the methanol vapour pressure.  A conservative estimate of system sensitivity, obtained from 

noise analysis, gives a detection limit of 10–4 cm-1 absorption (20 mTorr for the observed 

transitions).  In conclusion, we have demonstrated the first THz gas spectroscopy technique that 

requires neither any external radiation detector, nor any a priori knowledge of the emission 

frequency, with a detectivity limit approaching that of a viable laboratory analysis system. 
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Introduction 

Since the first quantum cascade laser (QCL) was achieved in the terahertz (THz) spectral region 
much effort was made to improve the temperature performance of these devices resulted up to 
now in the highest operation temperature of 200 K [1]. Beside a good temperature performance 
also high optical output powers are of great interest for future technological applications. For this 
purpose alternative material systems beside the standard material GaAs/AlGaAs were studied. 
Materials with a low effective electron mass are promising because a lower effective electron 
mass should in principle improve the overall performance of the devices. Candidates include 
InGaAs/InAl(Ga)As, InGaAs/GaAsSb, and InAs/AlAsSb lattice matched on InP or InAs, 
respectively. For a typical InGaAs based THz QCL design [2] InAlAs barriers result due to the 
high conduction band offset (CBO) in a width of only one monolayer which is demanding from 
the growth point of view. Nevertheless, here we will show a systematic study of growth related 
asymmetries for InGaAs/InAlAs THz QCLs resulting in high performance devices with excellent 
output powers and a good temperature performance [3]. 

1. Influence of Growth-Related Asymmetries 

Growth related asymmetries can considerably influence the optical and electrical properties of 
quantum cascade lasers [4] and should therefore be studied for any material system. A symmetric 
structure was designed to study the bias polarity dependence to get a better knowledge on interface 
roughness and dopant migration effects for the InGaAs/InAlAs material system. Although the 
threshold current density is higher for the negative bias direction, which originates from the 
dopant migration into the optical transition region, it shows an overall better performance. The 
larger slope efficiency and better maximum operation temperature of 144 K, that is 13 K higher 
than for the opposite bias direction, can be assigned to interface roughness effects. For an electron 
flow against the growth direction (positive bias direction) the rougher inverted interface of the 
InGaAs/InAlAs heterostructure results in stronger interface scattering and therefore limits the 
lasing performance. 

This study of the symmetric active region shows, that the structure must be optimized for an 
electron flow in growth direction to reduce interface scattering effects and in addition the dopants 
must be placed as far away as possible from the optical transition to reduce dopant migration into 
the optical transition region. 

2. High-performance asymmetric devices 

To compensate the influence of the growth related asymmetries obtained with the above 
mentioned method, an asymmetric structure for negative bias direction was designed. The 
extraction barrier was reduced to increase the extraction coupling strength. In addition the doping 
profile was shifted against the growth direction to compensate for dopant migration and to reduce 



impurity scattering of the upper lasing level. Furthermore, the influence of doping concentration 
on the optical gain and the maximum operation temperature was studied by comparing samples 
of the same quantum cascade design, but with different doping concentrations. 

For this optimized structure an increase of the laser performance could be realized. Maximum 
operation temperatures up to 155 K are achieved for a moderate sheet doping density of 
2x1010 cm-2. For lower doping levels the smaller number of carriers reduces the optical gain, 
whereas for higher doping concentrations the decrease in optical gain due to reduced lifetimes 
exceeds the increase of optical gain resulting from the larger amount of carriers. However, at low 
temperatures, the output power linearly increases with higher doping concentration reaching a 
maximum value of 150 mW for a sheet doping density of 7.3x1010 cm-2. A further increase of the 
output power is achieved by attaching a hyperhemispherical GaAs lens at the cleave facet of a 
laser ridge. With the increased out-coupling and collection efficiency of such a lens-coupled 
configuration an output power of almost 600 mW is achieved. This sets a record for metal-metal 
waveguide terahertz quantum cascade lasers and demonstrates the high potential of low effective 
electron mass systems like InGaAs for the realization of high power terahertz quantum cascade 
lasers. 
 

 

Fig. 1: a) Bandstructure for the positive and negative bias direction of a symmetric active region with the schematic 
interface asymmetries and dopant migration in growth direction. b) Comparison of the two operating directions of the 
symmetric active region structure with centered doping profile. The light−current−voltage characteristics were 
measured for positive and negative top bias voltage at a temperature of 5 K. c) Trade-off between high output powers 
and maximum operation temperature as a function of the doping concentration. 
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Quantum well infrared photodetectors (QWIPs) based on a symmetric superlattice (SL) 
with a central quantum well with a different thickness from the otherwise periodic structure 
have already been shown to detect energies beyond the materials conduction band offsets, due 
to the generation of localized states in the continuum [1,2]. In this work we show results of a 
specially designed photovoltaic asymmetric InGaAs/InAlAs superlattice QWIP, which at 0 V 
presents photocurrent up to room temperature.      

  The asymmetric superlattice InGaAs/InAlAs heterostructure was designed by self-con-
sistently solving the Schrödinger-Poisson equations for the conduction band. Figures 1(a) and 
(b) show the conduction band profile and the calculated probability densities for the first three 
localized states of a symmetric and an asymmetric SL-QWIP, respectively. Asymmetries in the 
probability densities of Fig. 1(b) are clearly visible, as expected. 

The quantum well which has a different thickness from the others, and therefore works as 
a defect, has a width of 2.5 nm and is n-doped to 3.0 x 1018 cm-3, while the other undoped quan-
tum wells are 2.0 nm thick and the barriers 7.0 nm. This active region is repeated 20 times with 
a 30 nm barrier between each period to prevent coupling of the wavefunctions of the different 
SL periods. The sample was grown by molecular beam epitaxy. The photocurrent spectra were 
measured at different temperatures using Fourier Transform Infrared Spectroscopy (FTIR). The 
structural asymmetry allows the observation of a photocurrent with no bias applied, leading to a 
large signal to noise ration which, in turn, makes photocurrent detection possible at room tem-
perature (Figure 2(a)).  

The photocurrent spectrum for negative bias voltages between -2 V and -5 V is shown in 
Figure 2 (b). The inset shows the preferential direction for electron extraction. In this bias direc-

Figure 1: Electron probability densities of the first three localized states (red line) superimposed on the 
potential profile of the conduction band. (a) symmetric superlattice and (b) asymmetric superlattice. 
The blue shaded region represents the doped quantum well. The arrows in (b) represent the expected 
transitions originating at the ground state. The mini band states are not shown for clarity.

mailto:pedro.hpereira@cetuc.puc-rio.br


tion, two peaks (260 meV and 300 meV) are observed and their energies are independent of the 
bias while their relative intensity changes with varying applied voltages. Measurements of the 
photocurrent spectrum with positive bias voltage (electron flowing to the mesa) are shown in 
Figure 2(c). Differently from what has been observed for negative bias, the photocurrent 
presents one main peak with energy around 300 meV. A lower energy shoulder is present due to 
transitions originating from the miniband. Another peak near 420 meV is clearly observed at 1.0 
V bias. The measurements are in excellent agreement with the simulated results (not shown 
here) 

In conclusion, an asymmetric photovoltaic SL-QWIP is presented. The difference be-
tween the photocurrent at positive and negative biases is explained by analyzing the calculated 
absorption transitions. As a consequence of its photovoltaic nature, a photocurrent at 0V is de-
tected at temperatures as high as 300 K.   
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Spectroscopic access to the terahertz spectral domain presents a unique possibility of selective 

identification of solid, liquid, or gaseous compounds whose complex structure is often unresolved 

when probing with more energetic photons. This has recently spawned the development of THz-

spectrometers whose target species range from biomolecules in medical applications to explosives 

in security applications. Most of these THz-spectrometers are based on Fourier transform 

spectroscopy (FTS) [1] or time-domain spectroscopy (TDS) [2], which both provide intrinsically 

broadband measurements. However, the average optical power of the THz radiation is often quite 

low, and they require mechanical moving parts to acquire the spectra. This makes them inherently 

slow, with acquisition times on the order of seconds or longer.  

Multiheterodyne spectroscopy (MHS) using quantum cascade laser (QCL) frequency combs, 

or Fabry-Pérot QCLs, has proven to be a viable alternative in the mid-infrared spectral region for 

broadband, high resolution spectroscopy in the microsecond time scale [3], [4]. These all-solid-

state semiconductor based spectrometers require no moving parts and can record spectra spanning 

several hundreds of GHz in just a few microseconds. Furthermore, the possibility of complete 

integration into a small package [5] makes them particularly intriguing for in-situ applications in 

industry and consumer products. Recent demonstration of THz frequency combs [6] and proof-

of-concept MHS results obtained with GaAs etalon [7] indicate the potential of extending this 

technology to the THz region. In this work, we present the first QCL-based THz-MHS 

measurements of gas phase molecular samples.  

 
Fig. 1: a, Experimental setup. b, Typical RF spectrum acquired during 10 µs. c, d, Intermode beat notes for the two 

THz QCLs. at 9.09 GHz and 9.11 GHz, respectively. 

QCL-based THz-MHS is generally more technically challenging than its mid-infrared variant. 

First, state-of-the-art THz-QCLs require closed-cycle cryogenic cooling for extended operation, 

which generates unwanted mechanical vibrations. Second, abundance of water vapor in the 

atmosphere necessitates system-wide optical path purging to prevent complete extinction of the 

THz radiation. Third, high-performance THz-detectors rely on superconductivity and thus require 

liquid helium temperatures, which further increases the system complexity and reliance on 

cryogens. In our study, we investigate the feasibility of THz-MHS by assessments of pure 
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nitrogen dioxide (NO2) at 1.2 bar of pressure using dispersion compensated THz-QCLs [7] 

configured according to Fig. 1a. The two THz beams emerging from the cryostat are spatially 

combined by a HRFZ-Si beamsplitter and focused on a hot electron bolometer (HEB, Scontel). 

The optical heterodyne mixing that occurs as a result of the mismatch of the free-spectral ranges 

(FSRs) provide a direct link between the optical- and the radio-frequency (RF) domain. The THz 

optical modes are by this procedure 1:1-mapped to the corresponding RF beat notes, which in our 

case can be conveniently accessed by a real-time spectrum analyzer (R&S FSW43). A typical RF 

spectrum is shown in Fig. 1b, where 15 beat notes can be measured simultaneously yielding an 

instantaneous spectral coverage of  150 GHz. Comb operation is verified by measuring the 

optical self-heterodyne beating at the frequency corresponding to the FSR of the laser. This is 

shown Fig 1c and d.  

 
Fig. 2: a, Multiheterodyne measurement of NO2 with an acquisition time of 10 µs. b, Multiheterodyne beat notes 

without the absorber. c, Multiheterodyne beat notes with the absorber. The most attenuated beat note is highlighted. 

The transmission spectrum shown in Fig. 2a agrees well with the spectral model based on the 

HITRAN database [8]. The discrepancies observed for some of the spectral points are attributed 

to insufficient signal-to-noise ratio (SNR) of the associated beat notes. This issue will be 

addressed in future implementations via optical component optimization and laser locking 

procedures similar to those successfully demonstrated for mid-IR systems [4]. 

 

In summary, we have demonstrated terahertz multiheterodyne spectroscopy of NO2 using 

dispersion compensated THz-QCLs. The system achieves an instantaneous spectral coverage of 

 150 GHz and a short-term (10s) noise-equivalent absorption (NEA) of 4×10-4/√Hz. The most 

recent spectroscopic results as well as system performance will be discussed in details.    
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Abstract: Numerous techniques have been developed to realize single-mode THz quantum-
cascade lasers (QCLs) with large intensity emission and narrow beams. Here we demonstrate
an efficient method to achieve such characteristics from surface-emitting distributed-feedback
(DFB) QCLs. A customized lens is made from an inexpensive plastic ball, which is placed
adjacent to the QCL inside the cryocooler for efficient focusing. A comprehensive character-
ization of the focusing characteristics of a lens on DFB THz QCLs is reported for the first
time. 20 mW of peak-power is achieved in a spot-size of 0.8 mm×0.6 mm from a single-mode
3.3 THz DFB QCL operating in a Stirling cryocooler at 55 K. By adjustment of the lens, a
collimated beam with a divergence angle of 0.6◦ × 0.5◦ is also realized.

1. Introduction

THz QCLs are the most promising solid-state source for applications in THz remote sensing, imaging and spec-
troscopy. However, their emission is usually characterized by divergent beam-patterns and low output-power due to
subwavelength dimensions of the cavities. Optical lenses based on high-transmission materials such as high resistivity
float zone silicon (HRFZ-Si), high density polyethylene (HDPE) and polymethylpentene (TPX) are used to collect
power and improve radiation patterns. For example, a hyperhemispherical high-resistivity silicon (HRSi) micro-lens
improved the collection efficiency and beam patterns from such QCLs in one direction [1], but the mounting and align-
ment processes are complicated. Artificial dielectric lens [2] and metasurface lens [3] working in THz region have also
been reported, but these structures need dedicated surface design and only work at specific wavelength ranges. Com-
mercial THz lenses made from TPX or HDPE are typically used by end-users of THz QCLs; however, no reports have
been published about their focusing efficiency (which is generally poor), divergence characteristics of the focused
radiation, and overall effect on the quality and shape of the beam.

In this paper, we demonstrate the efficient focusing of a 50 mW single-lobed surface-emitting THz QCL using
home-made lenses constructed from inexpensive HDPE balls (purchased at the cost of few US dollars each from
Precision Plastic Ball Co., IL, USA). Detailed characteristics of different kind of lenses will be presented (not
shown in this abstract). A specific choice of lens parameters and operating conditions is required to achieve the best
performance in terms of power efficiency, spot-size, divergence after focusing. For the results shown here, our plastic
lens made from a 1-inch HDPE sphere is able to focus beam into a narrow Gaussian-shaped spot with beam waists
of ∼ 0.8 mm × 0.6 mm (FWHM). The peak power collected by lens in pulsed mode of operation is 20 mW leading
to an intensity of ∼ 27 mW/mm2 , which is concentrated in a spot-size of area ∼ 0.4 mm2. The collection efficiency
after focusing is ∼ 40%. With adjustment of lens parameters, a collimated beam is achieved with narrow divergence
angle of 0.6◦ × 0.5◦. To the best of our knowledge, these are respectively the highest reported intensity and narrowest
divergence of far-field radiation that had been reported from single-mode DFB THz QCLs to-date.

2. Experimental Results

Figs. 1(a) and (g) show the pulsed L-I, spectra and beam pattern characteristics of a representative laser. This device
emits at ∼ 3.3 THz with 50 mW power when applying a bias at the current density of 508 A/cm2. Its radiation beam
is single-lobed with the divergence angles of 7.5◦ × 28.7◦ (FWHM). Figs. 1(b)-(d) show the schematics and real
views of the experiment setup. Both the QCL and lens are mounted inside the cryocooler with a testing temperature
of 55 K. A 3.8 mm-thick plano-convex HDPE lens is mounted on a brass stand at the position of 28 mm away from
the upper emission plane of the laser (d1 = 28 mm). This lens (Fig. 1(e)) is sliced from a 1-inch commercial HDPE
ball (Fig. 1(f)), then its cutting interface is carefully polished. The effective diameter of the interface is ∼ 18 mm. The
focal length (f ) is calculated to be ∼ 22 mm as the refractive index of HDPE at 55 K is ∼ 1.57 [4]. Fig. 1(h) shows
the beam pattern at the plane of z = 60 mm after the lens. We can see the beam waists are changed from initial 5.3



mm × 20.4 mm to 0.84 mm × 0.56 mm (FWHM). Moreover, the power detected right after TPX window is 20 mW,
which means the collection efficiency of this lens is 40%. Fig. 2 shows beam waists at different planes after the lens
outside when d1 is 28 mm and 22 mm. The solid lines are fitting curves given by the assumed Gaussian function in x
and y direction respectively. It indicates good Gaussian-shaped properties with the divergence angles of 2.6◦ × 4.4◦

(FWHM) when d1 = 28 mm. A collimated beam with 0.6◦ × 0.5◦ is achieved when d1 = 22 mm.

This work is supported by National Science Foundation through awards NSF ECCS 1609168 and NSF ECCS
1351142, and also performed, in part, at the Center for Integrated Nanotechnologies, a U.S. Department of En-
ergy(DOE), Office of Basic Energy Sciences user facility. Sandia National Laboratories is a multiprogram laboratory
managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the
U.S. DOEs National Nuclear Security Administration under contract DE-AC04-94AL85000.
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Fig. 1. (a) Pulsed L-I, Spectra with 200 ns pulses repeated at 100 KHz at 55 K. (b) and (c) general
view of the experiment setup. A plano-convex HDPE lens (f = ∼ 22 mm) is mounted inside the
cryocooler with d1 = 28 mm. (d) Close-up of the 200 µm × 1.3 mm surface-emitting DFB QCL
device mounted on a high resistivity copper stand. (e) View of the 3.4 mm-thick HDPE lens made
from (f) 1-inch HDPE ball. (g) Initial beam pattern 40 mm far away without lens. (h) Beam pattern
at the plane of z = 60 mm after lens.
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Fig. 2. (a) General view of the experiment setup when lens is mounted outside the cryocooler. (b)
Beam patterns after lens when d1 = 28 mm. Inset is the beam pattern at z = 85 mm. (c) Beam patterns
after lens when d1 = 22 mm. Inset is the beam pattern at z = 195 mm.
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Introduction 

We recently reported the demonstration of terahertz master-oscillator power-amplifier quantum 
cascade lasers (THz-MOPA-QCLs)[1]. Such device is based on a metal-metal waveguide, and 
the MO section is a first-order DFB laser where the grating is formed by inserting air slits in the 
top metallization. The PA section contains a preamplifier, a diffraction grating for light 
extraction, and an absorbing boundary located at the end of ridge to perfectly absorb the THz 
wave transmitted through the diffraction grating. The device exhabits single-mode emission, 
and the power amplification factor is about 5. However, the total output power is quite limited 
because of two main reasons. Firstly, the metallic DFB grating results in very strong mode 
confinement which seriously decreases the power of the MO section. Secondly, the lateral edges 
of the diffraction grating cause a non-negligible residual reflection which limits the maximum 
length of the preamplifier.  
In this paper, unique structures for both DFB and diffraction gratings are utilized to improve the 
output power. Fig. 1 shows the scheme of our new THz-MOPA-QCL. Here, the DFB grating 
were shaped by etching the top of the active region followed by the deposition of the top 
metallization. Mode confinement can be flexibly modified by the etching depth and the number 
of periods in the DFB grating, which is important to incresase the MO power. In addition, we 
make the diffraction grating wider than the preamplifier, and thus weaken the spacial overlap 
between the injected THz wave and the lateral edges of the diffration grating, which is crucial to 
decrease the residual reflectivity.  
The experiment results support our design perfectly. The material is based on a bound-to-
continuum active region with a norminal emission frequency of ~3 THz [2]. In our new THz-
MOPA-QCLs, the DFB grating contains 80 periods with a λ/4 phase shift. Devices with 
different DFB grating periodicity have been tested. The diffraction grating contains 10 periods 
and the periodicity is fixed as 46µm, while the preamplifier is 1000µm in length. Both the MO 
section and the preamplifier are 150µm in width, but the diffraction grating is 600µm-wide. For 
comparison, standard second-order DFB lasers are also fabricated  in the same chip. The 
second-order DFB laser contains 35 periods which is optimized for maximum output power, 
and the ridge width is 150µm. 
Fig. 2 (a) shows the emission spectra of several THz-MOPA-QCLs. Single mode emission 
around 118 µm is achieved, and the emission wavelength scales linearly with the DFB 
periodicity. Fig. 2 (b) shows the far-field beam pattern of a representative device, illustrating a 
divergent angle of 18.7°×31.6°. Most importantly, as shown in fig. 2(c), the output power of a 
typical MOPA device reaches to 26.6 mW in pulsed mode at 20K, which is 14 times as high as 
a standard second-order DFB laser. More details will be given in the presentation.  



 
Fig. 1 : Schematic illustration of a THz-MOPA-QCL device based on a metal-metal  
waveguide.The DFB grating contains 80 periodes with a λ/4 phase shift. The preamplifieris a  
1000µm-in-length waveguide purely for power amplification. The diffract ion grating is wider than  
the preamplifier in order to decrease the residual reflection. The n+ GaAs top contact layer, not 
covered by the top metallizat ion, acts as an absorbing boundary. 
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Fig. 2: (a) Emission spectra of 4 THz-MOPA-QCLs, where the periodicity of the DFB 
grating various from 16.0 um to 16.6 um. (b) Far-field pattern of a MOPA device, the 
divergence angle (FW HM) is 18.7°×31.6°. (c) Light-current-voltage curves of a THz-
MOPA-QCL and a second-order DFB THz-QCL, measured at 20K in pulsed mode (the pulse 
width 1µs, the repeat frequency 10 kHz).The peak power of MOPA is about 14 t imes as high 
as that of the second-order DFB counterpart. 
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Abstract 

Mid-infrared (MIR) detection has wide range of applications in spectroscopy and has 

recently shown strong potential in the field of optical communications. Mercury Cadmium 

Telluride (MCT) detectors are widely used for application in the MIR [1]. They have a high 

sensitivity (~10
10

 cm. Hz
1/2

 /W) but they have a modulation bandwidth limited to less than 1 

GHz. On the contrary devices based on intersubband transitions have demonstrated high 

frequency bandpass in excess of 100 GHz [2]. There are two types of intersubband detectors: 

quantum well infrared photodetectors (QWIP) and quantum cascade detectors (QCDs). QCDs 

operate in photovoltaic mode and have the advantage, over the QWIPs, to operate at room 

temperature, with fairly high photoresponsivity [3]. 

 

The working principle of QCDs is based on a vertical intersubband transition followed 

by an extractor made of a ladder of electronic states in a cascade shape. Their specific design 

enables detection at zero bias with minimal dark current with detectivity limited by the thermal 

noise at room temperature. [4]. 

 

The QCD of our investigation is based on GaInAs/AlInAs quantum wells designed and 

grown at III V Lab and was processed into mesa devices of 200–100µm in diameter. The 

detection wavelength is 4.9m. In Figure 1a we present the photocurrent spectra as function of 

the temperature using a FTIR in rapid scan mode. Note that the spectra are taken from 78K to 

room temperature. In Figure 1b we report background current measurement for the same device: 

values as low as (~ 10
-10

 A) are reached at cryogenic temperature. 

 

The detectivity at 0 bias has been measured as a function of the temperature (Fig. 1c). 

The detectivity shows a typical background limited infrared performance (BLIP) with a constant 

value below a certain temperature, TBLIP.  
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Fig. 1a: Normalized photocurrent spectra at 78K, 100K, 150K, 200K, 

250K and 300K. Fig. 1b: Current-Voltage curves at background 

conditions. Fig. 1c: Measured Detectivity at zero applied bias as a 

function of the temperature. Inset: Experimental Setup for 

detectivity measurements 

 

The source is 0.2 inch aperture blackbody at 1000°C chopped at 1 kHz; light is focused 

on the detector using parabolic mirrors as shown in the inset of Fig. 1c. At the exit of the 

detector a transimpedance amplifier boosts the signal which is then measured using a Lock-in 

technique. The optical input power is evaluated using a calibrated MCT detector. 

 

For our devices TBLIP is met at 175K with a detectivity of D*BLIP = 2x10
10

 cm. Hz
1/2

 /W, 

which is a record for a detector at this wavelength. The next goal of our investigation will be to 

use the QCDs in a microwave packaging to fully exploit the very wideband of these device. 

Ultimately, they will be used as receivers in a free space optical communication link at around 

5µm.                       
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Abstract 

 

Terahertz (THz) and sub-THz frequency emitter-detector technology is receiving increasing 

attention because of key applications in several fields. In particular,  ultrafast THz receivers are 

desired for compact, ultrafast spectroscopy and communication systems. While most of the 

available THz detectors (thermal, FET …) are currently limited in response time by slow thermal 

processes and/or by the read-out electronics, quantum well infrared photodetectors (QWIP) are 

excellent candidates given their intrinsic ps-range response [1]. However, the key to true ultrafast 

response is an aggressive reduction in device size, well below the diffraction limit. In this 

contribution, we demonstrate sub-wavelength (λ0/10) THz QWIP detectors based on a 3D split-

ring geometry, yielding ultrafast operation at a wavelength of around 100 µm. Each sensing meta-

atom pixel features a suspended loop antenna that feeds THz radiation in the ~20 µm3 active 

volume. The extremely small size leads to measured optical response speeds of up to  

∼3 GHz, and an expected device operation of up to tens of GHz, based on measured S-parameters. 

Both arrays of detectors and single-pixels have been implemented. 

 

1. Device concept 

 

 

The key idea is to exploit a miniaturized RF antenna as a coupler element to efficiently feed THz 

radiation (λ=100-200 µm) into an ultra-sub-wavelength (4-µm-side) QWIP active core, as 

depicted in Fig. 1(a). To this scope, we exploit the 3D THz meta-atom geometry recently 

developed in our team [2] to demonstrate QWIP detectors with extremely sub-wavelength active 

core dimensions of the order of λ0/25, well below what can be achieved in a typical diffraction-

limited device [3]. These objects are topologically equivalent to planar split-ring resonators, 

Figure 1(a) Scheme of the sub-wavelength 3D THz micro-resonator and colorized SEM picture of a typical 

fabricated detector device. (b) Photocurrent spectrum for the QWIP array with 50mV applied bias. (c) RF 

spectrum from the QWIP array when a 1.5-GHz-modulated THz QCL is focused on it (solid red line). The 

blue solid line is the noise reference when the QCL is under threshold (DC+RF). 



behaving as sub-wavelength THz antennas. The active core of the device hosts a GaAs/AlGaAs 

QWIP structure designed to detect radiation at ~3 THz [4]. The active volume is about 20 µm3 

only, as clarified in Fig. 1(a) that shows an SEM image of a typical device. The frequency of the 

device LC resonance has been designed to overlap to the QWIP structure response band by 

carefully selecting both the capacitor and inductor sizes. 

 

2. DC characterization  

Photocurrent spectra show a clear response around 3 THz at 4.5K, for devices consisting of a 

single element, or a 2D array (300 single devices) as reported in Figure 1(b). On the other hand 

electrical measurements support our claim of very low dark currents related to the extremely sub-

wavelength active volume: less than 2 nA and 20 nA for single device and array configuration, 

respectively at 4.5K for the typical operational bias. A complete set of measurements permits to 

estimate the Tblip≈8K for both configurations. This value is similar to the temperature found when 

the same material is processed in a standard mesa detector configuration. 

 

3. RF characterization 

The effect of this architecture on the device speed is dramatic. Experimentally measured electrical 

S-parameters permit to place the cut-off frequency - for both single object and array 

configurations – at above 20 GHz. In order to perform a direct optical response analysis, we have 

illuminated the detector with a 3 THz QCL operating in continuous wave that was intensity-

modulated using an RF synthesizer. The output of the detector was properly amplified and fed to 

a spectrum analyzer. Figure 1(c) shows the spectrum obtained when the QCL is modulated at 1.5 

GHz (solid red line) while the solid blue line is the noise reference with the QCL operated under 

threshold. Our latest results, that will be thoroughly discussed during the talk, prove a clear optical 

response up to 2.5 GHz for the array geometry, currently limited only by the experimental setup. 

 

References 
 

[1]  H. Schneider, H.C. Liu, Quantum Well Infrared Photodetectors. Physics and Applications, Springer Series in 

Optical Sciences, Springer Verlag Berlin Heidelberg (2007) 

 

[2]  B. Paulillo, J. Manceau, A. Degiron, N. Zerounian, G. Beaudoin, I. Sagnes, and R. Colombelli, "Circuit-tunable 

sub-wavelength THz resonators: hybridizing optical cavities and loop antennas" Optics Express22, 21302-21312 

(2014) 

 

[3]  D. Palaferri, Y. Todorov, Y.N. Chen, J. Madeo, A. Vasanelli, L.H. Li, A.G. Davies, E.H. Linfield and C. Sirtori, 

“Patch antenna terahertz photodetectors “, Applied Physics Letters, 106, 161102 (2015)  

 

[4]  H.Luo, H.C.Liu, C.Y. Song and Z.R. Wasilewsky, Background-lmited THz quantum-well photodetector, Applied 

Physics Letters, 86, 1 (2005) 

 

 



Short THz pulse generation from a dispersion compensated 

modelocked quantum cascade laser 

 
Feihu Wang1, Hanond Nong1, Tobias Fobbe2, Valentino Pistore1, Sarah Houver1, 

Sergej Markmann2, Nathan Jukam2, Maria Amanti3, Carlo Sirtori3, Souad 

Moumdji4, Raffaele Colombelli4, Lianhe Li5, Edmund Linfield5, Giles Davies5, 

Juliette Mangeney1, Jérôme Tignon1, and Sukhdeep Dhillon1,* 

1Laboratoire Pierre Aigrain, Ecole Normale Supérieure-PSL Research University, CNRS, Université 

Pierre et Marie Curie-Sorbonne Universités, Université Paris Diderot, Sorbonne Paris Cité, 24 rue 

Lhomond, 75231 Paris Cedex 05, France 

2Lehrstuhl für Angewandte Festkörperphysik, Ruhr-Universität Bochum, Universitätsstraße 150, 

44780 Bochum, Germany 
3Laboratoire Matériaux et Phénomènes Quantiques, Université Paris Diderot, Sorbonne Paris Cité, 

CNRS-UMR 7162, 75013 Paris, France 
4Institut d’Electronique Fondamentale, Université Paris-Sud, CNRS UMR 8622, 91405 Orsay, 

France 

5School of Electronic and Electrical Engineering, University of Leeds, Woodhouse Lane, Leeds 

*Contact Email: sukhdeep.dhillon@lpa.ens.fr 

 

Dispersion compensation is vital for the generation of ultrashort and single cycle pulses from 

modelocked lasers across the electromagnetic spectrum. It is typically based on addition of an 

extra dispersive element to the laser cavity that introduces a chromatic dispersion opposite to 

that of the gain medium. To date, however, no such scheme have been successfully applied to 

terahertz (THz) quantum cascade lasers (QCL) for short and stable pulse generation in the THz 

range. In this work, we will present the current state-of-the art in THz pulse generation [1–3] 

and show a new monolithic on-chip compensation scheme (fig. a) for a modelocked QCL, 

permitting THz pulses to be considerably shortened from 16ps to 4ps (fig. b). This is based on 

the realization of a small coupled cavity resonator that acts as an ‘off resonance’ Gires-Tournois 

interferometer (GTI), permitting large THz spectral bandwidths to be compensated. This novel 

application of a GTI opens up a direct and simple route to sub-picosecond and single cycle 

pulses in the THz range from a compact semiconductor source. We will further show the role of 

dispersion compensation for the generation of pulse trains without the requirement of an active 

modulation. 

(a) 

 

(b) 

Fig a) GTI schematic a) Schematic of the GTI coupled to a QCL to realised ultrashort THz 

pulses. The inset represents the GTI with asymmetric reflectivities, r1 and r2 and a cavity length, l.  

b) Short Pulse generation from THz QCLs. Comparison of a QCL with a GTI (red) and a 

standard QCL cavity (black). 
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Abstract 

In this work, we propose and demonstrate the potential of the ZnO/(Zn,Mg)O material system as 

a candidate for intersubband (ISB) devices. This material system presents a unique set of 

properties that makes it highly attractive for mid-IR and THz emission as well as for strong 

coupling regimes : (1) it can be doped up to 1021 cm-3, (2) it has a very large longitudinal phonon 

energy of 72 meV, (3) it is very ionic with a large difference between the static and high frequency 

dielectric constants (4) it can be grown homoepitaxially on native substrates with a defect 

densities close to those obtained with the GaAs material system. However, some fundamental 

physical parameters such as conduction band offset and effective mass are not well established 

for ZnO-based quantum heterostructures. In addition, in order to fully utilize these potentials, the 

(Zn,Mg)O/ZnO-based quantum wells (QWs) must be grown with precise control of the 

thicknesses, alloy compositions and the interface quality, which is still challenging.  

ZnO exhibits a wurtzite structure, with spontaneous and piezoelectric fields along the c-axis, 

which induces a quantum confined Stark effect in the QWs. Here, we demonstrate that we can 

avoid this effect in QWs by growing (Zn,Mg)O/ZnO structures along a non-polar orientations. 

The QW interfaces were investigated by X-ray reflectivity and STEM HAAF. As shown in Fig. 

1, the interface roughness is in the range of a few Å without defect or strong composition 

fluctuations. As a conclusion, the structural properties fulfills the requirement of devices based 

on intersubband transitions. The doping level was then optimized to reach n~5x1020 cm-3
 in ZnO 

(n above 5x1013 cm-2 in our QWs). 

Slabs were processed as 45° multipass waveguides from a set of multiple QW structures featuring 

QWs from 2.7 to 4 nm in width and doped from 1019 to 1020 cm-3. Figure 2(a) shows the ratio of 

the absorbance spectra taken under p and s polarization of the incident light. The ISB transition 

peak shifts to higher energies as the QWs are made thinner and as the doping in the QW is 

increased. The experimental results are compared in Figure 2(b) to the ISB transition energies 

calculated by self-consistent solving of the Schrödinger and Poisson equations, taking also into 

account exchange correlation effects. In order to obtain a good agreement between the 

experimental and calculated values, we take into account the interaction of the incident light with 

the high electron density in the QWs and the lattice phonons by means of the off-plane dielectric 

function of the ZnO in the QWs1. In the highly doped structures, the ISB transitions shown here 

can be considered as the upper branch of the quasi-particle describing the interaction of the ISB 

transition and the phonons in the lattice, i.e. the ISB polaron. We will show that the frequency of 

the upper ISB polaron branch is three times larger than that of the bare ISB transition in such a 

QW structure.  
This “Zoterac” project has received funding from the European Union’s Horizon 2020 research and 
innovation program under grant agreement No 665107”. 



 
 

 
 
 

Figure 1.  STEM HAADF image from multiple quantum well structure with different well and barriers 
widths. The EDX elemental map for Mg distribution is shown. 
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Figure 2.  (a) p to s polarization absorbance ratio for the MQW structures presented here. The figure has been split in 

two for clarity. The left panel shows the results for the structures with 1 × 1019 cm-3 doping in the QWs and QW 

widths of 2.7, 3.2, and 3.7 nm. The right panel shows the results for samples with 3.7, 4, and 3.9 nm QW widths and 

2 × 1019, 6 × 1019 (only in the central ½ of the QW), and 1 × 1020 cm-3 doping in the QW, respectively. (b) 

Squares: Experimental peak frequency of the ISB transitions. Circles: ISB transition frequency from self-consistent 

solving of the Schrödinger and Poisson equations considering exchange-correlation effects. Triangles: ISB transition 

frequency calculated from the dielectric function model. The labels over the figures sections indicate the 

experimental 2-dimensional electron densities in the QW in each case in units of cm-2. 
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Wavelength shifting is an important process in fiber-optical communications, and is implicated 
for example, for transferring information between low-loss transmission windows, typically 
between 1.3 µm and 1.55 µm. This is normally achieved using optical-electrical-optical (OEO) 
switches that results in speed bottlenecks. Here, we demonstrate an all-optical wavelength 
shifting scheme using quantum cascade lasers (QCLs) [1] for the generation of sidebands on an 
optical telecom carrier at room temperature, potentially being considerably faster than OEOs. 
The process is based on resonant nonlinearities where phase matching is less critical and we 
show the first demonstration of telecom sideband generation at room temperature with QCLs, 
where previous sideband generation with QCLs [2-4] have been limited to optical pumps in the 

near-infrared range (~800 nm).  

 

 

 
 

Figure 1: Schematic of the telecom nonlinear 

frequency mixing in a QCL, leading to sum and 

difference frequency generation 

Figure 2: Spectrum showing THz sum 

sideband at ENIR-ETHz (green) and MIR sum 

sideband at ENIR-EMIR (blue) generation  

 

The wavelength shift in the telecom domain was achieved by nonlinear sideband generation 

using a modified MIR QCL (=8.8µm, EQCL), based on InGaAs/AlInAs quantum wells on an 
InP substrate, and a resonant telecom pump, ENIR. The scheme (shown in fig. 1), permits the 
generation of sidebands at ENIR±EQCL, translating into wavelength shifts over the entire telecom 
band, from 1300 nm to 1700 nm. The telecom pump and sideband are separated by 140 meV 



(i.e. the QCL photon) corresponding to  250 nm in the telecom range, permitting to shift 
from 1.3 µm to 1.55 µm and vice-versa (blue curve in figure 2). Demonstrations of sideband 
generation at room temperature are shown. THz sideband generation with InGaAs/AlInAs THz 
QCLs are also demonstrated and compared to those in the MIR (also shown on figure 2). This is  
correlated with nonlinear susceptibility calculations highlighting the contribution of the inter- 

and inter-subband transitions to the nonlinear efficiency. 

 

To conclude, sideband generation in the telecom range has been demonstrated at room 
temperature. This demonstration in the telecom range will further permit novel approaches for 
the QCL stabilization, injection locking, and the up-conversion of the MIR emission to the 

telecom domain. 
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Detection of terahertz (THz) radiation is relevant for several applications, ranging from 

spectroscopy to communications and imaging techniques. Traditionally THz approaches are 

based on intrinsically slow devices such as pyroelectric detectors, Golay cells, or cryogenic 

operating detectors such as Si-bolometers. Graphene and other bi-dimensional material based 

detectors have emerged as a valid alternative for fast room temperature detection of THz radiation 

[1,2,3]. In this article, we present a high responsivity terahertz detector based on plasmonic 

antenna arrays contacting graphene, where detection was achieved through the bolometric effect. 

A 3-dimensional schematic of the device is shown in Fig. 1(a), together with a scanning electron 

microscopy (SEM) of a unit cell shown in Fig. 1(b). The metallic (Ti/Au, 10/65 nm) antenna 

arrays were fabricated onto a SiO2/Si substrate with their gaps shorted by squares of graphene 

(3×3 m2). The antennas, with a length of 22.5 m and simulated resonance frequency at 2.45 

THz, serve as optical resonant components that concentrate the incident radiation into the antenna 

gaps (0.5 m), where a strong electric field is formed to greatly enhanced the graphene-light 

interaction (Fig. 1(c)). Meanwhile, the antennas are arranged in series and contacted to the source 

(S) and drain (D) metallic pads to serve as electrodes.  

 

 

Fig. 1: (a) A 3D schematic of the graphene loaded plasmonic antenna arrays detector 

on a silicon substrate. (b) A SEM image of the single unit cell. (c) Normalized electric 

field simulated by finite element method at the resonance frequency.  

The overall change of the current passing through the source and drain is dependent on the 

graphene’s conductivity, which can be modified by the power impinging onto the detector as well 

as the biasing from the back-gate voltage. The detecting region (1×1.2 mm2) is encapsulated with 



a conformal dielectric layer of Al2O3 (80 nm) via atomic layer deposition (ALD) which helps 

reduce the Dirac point to values closer to 0 V (Fig. 2(a)) with respect to the Dirac point measured 

in our non-encapsulated devices (> 90 V) [2]. The device has been characterized and tested with 

two bound-to-continuum terahertz quantum cascade lasers (QCLs), emitting in single frequency 

at ~2 THz and ~2.7 THz with power level of 0.16 mW. The photocurrent is recorded at different 

gate voltages as shown in Fig. 2 (b) for the two lasers. The results show similar trend for the 

different frequency QCL sources with the peak values at around -10 V, the corresponding Dirac 

point as shown in Fig. 2(a). The responsivity achieved is as high as 2 mA/W under the 2 THz 

QCL and it reduced to 0.3 mA/W at 2.7 THz. The difference can be explained with the reduced 

overlap of the laser frequency with the plasmonic resonance for higher frequencies. In conclusion, 

fast integrated hybrid graphene/plasmonic devices operating on the bolometric effect have been 

demonstrated as a valid approach for the detection of THz QCLs. 

 

 
Fig. 2: (a) Electrical characterization of the sample with detecting region encapsulated 

by the Al2O3 layer. (b) Measured photocurrent at different gate voltages for 2 THz and 

2.7 THz. 
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Frequency combs based on QCLs open an alternative and elegant way to facilitate mid-infrared 
spectroscopy for compact or ultimately single-chip sensing instruments [1,2]. The detection of 
the beating between laser lines in a multi-heterodyne scheme allows the simultaneous down-
sampling of the entire optical spectrum to the RF-domain, where state-of-the-art FPGA based 
electronics can be used to recover the spectral information. 

The idea of this work is to merge our efforts on bi-functional devices [3,4] with frequency combs 
for future integrated sensors. The on-chip detection capability allows a straightforward integration 
and quantum cascade detectors are ideal candidates for multi-heterodyne detection. They allow 
direct and efficient on-chip coupling from the strong local oscillator and due to the short 
intersubband lifetimes, they have high electric bandwidths in the gigahertz range, as well as 
saturation intensities that allow linear detection over a large dynamic range. 

Our new device generation is capable of room-temperature operation in continuous wave at 8 µm 
with watt level output power. The achieved continuous wave wall-plug efficiency of 7% is the 
highest reported value for lattice matched material at this wavelength. In detector operation, the 
device has a responsivity of 14 mA/W at the emission wavelength and a noise equivalent power 
of 0.14 nW/√Hz, which results in a dynamic range of 9 orders of magnitude. 

In frequency comb operation the devices emit up to 400 mW in epi-side down and 80 mW in epi-
side up mounted configuration. Beyond 400 mW, the device switches to the noisy dense regime, 
where phase locking is lost due to the larger affect of self-phase modulation onto the dispersion. 
The epi-side up mounted device are frequency combs in the entire bias region between the single 
mode regime and roll-over. The harmonic mode regime, which seems to be present in nearly all 
conventional QCLs [5], has not been observed in any of those devices and the second threshold 
of the frequency comb regime is extremely low (30-50 mA above laser threshold). This shows, 
that four-wave mixing induced phase-locking can kick in at relatively low power levels close to 
threshold in dispersion compensated QCLs and dominates their spectral behavior. 

In conclusion, we demonstrate a quantum cascade device with record laser performance, as well 
as high speed zero bias detection and frequency comb operation capabilities. This makes our 
device a perfect candidate to realize a dual comb spectroscopy on a single chip. 

 



 
 

 

Fig. 1: Beat-node measurement of an epi-side down mounted device showing narrow 
beat nodes on a 50dB scale. At high intensities the comb regime switches off due to 
the lack of dispersion compensation owning to an increased self-phase modulation. 

This occurs at output powers between 200-400mW for the tested devices. 
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Abstract  

Large crystal atomic layer PtSe2 with a narrow band gap is synthesized by chemical 

transfer method. We then demonstrated, for the first time, mid-infrared photodetectors based on 

bilayer PtSe2 with fast response time and high responsivity up to 4.5 A/W under mid-infrared 

illumination (10 μm) at room temperature.  

Introduction 

Two-dimensional crystals have attracted tremendous interests due to the wide electric and 

optoelectronic properties. The first successful example is graphene, however, the low absorption (2.3%) 

and short carrier life time (~ picoseconds) remain to the major issuers for high performance mid-infrared 

photodetectors.[1] One typical example is transition metal dichalcogenides (TMDC) MX2 (M=Mo, W; 

X= S, Se and Te) and other 2D elemental materials (silicene, germanene and phosphorene), however they 

are not suitable for mid-infrared wavelengths devices because of the relatively large bandgap and low 

carrier mobility.  In the large family of TMDs, many other single layer or multilayer materials with a 

bandgap of ~0.1 eV were proposed as promising candidates for the mid-infrared photonic and 

optoelectronic applications. However, the massive synthesis of high-quality narrow bandgap TMD 

crystals and demonstration of photonic and optoelectronic devices remain a crucial challenge. Here, we 

present for the first time an efficient strategy to synthesis PtSe2 crystals, as a demonstrative example, by 

chemical vapour transport (CVT) method. This allows the fabrication of PtSe2 field effect transistors 

(FET) with various numbers of layers. Bilayer PtSe2 that is demonstrated to retrain a narrow bandgap and 

relatively high carrier mobility shows remarkable photoresponse in a broadband region from visible to 

mid-infrared wavelengths [2].  

Results and discussion 

 
Figure 1 (a) Optical image of bilayer PtSe2. (b) ID-VD characteristic of bilayer PtSe2 FET. (c) 

Raman spectrum of atomic layers of PtSe2 on Si/SiO2 substrate. 

Large well-formed plate-like single crystals of PtSe2 were grown by chemical vaper 

transport method (CVT) with the help of sulfur, phosphorus and iodine as the catalysts and the 

transporting agency, respectively. The optical image of the exfoliated bilayer PtSe2 is shown in 

fig. 1(a). The electrical contacts made of Ti/Au (20 nm/80 nm) were deposited by the electron 

beam evaporation after standard photolithography. The heavily doped Si substrate was used as a 

backgate. The ID-VD and ID-VG curves were measured by the Agilent probe station as shown in 

fig. 1(b).  The synthesized bulk PtSe2 and atomic layers show two main Raman peaks near 200 

cm-1 and 300 cm-1 as shown in fig. 1(c), which were defined as Eg mode and Alg mode vibration, 
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respectively. The soft mode near 320 cm-1 is caused by the substrate. The relatively low 

mobility of bilayer PtSe2 FET is related to the differences of the surrounding conditions or the 

charge transfer from neighboring adsorbates and the substrate. Basically, monolayer PtSe2 

suffers from a stronger substrate effect compared to thicker ones acting as graphene and MoS2. 

The semiconducting behavior and relatively high carrier mobility, combined with the opening of 

a bandgap, suggest that bilayer and monolayer PtSe2 have huge potential in future 

optoelectronic applications. In this work, we mainly focused on the photodetection properties of 

bilayer PtSe2 in the mid-infrared range. 

 
Figure 2 The optoelectronic properties of the fabricated monolayer and bilayer PtSe2 FET 

devices. (a) Time-resolved photoresponse of the bilayer PtSe2 FET devices for a bias voltage of 

0.1 V and zero gate voltage under laser illumination, the wavelength of the lasers are 632 nm, 

1.47 µm and 10 µm, respectively. (b) Photocurrent dynamics of one period of the time-resolved 

photoresponse. The laser illuminations of in a, b are kept in a constant of 0.25 W/cm2 for the 

three different lasers. (c) Power dependence of the devices under laser illumination recorded at 

VD=0.1 V.   

We measured the photodetection performances of bilayer PtSe2 FET, which exhibited a 

much higher photoresponse compared with the monolayer PtSe2 FET, as shown in fig. 2(a). For 

instance, the responsivities in the visible and near infrared are about 6.25 A/W and 5.5 A/W, 

respectively. Importantly, we also observed a clear photoresponse in the mid-infrared (λ=10 

µm) as shown in fig. 2(b) and a photoresponsivity of ~4.5 A/W, which are in contradiction to 

the previous theoretical results. Furthermore, the rise time (τ1 = 1.1 ms) and fall time (τ2 = 1.2 ms) 

are consistent with the former fitted values. The response times of both samples do not show 

significant change under different laser illuminations. In addition, the photoresponse can be 

expressed by a power law of IPC = CPγ (C is a constant and P is the illumination power) as 

shown in fig. 2(c). The value of γ was 1.16, 1.1 and 0.92 for 632 nm, 1.47 µm and 10 µm for 

bilayer PtSe2 FET, respectively. The relatively high value of γ might be attributed to the less 

trapping and substrate effects compared to monolayer samples, which can be explained the 

reduction of the numbers of photogenerated carriers which are available to be extracted under 

high photon flux due to the Auger process or the saturation of recombination/trap states that 

influence the lifetime of the generated carriers [3]. 
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Abstract: We develop a new class of random laser with optical feedback provided by multiple scattering of metallic 

pillars in terahertz (THz) frequency range. Such metallic scatterers are especially suitable for transverse-magnetic (TM) 

polarized light, owning to high scattering efficiency and small ohmic losses over a broad bandwidth. By implementing 

metallic pillars into THz quantum cascade laser gain medium, complex emission spectra are captured and more than 25 

emission peaks can be observed in the whole gain spectral range.  

 
Over the past decades, random laser

1
, a special class of laser without delicately-aligned mirrors, has inspired/invoked a broad 

range of research interests in the theoretical and experimental field. The optical feedback achieved by multiple scattering in a 

randomly-arranged scattering medium, involves complex but intriguing physical phenomena such as optical localization and 

de-localization
2
, gain competition and mode coupling

3
, strong light-matter interaction

4
, et.al. In addition to the fundamental 

interests, random laser is also a promising broadband
4
, low-spatial-coherent

5
 and high-intensity light source, attractive for 

manifold applications, including display lighting, biological probes
6
, optical imaging

7
 and sensing. Due to the multiple-

scattering feedback mechanism, the scattering strength of random scatters is of great importance for the performance of 

random lasers. Weak scattering scatters result in incoherent feedback with broad peak width and large threshold, while 

strong scattering scatters contribute to coherent feedback featured with bright spots, narrow emission peaks and low 

threshold. Therefore, high-refractive-index dielectric scatters (e.g., TiO2, ZnO, GaP and GaN) are widely utilized in random 

lasers owning to Mie-resonance induced high scattering efficiency
8
. 

In this work, we propose a novel metallic scatterer and incorporate it into a two dimensional (2D) random matrix with 

THz quantum cascade gain medium. Multimode THz lasing with 25 emission peaks have been observed. As the scattering 

strength of the scatterer is vital for the performance of random lasers, it is necessary to study the optical scattering properties 

of the scatterers. The optical scattering/absorption of a circular Au pillar (R=4 µm) for TM and TE polarized light have been 

calculated using finite-difference time-domain (FDTD) simulations respectively. The results are shown in Fig. 1b, where the 

optical scattering (Qsca)/absorption efficiency (Qabs) is defined as the ratio of scattering/absorption cross section size to 

scatterer physical size. For both the TM and TE polarized terahertz waves, the scattering efficiency curves are relatively flat 

over a broad frequency range due to the fact that Au pillar does not support surface plasmon resonance in the terahertz region. 

This is in contrast to the dielectric pillar case where the scattering efficiency peaks at the Mie resonant frequencies (green 

curve in Fig. 1a). A flat-top scattering curve of the scatterer is favorable as it would enable broadband emission of a random 

laser made of such scatterers. In addition, as the frequency is much smaller than the surface plasma frequency of Au, the 

absorption of wave is negligible over the whole terahertz frequency range, which is advantageous for reducing the lasing 

threshold. Comparing to the optical scattering of TE polarized light, the scattering efficiency of metallic scatter for TM 

polarization is clearly higher and the advantage is remarkable even for shorter wavelengths. For random medium with a 

certain number of scatterers, the FF of scatterers is proportional to the R
2
. Reducing the scatterer size while maintaining the 

overall scattering efficiency by increasing scatterer number, will induce a smaller FF, and thus a larger gain volume. 

Consequently, smaller scatterer size is preferred. This is distinct from the dielectric pillar case or metallic pillar with TE 

polarized waves where the scatterer size has to be increased to a certain value to guarantee overall scattering efficiency. The 

eigenmodes of 2D random medium with Au pillars have been studies. The pillars (R=4 µm) are randomly distributed within 

a region of 500 µm ×500 µm without any overlap. It can be found that for low-FF structures (e.g. 6%, Fig. 1b), the typical 

optical mode extends over a broad area, with a significant amount of energy escaping through the boundaries. When the FF 

gets larger (e.g. 12%, Fig. 1c), the in-plane confinement gets better and the electric field becomes more localized due to the 

stronger back scattering by the pillars. When the FF further increases (e.g. 18%, Fig. 1d), the optical field becomes strongly 

localized within the structure with very small modal size; and energy can barely leak outward through the boundaries. 

 
Fig. 1 (a) The calculated 2D scattering and absorption efficiency of a circular Au pillar in quantum cascade medium (n=3.6) for transverse-magnetic (TM) 

and transverse-electric (TE) polarized light, respectively. The scattering of single dielectric pillar in benzocyclobutene (index contrast 3.6:1.58) for TM 

polarization is also shown for comparison. Typical field intensity distributions of random medium with metallic pillar FF of (a) 6%, (b) 12%, (c) 18%. The 
white dots correspond to Au pillars and the intensity is normalized.
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Fig. 2 (a) Zoom-in view of single Au pillar. (b) 3D full structure with a cross section view. (c) The comparison of optical properties for random structures 

with absorbing and with mesa boundary. Averaged in-plane Q factors are calculated over the 150 highest-Q eigenmodes for different scatterer FFs. The 

number of modes with in-plane Q>200 are also counted for different FF structures. (d) LIV curve at different temperatures and (e) emission spectra at 9 K 

for different pumping currents of the fabricated THz QC-RL with mesa boundary. The total structure size is around 515 µm ×515 µm and the FF of Au 

pillars is 12%. 

The THz QCL wafer used in this work was based on a three-well resonant-phonon GaAs/ Al0.15Ga0.85As design
9
, with gain 

curve spanning from 2.95 THz to 3.45 THz. For the fabrication of randomly distributed metallic pillars, it was realized by 

etching air holes through the QCL active region and then covering it completely, the side wall and bottom, with SiO2/Ti/Au 

(200 nm /30 nm /1400 nm). As the electric field can’t penetrate through the metallic layer, the scatterer resembles an Au 

pillar. Random apertures are fabricated on the top metal layer for light extraction. The boundary mesa is also fabricated to 

further reduce in-plane loss. The in-plane averaged Q factor has been calculated with mesa boundaries, the optimal FF is in 

the range of 12%-16% (Fig. 2c). All the devices were driven by a pulser with a repetition rate of 10 kHz and a pulse width of 

500 ns. The emission spectra are recorded by a FTIR with a DTGS THz detector at the highest spectral resolution is 0.2 cm
−1

. 

Fig.2d shows the LIV curves and emission spectra of a random QCL with a FF of 12%. The lasing threshold at 9 K is ~ 1.53 

kA/cm
2
, slightly higher than that of a ridge laser (1.33 kA/cm

2
) with a size of 2 mm × 106 μm. The peak power reaches 0.46 

mW with the highest working temperature of 95 K. As the gain spectral center of QCL will have blue-shift with increasing 

pumping intensity
10

, a typical feature of the three-well resonant-phonon active region design employed here, the principle 

peaks of emission spectra will also be transferred to higher frequencies. Three complex emission spectra at different 

pumping currents have been shown in Fig. 2e. These emission spectra are selected to fully present all the emission peaks in 

the whole dynamic range. Overall, more than 25 emission peaks can be observed, which is almost twice of the emission peak 

number for the reported dielectric random structure with a larger structure size
10

.  

We have demonstrated 2D multimode THz QC-RLs with metallic (Au) pillars for the first time. More than 25 emission 

modes have been realized, indicating the great potential for applications, such as speckle-free imaging. Metallic scatters have 

been widely utilized in random laser at visible frequency range
11

, thanks to the surface-plasmon enhancement of optical 

scattering efficiency and localized electromagnetic field. However, the implementation of such scatters also introduces 

serious light absorption which is detrimental for optical oscillation in the random medium. In the THz frequency range, the 

metallic ohmic loss is trivial, implicating the advantage of the random laser application.  
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The internal efficiency ηi, a key factor in the external-differential-efficiency expression, is the 
product of the injection efficiency ηinj and the lasing-transition efficiency ηtr [1]. For 
conventional QCLs ηi values are found to be low: 50-60 % in the 4.5-6.0 µm wavelength range 
[1] and 57-67 % in the 7-11 µm range [2], with, until recently, no clear explanation why that is 
the case. By combining carrier-leakage suppression with fast, miniband-like carrier extraction 
we have reported [1] ηi values of ~ 86 % from 8-9 µm-emitting STA-RE-type QCLs; that is, 30-
50% higher than for conventional 7-11 µm QCLs and approaching the ~ 90 % fundamental limit 
for ηi [2]. Here we report on record-high ηi values from 5.0 µm-emitting STA-RE devices, and 
on preliminary CW results from both 5.0 µm- and 8.0 µm-emitting STA-RE devices. 
    The devices were grown by MOCVD; allowing for step-tapering both active-region barrier 
heights and well depths which, in turn, resulted in both complete carrier-leakage suppression, as 
evidenced by very high T0 (226 K) and T1 (653 K) values for 5.0 µm-emitting chips, as well as 
miniband-type extraction that provides short (~ 0.13 ps) lower-level lifetimes. The calculated ηi 
value is 86 %. A mirror-loss study, consisting of varying the front-facet reflectivity of one STA-
RE HR-coated chip, gave a value of ~ 77 % for ηi, and a αw value of ~ 1.9 cm-1 (Fig. 1 a). 77 % 
is the highest ηi value achieved to date from QCLs emitting in the 4.0-6.5 µm range (Fig. 1 b).  

 

Strong carrier-leakage suppression together with efficient carrier extraction has given a 70 % ηi 
value for the shallow-well-type QCL [3], shown to be a TA-type QCL[1]. More recently, a two-
QW (2 QW) NRE-type device [4] with reduced carrier leakage has achieved a relatively high 
value: ~ 63 %. In contrast to 8-9 µm-emitting STA-RE QCLs, the highest obtained ηi values are 
well below the fundamental limit of ~ 90 %. The reason may be interface-roughness (IFR)-
mediated carrier leakage [5] in such high conduction-band (CB) offset devices. However, with 
careful CB and IFR-scattering-rate engineering values in excess of 80 % are entirely possible.       
Extracted ηinj values (i.e., dividing obtained ηi by calculated ηtr) are ~ 86 % and ~ 80 %, for the 
STA-RE and TA-RE QCLs, by comparison to only 62%-70 % for conventional QCLs [1], 
confirming both high tunneling-injection efficiencies and strong carrier-leakage suppression. In 

Fig. 1(a) Inverse slope efficiency vs. inverse αm for STA-RE QCL; (b) Internal efficiency for QCLs emitting in the 
4-6 µm range (this work and [1][3][4]). The horizontal blue line at 90% represents the fundamental upper limit [2].	  

(a) (b) 



turn, high ηinj values are expected to reduce the threshold-current density Jth, since Jth  ∝ 1/ηinj. 
      Preliminary CW data include 2.0 W CW single-facet output power from a buried-
heterostructure (BH) HR-coated device mounted on a Cu submount, at a heatsink temperature 
of 14 oC (Fig. 2). We expect higher CW powers via AR-coating front facets, using diamond 
submounts, and lowering the αw value for these MOCVD-grown devices. Nonetheless, the CW 
Jth value is only 0.8 kA/cm2, reflecting the very high (i.e., 86%) ηinj value. 
 
 
 
 
 
 

 

 

 

8.0 µm-emitting STA-RE BH-type devices were fabricated as well. In contrast to previously 
published 8-9 µm-emitting STA-RE QCLs [2] these have more periods (45 vs. 35) and a lower 
αw value (2.5 cm-1 vs. 5 cm-1). In pulsed operation the T0 (228 K) and T1 (529 K) values stay 
very high to 100 oC heatsink temperature (Fig. 3 a). The T1 value is at least twice those in 
conventional 8-8.5 µm-emitting QCLs (i.e., 236-260 K) [1][6], reflecting strong carrier-leakage 
suppression. 1.0 W single-facet CW power is obtained (Fig. 3b), same as the best reported both-
facets CW power from 8 µm-emitting conventional QCLs [6], at same heatsink temperature. 

   Fig. 3. 8.0 µm-emitting STA-RE BH QCLs: (a) T0 and T1 in pulsed operation; (b) Single-facet CW output powers. 
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Fig. 2. CW L-I curve for HR-coated, 5.0 µm-emitting STA-RE BH device at a 14 oC heatsink temperature. 
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Abstract  

We present the first room temperature photodection of hundreds of nanowatts using a 

quantum well mid-infrared detector at 9µm, with a background-limited temperature of 

82K and a corresponding background-limited specific detectivity of 1.4x1010 cmHz1/2/W. 

The photonic architecture consists of an array of double metal patch-antennae and it 

allows to reduce the dark current and increase the absorbed electromagnetic field inside 

the active region, so to prove a high temperature photoresponse.  

Fig. 1: (left) Antennae array with size = 1.3µm and distance between each 

microvacivty a=2µm. (right) Photocurrent spectra measured with a 1000°C blackbody 

 
Quantum Well Infrared Photodetectors (QWIPs) represent a valid solution to the demand 

of fast and high sensitive mid detection in the infrared and far-infrared spectral region 

(5µm < λ < 200µm)[1]: these devices use intersubband (ISB) transitions in a 

semiconductor quantum well (QW) superlattice (mainly n-type doped GaAs/AlGaAs) to 

generate photocurrent. The main issue related to QWIP is the high dark current which 

obliges to work at liquid nitrogen temperature.  Recently, we  demonstrated  an  antenna-

coupled microcavity geometry for QWIPs operating at mid-infrared [2] and terahertz [3] 

frequencies, which enables an improved light coupling, a  reduced  dark  current  and  a  

higher  temperature performance. The benefit of such plasmonic architecture on the 

detector performance relies on the ability to collect photons from an area much larger 

than device itself. We have designed the patch-antennae array and optically characterized 



so to achieve the condition of critical coupling [4], i.e. all the incident photons are 

absorbed by the array device.  

Fig. 2: Background-limited specific detectivity : the enhancement of the antenna-

coupled device is evident in the background limited temperature (from 69K to 82K) 

and in the high temperature operation, where the reduction of the QWIP dark current 

has an impact of more than 1 order of magnitude 

 

We have characterized the detector performances comparing it with a device made using 

the same quantum well absorbing region, but processed into a standard 45° polished facet 

mesa1. The antenna-coupled microcavity IR detector shows an enhancement of the 

background-limited temperature of more than 10K and responsivity values up to 1A/W, 

measured with a calibrated blackbody at 1000°C. Figure 1 (left) shows the antennae array 

realized by electron-beam lithography, the fabrication procedure includes an astuce to 

have an ohmic contact under each microcavity and a schottky contact within the 140nm-

thin metallic wires, so to suppress parasitic dark current. Figure 1 (right) shows the 200K 

and 300K photocurrent spectra of the device. The remarkable room temperature operation 

is clarified by looking at the background-limited detectivity: at 300K we achieve a signal–

to-noise ratio comparable at the 130K operation of the same detector structure but 

processed without our antenna concept. This result is important because with standard 

electro-cooling (T>180K) the antenna-coupled device can have a competitive sensitivity 

for a broad range of applications like fast laser characterization, infrared spectroscopy 

and heterodyne techniques. 
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Abstract 

By exploiting a metrological grade system comprising a terahertz frequency comb synthesizer, 

we measure, for the first time, the free-running emission linewidth, the tuning characteristics, and 

the absolute center frequency of individual emission lines of terahertz quantum cascade laser 

sources based on intra-cavity difference frequency generation (THz DFG-QCLs). The terahertz 

emission linewidth of these devices, operated  continious-wave at cryogenic temepratures wihtout 

any frequency stabilization, is measured to be as narrow as 400 kHz at 1 ms integration time. The 

results indicate that THz DFG-QCLs are well suited to operate as local oscillators and to be used 

for metrological and spectroscopic applications requiring narrow-linewidth THz sources.

1. Introduction 

The terahertz (THz) spectral region, spanning from 0.3 THz to 10 THz, hosts numerous 

applications including chemical and biomedical sensing, non-invasive imaging and security 

screening, radio-astronomy, and spectroscopy. Highly desired for THz systems are compact, 

mass-producible sources with room temperature operation, electrical pumping, high power, and 

wide tunability. THz quantum cascade lasers (QCLs) are the only electrically pumped 

semiconductor lasers that can operate in the 1-5 THz spectral range without strong magnetic fields 

however, their operation is still lmited to cryogenic tempreatures [1]. To produce THz QCL 

sources operable at room temperature, a technology based on intra-cavity difference-frequency 

generation (DFG) in mid-infrared (mid-IR) QCLs has been proposed and developed [2]. THz 

output power and tunability of THz DFG-QCLs have been remarkably improved in recent years 

after the implementation of the Cherenkov emission scheme [3] to reach up to 2 mW of peak 

power output in pulsed mode  and over 10 W of continous-wave power output at room 

temperature [4].  In spite of these major advances, the THz emission of DFG-QCLs has so far 

only been characterized using low resolution (~4 GHz) Fourier-transform infrared spectrometers 

(FTIRs) and their emission linewidth (LW) is still unknown. Here we report LW measurement of 

a free-running single frequency THz DFG-QCL using a metrological grade system comprising a 

terahertz frequency comb synthesizer. 
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2. Linewidth measurements 

Figure 1(a) shows the experimental setup used for the measurements. The THz frequency comb 

is generated in a MgO-doped lithium niobate waveguide by optical rectification with Cherenkov 

phase-matching of a femtosecond mode-locked fiber laser, working at 1.5 μm wavelength. The 

optical rectification process produces a zero-offset free-space THz comb with the repetition rate 

of approximately 250 MHz of the pump femtosecond laser. The THz frequency comb and the 

emission from the THz DFG-QCL were overlapped on the sensor element of the hot-electron 

bolometer (HEB) with a 250 MHz electrical bandwidth. The beat note signals of the THz DFG-

QCL emission with the nearby frequency comb lines were analyzed by a spectrum analyzer, 

having a 40 MHz real time bandwidth. A typical beat note signal is shown in Fig. 1(b). THz DFG-

QCL source was a buried-heterostructure distributed feedback device that could operate 

continous-wave at heatsink teperatures below 100K with the THz power output of about 1 W. 

The measured THz emission linewidth as a function of observation time are shown in Fig. 1(c) 

for different device operating temperatures. The data in Fig. 1(c) shows that the linewidth of THz 

emission from our device is reduced as the operating temperature increases. This trend is 

consistent with the previously-observed narrowing of the emission linewidth of mid-IR QCLs at 

higher temperatures due to the reduction of the coupling efficiency of the spontaneous emission 

to the pump modes as the mid-IR gain spectrum broadens with temperature. Further details of the 

linewidht behaviour and temeprature-tuning characteristics of this device will be discussed in a 

talk. 

 
Fig. 1: (a) The schematic of the experimental setup. (b) A typical beat note spectrum 

observed on a spectrum analyzer for 2 ms integration time. (c) The width of the beat 

note at different time scales measured at two different operating temperatures of the 

device. 

This work was partially supported by the European Research Council through the ERC grant 

681379 (SPRINT) (M.S.V.) and the United States National Science Foundation grant ECCS-

1408511 (M.A.B.). 
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Abstract 

We experimentally demonstrate a transfer-printing process of fully-processed ridge-waveguide 

and buried-heterostructure mid-infrared quantum cascade lasers onto a silicon-based substrates 

for a variety of applications.  

1. Introduction 

Mid-infrared (mid-IR, 3-15 μm) quantum cascade lasers (QCLs) are important light sources 

for a wide range of applications, including trace gas sensing, medical diagnosis, industrial process 

control, free space communication, and generation of terahertz radiation [1,2]. Currently, most 

QCL systems are built with discrete free-space optical components. An integration of a QCL with 

a suitable mid-IR platform, such as silicon-on-sapphire, will enable development of mid-IR 

photonic integrated circuits (PICs) for power combining, light modulation, beam steering, on-

chip sensing, etc. An integration of QCL material with high-resistivitiy silicon substrates is 

beneficial for efficient extraction of terahertz generation in terahertz QCL sources based  on intra-

cavity difference frequency generation (THz DFG-QCLs) [2]. Recently the first heterogeneous 

integration of mid-IR QCLs have been demonstrated by Spott et al. [3], using direct bonding of a 

mid-IR QCL epi-layer onto a silicon-on-nitride-on-insulator platform. This process require one 

to perform QCL processing following the QCL epi-layer transfer to a silicon platform. Here we 

demonstrate an alternative approach to heterogeneously integrate mid-IR QCLs on a passive Si-

based platform using a transfer-printing technique of fully-processed QCLs [4] that allows 

bonding of virtually any type of device, inluding both ridge-waveguide and buried heterostructure 

QCLs, on any surface. 

2. Transfer-printing method 

Figure 1(a-d) shows the transfer-printing process developed for QCLs. The QCL wafer with fully-

processed devices was attached to glass slide, with laser ridges facing the glass, using crystal bond 

glue (Crystalbond 509). The InP substrate was then selectively removed using an HCl-based wet 

etchant with the InGaAs current injection layer used as an etch stop. The exposed surface of the 

current injection layer was then bonded to a silicon wafer coated with a 100-nm-thick SU-8 layer. 

The bonding was performed in the AML wafer bonding machine at a pressure of 1 MPa and a 

temperature of 180 °C for 15 min. Under these conditions, the SU-8 layer was cured leaving a 

strong permanent bond. Finally, the glass slide was removed by dissolving the crystal glue with 

acetone and the hybrid QCL-on-Si wafer was diced into laser bars using a dicing saw. 



 
Fig. 1: Transfer-printing process. (a) A fully-processed QCL on an InP substrate. The 

layer of InGaAs labelled in the figure is used for side-current injection and as an etch 

stop during the InP substrate removal. (b) Fully-processed QCL device is bonded to a 

glass slide using crystal bond glue. (c) Following selective InP substrate is removal, the 

device is bonded to a silicon substrate using an approximately 100-nm-thick layer of 

SU-8 epoxy. (d) The glass slide and the crystal glue are removed and the device is wire 

bonded for operation. (e) The facet of the original device on an InP substrate. (f) The 

facet of the device transfer-printed to a silicon substrate. 

Figure 1(e,f) shows the scanning electron microscopy images of the facets of the devices on InP 

and Si substrates. No visible defects at the bonding interface are observed and the transferred 

devices were mechanically robust and operated with high yield, indicating good bonding quality. 

The somewhat roughened surface of the facet of the QCL-on-Si originates from the dicing 

process. The thickness of the SU-8 bonding layer is estimated to be 100 nm from the images. 

We have used this transfer-printing procedure to transfer a variety of devices on silicon-based 

platforms. All transferred devices operated in pulsed mode at room temperature and showed only 

small changes in threshold current density, compared to the original devices on an InP substrate. 

In this talk will present results on transfer-printing of both ridge-waveguide and buried 

heterostructure devices to both high-resistivity silicon platform (to improve the power output of 

THz DFG-QCLs) and silicon-on-sapphire platform (for mid-IR photonic integrated circuits 

development). 

This work was supported by NSF (grant no. ECCS-1408511) and ARO (STTR grant no. 

W911NF-16-C-0128).  
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Quantum cascade lasers (QCLs) operating at terahertz (THz) frequencies have undergone a rapid 

development in performance since their first demonstration, showing their potential as high power, high 

spectral purity, ultra-broadband gain sources for a number of fields including astronomy, security screening, 

biomedicine, and cultural heritage. Most applications for THz technology require radiation sources with a 

high-brightness and low divergent spatial profile in the far-field. However, double-metal waveguides, 

conventionally employed to maximize the THz QCL operating temperature, suffer from the lack of efficient 

extraction and a poor collimation of the output radiation, owing to the sub-wavelength dimensions of the 

resonant cavities. Also, the strong longitudinal confinement provided by the micro-strip waveguide 

configuration typically induces the laser to operate in a multimode regime. 

The difficulty of achieving controlled spectral and spatial beam patterns from THz QCLs has 

recently been addressed by engineering two-dimensional photonic crystal lasers,
1
 one-dimensional (1D) 

graded heterostructures
2
, bi-periodic distributed feedback (DFB) gratings,

3 
plasmonic lasers 

4 
and edge-

emitting third-order (periodic) DFBs,
5 
the latter showing superior performance in terms of emission profiles 

and power conversion efficiencies. Despite the clear advantages of this latter approach, there are critical 

challenges associated with the need of a perfect phase-matching condition that must be established 

lithographically through deep dry etching processes and that, being dependent on the lasing frequency, 

requires high-precision, an extremely demanding task.  

Here we report on the development of THz QCLs exploiting a novel lithographic configurations to 

address simultaneously the need for: i) low divergence; ii) single-mode emission; iii) high power; iv) high 

wall-plug efficiency; v) continuous wave operation. 

 We devised a set of in-plane emitting 1D-wire lasers exploiting a corrugated wire laser cavities, 

employing a feedback grating provided by the sinusoidal lateral corrugation, weakly coupled into free-space. 

In this latter case, holes with diameters (10 µm), significantly smaller than the emitted radiation wavelength, 

have been periodically patterned onto the top surface with a periodicity equal to the extraction wave-vector 

kex, to allow efficient point-like isotropic vertical extraction.  

 

 

 
 

Figure 1: (a) Schematics of a corrugated DFB wire THz QCL; (b) Sketch of the feedback and extraction wave-vectors and light cone diagram; (c) 

Far-field emission pattern of a laterally corrugated DFB wire laser, collected at a distance of 4 cm from the laser facet; (d) Current-voltage and 
light-current characteristics measured at 10 K while driving the QCL at a 10% duty cycle. (e) Current-voltage and light-current characteristics 

measured at 10 K while driving the QCL in continuous wave. 
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By tuning kex in regular steps, spanning a 10% range around the light cone edge we achieved single-

mode in-plane emission around 3 THz with maximum peak optical powers of ~ 45 mW, slope efficiencies of 

~ 250 mW/A and highly collimated emission with optical beam divergencies ≤ 10°. We also demonstrate 

continuous-wave operation with 3 mW power and very low threshold current densities. 

The proposed geometries open the way for the development of a new class of single-mode, high power and 

highly collimated continuous wave emitters based on an easy-to-implement phase matching approach, 

making the proposed concept very appealing for the development of portable THz sources suitable for 

imaging, sensing and security applications. 
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Abstract 
The manipulation of THz waves is still a challenging task due to lack of natural 

materials interacted with it strongly[1]. Designed by tailoring the characters of unit cells, the 
advance of metamaterials (MMs) may solve this problem. Recently, the investigation of active 
MMs devices significantly benefit from the rapid development of graphene optoelectronics. 
Graphene has attracted considerable attention for both fundamental physics and enormous 
applications, which can be regard as an alternative to metallic materials and a good candidate 
for modulating the metamaterials and surface plasmons devices[2, 3]. 

Modulators, is urgently requirement to satisfy the development of THz noninvasive 
medical imaging, detectors, spectroscopic identification of hazardous materials and so on[4, 5]. 
For most of the current THz modulators, there still exist many problems, such as the small 
modulation depth, low quality factor and the requirement of cryogenic temperatures. Therefore, 
further improvements of the performance characteristics are urgent required. By depositing 
graphene circular patterns on the SiO2/Si layers, the graphene MMs structure have been 
investigated, which can realize the dynamical control of propagation waves. 

 

Fig. 1: (a) The top views of geometry and dimensions of the circular unit cell structures, the outside radius is 24 μm. 
The grapheme ribbon width is 3 μm. The periodic lengths along x and y directions are both 60 μm.(b) The 
transmission of graphene MMs at different Fermi levels. 

Figure 1(a) shows the top views of the geometry for circular unit cell structures. The sub-
wavelength MMs structures are made of monolayer grapheme, which can be considered as a 2D 
material and described by a surface conductivity σg. The simulation results obtained from 
the well-established 3D full-wave solver, CST Microwave Studio. Figure 2(b) shows 
the transmission curves versus frequency at different Fermi levels. As the Fermi level 
increases, the resonant become stronger, and the resonant dips shift to high frequencies. 



The reasons are shown in the follows. For the metamaterials unit cell element, the 
resonant dip of transmission curve is expressed by ωres=1/(LC)1/2, L and C are the 
effective inductance and capacitance, respectively. The total inductance includes the 
usual inductance Lg and the kinetic inductance Lk [6]. As the graphene Fermi levels 
increases, the carrier concentration increases, the values of Lk decreases, resulting into 
the transmission dip shifts to larger frequency. When the Fermi level of graphene layer 
changes in the range of 0.1-1.0 eV, the resonant dips of the transmission curves can be 
tuned in the range of 0.60-1.38 THz, and the values of the transmission can be 
modulated in the range of 0.57-0.06. Correspondingly, the modulation depth of 
frequency (fmod, fmod=Δf/fmax) is 56.50%, and the modulation depth of the transmission 
(Tmod, Tmod=ΔT/Tmax) is 86.47%. Furthermore, by using the periodic stack structure in 
the active region, the resonant transmission strength significantly improves, e.g. the 
amplitude modulation depth can reach about 95% when the period number is more than 
10. At the optimum period number, 3–5 periods of graphene/SiO2, the graphene MMs 
structure manifests good frequency and amplitude tunable properties simultaneously, 
and the resonant strength is also strong with large values of the Q-factor. 
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1. Introduction 

The highest operation temperature of THz-QCLs is 200 K when a GaAs/AlGaAs material system 
is used. Use of a GaSb-based material system might be one of candidates to improve optical gain 
of THz-QCLs, since the weaker longitudinal optical (LO) phonon–electron interaction in GaSb 
produces higher peaks in the spectral functions of the lasing levels, which allows more electrons 
to accumulate in the upper lasing level and leads to larger gain [1]. However, as the energy 
separation EΓL between the Γ and L valleys in GaSb is only 84 meV at 300 K, GaSb/AlGaSb THz-
QCLs do not secure enough Γ-valley electrons to operate at high temperatures because of the 
intervalley scattering from the Γ to the L valleys. In this work, we propose to use InxGa1−xSb as 
quantum wells to reduce intervalley scattering and perform the non-equilibrium Green’s function 
(NEGF) calculations for InGaSb-well-based THz-QCLs. 

2. Results 
The EΓL of InxGa1−xSb increases as its indium composition x increases as depicted in Fig. 1(a) [2, 
3]. Figure 1(b) shows the number of Γ-valley electrons as a function of EΓL in the GaSb-based 
THz-QCL structure, calculated with the rate-equation method including the intervalley scattering. 
An EΓL greater than 200 meV is necessary to keep most electrons in the Γ valley at 200 K. From 
these findings, we propose the use of InxGa1−xSb (x ≥ 0.2)/AlyInzGa1−y−zSb material system to 
reduce the intervalley scattering. 
The problem with using InGaSb wells is gain degradation due to alloy disorder scattering in the 
ternary material. We investigate the performance of THz-QCLs with InGaSb wells by using the 
NEGF method including alloy disorder scattering. InSb-like and GaSb-like LO phonon–electron 
interactions are considered. 
Figure 2(a) shows the calculated THz gain for In0.2Ga0.8Sb wells with various alloy scattering 
potentials at the lattice temperature of 300 K. For reference, the NEGF results for a GaAs/AlGaAs 
three-well THz-QCL structure are also shown in Fig. 2(a). As the interfaces of Sb-based 
superlattices are rougher than those of GaAs/AlGaAs ones, an interface roughness hight and a 
correlation length for InGaSb-based QCLs are assumed to be twice the standard values for 
GaAs/AlGaAs interfaces of 0.6 nm and 8.0 nm, respectively. When the alloy scattering potential 
is lower than 0.75 eV, the gain is positive, while the GaAs-based THz-QCL shows loss. The actual 
alloy scattering potential for InGaSb might be about 0.5 eV, which was obtained from mobility 
measurements of highly doped InGaSb layers [4]. Figure 2(b) shows the results with varying 
indium composition with a fixed alloy potential of 0.5 eV. A positive gain appears even for the 
THz-QCL with In0.5Ga0.5Sb wells, whose composition leads to the largest alloy scattering self-
energy. It is clear that THz-QCLs with InGaSb wells offer higher gain over GaAs-based THz-
QCLs in spite of the performance degradation due to alloy disorder scattering. 
In summary, we propose the use of quantum wells made of InxGa1−xSb (x ≥ 0.2) to reduce the 
intervalley scattering. Calculations using the NEGF method reveal that the InxGa1−xSb-well-based 
THz-QCLs have larger gain than GaAs-based THz-QCLs at high temperatures. It may be difficult 



to grow high-quality InGaSb/AlInGaSb superlattices owing to indium segregation. However, if 
this growth is later realized, the operating temperature of THz-QCLs can be increased by using 
InGaSb wells. 

  

Fig. 1: (a) Energy separation EΓL between the Γ and L valleys of InxGa1−xSb [2]. (b) Number of Γ-valley 
electrons in the GaSb-based THz-QCL calculated with the rate-equation method. The electron temperature is 

assumed to 50 K higher than the lattice temperature. The total electron density is 3.0 × 1010 cm-2. 

   

Fig. 2: NEGF results for an InGaSb-based THz-QCL structure (6.1(AlInGaSb)/12.2(InGaSb)/3.0/9.8/5.5/20.1 
nm). The conduction band discontinuity is assumed to be 0.118 eV. (a) Varying the alloy scattering potential 

with In0.2Ga0.8Sb wells, (b) varying the indium composition. 
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Abstract 
Due to the potential applications in spectroscopy, broadband terahertz radiation sources are 
much in demand. In 1~5 THz frequency range, the electrically pumped terahertz quantum 
cascade laser (QCL) has been proved to be the most efficient radiation source based on 
semiconductors. Different approaches, such as continuum-to-continuum transition, multi-stack 
active regions, and radio frequency (RF) modulation, have been exploited to overcome the 
narrow band property of terahertz QCLs and then achieve broadband terahertz emission. Among 
all the techniques, the RF modulation is a technology that doesn’t reply on the QCL device itself, 
and therefore, it is convenient to implement the RF technique onto any bare laser. In the 
previous experiments, the RF modulation was normally applied onto terahertz QCLs that are 
working in continuous-wave (cw) mode [1-4], and the cw operation is indeed necessary for 
achieving active mode locking. However, this greatly limits the applications of terahertz QCLs 
since some lasers are only capable of working in pulsed mode. Here in this work, we 
demonstrate the RF modulation of pulsed terahertz QCLs and homogeneous spectral broadening 
is obtained. 

The QCL used in this work is based on resonant-phonon design with an emission frequency 
around 4.3 THz [5]. The laser is processed into a double-metal waveguide geometry. The 
measured light-current-voltage (L-I-V) characteristic of a 6-mm long and 100-μm wide device in 
pulsed mode (2 kHz repetition rate and 5 μs pulse width) is plotted in Fig. 1(a). The laser shows 
a threshold current density of 400 A/cm2 and a wide dynamic range from 400 to 1600 A/cm2 at 
heat-sink temperature of 8 K. The maximum operation temperature is 120 K. To improve the 
far-field pattern of the double-metal laser, as shown in Fig. 1(b), a Silicon lens is mounted in 
front of the laser output facet [6]. We can clearly see that in the entire current dynamic range the 
terahertz QCL with the Silicon lens always demonstrates single-lobe narrow beam patterns. The 
measured beam divergence is 3° in both horizontal and vertical directions, as far as we know, 
which is the smallest divergence achieved for terahertz QCLs. To perform the RF injection on 
the single-lobe QCL, we first investigate the inter-mode beat note signal in pulsed mode which 
is the result of the beating between the adjacent longitudinal modes of the QCL. For a 6-mm 
long resonant cavity, the inter-mode beat note frequency is around 6.2 GHz which can be 
measured using a spectrum analyzer. In Fig. 1(c, d) we show two typical inter-mode beat note 
spectra measured at 4.0 and 8.6 A, respectively. In Fig. 1(e), we plot the terahertz emission of 
the terahertz QCL under RF injection (red curves) at different drive currents. For each case, the 
injection frequency of the RF signal is set equal to the peak frequency of the free-running beat 
note spectrum. For comparison, the laser emission spectra in free-running modes are also shown 
in green. As can be seen in Fig. 1(e), the external RF modulation can bring more longitudinal 
modes above the threshold and significantly broaden the terahertz spectra. This homogeneous 
spectral broadening is more pronounced at higher drive currents. For example, at 9.3 A, the 
emission spectrum can evenly span 350 GHz frequency range from 4.25 to 4.60 THz. The 
homogeneous broadband terahertz spectra can be potentially used for spectroscopic applications. 
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Fig. 1: (a) Measured L-I-V characteristics of the 6-mm long and 100-μm wide QCL in pulsed mode (2 kHz repetition 
rate and 5 μs pulse width) at different heat-sink temperatures ranging from 8 K to 120 K. (b) Schematic of the angle 
notation and the measured far-field patterns for the laser with a Si lens at 4.0, 5.5, 7.0, 8.6, and 9.3 A, respectively. 
Under all drive currents, the measured far-field pattern shows a single-lobe narrow beam with a divergence of 3°. (c, 
d) Single-shot inter-mode beat note spectra measured at 4.0 and 8.6 A, respectively. (e) Emission spectra of the QCL 
measured at 3.0, 4.0, 5.5, 7.0, 8.3, 8.6, and 9.3 A, respectively. The green curves are taken when the laser is in free-
running mode, and the red ones are the results obtained with the RF modulation. The RF signal is injected at the peak 
frequency of the individual free-running beat note spectrum with a RF power of 25 dBm. For all the far-field patterns, 
inter-mode beat note measurements, and emission spectra measurements, the QCL is running in pulsed mode, and the 
heat-sink temperature is stabilized at 8 K. 
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Introduction 

Recent years, with the growing demand of COMS compatible light sources [1], the research of 

III-V/IV hybrid lasers has been more and more attractive due to the mature COMS technology 

and the outstanding optical properties of III-V materials [2]. The direct epitaxial growth of III-V 

materials on Si has been recently reported, including the fabrication of 1.3 μm (O-band) 

InAs/GaAs QD lasers on Si substrate [3, 4]. However, most of the previous experimental results 

are referring to the 1.3 μm wavelength at the O-band telecom window. For the C-band or L-

band telecom window, there is no work having been reported yet. Especially, for long-haul 

transmission, Si-based high-gain III-V semiconductor optical amplifiers (SOAs) at C/L-band [5] 

are also essential components as an on-chip replacement for erbium-doped fiber amplifier 

(EDFA) in the case of future all-Si photonic integration. 

1. Experiment 

In this work, it is the first time to realize room temperature C/L-band light emission of 

InAs/InGaAs QDs epitaxially grown on Ge(001) substrate. In our approach, by use of a 2° 

offcut Ge(001) substrate and a proper annealing process, a unique Ge epi-layer with double-

atomic steps is achieved to prevent the emergence of antiphase somains (APDs) between group 

III-V and IV materials. An utra-thin and APD-free GaAs epi-layer is grown on the Ge substrate. 

In order to achieve C/L-band emission of InAs QDs, step-graded metamorphic InGaAs buffer 

layers are applied. Finally, a broadband room-temperature light emission that covers the 

wavelength ranging from 1.53 μm to 1.63 μm has been obtained.  

2. Results and Discussion 

Room temperature PL spectra of the InAs/InGaAs QDs on both Ge and GaAs substrates are 

measured as shown in Fig. 1(a). It shows that the room-temperature PL intensity from InAs QDs 

grown on Ge substrate is more than 85% of that from QDs on GaAs substrate, with a C/L-band 

emission wavelength of ~1.6 μm. The inset picture of Fig. 1(a) shows a 1×1 μm
2 
AFM image of 

uncapped surface InAs/InGaAs QDs on Ge substrate with a density of 2.55×10
10 

/cm
2
. Fig. 1(b) 

shows the STEM image of the epitaxial structure and it is observed that there is no apparent 

defect propagation from the GaAs/Ge interface and InGaAs metamorphic buffer to the active 

layer. Fig. 1(c) has shown the bright-field TEM image of GaAs/Ge interface, where the low-

density defects are mostly localized at the interface region. A high-magnification STEM image 

of InAs QDs is shown in Fig. 1(d), which indicates the active layers are defect-free. The red-

marked region represents the cross section of a truncated InAs QD. 



 

Fig. 1: (a) The room temperature photoluminescence spectra of InAs/InGaAs QDs 

grown on Ge substrate and GaAs substrate, respectively. Inset: AFM image of surface 

InAs QDs on Ge substrate. (b) The STEM image of the epitaxial layers. (c) Bright-

field TEM image of GaAs/Ge interface. (d) High-magnification STEM image of InAs 

QDs. The red-marked region represents the cross section of a top-flattened InAs QD. 

All images are taken along [110] direction. The white arrow shows the growth 

direction. 

In conclusion, we have achieved the first room-temperature C/L-band emission of 

InAs/In0.25Ga0.75As QDs epitaxially grown on Ge substrate, with the PL intensity approximately 

1/10 of that from the 1.3 μm InAs/GaAs QDs reference sample. 
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Due to their long emission wavelength and their electrically pumped nature, terahertz (THz) 
quantum cascade lasers (QCLs) offer an ideal platform for investigating novel photonic and 
plasmonic concepts. The unipolar operation principle enables the realization of virtually arbitrary 
resonator geometries since non-radiative surface recombination processes are not influencing the 
laser characteristics. Furthermore, the long emission wavelength enables to conveniently fabricate 
resonators using standard microelectronic processing techniques with high precision. To analyze 

and develop emission properties of different cavity concepts, a fast and convenient method to 
measure frequency resolved far fields is presented.  

To reveal to contributions of individual lasing modes to the total far field, a single pixel detector 
can be used in combination with apertures or filter [1-2]. Since they suffer from absorption and 
require long measurement times, we present a different approach: a microbolometer camera (focal 
plane array) is placed inside the sample chamber of a commercial FTIR spectrometer [3]. As seen 
in Fig. 1 (a), the light is coupled into the FTIR with a parabolic mirror and guided onto the camera, 
where every pixel records an interferogram while the moveable mirror is performing a full scan. 
Since the Nyquist-Shannon sampling theorem is fulfilled, the mirror can be moved continuously 

without any synchronization with the camera. 
The recorded data is fourier transformed afterwards to obtain the spectral information. Comparing 
the results of spectra recorded with the internal DTGS detector and the camera shows good 
agreement as both exhibit the same features (Fig. 1 (b)).  
Typical ridge devices support Fabry-Pérot modes of different orders, mainly TM0 and TM1. 
When not desired, TM1 modes can be suppressed [4], here they are used to prove the operational 
principle since they can be distinguished due to their different far field profile. 
 

 

 

 

 

 

Fig. 1 (a) Scheme of measurement setup. (b) Comparison of spectra measured with 
camera placed in sample chamber (top) and FTIR integrated DTGS detector (bottom). 

Both spectra exhibit the same features. 

 
A particular promising type of device for shaping the far-field emission properties are THz 
quantum cascade random lasers [5]. These devices produce broadband, multimode THz emission, 



and with an optimized configuration, also a very collimated beam. With the presented method, 
the contributions of the individual modes of a THz quantum cascade random laser to the total far 

field can be nicely separated. In Fig. 2 (a) the far field contributions of two selected modes of a 
random laser are depicted, and in Fig. 2 (b) the integrated far field of the same device is shown. 
 

 

 

 

 

 

 

Fig. 2 (a) Far-field contributions of two selected modes of a THz quantum cascade 

random laser. (b) Integrated far field of the device, measured with a single pixel detector 
mounted on a xy-stage. 

With the presented method, it is possible to draw conclusions about the near field from the far 
field to investigate emission characteristics of different types of cavities. 

3. References 

[1] J. He et al., “Narrow bandpass tunable terahertz filter based on photonic crystal cavity,” Appl. Opt. 

51, 776–779 (2012). 

[2] A. A. Tavallaee et al., “Terahertz quantum-cascade laser with active leaky-wave antenna,” Appl. 

Phys. Lett. 99, 141115 (2011). 

[3] Brandstetter et al., “Spectrally resolved far-fields of terahertz quantum cascade lasers,“ Opt. Express 

24, 25462–25470 (2016). 

[4] Bachmann et al., "Short pulse generation and mode control of broadband terahertz quantum cascade 

lasers," Optica 3, 1087-1094 (2016) 

[5] Schönhuber et al., “Random lasers for broadband directional emission,“ Optica 3, 1035–1038 (2016). 

 



Strain dependent intersubband transition in GaN/AlGaN 

single quantum well on different crystal planes 

Jianbin Kang
1,*

, Mo Li
1,*

, Qian Li
1
, Wangping Wang

1
, Feiliang Chen

1
,  

Lai Wang
2
, Yi Luo

2
, Jian Zhang

1
 

1
 Microsystem & Terahertz Research Center of China Academy of Engineering Physics, Chengdu, China  

2
 Tsinghua National Laboratory for Information Science and Technology, Tsinghua Univ., Beijing, China 

*Contact Email: limo@mtrc.ac.cn; kangjianbin@mtrc.ac.cn;  

Abstract 

The intersubband transition characteristics in multi-polar GaN/AlGaN single quantum well 

strained on GaN or AlN are theoretically studied. It is found that the intersubband absorption 

spectra are strain dependent on strong semipolar planes, but the dependence gets weaker with 

the decrease of polarization effect. The result indicates that the strain state must be considered in 

the design of  polar-relevant intersubband devices. 

Introduction  

III-nitride intersubband (ISB) devices have attracted great attention due to their advantages of 

huge conduction band offset range (0-2 eV) and ultrafast ISB relaxation time (150-400 fs)[1]. 

However, conventional polar III-nitride materials suffer from a large internal electric field 

induced by spontaneous and piezoelectric polarization, whose intensity is mainly dependent on 

crystal orientation and strain state, respectively[2]. Therefore, crystal-orientation engineering 

and strain engineering[3] become critical issues in the design of III-nitride ISB devices.  

In this paper, we present a theoretical comparison of band structure and energy levels 

distribution of GaN/AlGaN single quantum well which is fully strained on GaN or AlN with 

different crystal orientations. Through the calculation of ISB absorption spectrum, we found the 

deviation of peak absorption wavelength between the two strained states was gradually 

diminishing with the weakening of polarization intensity. 

Theoretical foundation 

According to the formed interfacial angle (θ) between the growth crystal planes and polar c-

plane, III-nitride materials can be divided into three categories: polar c-plane, semipolar planes 

and nonpolar plane when θ=0°, 0°<θ<90° and θ=90°, respectively[4]. Band structure and energy 

levels distribution are calculated by self-consistently solving the Schrödinger-Poisson equations 

with the material parameters described in Reference[5]. Since the quantum region is considered 

to be fully strained on GaN or AlN buffer layers in our calculation, the AlGaN barriers will 

suffer from tensile strain on GaN layer, while GaN well and AlGaN barriers both suffer from 

compression strain on AlN layer.  

Results and discussions 

A specific structure investigated in this paper is a single quantum well with a thickness of 5 nm 

GaN sandwiched by 25 nm-thick Al0.28Ga0.72N barriers, and Fig. 1 shows the corresponding 

conduction band profile and electronic wave functions of polar c-plane and nonpolar m-plane 

for the structure strained on GaN or AlN. Figure 2 shows the calculated absorption spectra as 

the wells are N-doped with 5×10
18 

cm
-3

. Varied from polar plane to nonpolar plane, the 

absorption spectra under the two strained states both show a red-shift. For polar c-plane, the 

peak absorption wavelengths are considerably different between the two strained states, while 
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almost overlap for nonpolar plane. Due to the larger piezoelectric constants of AlN compared to 

that of GaN, a stronger internal electric field is observed with 1.9 MV/cm in GaN well for the 

structure strained on GaN than 1.3 MV/cm strained on AlN according to Fig. 1(a) and (c). As a 

result, a shorter absorption wavelength is expected for the structure strained on GaN since the 

stronger electric field leads to a deeper potential well. In comparison to polar plane, nonpolar 

plane structures exhibit a nearly flat band profile with symmetric wave functions, and almost the 

same well depth results in a small difference in absorption wavelength between the two strain 

states. 

Another two absorption spectra under particular semipolar planes are also displayed in Fig. 2, 

one is strained on GaN for θ=46°, and the other is strained on AlN for θ=51°, whose values are 

defined as critical angles for the intensity of polarization. There exists an extremely weak 

polarization field when θ larger than that critical angle, and the peak absorption wavelengths in 

this range behave very closely to the situation of nonpolar plane. A smaller critical angle for the 

structure strained on GaN can be attributed to a more severe decrement of interfacial charge on 

GaN/AlGaN heterostructures as the piezoelectric constants of AlN is larger than that of GaN. 

 
Fig. 1: Conduction band and electronic wave functions 

of GaN/Al0.28Ga0.72N single quantum well on c-plane and 

m-plane for the structure fully strained on GaN or AlN. 

 
Fig. 2: Calcualted absorption spectra for 

GaN/Al0.28Ga0.72N single quantum well on different 

planes for the structure fully strained on GaN or AlN. 

Conclusions 

We theoretically studied the ISB transition of GaN/AlGaN single quantum well on different 

polar planes for the structure strained on GaN or AlN. For the semipolar planes in the range of 

46°<θ<90° strained on GaN and 51°<θ<90° strained on AlN, the ISB transition energy changes 

a little. The above results will be useful in the design of III-nitride ISB devices. 
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Introduction  

A special class of intersubband (ISB) devices is quantum cascade (QC) devices that use the 

concept of cascaded transport of carriers through a quantum cascade structure (QCS) for the 

device operation. A lot of research is going on to extend the QC device technology in the whole 

IR spectral region with remarkable performance characteristics. A notable approach is the use of 

different material systems for designing of the QC device in order to improve their performances. 

Non-polar III-nitrides are the next in the list and it is expected to get more improved device 

performance with much larger wavelength coverage in the IR spectral range with larger design 

space compared to polar III-nitrides. Non-polar nitrides are free from internal polarization fields 

while they maintain the advantages of III-nitrides.  

In this paper, we have designed a three well QCS applicable for mid-IR detection of radiations. 

Carrier energies and wave functions associated with the structure are obtained by solving the 

coupled Schrödinger-Poisson equation for the structure self-consistently using finite difference 

method. Conduction band nonparabolicity has been considered in the process of band solution 

through the energy dependent effective masses of electrons for accurate results. Temperature 

dependent material parameters have been included to get the proper temperature response of the 

structure. Our simulation results have been compared with many experimental results available in 

literature. A very close matching of our results with experimental results has been observed. 

Further, we have obtained the absorption coefficient for the proposed structure and effects of 

temperature and active layer doping have been examined.  

Results and Discussion  

We have designed a GaN/Al0.6Ga0.4N QCS for mid-IR (~ 4 µm) detection purpose. The band 

diagram, energies and corresponding wave functions are plotted in Fig. 1. To validate our band 

solution results, we have run our Schrödinger-Poisson solver for the quantum well (QW) 

structures reported in literatures and compared results with our results and listed in Table I. It is 

observed that results obtained considering band nonparabolicity gives more exact results in terms 

of experimental accuracy.  

 
Fig. 1. The energy band diagram of a single period of m-plane III-nitride QCS. The consecutive layer thicknesses (in 

nm) of a QCS period are given as follows: 1.04/2.99/1.04/1.3/1.04/1.82/1.04. Al0.6Ga0.4N barriers are represented in a 
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bold font. The QW layer underlined is the active well which is intentionally doped to populate the ground energy 

level of the active well. 

TABLE I.  COMPARISON OF THE ABSORPTION PEAK ENERGY OBTAINED IN THIS PAPER WITH THE RESULT REPORTED IN 

LITERATURE FOR DIFFERENT M-PLANE III-NITRIDE QW STRUCTURES. 

Refere-

nce 

GaN 

well 

widt

-h 

(nm) 

AlGa

N 

barri-

er 

width 

(nm) 

Al mole 

fraction 

in the 

barrier 

Doping 

density 

(cm-3) 

T 

(K) 

Absorption peak energy (meV) 

 (from the reference) Simulation (our results) 

Experimental 

 

simulation With parabolic 

approximation 

With 

nonparabolicity 

correction 

Ref. [1] 2.85 3.2 0.485 7×1018 8.4 287.9 Not available 298.8 286.6 

300 285.3 285 298.2 285.7 

Ref. [2] 2.7 3 0.5 7×1018 300 295 286 322.7 308.3 

3.3 256 233 250.5 241.4 

 

                  
Fig. 2. Absorption coefficient of the QCS at (a) different temperatures and (b) for different active layer doping 

densities. 

Next, we have obtained the absorption coefficient of the QCS for different temperatures and 

plotted against photon wavelength for a particular doping density (7×10
24 

m
-3

) as shown in Fig. 2 

(a). The decrease of the absorption coefficient with temperature is mainly due to the decrease of 

the conduction band offset, increase of the thermal population at higher absorption state and 

absorption linewidth broadening because of temperature dependent scattering processes. The red-

shift of the absorption wavelength is mainly due to the temperature dependent conduction band 

edge shift in these non-polar III-nitride materials which effectively decreases the conduction 

band offset; hence the absorption energy. It is worth mentioning that the temperature dependent 

red shift of the absorption wavelength for m-plane III-nitride QCS is significantly small of the 

order of 0.8 meV for a temperature variation from 10 K to 300 K. This result implies that, stable 

wavelength detection can be achieved for a wide range of temperatures using m-plane III-nitride 

QCSs.  

The results for different active layer doping densities at a fixed temperature (T=300 K) have been 

plotted in Fig. 2(b) with respect to photon wavelength. It is observed that absorption coefficient 

increases with the increase in doping density which is mainly because of increase in carrier 

population in the lower absorption state. An obvious blue shift of the absorption wavelength 

(19.5 meV energy shift for the doping density variation from 2.3×10
24 

m
-3

 to 2.1×10
25

 m
-3

) has 

been observed. The blue shift in the absorption wavelength is ascribed mainly by many body 

effects. This result agrees with the experimental result observed for m-plane III-nitride multiple 

QWs by Kotani et al. [1] where an energy shift of 29.5 meV is obtained for the doping density 

variation from 2.3×10
24 

m
-3

 to 2.1×10
25

 m
-3

.  
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Introduction 

A variety of materials have unique spectral fingerprints at multiple terahertz (THz) frequencies 

[1]. Frequency tunable THz quantum cascade lasers (QCLs) are highly desired in order to 

facilitate the identification or discrimination of such materials with improved accuracy. Compared 

with the frequency tuning techniques based on external cavities [2], microelectromechanical 

system (MEMS) actuators [3], and optomechanically coupled QCLs [4], coupled-cavity (CC) 

THz QCLs can provide fast frequency tuning by control of the passive cavity current as a 

monolithic electrically controlled devices [5,6]. Recently, a combination of discrete and 

continuous frequency tuning in excess of 100 GHz and10 GHz respectively from a CC THz QCL 

has been achieved [7]. The frequency tunability of a CC THz QCL has also been proposed to be 

used in multispectral laser feedback interferometer when operated under optical feedback [8].  

   The mode competition dynamics of CC THz QCLs with optical feedback is of prime importance 

in their pulsed mode applications. However, theoretical investigation of this mode competition 

dynamics has yet to be reported. In this paper, we present a multimode reduced rate equation 

(RRE) model for a CC THz QCL with optical feedback, obtain the modal composition and 

tunability as a function of the passive cavity current, and also present results for the temporal 

dynamic characteristics for different modes. Due to different eigenmode frequencies, multiple 

modes exhibit a variety of dynamic phase relationships in emission output power over the course 

of several round-trip times of the external laser cavity.    

1. Theoretical model  

The multi-mode emission power of a CC THz QCL in the presence of optical feedback can be 
described by multi-mode RREs as follows: 

 
 𝑑𝑁3 (𝑡)

𝑑𝑡
=

𝜂3

𝑞
𝐼𝑎(𝑡) − (𝑁3

(𝑡) − 𝑁2
(𝑡)) ∑ 𝐺𝑚 𝑆𝑚

(𝑡)
𝑚 −

𝑁3(𝑡)

𝜏3
                                                                                 (1) 

 
𝑑𝑁2 (𝑡)

𝑑𝑡
=

𝜂2

𝑞
𝐼𝑎 (𝑡) + (𝑁3(𝑡) − 𝑁2(𝑡)) ∑ 𝐺𝑚 𝑆𝑚(𝑡)𝑚 +

𝑁3 (𝑡)

𝜏32
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𝑁3 (𝑡)

𝜏𝑠𝑝
−

𝑁2
(𝑡) 

𝜏2
                                                      (2)     

 𝑑𝑆𝑚 (𝑡)

𝑑𝑡
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))
1
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               φ𝑚
(t − 𝜏𝑒𝑥𝑡

))                                                                                                                                                (4) 

where N3(t) and N2(t) are the carrier populations in the upper and lower laser levels, respectively. 
The symbol Sm (t) and φm(t) represent the photon population and the phase of the electric field in 
mode m. The meanings of other symbols used in these equations are summarized in [8]. 

2. Results and discussion 

The exemplar device selected for modelling is a 150 µm-wide 11.6 µm-thick CC THz QCL with 
a bound-to-continuum active region based on GaAs/Al0.15Ga0.85As material system, as described 
in [7]. The active cavity length, air gap length and passive cavity length are 1.45 mm, 13 µm, and 
3.41 mm, respectively in our simulations. In order to investigate the frequency tunability, the CC 
THz QCL operating in continuous wave mode is simulated with increasing passive cavity current 
amplitude Ip. As shown in Fig. 1(a), mode tuning among 3 eigenmodes (2.824, 2.797 and 
2.768 THz) is obtained when Ip is increased from 0 to 2 A. The side-mode suppression ratios 
(SMSRs) are greater than 25 dB. Furthermore, the CC THz QCL with optical feedback is 
simulated operating in pulsed current excitation mode where the active cavity current Ia is a 10 ns 
rectangular current pulse with amplitude of 0.75 A and Ip = 0 A. The external cavity length is Lext 
= 0.5 m (with the round trip time of external cavity τext= 3.34 ns) and the reflectivity of external 
target is R = 0.7. The mode competition dynamics are shown in Fig. 1(b), where both turn-on 
delay (62.43 ps) and phase variation starting from τext (3.34 ns) are observed. The different phase 
relationships between eigenmodes are induced by thier different frequencies. 
 

      

Fig. 1: (a) Mode tuning in a CC THz QCL with the passive cavity current Ip; (b) Mode competition dynamics in the 

CC THz QCL with optical feedback (R =0.7). 
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Introduction 
In [1], we demonstrated a self-consistent method for the analysis of the optical properties of 
granular materials using laser feedback interferometry (LFI) at terahertz (THz) frequency with 
quantum cascade laser (QCL).  As is well known, the wavelength of a QCL operating at THz 
frequencies is within 60~300 micrometers, which means the minimum diffraction-limited spot 
size is 70~360 micrometers, and the Rayleigh length is 200~1100 micrometers.  As a 
consequence, one might expect this large beam waist and Rayleigh length to affect the process of 
materials analysis.  
In particular, consider a rough, inhomogeneous target.  The dielectric heterogeneity across the 
beam spot creates an electromagnetic response which can be quite different from those of its 
constituent materials. Moreover, target roughness — both high frequency spatial roughness of 
target’s surface across the beam as well as depth of roughness lying within the Rayleigh length 
— has an additional affect. Thus, we expect the optical properties of the target to appear to be 
quite different than the average constituent material’s optical properties. 
In this paper, we present a simple model for the effective complex reflectivity of a granular 
material with varying degrees of surface roughness and phase inhomogeneity, which supports the 
self-consistent method for granular materials analysis presented in [1].   
The target we simulated contains three plastic explosive samples, same as studied in [1], and the 
values for their complex reflectivity used in the simulation are those measured by THz TDS in 
[1]. The surface of the target is on average planar, with granular micro-structure and preparation 
imperfections leading to high spatial frequency surface roughness with depth of roughness well 
within the Rayleigh length. 
1. Theory and Model 
Suppose focal plane of the laser system is 0z , co-incident with the average (planar) surface of the 
target. The precise shape of the target’s rough surface can be represented as a longitudial 
coordinate indexed by polar coordinates system whose origin lies on the beam axis,  ( )z ,r θ .  

The complex refractivity on the target surface is denoted by  ( )( ), , ,R r z rθ θ , which including 
the (real) reflectivity and phase shift on reflection.  The the relative complex electric field on the 
target surface is denoted by ( )( ), , ,U r z rθ θ , and consists of two factors: (i) the slowly-varying 

envelope, ( )( ), , ,A r z rθ θ , and (ii) the phase-shift in the propagation direction ( ),jkz re θ− , where k 

is the beam’s wavenumber. The surface normals are denoted by  ( ),n r θ .  The effective complex 
reflectivity captured within the beam spot can then be written as a surface integral over the spot 
S: 

 ( )( ) ( )( ) ( )
 

,, , z , , , z , jkz r

S

n nR r r A r r e d dr
r

θθ θ θ θ θ
θ

− ∂ ∂
×

∂ ∂∫∫ .  (1) 



Because the roughness of the target surface is small in comparison with the wavelength and 
Rayleigh range, the phase differences across the surface are much smaller than π/2.  Therefore, 
several approximations can be used to simplify equation (1). First, the envelope of the beam 
intensity varies slowly on the propagation direction. Second, because the reflection from the target 
is diffuse reflection, the contribution of the surface normals can be considered constant.  
Substituting (1) into the Lang and Kobayashi model from [2], and utilising the approximations 
mentioned above, results in effective complex reflectivity extracted from LFI approximately 
proportional to: 



21
2

Rj
eff R

s s

zR R A d dr R A d dr e θθ θ θ
λ

 ∆ ≈ − ∆ −  
   

∫∫ ∫∫ 

.,  (2) 

where λ is the beam’s wavelength, Rθ∆ is the local deviation in phase-shift on reflection from 

the overall average Rθ  (weighted by beam intensity and reflectivity), and z∆ is the local 
deviation from 0z . 

2. Result 
Equation (2) tells us that surface roughness and local deviations in phase-shift on reflection 
across the beam spot contribute to an effective complex refractive index whose amplitude (i.e. 
effective reflectivity) is smaller than its average (weighted by beam intensity alone), as shown 
in Figure 1. However, the relationship between effective reflectivity of inhomogeneous rough 
target and the reference reflectivity values remains linear, permitting the calibration and self-
consistent materials analysis presented in [1].  

 
Figure 1 Effective reflectivity of different material, with different surface local deviation in phase-shift on reflection 

and surface shape.  
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Abstract  

Terahertz (THz) frequency quantum cascade lasers (QCLs) are technologically significant for 

their wide range potential applications in imaging, spectroscopy, and remote sensing. 

Especially, for astronomical applications based on high-resolution heterodyne spectroscopy of 

molecular rotational lines and fine structure lines of atoms or ions, THz QCLs are the most 

promising local oscillators (LOs) to the present. These require not only stable, repeatable single-

mode emission at a precisely defined frequency, but also a good beam pattern for efficient 

coupling of LO radiation to the mixer. For semi-insulating surface-plasma (SISP) THz QCLs, 

the surface metallic-stripe grating structure [1] featuring strong coupling effect and easy 

packaging is one of the most appealing single-mode structure. However, the output power is 

always limited.  

In this paper, we report two simple ways in THz QCLs for power scaling up and beam property 

improving along with reliable single-mode emission: tapered distributed feedback (DFB) lasers 

and wide-ridge sampled grating lasers. The inset of Figure 1(a) shows the top schematic 

diagram of tapered DFB lasers. The straight ridge section is narrow enough to select the 

fundamental transverse mode TM00 for good beam pattern as well as the large tapered section is 

used to broaden the gain area for higher output power. The narrow straight ridge is 200 μm. The 

tapered ridge is 2.5-mm-long with a taper half-angle θ of 2.5°. Figure 1 shows the pulsed 

operation characteristics of the tapered lasers. These devices lase at 96.4, 97.1 and 98.8 μm, 

respectively. Stable single-mode with side-mode suppression ratio (SMSR) of ＞20 dB is 

realized under all tested currents and temperatures. The maximum emission powers are 165 

mW, 286 mW, and 188 mW at 10 K, respectively. Single-lobe beam patterns are obtained due 

to the fundamental transverse mode selection effect of the narrow straight section and the 

existence of high-loss boundary conditions. 

To further overcome the over-coupled mechanism in DFB lasers [2], wide-ridge sampled 

grating lasers are designed to optimize the coupling strength. In this way, the coupling 

coefficient κ can be engineered by controlling the sampling duty cycle. By adopting lasers with 

properly small sampling duty cycle, longer cavity is preferred for larger gain area while 

maintaining a desirable grating coupling strength κL. Figure 2(a) shows the top view of the 

scanning electron microscope (SEM) image of the sampling grating structure. Figure 2(b) 

presents the pulsed experiment results of 4-mm-long and 400-μm-wide sampled grating lasers at 

10 K. The sampling period Z of 274 μm is employed. The maximum power of 290 mW is 

obtained for the uniform grating device with a threshold current density of 141 A/cm2. For the 



device with duty cycle of 75%, the peak power is 456 mW, which is 1.6 times that of uniform 

grating device. The peak power of the σ = 50% device is 549 mW, which is about 1.9 times that 

of uniform grating device. The inset of figure 2(b) shows the spectrum of device with duty cycle 

of 75% in logarithmic scale. Stable single-mode emission is realized with a high SMSR of more 

than 20 dB at all operated conditions. 

Figures 

 

Fig. 1: (a) Lasing spectra of tapered DFB lasers with different grating periods. Light-voltage-current curves (b) and 

beam patterns (c) for 2.5° tapered DFB lasers. 

 

 Fig. 2: (a) The top view of the scanning electron microscope (SEM) image of the sampled grating structure. (b) The 

typical light-current-voltage (L-I-V) curves for sampled grating lasers at 10 K with different duty cycles from 100% 

to 50%. The inset shows the spectrum from the σ = 75% laser in logarithmic scale.                
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1.  Introduction 

The stabilization of laser-based sources to a particular single frequency is a requirement for 

state-of-the-art terahertz (THz) spectroscopy. Two main concepts for achieving this goal are 

common: (i) distributed feedback (DFB) gratings [1] and (ii) two-section cavities [2]. In this 

work, we will report on single-mode emission of a two-section cavity THz quantum-cascade 

laser (QCL) and a continuous tuning mechanism based on the external illumination of the rear 

facet of this QCL using near-infrared radiation. The tuning is caused by the absorption of the 

near-infrared radiation in the QCL cavity, which generates non-equilibrium carriers. The re-

combination of the photo-excited electron-hole pairs results in a strongly localized heating at the 

rear facet of the QCL cavity. Both, the generation and the heating, change the refractive index 

inside the waveguide in such a way that a highly reflecting index step for THz radiation is gen-

erated inside the QCL cavity. This index step reduces the optical length of the cavity and causes 

a blue shift of the modes [3]. Since this effect is not directly related to a particular design of the 

active region, it can be easily added to existing QCLs. Here, we demonstrate that the tuning can 

be combined with the single-frequency operation of a THz QCL imposed by a two-section 

waveguide structure. 

2. Setup 

The two-section cavity laser was produced by a focused-ion beam (FIB) cut of a typical multi-

mode THz QCL with a single-plasmon waveguide and Fabry-Pérot cavity lasing at 3.1 THz up 

to temperatures of 73 K. The post-processing of the FIB cut allows for the measurement of the 

lasing properties of the original laser stripe and for the design of the length relation of the two 

cavities to obtain a particular target frequency. The employed FIB system (JEOL IB4501) uses a 

Ga ion beam with an acceleration voltage of 30 kV. The resulting FIB cut is shown in Figs. 1(a) 

and 1(b) and has dimensions of 145×8×14 µm
3
 (length × width × depth), penetrating the entire 

11-µm-thick epitaxial layer. The 120 µm-wide emitter stripe was separated into two sub-cavities 

with lengths of 240 and 810 µm. The high-resolution spectra of the QCL were recorded with a 

Fourier transform spectrometer (Bruker IFS 120HR) using a spectral resolution of 0.01 cm
1

. 

The external illumination of the rear facet of the QCL was realized by a diode laser (DL) emit-

ting at 777 nm with a maximal continuous-wave (cw) output power of 3 W at 3,500 mA and a 

1-m-long multi-mode fiber with a 200-µm-diameter core. The DL always runs in cw mode, 

while the QCL is operated in pulsed mode with 500-ns-long pulses at a repetition rate of 5 kHz 

or in cw mode. 

 



 

Fig. 1: Scanning electron microscopy image of the FIB cut applied to the THz QCL viewed (a) from the side of the 

laser ridge and (b) from the front facet. Lasing spectra of the QCL in pulsed mode before (c) and after (d) the FIB cut 

for several different current values applied to the QCL as indicated at 35 K. (e) Frequency tuning for the two-section 

QCL under cw operation at 450 mA and 50 K for different DL illumination powers as indicated. (f) Frequency shift 

extracted from the peak positions in (e) and from a similar experiment in pulsed mode. 

3. Results and Conclusion 

Figure 1(c) shows the spectra of the THz QCL for various QCL currents before the FIB cut was 

applied and Fig. 1(d) the corresponding spectra of the two-section QCL. The original QCL ex-

hibits multi-mode operation with 5 to 6 modes, while after the FIB cut only one prominent 

mode at about 3.09 THz remains for currents below 600 mA. A calculation with an effective 

refractive index of 3.84, determined from the mode spacing of the original QCL, reveals that 

this is the only mode that is allowed in both cavities. For QCL driving currents below 600 mA, 

a side mode suppression ratio of 25 dB has been identified in pulsed and cw mode of the QCL. 

Figure 1(e) shows the spectra of the QCL in cw mode at different illumination powers of the 

DL. A blue shift of the QCL frequency above the DL threshold is clearly visible. The blue shift 

is limited by the cooling capacity of the employed Stirling cooler due to the additional heating 

by the absorbed near-infrared radiation. Figure 1(f) shows the extracted peak positions of the 

spectra in Fig. 1(e). In addition, we also include the measured blue shift from similar experi-

ments under pulsed operation, which reduces the heat load on the Stirling cooler. In the pulsed 

case, the tuning is limited by the maximal power of the employed DL. The best single-

frequency tuning achieved with this setup is 5 GHz in cw and 11.9 GHz in pulsed operation. 

In conclusion, we have demonstrated a concept to realize single-mode emission by using a FIB 

cut to produce a two-section cavity QCL with two very different sub-cavity lengths. The fre-

quency can be selected to a certain extent by choosing a particular ratio between the lengths of 

the two sub-cavities. A side-mode suppression ratio of 25 dB can be achieved. Furthermore, 

the single emission frequency of the two-section QCL can be tuned by external illumination 

with near-infrared radiation, which is not possible for a DFB QCL, where the single emission 

frequency of the QCL is determined by the grating period. The maximal range of the continuous 

tuning of the single-frequency emission of the two-section QCL was 5 GHz in cw and 11.9 GHz 

in pulsed mode. 
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III-nitrides which have much larger phonon energies (92meV in GaN) can in principle allow for 

terahertz quantum cascade lasers (THz QCLs) to operate at higher temperatures than GaAs 

based THz QCLs[1-3], in which the thermally activated phonon scattering depopulation and 

backfilling are limiting THz lasing at temperatures higher than 200 K. GaN THz-QCLs would 

be key coherent sources in the unexplored terahertz frequency range of 5–12 THz, at which 

GaAs THz-QCLs cannot work due to the Reststrahlen band. 

Although our group has reported stimulated emission from GaN THz QCL structures 

recently [4, 5] , it is still very challenging for such devices. The GaN growth technology has not 

yet reached the same maturity level as the GaAs or InP in terms of material quality and epitaxial 

growth. The threading dislocation density in a typical GaN layer grown on sapphire or Si is still 

very high, 10
8
~10

9
/cm

2
, which leads to non radiative recombination. The residual electron 

density in unintentionally doped GaN epilayers is also high, ~10
16

 /cm
3
, which will undoubtedly 

results in strong free carrier absorption in THz frequency range, as shown in Fig 1 (a). Since the 

free carrier absorption is strong and results in waveguide loss, we should exclude the buffer 

GaN or AlGaN layers, which is typically 2-4 μm thick, on the foreign substrates (sapphire or 

Si). Once the substrate and buffer layer are removed, automatically a metal metal waveguide 

becomes possible, which can be fabricated on the top contacting layer and under the bottom 

contacting layer. The free carrier absorption in such designed waveguide will be much reduced 

and the confinement factor is nearly 1.0, as shown in Fig 1 .  

We investigate the influence of the free carrier absorption, doped contacting layers, and 

active layer thickness on the waveguide loss for GaN/AlGaN THz QCLs with metal-metal 

waveguides. Fig 1 show the typical mode profile for metal-metal waveguide at 10 THz. Table 1 

compares the loss of such waveguides with various layer parameters. Since the growth of thick 

GaN QCL active layers is still very challenge, 5 and 10 μm are chosen for comparison.  

If free carrier absorption is completely ignored, the lowest loss is obtained, which is ~15 

and ~30 cm
-1

 for 10 and 5 μm active layers respectively. However, if we assume an average 

electron density of 5e16 cm-3, which is reasonable for a typical growth and includes both 

unintentional residual e- density and Si doping for GaN QCL, the waveguide loss increases 

significantly. Since the absorption decreases fast at higher frequency range, the waveguide loss 

is 31 cm-1 for 10 um thick cavity at 10 THz. If the growth condition is deviated from the 

optimal one, the residual e- density would easily increase up to 1e17 cm-3. In such a case, the 

loss becomes 53 cm-1 for 10 um thick cavity at 10 THz. The electrode contacting layers would 

further increase the loss. With top and bottom 100 nm thick layer with e- density of 1e18 cm
-3

, 

the loss is 64       cm
-1

, more than doubled. Reducing their thickness to 50 nm results in 48 cm
-1

 

loss.  

Keeping the current growth technologies in mind, to control the waveguide loss as low 

as possible for a GaN/AlGaN QCL, we must ensure that: the growth conditions are optimized to 

achieve the lowest background electron density; the contacting layers should be as thin as 
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possible, or even without such layers if ohmic contacts are good enough on lightly doped layers; 

and the higher frequency range is preferable since free carrier absorption is lower.  

 

 

 

 

 

 

                

 

 

 

Fig. 1. (a) GaN bulk free carrier absorption loss for several electron densities using 77 K Drude scattering 

times obtained from measured mobilities. (b) Mode profile for a Au-Au metallic waveguide at 10 THz 

with top and bottom 100 nm n+ contacting layers.  

 

Table 1. Calculated metal-metal (Au-Au) waveguide loss for GaN THz QCLs. The influence of the free 

carrier absorption, doped contacting layers, and active layer thickness on the waveguide loss can be seen.  
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Introduction 

Since their first demonstration in 2002, THz QCLs based on the GaAs material system have 
become mature compact sources of coherent radiation in the 1.2–5.4 THz band [1][2], with a 

maximum operating temperature of 200 K [3] and maximum peak pulsed output powers 

exceeding 1W [4] being demonstrated. The molecular beam epitaxy of THz QCL 
heterostructures is however still a complex and challenging task which is mastered only by a 

few research groups in the world. In this contribution, we report on the growth, fabrication and 

study of GaAs/AlGaAs THz QCLs emitting over a spectral range of 3.1–4.0 THz. The same 
active region grown on a unique wafer is used to fabricate lasers in both single plasmon (SP) 

and double metal (DM) configurations. This allows investigating the properties of the active 

region in a broad range of operating points. 

Device structure 

The studied structure was grown, using a Riber 412 molecular beam epitaxy tool, on an 

undoped GaAs substrate. It consists of 300 repeats of a three-well resonant phonon active 
region, identical to the one used in ref [5], grown on a 300 nm-thick Al0.5Ga0.5As etch stop layer 

followed by the 600 nm-thick GaAs bottom contact n-doped to 3x10
18

 cm
-3

. The top contact is 

made of 50 nm GaAs and 10 nm InAs n-doped to 5x10
18

 cm
-3

. 

This allowed us to fabricate both single plasmon and double metal QCLs with the same 
material. For DM lasers, the thick bottom contact was thinned down to 100nm after Au-Au 

wafer bonding and removal of the epitaxial substrate and the etch stop layer. In both cases, the 

metallic plasmon layers were made of 20nm Ti/200nm Au. 

Experimental results 

The lasers were tested in pulsed mode (12 kHz /333 ns) at different temperatures (Fig. 1). The 

light was measured using a room temperature DTGS detector. SP lasers operated up to a 
temperature of 118 K and emitted around a frequency of 3.8 THz (Fig.2). DM lasers operated at 

higher temperatures, up to 180 K, thanks to the lower gain required to reach threshold 

(estimated to gth~10 cm
-1

) compared with SP devices (gth~40 cm
-1

). The emission frequency is 
close to 3.1 THz when the electric field is lower in the active region, i.e. at low temperature (80 

K) and low current. When increasing the current or the temperature, the emission frequency 

increases up to 3.9 THz following the corresponding increase of the electric field. 

In this contribution, we will present the analysis of the threshold current density variation with 
cavity length in both waveguide geometries in order to extract the experimental gain of the 

active region at different current densities and temperatures. 

 
 



 

Fig. 1: V-I and L-I characteristics of SP (left) and DM (right) lasers made from the same wafer. 

 

Fig. 2: Emission spectra of the SP and DM lasers at different currents and temperatures. 
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Abstract : 

Quantum cascade lasers (QCLs), since it was first reported in 1994 [1], have been widely 

employed in many areas such as free space optical communication, gas sensing and directed 

infrared countermeasure (DIRCM) [2-4]. We demonstrate a phase-locked array of three quantum 

cascade lasers with a monolithically integrated Talbot cavity at one side of the laser array. An in-

phase mode operation is achieved by designing and fabricating the length of Talbot to be a quarter 

of Talbot distance (Zt/4). The in-phase operation with great modal stability can be obtained over 

the whole dynamic range of the Talbot-cavity QCL The far-field pattern of the in-phase operation 

consisted of three lobes, one central maximum lobe and two side lobes. The output power of 

Talbot-QCL is about 1.5 times that of a single emitter.  

2. Figures, Images and Captions 

 

 

 

Fig. 1: (a) Sketch of the array device. (b) Microscope picture of the 

wafer after standard photolithographic and wet chemical etching 

process. (c) Microscope picture of fabricated three-laser array 



  

Fig. 2. Measured far-field radiation patterns of arrays with either in-phase or out-of-phase 

operation. Far-field profile of either in-phase or out-of phase mode is calculated through 

Fourier transform of the array mode profile. 

 
Fig. 3. Measured P-I curve lines of array devices and a single-ridge 

device. The insert is the measured emission spectrum. 
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Abstract  

We demonstrate a quantum dash quantum cascade photodetector (QDash-QCD) by 

incorporating self-assembled InAs quantum dashes into the active region of a long wave 

infrared QCD. Sensitive photoresponse to normal incident light at 10 μm was observed. The 

high density InAs quantum dashes were formed in the Stranski-Krastanow mode and stair-like 

levels were formed by a lattice matched InGaAs/InAlAs superlattice. A stable responsivity 

from 5 mA/W at 77 K to 3 mA/W at as high as 190 K was observed, which makes the QDash-

QCD promising in high temperature operation. 

Results  

 

Fig. 1: Energy band scheme of one period of the QDash-QCD. 

Conduction energy band scheme of one period of QDash-QCD at null bias is shown in Figure 

1. The photocurrent is attributed to the intersubband (ISB) transitions in the quantum 

well/quantum dash (QW/QDash) hybrid absorption region(A1-A2) and the following transfer 

of excited electrons on the extraction stair-like quantum levels(B1-E1) separated by LO-phonon 

energy[1]. Figure 2a shows the schematic diagram of the polarized spectral response 

measurements and figure 2b shows the 45° facet configuration experimental setup in a cryostat. 

The whole device was mounted on a 45° facet holder which adhered to the cold finger of a 

cryostat. Figure 2c shows the dependence of spectral response on polarization. As a control 

sample, a QW-QCD was also measured. It is to be noted that, a red shift of s-polarized response 

(1002 cm-1) of the QDash-QCD compared to the p-polarized response (1029 cm-1) was 

observed. That is because the dimension of a dash in [ 110 ] axis is about a hundred of 



nanometers which possesses weaker quantum confinement, in the case of p-polarized light, the 

component of the E-field in this direction can hardly induce ISB transitions. The dominant ISB 

transitions are derived from the other 50% E-field component in [ 001 ] direction due to the 

quantum confinement deriving from the QDash and QW at the same time. While in the case of 

s-polarized light, the E-field is in the [110 ] direction, the quantum confinement originating 

from the QDash can overcome the limitation of the polarization selection rule and induce ISB 

transitions. That’s to say, in the case of s-polarized response, the QW/QDash hybrid subbands 

participating in the transitions are more QDash-like than in p-polarized light. The incorporation 

of QDashes into the quantum well leads to the downward shift of both the ground state A1 and 

the excited state A2 and a tiny decrease of the spacing between these two states, which leads to 

a redshift of the response spectrum under s-polarized light. Besides, the broadening of the 

spectra compared to the control sample shows obvious evidence of QDashes due to the size 

distribution. What’s more, the enhancement of s/p ratio from 4.2% to 12.6% also indicates that 

the incorporation of quantum dashes into the quantum well enhances normal incidence 

absorption. The enhanced s/p ratio of 12.6% is comparable to the traditional GaAs-based 

quantum dot infrared photodetector (QDIP) whose s/p ratio is about 13%. 
  

 

 

Fig. 2: (a) The schematic diagram of the polarized spectral response measurements. 

(b) The schematic diagram of the 45° facet configuration experimental setup in a 

cryostat. (c) The s and p polarized infrared spectral response of the QDash-QCD 

and the control QW-QCD. 
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Abstract

High wavelength accuracy and stable single-mode quantum cascade lasers (QCLs) in the
mid-infrared spectral region are widely used for chemical sensing, industrial process
monitoring, etc. To obtain single-mode operation, different types of QCLs have been developed,
such as distributed feedback or distributed Bragg reflector QCLs, external cavity QCLs and
coupled cavity QCLs.

Here we report on the design and fabrication of single-mode QCL at 5.1μm using slotted
refractive index perturbations in a FP cavity. The designing principal for single-mode operation
is the reduction of mirror loss for specific wavelength, which has already been demonstrated
for near-infrared lasers by Patchell et al. [1]. The slot width and depth are key parameters for
the design to achieve single-mode lasing. By means of the transfer matrix method, we calculate
the mirror loss spectrum of a FP cavity with slot features, as shown in Figure 1. Three mirror
loss minima occurred at 4.85μm, 5.1μm, and 5.37μm, respectively and the wavelength
separation between adjacent minima is approximately 270 nm. The blue line in Figure 1 is the
mirror loss without slot patterns. The red line in Figure 1 shows the electroluminescence (EL)
spectrum measured at room temperature. From Figure 1 we noticed that the mirror loss
minimum at about 5.1μm coincides with the gain peak and the other two minima are located
near the edge of the gain curve, which ensures stable single-mode emission even with high
driving current.

Figure 2 shows the measured spectra of the HR-coated slotted QCL when the heat sink
temperatures varied from 10-45 ℃with the increment of 5 ℃. Stable single mode operation
was maintained for all measured temperatures with a side-mode-suppression-ratio (SMSR)
about 20 dB. The emitted wavelength was about 5.1μm at 25 ℃, in good agreement with the
simulation results. The peak power of about 500 mW was achieved in pulsed operation at room
temperature.

file:///E:/software/Dict/6.3.69.8341/resultui/frame/javascript:void(0);
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Figure 1: Calculated mirror loss spectrum and the measured EL spectrum at room temperature.

Figure 2: Single-mode emission spectra of the HR-coated slotted QCL at different heat sink temperatures.
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Abstract 

We present a distributed feedback quantum cascade laser using gain coupling. The device 

operates at room temperature in pulsed mode. It uses a buried, doped grating layer to select two 

specific mid-infrared wavelengths. Through the integrated nonlinearity, these are then converted 

to the desired THz radiation. 

1. Introduction 

A promising approach for room temperature generation of THz radiation [1] is the use of mid-

infrared (MIR) quantum cascade lasers (QCLs) with a built-in second order nonlinearity. In 

these devices, two simultaneously lasing MIR modes are converted to the desired THz radiation 

through difference frequency generation (DFG). As a well-established technology, MIR QCLs 

are flexible and can provide up to several watts of output power. In this approach, the frequency 

of the emitted THz radiation is determined by the frequency spacing of the two MIR pump 

wavelengths. Consequently, the precise selection of these, and suppression of any additional 

wavelengths plays an important role in its functionality. 

Contrary to regular lasers, any MIR light emitted from these devices constitutes unnecessary 

losses, as any energy lost this way can no longer be used in the conversion process. Considering 

possible benefits of surface emission [2] compared to the Cherenkov phase matching (CPM) 

emission scheme [3], as for example outcoupling of the forward and backward traveling THz 

wave, surface-emitting rings and other closed cavities present a unique opportunity to improve 

device performance. As conventional index coupled DFB gratings provide no mode selectivity 

in these cavities, a different method has to be used in order to realize this concept. 

2. Design  

The distributed feedback (DFB) grating is realized as a higher order, buried, silicon doped 

GaInAs layer. Choosing both MIR pumps to be two adjacent grating orders ensures that there 

are no additional modes in the range between them, where the active region provides maximum 

gain. The use of a higher order grating leads to the necessity of a high refractive index step 

Δ𝑛 = Δ𝑛′ + 𝑖Δ𝑛′′, to reach sufficient coupling, which in this case means a highly doped grating 

layer. This, in turn, significantly lowers the real part of the refractive index of GaInAs in the 

MIR wavelength range and results in a large Δ𝑛′. 

To ensure a gain coupled grating the condition |Δ𝑛′| ≤ |Δ𝑛′′| has to be met for both MIR 

wavelengths, which in this case means matching the real part of the refractive index of the 

GaInAs grating to the surrounding InP wavecladding. This can be achieved by dividing the 

grating layer into two sections, the first 40 nm close to the active region highly doped with a 

doping of 𝑁 = 5.5 ⋅ 1018 cm−3, and the remaining 260 nm undoped. While this structure still 

results in high losses, the high refractive index of the undoped and the low refractive index of 

the highly doped GaInAs compensate, leading to the desired step in the effective refractive 

index along the waveguide structure. 



A basic schematic of the device is shown in Figure 1a. The device was grown on semi-

insulating InP, starting with a current extraction Layer and an InP wavecladding, followed by 

two stacks of the different active region designs described in [3]. On top of the active region the 

300 nm thick, lattice matched, partially doped GaInAs layer is grown for the production of the 

grating. This layer is then structured into 370 nm broad stripes, using e-beam lithography and 

dry etching and subsequently overgrown with the upper InP wavecladding using MOCVD. 

After further processing, the substrate at the front facet was polished in order to emit THz using 

the CPM scheme. 

3. Results 

Figure 1b shows the spectral characterization of a gain-coupled device. The measurements were 

performed at room temperature in pulsed mode. The devices emitted on the designed 

wavelengths and their difference frequency at 3.5 THz. The additional mode in the MIR 

spectrum at 9.1 µm can be attributed to a higher order lateral mode. 
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Fig. 1: (a) Schematic of the device, illustrating the position of the DFB grating, MIR oscillation and the THz 

extraction path. (b) Mid-infrared spectrum produced by the gain coupled device and its emitted THz spectrum (inset). 

As expected, no additional MIR modes begin lasing, and thus there is only one emitted THz 

frequency. 

4. Conclusion 

We have reported gain coupled THz QCLs emitting on two MIR frequencies and their 

difference frequency in the THz range. These gratings can be used for mode selection in rings 

and to define the position of the MIR standing wave patterns in any laser cavity. This is also an 

important step towards controlled top emission in THz DFG QCL devices. 
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Introduction  

Subwavelength double-metal micro-cavities have gained attention recently because of their 
capability to enhance light-matter interaction in the infrared range [1,2]. Combining such 
structures with semiconductor absorbing regions has allowed achieving high responsivity 
quantum well detectors [3] as well as performing fundamental studies on the ultra-strong light-
matter coupling regime [2, 4].  Generally these systems are studied in a configuration of two-
dimensional arrays, in order to achieve a measurable collective absorption of a free space 
propagating wave. Studying a single microcavity THz resonator with THz-TDS systems is only 
possible with near-field approaches [5]. A parallel plate waveguide can provide a viable 
solution, since it acts like a concentrator where the electromagnetic energy is confined a region 
of space defined by the plates separations [6,7]. Here we report an experimental study of a 
single double-metal resonator using a THz-TDS setup coupled to a parallel plate waveguide.   

1. Experiment  
Our THz-TDS system operates in the frequency range of 0.1-3.2THz. Free propagating THz 
pulses are generated using 100fs Erbium Fiber laser pluses and a biased photoconductive 
antenna. The generated THz pulses are coupled inside a parallel plates waveguide with a 
separation “d” between the plates. The sample is placed near the output facet of the waveguide, 
whereas the THz arrive at an angle of 45° with respect to the input facet (see FIG 1.a). The 
reflected pulse is collected by a 3-inch parabolic mirror and directed to the second 
photoconductive antenna for detection. The measured sample consists of a single or an array of 
2µmx48µm double metal dipole gold resonator, with a 2µm thick SiO2 substrate (see Fig1.a). 

2. Results  
Fig1.b presents the reflectivity spectrum of a single resonator with a plates separations of 
d=10µm. For comparison we plot in the same graph the reflectivity spectrum of an array of 10 
resonators (100µmx100µm with a separation of 7µm). The absorption feature from the micro 
cavity is clearly visible in both cases, which validates our approach. Better free space coupling 
with a single-resonator can be achieved by micro processing a waveguide with a tapered form. 
We believe that this approach presents a simple and efficient way to perform THz-TDS on 
single subwavelength structures. 
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Fig. 1: a) TDS-THz setup in reflection configuration b) reflectivity spectrum of a 
single resonator strip of 48µm length, in the same graph we plot a reflectivity 
spectrum of an array of 10 resonators. Inset represent the measured temporal 

waveform for the single resonator. 
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1.  Introduction 

     THz quantum cascade lasers (QCLs) [1,2] are a promising high output power semiconductor 

THz sources over Watt [3] order peak power with narrow bandwidth. Based on the long time 

bottom neck of limited operation temperature below 200 K [4], it is still quite limited the 

compact size THz applications caused by the large cooling system and operated at low duty 

cycle with small output power. On the other hand, devices output power is actually one of the 

most critical parameter to be used at real THz applications. Here we considering the balance of 

the useful operation temperature and output power of recent THz QCLs; demonstrate our 

fabricated high temperature operation QCLs devices combined with the 77 K liquid nitrogen 

Dewar condenser as a relative real useful compact size portable THz source unit; recently give 

the few mW peak power with few ten μW average power operation. Then analysis the structure 

design with temperature operation by Non-Equilibrium Green's Function (NEGF) method. 

Further improve the output power from the active region, waveguide, and device fabrication 

designs from recent toward high operation temperature THz QCLs to larger power operation; in 

order to suit with and exhibit the best performance of the compact 77 K Dewar system. The 

latest our large output power design THz QCLs recently achieved the peak output power 250 

mW and average power 2.2 mW at 10 K. And gives the 10 mW peak power with 0.1 mW 

average power at 78 K. 

2.  Method and Results 

Here we introduce a Dewar condenser cooling system with our recent fabricated metal-metal 

waveguide (MMW) variable height active structure THz QCLs and the premier measurement 

results of few μW average power with mW order peak power. Fig. 1 shows the diagram and 

photographs of our recently fabricated toward high temperature operation MMW modulation 

active structure design THz QCLs [5] and the liquid nitrogen Dewar construction with a inside 

focusing parabolic mirror and hemisphere Si lens in order to focusing the widely divergent far 

field patterns of MMW QCLs; give the maximum peak output power 3.1 mW and average 

output power 6.2 μW from this liquid nitrogen Dewar construction. The QCLs samples are 

combined with hyperhemispherical Si lens in front of operated mesa and a adjustable inside 

parabolic mirror in order to focus the output of THz QCLs and give the near collimated THz 

wave outside the measurement Tsurupica windows from the widely diverged MMW QCLs. 

     Based on this results, we further improve the devices toward larger output operation by 

change the active region design with larger injection and more vertical optical emission; 

fabricated the semi-insulated surface plasma (SI-SP) waveguide with longer cavity length in 

order to get better far field patterns and lager output power for application use. We achieve the 

maximum peak power 250 mW and average power 2.2 mW at 10 K operation with regular mesa 

size of ridge width 200 μm and cavity length 2 mm (Fig. 2). This devices give the 10 mW peak 

power and 0.1 mW average power at 78 K with duty cycle 0.1%. Recently these devices still 

give the poor temperature performance with output power decrease larger than our expectation. 

We analysis the recent fabricated structure design with temperature operation by Non-

Equilibrium Green's Function (NEGF) method. The active region optical gain reduce is 



consistent with recent experiment results. The large optical gain structure at low temperate will 

increase the leakage pass at higher operation temperature and rapidly reduce the output power. 

 

 

Fig. 1: Photographs of our Dewar condenser with typical L-I-V curves. 
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Fig. 2: Laing spectrum, THz camera image, and one typical L-I-V curves of our 

recently large output THz QCLs at 10 K operation. 
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Abstract 

We present our investigations of asymmetric quantum wells in the THz regime. The 

combination with 3D full wave simulations and measurements of modified circular patch 

resonators allows us to estimate the efficiency of nonlinear frequency conversion when the 

resonators are coupled to intersubband transitions in asymmetric quantum wells. The flexible 

tuning of the eigenmodes and the wide range of the cavity modes’ quality factors (13-40) allow 

to optimize the internal nonlinear conversion process as well as the in- and out-coupling of 

light. 

 

Nonlinear conversion processes are employed for passive mode locking in conventional pulsed 

lasers (Kerr effect) and in frequency combs based on terahertz quantum cascade lasers (four-

wave mixing) [1].  Furthermore, second order nonlinear optical processes can be used to 

generate room temperature THz sources, which was not yet possible with THz quantum cascade 

lasers (QCL). This approach is based on intra-cavity THz difference-frequency generation 

(DFG) in dual-wavelength mid-IR QCL [2,3]. The utilization of quantum well (QW) structures 

increases the conversion efficiency tremendously, especially, when the frequencies involved in 

the conversion process are resonant with the intersubband transitions in the QW structures [4]. 

Additionally, we expect giant values of the susceptibility χzzz
(2)

 for asymmetric quantum wells in 

the terahertz regime, e.g. for second harmonic generation, as the maximum achievable χzzz
(2)

 is 

proportional to the wavelength [5]. Besides, the field enhancement in plasmonic resonators 

increases the nonlinear conversion significantly. Recently, Lee et al. demonstrated 

experimentally a second harmonic conversion efficiency of 2 x 10
-6

 W/W
2
 in the mid-infrared 

[6] using a doubly resonant metamaterial (MM) coupled to intersubband transitions (ISBT) in 

QWs. Furthermore, theoretical investigations predict a conversion efficiency of 1.3 x 10
-2

 W/W
2
 

with split ring resonators strongly coupled to ISBTs [7]. 

Here, we apply this concept of enhanced nonlinear susceptibility of MM strongly coupled to 

semiconductor heterostructures to the THz regime and study the induced parametric frequency 

conversion for MIM type resonators. In our investigations of circular patch resonators, see 

Figure 1(a), we showed the capability of selective excitation of their eigenmodes, even if they 

are degenerated [8]. These selection rules for the excitation of the eigenmodes are introduced by 

breaking the rotational symmetry with slits that additionally offer the control of generating 

additional eigenmode and eliminating others. Especially the control of the eigenmodes with a 

wide range of quality factors from 13 to 40 and the high field confinement of circular patch 

resonators makes this system suitable for doubly and triply resonant frequency conversion in 

cavity quantum electrodynamic systems, see Figure 2(b). Thus, the generated field mode is out-

coupled using a low quality factor, while for the idler mode a high quality factor is chosen to 

maximize the conversion efficiency. The pumped eigenmode is matched to the spectrum of the 

pump beam. 

On the other hand, for an efficient second order conversion process asymmetric QWs are 

required (e.g. SHG in [4]) providing a high second order non-linear term of susceptibility 

χzzz
(2)

(ω - ωi, ω, ωi) ~ N z31 z23 z12, with doping concentration N. The matrix elements zij are the 

QW parameters that can be optimized by the well design for improving the conversion process. 

In Figure 1(c) a step QW and its wavefunctions are shown. The QW is optimized for the highest 



product of the matrix elements zij for the material system GaAs/AlGaAs in the THz regime. We 

used a Schrödinger-Poisson self-consistent solver to optimize the design of a step quantum well 

for SHG at terahertz frequencies. 

 

 

 

Fig. 1: (a) Schematics and SEM micrograph of a double metal plasmonic disk 

resonator with broken symmetry. (b) Illustration of a doubly resonant second 

harmonic generation process. The cavity mode at the fundamental frequency (FF) and 

the one at the second harmonic frequency (SH) result in an effective distribution of 

the local electric susceptibility. (c) Step quantum well: E2-E1= 9 meV, 

z12z23z31=30nm3, χzzz
(2)  ~ 4 mm/V. 
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Abstract  

In THz quantum cascade lasers (QCLs), the position and the concentration of dopants have a 

strong influence on their performances. We show that an accurate modeling of charge impurity 

scattering within non-equilibrium Green’s functions (NEGF) allows for a comprehensive 

understanding of the influence of the doping profile on the QCL performances. We show that 

engineering of the doping profile can be used for optimizing existing THz QCLs but also to 

design novel geometries. 

 

Introduction 

The doping profile in THz QCLs has a strong influence on their performances. Migration of 

dopants in THz QCLs have been shown to strongly influence the current threshold and the 

output power [1]. The optimal doping densities have been shown to be very different for 

optimizing the output power or the operating temperature [2]. Indeed the location of the dopants 

strongly influences the QCL properties since the ionized dopants create not only a mean-field 

electrostatic potential but also induce Coulomb scattering processes. 

 

Results 

Using an accurate modeling of impurity scattering within a non-equilibrium Green’s functions 

(NEGF) calculation, we show that impurity scattering is an esssential ingredient to understand 

the operation and the limitations of THz QCL. We show that impurity scattering is responsible 

for contrasting and counterintuitive effects on the gain and transport properties [1] (see Fig. 1), 

in agreement with experimental observations (eg..[2]). We show that impurity scattering not 

only limits the lifetime of the lasing transition, but is also a major source of dephasing in THz 

QCLs. As a consequence, impurity scattering is shown to strongly limits the efficiency of 

resonant tunneling processes, even for low doping concentrations. 

Using this understanding, we show that various THz QCL geometries can be optimized by 

changing the dopant location. The optimal location of dopants is shown to be a trade-off 

between the reduction of the upper laser lifetime and the efficiency of resonant tunneling 

processes. 



 

Fig. 1: (a) Current density and (b) intensity gain as the function of the sheet doping 

density for a THz GaAs/AlGaAs QCL (see [3]). The full calculations are indicated by 

black squares, calculations without considering mean field by blue triangles, and 

calculations without mean field and assuming a homogeneous doping density by red 

circles. 
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Abstract: 
The wavelengths of 1.31 and 1.55 μm are widely used in the fiber-optic communication and 
emission of the light wavelengths is realized by semiconductor quantum well structures on InP 
substrate. For quantum well structure on GaAs substrate, it is difficult to reach such 
wavelengths. In this paper [1], we report on photoluminescence (PL) emission with wavelength 
longer than 1.55μm for samples by the sub-monolayer (SML) growth technique on GaAs (001) 
substrates. The schematic drawing of the grown structure is illustrated in Fig. 1. Fig. 2 shows 
the PL spectra of sample InAs-0.7 measured from 12 to 120 K. It is found that the PL emission 
wavelength can be controlled by controlling of the deposition amount of the SML InAs layer. 
Even at very low temperature of 12 K, the PL peak position of the samples changes from about 
1.66 to 1.78 μm. At 120 K, the PL emission of a sample reaches 1.91 μm. The physical 
mechanism responsible for the measured long wavelength PL emission may be related to strong 
In segregation and intermixing effects occurred in the quantum dot structure grown by the SML 
growth technique. Our results may demonstrate a promising prospect for quantum dot structure 
grown on GaAs substrate to reach long wavelength.  
 
 

 

Fig. 1: The schematic drawing of the growth sequence of the SML 
structure. 



 
Fig. 2: (a) PL spectra of the four samples measured at 12, 30, and 77 K. (b) The PL peak 

position with respect to the nominal InAs deposition amount for the four samples. 
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Abstract 

We report on a short wavelength p-i-n detector using InAs/GaAsSb type-II superlattices 
(T2SL) with inserting AlSb layers. We use the 8K·P method to calculate the SL structure and 
Fig. 1(a) shows the calculated energy levels of the electron and hole ground states together with 
the corresponding wave function distributions[1]. According to our calculations, the e1-hh1 
transition wavelength is 1.26 um, which coincides with the 1.22 um of the measured 
photoluminescence (PL) peak at 77 K [see Fig. 1(b)]. Fig. 2(a) is the measured photocurrent 
spectrum at zero bias at 77 K. It can be seen that the response spectrum is a narrow-band type 
and reveals an asymmetric feature with a longer tail on the higher energy side. These features 
are ascribed to the stronger absorption for the higher energy photons from the n region [2, 3]. At 
77 K, the δλ/λ is about 7.6% and the wavelength at the response maximum is 1.08 um. The 
quantum efficiency of the device is 23% at 1.08 μm at 77 K, corresponding to the responsivity 
of 0.21 A/W. It is the shortest wavelength reported until now. When a large positive bias 
voltage like +3 V is applied to the detector even at room temperature (RT), the photoresponse is 
still clearly obtained. Fig. 2(b) shows the RT photocurrent spectrum at +3 V. At RT, the 
response maximum changes to 1.15 um. By inserting AlSb thin layers not only helps reach such 
a short detection wavelength, but also reduces the dark current significantly. Fig. 3 depicts the 
dark current curves measured at 77 K and 300 K. For example, at 300 K, the dark current is 
3.94×10−6 A at -3 V and is only 3.36×10−4 A at +3 V. The resistance–area product at zero bias, 
R0A, is 1.7×107 Ω·cm2 at 77 K and is 121 Ω·cm2 at 300K. The Johnson noise limited detectivity 
D* of the device is calculated to be 1.1×1013 Jones for the response maximum wavelength of 
1.08 um at 77 K and is 2.4×1010 Jones for the wavelength of 1.15 um at 300 K. Our work 
demonstrates that the detection wavelength using T2SL structure can be extended to about 1 um 
and thus can cover the whole range of the SW infrared window. 

 

 



 
Fig. 1. (a) the calculated energy levels of the electron and hole ground states together with the corresponding wave 
function distributions for the SL. The top of the valance band of InAs material is set to be 0 eV. (b) PL spectrum of 
the SLs at 77 K. The inset of (b) is the calculated band structure of our SW SLs around the point. In the inset, d is the 
SL period. 

 
 

Fig. 2. (a) The photocurrent spectrum of the device under zero bias at 77 K. (b) and (c) are the photocurrent spectra of 
the device at 300 K when the applied bias voltage is -3 and +3 V, respectively. 
 

 
 

Fig. 3. (a) Dark current density curves of the device at 77 and 300 K. (b) the curves of the D* vs the detection 
wavelength at 77 and 300 K. 
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Abstract  

 Type II InAs/GaSb superlattice (SL) materials have attracted considerable interest for 

infrared photodetection due to the low Auger recombination rate, relatively long carrier 

lifetime, flexible tuning of the detection wavelength, good material uniformity, and so on. 

Type II InAs/GaSb SL photodetectors can cover a broad range of the detection wavelength by 

tuning the constituent layer thickness of the SL material and the thickness ratio of InAs to 

GaSb. Until now, the infrared detection in the short, mid, long, and very long wavelength 

(SW, MW, LW, and VLW) infrared ranges has been demonstrated by using type II SLs. 

However, the dark current is larger for VLW T2SL infrared photodetectors. The so-called 

barrier engineering scheme has been using to reduce the dark current such as inserting some 

barrier materials into the certain position. Here we show that the energy band structure of the 

Ohmic contact layers can have a big impact on the dark current and response feature of VLW 

detection using p-i-n type II SLs. It is found that, if the p and n Ohmic contact layers are 

comprised of MW InAs/GaSb SLs (Fig. 1(a)), the photoresponse of the detector is dominated 

by a short wavelength band with the 50% cutoff wavelength at 2.67 μm, while the designed 

VLW response is very weak at 0V (Fig. 2(a)). With increasing the bias voltage, the designed 

VLW response with the 50% cutoff wavelength at 17.8 μm becomes stronger and stronger 

(Fig. 2(b) and (c)). In contrast, if the p and n Ohmic contact layers are made up of the same 

SLs (Fig. 1(b)), as those of the VLW absorber region, only a broad VLW response shows up 

(Fig. 2(d)). The response difference between the two samples is attributed to blocking of the 

photo generated carriers by the energy barriers at the interfaces between the absorber and the 

contact layers for the sample using MW SLs as the contact layers. 
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Fig.1. Schematic drawings of the grown structure of samples a and b. 

 

Fig. 2. (a), (b) and (c) are the photocurrent spectra of sample a at 0V, -0.05 V, and -0.1V measured at 10 K, 

respectively; (d) is the photocurrent spectrum of sample b at 0V at 10 K. 
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1. Method 

Conventional density matrix (DM) models for QC-lasers are constructed using a basis of localized 

states coupled by tunneling, between which transitions and dephasing occur. This is usually 

necessary to capture, for example, the experimentally observed decrease in tunnel injection 

current that occurs as the injection barrier is made thicker. However, the basis choice is not 

uniquely definable and is justified phenomenologically; this limits the usage and extensibility. 

We demonstrate here that study of transport in the better-defined energy eigenbasis is possible 

using a generalized scattering superoperator Γ [1,2] coupling all DM (𝜌) elements: 

 
𝑑

𝑑𝑡
𝜌 =

1

𝑖ℏ
[𝐻, 𝜌] + Γ𝜌, 

 

where [Γ𝜌]𝑎𝑏 = ∑ Γ𝑎𝑏,𝑐𝑑𝜌𝑐𝑑𝑐𝑑 . The fully generalized set of terms encompasses effects beyond 

transitions and dephasing; these effects, such as localization, are the essence of the need for 

coherent transport models in the first place. This formalism conveniently can also calculate a 

coherent, nonperturbative response to a THz field for the study of actual operating conditions. 

2. Results 

Given an efficient scheme to calculate the detailed scattering superoperator incorporating effects 

of LO-phonons, ionized impurities, interface roughness, and alloy disorder, the model can be used 

to predict both microscopic and experimentally measurable properties of active regions. In Fig. 

1, we show the calculated microscopics of a device designed for ~3.3 THz; Fig. 1(b) shows the 

emergence of gain as the device is brought to design bias (~48 mV). The presence of a moderate 

optical field (associated with laser action) can significantly shift the charge in both the out-of-

plane and in-plane directions (Fig. 1(c)-(d), respectively). Out-of-plane, the charge moves 

significantly out of the optically active well and accumulates in the downstream injectors; in-

plane, the THz field is found to be a powerful thermalizer. It is also observed that, in the absence 

of a THz field, the upper states are significantly hotter than the lower states. This corroborates 

experimental results in [3], and it is interesting that it occurs in our model without inclusion of 

electron-electron scattering. 

Figure 2 shows the predicted macroscopic performance for the same active region via complete 

simulated LIV characteristics. These simulations are performed entirely self-consistently, as the 

space charge, including effects of redistribution by the optical field, is fed back iteratively to the 

band structure calculation. The optical intensity is found by clamping the gain to an assumed 

value 𝑔𝑡ℎ. Calculated current levels are close to experimentally measured values, and clear signs 

of optically-driven current are visible. Additionally, the insets show the LI characteristics, which 

are close to linear as expected. The chosen device is predicted to lase up to an LO-phonon 

temperature of 220 K, also in reasonable agreement with experiment. Our results show that our 

formalism is uniquely suited for the design and understanding of complicated active regions 
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across the THz QCL repertoire, and furthermore can be extended to account for nonlinear effects 

[4] to model more exotic devices such as THz QCL frequency combs. 

 
Fig. 1: (a) Bandstructure of the example active region without space charge, (b) small-signal gain spectra as 

the device is biased to injection resonance, (c) redistribution of charge in the growth direction by an optical 

field of intensity 1 mW/um2 at 3.3 THz, (d) subband distributions without (left) and with (right) field. The 

field is predicted to thermalize subbands both within themselves and between one another. 

 

Fig. 2: Fully self-consistent simulation of active region performance for (a) a fixed LO-phonon temperature 

TLO of 100K and varying threshold gains gth, and (b) a fixed gth=20cm-1, and varying TLO. Since some excited 

states are accounted for (states 3,7,and 8 in Fig. 1(a)), the absence of current increase for TLO above ~260 K 

suggests that leakage to the unmodelled continuum occurs in experiment. 
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    Metasurfaces have recently attracted great attention for offering a unique approach to 
arbitrarily steer electromagnetic waves, which bypasses the significant loss and fabrication 
difficulty of volumetric metamaterials [1, 2]. In contrast to the conventional optical devices, 
which rely on the propagating accumulation effect on the optical path, metasurfaces utilize the 
discontinuous abrupt phase or amplitude shifts resulting from the interaction between light and 
scatters [3-6]. These scatters, referred to as meta-atoms, can control the local phase and 
amplitude of the scattering field at a subwavelength scale and further manipulate the wavefront 
of the incident wave in a desired manner by arranging them into arrays. Therefore, one can 
constitute functional metasurfaces with the meta-atom arrays that possess the corresponding 
phase and amplitude profiles. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Examples of fabricated polarization independent hologram, which will be used for far-field imaging and 
displaying: the top panel correspond to TEM image of subwavelength nanopillars consisted of Silicon/Gold, and the 

bottom panel represents the optical transmission/reflection phase and amplitude distributions. 

    Previously, metasurfaces imparting different materials have fallen into two categories: (1) 
Plasmonic metasurfaces, which are consisted of metallic nanostructures hence suffer from high 
energy dissipation [1-8] and (2) All dielectric metasurfaces, which are consisted of high-index 
nano-resonators hence support low loss transmission but always suffer from high reflection [9, 
10]. In this work, we will design high effective and polarization-independent metasurfaces for 
passive mid-infrared optics, far-field imaging and displaying using all dielectric metasurfaces. 
We will develop a design method based on holographic approach, holographic interfaces, 
composed of subwavelength silicon nanopillars, each supporting several electric and magnetic 
Mie resonances [9, 10]. We firstly design a unit which contains a silicon pillar with refractive 
index 𝑛𝑛≈3.43 on a transparent or reflective gold substrate. The first order Mie resonance occurs 
at 𝜆𝜆/𝑛𝑛. In the case of a gold substrate, for example, the latter plays the role as a mirror, which 



can scale down by a factor of 2 the height of nanopillars. This simple factor of 2 helps to reduce 
the aspect ratio of the structures in view of their experimental realization. In order to confirm 
our predictions, we performed preliminary test in which nanopillar are numerically designed by 
changing radium of pillar in a unit cell with fixed period 2𝑢𝑢𝑚𝑚 and fixed height 650𝑛𝑛𝑚𝑚 for 
wavelength 4~7𝑢𝑢𝑚𝑚. The amplitude profiles and phase profiles are obtained by FDTD 
simulation as shown in Fig. 1. We see that the phase could be changed from 0 to 2𝜋𝜋 and the 
amplitude is nearly uniform. The recent developments of nanophotonics have led to the design 
and demonstration of a number of flat lens. All dielectric metasurface-based lenses show 
promising results in reducing the loss at visible and near-infrared frequencies. However, most of 
the lenses, if not all, are hard to achieve high efficiency at a broad operational bandwidth. Our 
simulation result shown in Fig. 1 shows the possibility to design high efficient lenses at mid-
infrared. 
    These nanopillars can thereafter be utilized to construct various sort of holographic interfaces 
for enabling any far-field displaying function. The design of the entire surface will be performed 
following computer generated hologram technology, also known as iterative Fourier transform 
algorithm, which has been studied and widely used in many attractive application areas, such as 
information processing, pattern recognition, data storage, wave shaping. We can employ 
computer generated hologram to produce optical elements with complicated operation functions. 
In addition, the fabrication of hologram does not require any setup for optical interference 
recording. The desired hologram pattern can be fabricated by lithography. The increased phase 
resolution of the interface relies on the radium of each pixel that corresponds to one nanopillars 
(see Fig. 1). We have been testing preliminary nanofabrication steps, which includes five steps: 
(1) e-beam evaporation to grow gold film, (2) plasma-enhanced chemical vapor deposition to 
grow silicon film, (3) electron beam lithography to lithograph patterns on mask, (4) Deep 
reactive-ion etching to etch silicon, and (5) plasma etcher to remove mask. We finally got 
relatively correct and promising structures as shown in the scanning electron microscope 
photograph in Fig. 1. 
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Ge related materials have received great attention due to their potential application in Si photonics. In 
this talk, we will review our recent work on the band structures of GeSn/Ge quantum well and Ge 
Pseudo-heterostructure quantum wells(PQW). The band structures are calculated by using multiple 
band k.p method.  The temperature dependent spontaneous emission rate spectrum (SERS) are 
investigated, and the results show an abnormal temperature dependent SERS phenomenon in the 
GeSn/Ge quantum well.  On the other hand, we calculated the band structure and optical gain of the Ge 
PQW with different well width from 100 to 500 Å. The uniaxial tensile stain of 5% is assumed along the 
[100] direction. The band structures show electron and hole well confined in the tensile strained Ge 
region. 
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Abstract 

With the continuous advances in the last several decades, the low cost of silicon material and 

the improved Complimentary-Metal-Oxide-Semiconductor (CMOS) technology lead to a 

tremendous development of silicon photonics. Many important components are already 

demonstrated on the platform including the high-speed modulator, low-loss waveguide and 

even monolithic light source, etc.  Besides the studies of Si platform in the near-infrared 

(NIR) region, the same platform is also promising for applications in the mid-infrared (MIR) 

region because Si is inherently transparent to 8.5m. The well-developed CMOS 

infrastructure is ideal to build low-cost, powerful MIR Si platform. Optical modulator is one 

of the most important components on the platform. However, the conventional configuration 

of Si modulator in the NIR region cannot be directly applied to MIR Si platform due to the 

increased electro-absorption effect in Si. Alternatively people start to use graphene for the 

modulation of MIR light where effective modulation can be realized in terms of both peak 

reflectivity and center wavelength, unfortunately, all the works rely on the free-space 

coupling of the vertical light to the device, which cannot be integrated with the MIR Si 

platform. In this work, we propose to build graphene-based MIR modulator on Si platform, 

compatible with other components on the same platform. Because of the broadband response 

of graphene to the light, the modulator may even work in a broadband region in MIR. As a 

proof-of-concept, we design and fabricate the double-layer graphene-based modulator on Si 

waveguide at 4.7m. Because of the waveguide-based configuration, the increased interaction 

length can help achieve a sufficient modulation depth, whereas the intrinsic single-layer 

graphene has a weak universal absorption of 2.3% per layer. The light from a home-made 

QCL is used for the characterization of the device. By tuning the applied voltage on the 

graphene layer hence the transmission state of graphene layer, the modulation efficiency of 

0.031dB/m and 0.046dB/m are achieved for straight and slot waveguide on Si platform, 

respectively. The slot waveguide is to enhance the light intensity in the slot region and leads 

to an improved modulation efficiency. The result in this work is promising for the 

development of high-performance graphene-based modulator on MIR Si platform, where a 

conventional MIR Si modulator is still missing. 
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Abstract 

In this contribution, we present a new software for simulating the operation of quantum cascade 

lasers (QCLs) [1]. We have implemented an advanced nonequilibrium Green’s functions 

(NEGF) algorithm [2] into the nextnano software package. Experimentalists can use this 

software in a straightforward way to understand, design and optimize QCL active regions. 

1. Introduction 

A detailed understanding of carrier dynamics is crucial for the design and improvement of 

complex semiconductor heterostructures such as QCLs. A powerful method for simulating 

nanoelectronic devices is provided by the NEGF formalism [3]. It captures the tight interplay 

between incoherent relaxation processes and quantum interference effects and has been applied 

very successfully to QCLs [4, 5]. Yet, up to now, the complexity of the underlying NEGF 

formalism has prevented its broad application in the QCL community. Here, we present a 

software with a user-friendly interface and without any needed prerequisite in the underlying 

NEGF formalism. 

2. Results 

Our accurate implementation of the NEGF method involves the self-consistent solution of the 

charge carrier quantum dynamics, scattering processes, and electrostatic effects (Poisson 

equation). Scattering processes are calculated based on accurate microscopic modeling, 

including optical and acoustic phonons, charged impurities, interface roughness, and alloy 

disorder. From the steady-state Green’s functions, the software outputs the local density of 

states ρ(x,E) (Fig. 1), the energy-resolved charge density n(x,E) (Fig. 1) and current density 

j(x,E) (Fig. 2). Finally, the gain spectrum, as well as energy and position resolved optical gain 

 

    

Fig. 1: Local density of states ρ(x,E) (left), and energy resolved electron density n(x,E) (right) 



  

Fig. 2: Energy resolved current density j(x,E) (left), and energy resolved optical gain α(x,E) (right) 

α(x,E) are calculated (Fig. 2) in a self-consistent way. The figures show screenshots of the 

software package for an AlGaAs/GaAs THz QCL design [6] at an applied electric field of 12.3 

kV/cm, i.e. under lasing conditions. 

By visualizing the local density of states (LDOS) ρ(x,E), the QCL designer can see where, and 

at which energy, electron states are available. The electron density is obtained by occupying this 

LDOS with charge carriers using a nonequilibrium distribution. The energy and position 

resolved electron density n(x,E) then reveals where, and at which energy, the electrons are 

located, i.e. which of the states are populated. One can then directly see if the condition of 

population inversion is fulfilled which is necessary for a laser to operate. The energy and 

position resolved current density j(x,E) allows to visualize the interplay between coherent 

transport and scattering processes. In particular, it shows at which position and energy electrons 

are scattered, e.g. by LO phonon scattering processes. Finally, the position and energy resolved 

gain α(x,E) shows where, and at which photon energy, absorption and gain occur. For instance, 

one can easily identify parasitic absorption processes. 

By making efficient use of these plots it becomes possible – even for nonexperts – to design and 

optimize QCLs by varying e.g. doping concentration and doping profiles, alloy concentrations, 

barrier and well thicknesses, materials and further parameters such as strain. 
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Antimonide based III-V materials have shown great potentials for developing high-sensitivity 

infrared photodetectors. We report structural, optical properties of InAsSb layer grown on 

GaSb substrate. X-Ray Diffraction (XRD) study shows that the Lattice-mismatch between the 

GaSb substrate and the InAsSb epitaxial layer is about 0.17% and the derived composition of 

Sb is about 0.09. Photoluminescence measurements at varied temperatures reveal that the 

energy band gap of the InAsSb material is about 0.33 eV and the luminescence peaks follow 

Bose-Einstein relation. The photoconductors fabricated based on the InAsSb show spectral 

response ranging from NIR to MWIR range. They can work well at low voltage bias and the 

measured blackbody detectivitives are ~2.4×10
7 

cmHz
1/2

W
-1

 and ~6.1×10
9 

cmHz
1/2

W
-1

 at 

room temperature and 77 K, respectively. We also did detailed investigation of 

n-GaSb/n-InAsSb heterostructure photodetectors based on the same layers for infrared 

photodetection at different temperatures and biases. Our results show that the heterostructure 

photodetectors are capable of dual color photodetections at a fixed forward bias with its highest 

responsivity occurred at room temperature; With the decrease of the forward bias, a turning point, 

at which the photocurrent changes its direction, exist and the corresponding voltage values 

increases with the decrease of temperature; At all reverse biases, the photocurrents flow in the 

same direction but the maximum current occurs at about 205 K. The measured Johnson noise 

limited detectivity for this heterostructure at room temperature is about ~2.3×10
9
 cmHz

1/2
W

-1
 and 

~2.1×10
9
 cmHz

1/2
W

-1
 at the wavelengths of 1.5 μm and 3.2 μm, respectively. 

 

mailto:edhzhang@ntu.edu.sg


Growth of AlGaN/GaN multiple quantum well structure on 

silicon by plasma assisted molecular beam epitaxy for      

infrared photodetector  

 
Y. Zheng1*, M. Agrawal2, N. Dharmarasu2, and K. Radhakrishnan1* 

 
1NOVITAS-Nanoelectronics Centre of Excellence, School of Electrical and Electronic Engineering,   

Nanyang Technological University, Singapore, Singapore 639798 
2Temasek Laboratories@NTU, Nanyang Technological University, Singapore  637553

 

*Corresponding author: yzheng013@e.ntu.edu.sg / eradha@ntu.edu.sg 

III-nitride based heterostructures are promising candidates for ultrafast optoelectronic devices 
due to their unique properties compared to other compound semiconductors. Quantum well 
infrared photodetectors (QWIP) and quantum cascade detectors (QCDs) have been 
demonstrated using various materials, such as arsenides and antimonides, at infrared 
wavelengths as short as 3 μm. III-nitride semiconductors, owing to their large conduction-band 
offset between GaN and Al-containing alloys (>1 eV), offer the potential to push intersubband 
(ISB) transitions to much shorter near-infrared wavelengths (1.5-3 µm). Moreover, the large 
longitudinal optical (LO) phonon energy (90 meV), relatively high electron mass of m*~0.2-0.3 
m0 and strong electron-phonon interaction result in extremely short ISB absorption recovery 
times for ultrafast optoelectronic devices. Due to the lack of bulk III-nitrides substrates for the 
homoepitaxial growth, these materials are grown heteroepitaxially on SiC, sapphire or Si 
substrates. Among them, the acclaimed advantages of Si such as low cost, large size (up to 12 in. 
diameter) and easy availability makes mass production possible. Moreover, Si is an exclusive 
choice for integration of III-nitrides with its matured technology. However, the large lattice 
mismatch of ~17% and the thermal expansion coefficient mismatch of ~56% are some of the 
challenges in III-nitrides growth on Si substrates. The lattice mismatch induced dislocations 
lead to increased dark current and subsequent degradation in the photo responsivity while the 
thermal mismatch causes cracking of the epilayers. Nitride based QCDs are attractive as they 
operate under zero bias and the detectivity is not limited by dark current. 

 
In this work, plasma assisted molecular beam epitaxy (PA-MBE) was used to grow AlGaN/GaN 
multiple quantum well (MQW) structure on full 4-inch Si (111) substrates as shown in Fig. 1, 
while solid Si was used as the doping source for the contacts. AlN/Si grown using metal-organic 
chemical vapor deposition (MOCVD) was used as a template for the PA-MBE growth. Prior to 
initiating the growth, AlN/Si template was cleaned by flashing Ga onto the wafer surface 
followed by desorption at elevated temperature. The complete structure was grown at 873 °C 
and a Si cell temperature of 1190 °C was used for the doping of AlGaN contacts. A uniform Si 
doping concentration of 5×1018 cm-3 was achieved for the bottom contact. The complete 
structure was grown with high III/V ratio under metal rich condition while recovery was 
introduced such that the surface was not over exposed or left with residual Ga in order to 
maintain two-dimensional (2D) growth. The complete MQW structure grown is in compressive 
stress with a wafer bow of 4.5 µm (Fig. 2) and the surface is found to be smooth with the RMS 
roughness of 1.1 nm over an area of 5µm × 5µm (Fig. 3). High resolution X-ray diffraction 
(HR-XRD) scan of ω-2θ rocking curve along (002) plane of the MQW structure was performed 
(Fig. 4) to determine the quantum well thickness. The simulation curve shows that well 
controlled AlGaN thickness of 1 nm is obtained. QCDs were fabricated and a low dark current 
of 1×10-8 A at room temperature was obtained at 15 V bias (Fig. 5). Thus, crack free 
AlGaN/GaN MQW structures on 4-inch Si substrate with low dark current have been 
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demonstrated in this work for infrared photodetector applications. Further characteristics will be 
presented. 
 
Acknowledgements: Authors would like to thank Gad Bahir and Meir Orenstein (Technion, 
Isreal) for layer structure design and Wang Qijie (NTU, Singapore) for helpful discussion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Bow of AlGaN/GaN MQW structure grown 

on 4 inch Si substrate 

Fig. 5 Dark current of the fabricated QCD at 

room temperature 

Fig. 1 Cross sectional schematic of AlGaN/GaN 

MQW structure on Si  

Fig. 3 Surface morphology of the AlGaN/GaN MQW structure  

RMS 1.1nm 

Fig. 4 The experimental and simulated XRD ω-2θ rocking curves 

along (002) plane of the MQW epistructure shown in Fig. 1 
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Abstract 

Over the past years, GeSn has gained increasing attention due to its novel applications for 

electronic and optoelectronic devices [1]. GeSn alloys present several advantages, such as 

superior electrons and holes mobility which can provide the semiconductor devices with higher 

frequency operation [2-3]. In addition, GeSn alloys have been theoretically and eperimentally 

shown to become direct bandgap materials with about 6-10% Sn composition. This opens the 

room for several potential optoelectronic applications such as amplifiers, lasers, photodetectors, 

electro-optical modulators and routing switches [4-9]. However, it is very challenging to 

incorporate Sn into Ge crystal lattice due to the extremely limited solid solubility of Sn (<1% in 

Ge) and Sn is prone to segregation at higher concentrations [10]. Therefore, low temperature 

growth techniques were developed to create non-equilibrium growth conditions so as to 

incorporate higher Sn content in high quality GeSn layer. Molecular Beam Epitaxy (MBE) is an 

appropriate technique to grow GeSn, but it suffers from slower growth rate and industrial 

production incompatibility [11]. In this work, the expitaxial growth of GeSn alloys using 

digermane  (Ge2H6) and tin chloride  (SnCl4) as precursors in a modified Chemical Vapor 

Deposition (CVD) system under amospheric pressure condition is reported.  

Firstly, 1 µm of Ge epitaxial layer was grown on 6“ Si wafers using a CVD reactor. The Si 

wafers were pre-cleaned using RCA solution and HF-last dip followed by drying in the IPA 

dryer. Prior to actual growth of Ge, the wafer was baked in H2 at 1000 °C for 2 min to remove 

the native oxide which is critical to the epitaxial processes. 10% Ge2H6 diluted in H2 was used 

as Ge precursor, and H2 worked as the carrier gas. The epitaxial Ge growth was then carried out 

at 400 °C for ~10 min to target a thickness of 1 µm. The wafers were annealed soon after 

growth at  ~850 °C for another 20 min in H2 environment to reduce the threading dislocation 

density (TDD) of the Ge epitaxial layer. Subsequently, SnCl4 was introduced into the chamber, 

along with the Ge2H6 and carrier gas H2 gas flow. The chamber pressue was changed to 

amospheric pressure and the temprature was reduced to be below 350 °C  to avoid Sn 

precipitation, in order to grow a high quality GeSn layer.   

Scanning Electron Microscope (SEM) was used to examine the GeSn epitaxial layer and measure 

the thickness. Figure 1 shows the cross-sectional SEM image of the grown GeSn/Ge/Si sample. 

The clear and smooth GeSn/Ge interface is observed and the average thickness of the GeSn layer 

is ~280 nm. The X-Ray Diffraction (XRD) was used to qualify the layer by having the rocking 

curves to determine the crystallinity. Figure 2 shows the XRD rocking curve, and the Sn% as 

calculated is ~10%. Other charactrizaton methods such as Atomic Force Microscope (AFM), 

Ellipsometry and Photoluminensence measurements are being carried out to further characterize 

the epitaxial GeSn layer. 
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Fig. 1: Cross-sectional SEM image of the epitaxial grown Ge0.9Sn0.1/Ge/Si sample 

shows clear and smooth layer and interfaces between each layer. 

 

Fig. 2: XRD rocking curve of GeSn layer shows strong GsSn peak; the Sn% is 

calculated to be ~10%. 
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Abstract  

Diabetes Mellitus is a prevalent chronic disease with very high levels of medical and economic 

burden. Currently, finger-prick devices are widely used for measurement but they are invasive, 

cause pain, non-continuous and may result in complications such as infections, and the cumulative 

cost of using the strips is high.  Non-invasive glucose measurement therefore presents as a 

technological feast. A plethora of attempts had been devoted to the development of non-invasive 

devices using different technologies including optical methods, impedance spectroscopy and 

electromagnetic sensing. Yet none of those devices lasted the test of the markets due to the limited 

penetration depth, specificity and accuracy. Photoacoustic technique, on the other hand, exhibits 

tremendous potential in breaking the above limits since it inherently combines merits of high 

contrast of optical wave and deep penetration of acoustic wave. Besides, Glucose has relatively 

strong absorption peaks in NIR region attributed to overtones and combinational bands of -CH 

and –OH [1,2]. 

Herein, we proposed a novel noninvasive method for glucose detection using photoacoustic (PA) 

technique. Being different from the traditional single-parameter based PA measurement, both 

amplitude and time delay information associated with optical absorption and acoustic propagation 

velocity based on PA measurement are utilized to predict glucose level. PA peak-to-peak value is 

linearly proportional to glucose concentration and the peak arrival time delay also relates to 

glucose in a linear trend. According to this relationship, we predict the glucose levels by peak-to-

peak values and time delay separately and then combined with weighted average based on their 

variances. Final result is more accurate than single-parameter prediction because of the 

imprecision and uncertainty reduction as well as instrumentation instability compensation.  In 

vitro experiments on aqueous glucose solution at both high and low concentrations have been 

conducted to prove the concept. In this experiment, 1600 nm was selected for glucose detection 

as it is one of the absorption peaks in NIR region [3,4]. The final prediction results by fused data 

show remarkable improvement in terms of accuracy compared to single-parameter predictions in 

both high (29.5% and 5.24% RMSE reductions) (Fig. 1) and low (33.64% and 55.81% RMSE 

reductions) concentration regions (Fig. 2). Moreover, no extra apparatus is required using the 

proposed method compared to conventional PA measurement, as both of the PA amplitude and 

time delay can be obtained simultaneously using the same setup. 
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Fig. 2 Correlation between predicted glucose concentration and reference concentration using PA amplitude 

(left), time delay (middle) and data fusion (right). 

Fig. 1 Correlations between preset and predicted glucose concentrations shown in CEG by using PA amplitude (left), 

time delay (middle) and data fusion (right). The RMSEs are 38.76 mg/dL, 58.20 mg/dL and 25.72 mg/dL 

respectively. 
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Introduction / Abstract (Times New Roman 12pt bold) 

Active metamaterials have been a hot topic in the study of nanophotonics recently due to a 

possible novel approach to the micro optical devices. So far the dynamic control of such micro 

size electrical-magnetic interaction is mainly realized via micro structure reconfiguration [1] or 

changes of optical atmosphere [2, 3]. Liquid crystal (LC) is an excellent candidate with large 

birefringence (n~0.2) and mature process techniques [4]. Some progress has been made in LC 

incorporated active metamaterials. All dielectric materials show strength than the metal in its 

reduced loss of light modulation, which is a preferred factor in display application. Here, we 

simulated the optical resonance shifting before and after the electrical switching with LC 

thickness of 0.5, 1, 1.5, 2, 6 and 8 um with Lumerical FDTD. Then integrated LC with the TiO2 

nano pillars arrays were sandwiched between ITO glasses with a 1.5 um gap. The resonance of 

the metasurface was further tuned under a DC voltage. 

In simulation, 2 phase modulation with transmission up to 80 % was obtained with certain 

geometry parameters. The phase change efficiency was calculated enhanced in reduced gap 

thickness and is expected more than 300% enhancement than pure LC when as thin as 1.5 um 

(Fig. 1). In testing, red shift happened when LC was incorporated due to a comparatively higher 

refractive index of LC than air. Unlike the plasmonic situation, perpendicular E/M can be 

simultaneously excited and high phase change performance can be expected when the two models 

are close [5]. Here resonance shift was experimentally observed when LC switched. E/M dipoles 

were overlapped during the process, which confirmed the feasibility of an enhanced phase 

modulator of our design (Fig. 2). 
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Fig. 1: Phase shift enhancement at different LC thicknesses at 650 nm wavelength 



 

Fig. 2: Electrical and magnetic resonance modes shift under electrical switching. LC molecules 

initially aligned parallel (left) and perpendicular (right) with the incidence polarization  
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Abstract —we report an experimental study on the switching between lasing 

channels in a dual color scattering assisted (SA) quantum cascade laser (QCL) in 

the GaAs/Al0.17Ga0.83As material system which emits light at 2.1THz and 2.32THz. 

The quantum structure is based on a 4-well scattering assisted injection design from 

Ref.1. The device achieved dual color lasing and operates up to 144K in pulsed mode, 

which matches the Tmax of the original SA QCL at 2.1THz. The threshold current 

density at 50K was measured as 530A/cm2 which is 28.8% lower than 745A/cm2 of 

the SA THz QCL with the similar temperature performance at the similar frequency 

range in Ref.1.  

 High temperature operation and large frequency coverage are important to the QCL’s 

applicability, flexibility and commercialization. This article is to report a THz QCL with both 

high operating temperature and frequency coverage due to dual color lasing operation.  

This THz QCL is based on the 4-well SA design in Ref.1. The use of GaAs/Al0.17Ga0.83As 

material system reduced the leakage to the continuum. Quantum wells and barriers are narrowed a 

bit to achieve similar energy separation between states 3-2 and 4-3 to decrease the frequency gap 

between these two lasing processes. The laser devices (device A) are processed with the 

conventional In-Au wafer bonding and with a metal-metal ridge waveguide. The conduction band 

diagram and Light-Current-Voltage (LIV) results are shown in Fig. 1(b) and (a). The Tmax of this 

device (device A) is 144K and matches the best performance reported in 2015. 1 Besides the high 

temperature performance, this device shows a low threshold current density and dual color lasing 

around 2.12THz and 2.32THz at 30K. The low threshold current density is owing to dual color 

lasing and lower leakage to continuum band. Calculated gain for states 4-3 and 3-2 is compared to 

the LV results at 30K in Fig. 2(a) and the measured lasing spectrums in (b)-(d). The rate equation-

based simulation shows that the peak gain from the 4-3 transition is 14.5cm-1 at ~15kV/cm with an 

oscillator strength of ~0.40, and the peak gain from the 3-2 transition is 16.2cm-1 at ~17.5kV/cm 

with an oscillator strength of ~0.28 by assuming the same line width of 1THz. As a result, the 

lasing emission (Fig. 2(b)) due to the 4-3 transition is observed at lower biases (region I in Fig. 

2(a)), the lasing emission (Fig. 2(c)) due to the 3-2 transition is observed at higher biases (region 

III), and the lasing emission from both transitions (Fig. 2(d)) is observed at intermediate biases 

(region II). The switching and transition of the lasing channels are clearly revealed by the measured 

lasing spectra at different device biases, and corresponds well to the features in the LV curve. In 

order to verify that the observed kinks of the LV curves are not attributed to lateral optical mode 

competition, a second batch of devices (Device B) are fabricated from the same wafer. Along the 

ridge waveguide of Device B, there are two side narrow strips of the n-GaAs contact layer 
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uncovered by the top metal, which ensures the suppression of lasing emission from any higher 

order lateral optical modes. The double peaks in the L-J curve of Device B (Fig. 3) and the 

corresponding abrupt change in the slope of the V-J curve once again confirm the lasing channel 

switching in this QCL structure, which could be beneficial for dual-color and broad-band emission 

operation. 

Fig. 1: (a) Light Current Voltage characeristics at 10K (black), 30K (red), 50K (green) and 144K (pink). (b) Conduction 

band and confined energy states at 15.4kV/cm. 

Fig. 2: (a) Simulated peak gain of states 4-3 (green) and 3-2 (red) in comparison with experiment light-voltage result 

at 30K (blue). (b) Simulated gain of states 4-3 at 15.4kV/cm in comparison with spectrum at 15.4kV/cm.  

(c) Simulated gain of states 4-3 and 3-2 at 17.5kV/cm in comparison with spectrum at 17.5kV/cm. (d) Simulated gain 

of states 4-3 and 3-2 at ~16kV/cm in comparison with spectrum at ~16kV/cm. Electric field is calculated based on 

device thickness (10um) and voltage drop on Schottky junction (~1.2V). 

 

 

 

 

 

 

 

 

Fig. 3: LIV result of device B at 80K.  

[1] Khanal, Sudeep, John L. Reno, and Sushil Kumar. "2.1 THz quantum-cascade laser operating up to 144 K based on 

a scattering-assisted injection design." Optics express 23.15 (2015): 19689-19697 
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Abstract 

We report on the numerical simulation of temporal and spatial flat top pulse pumped 3μm 

OPCPA. Compared to the results with Gaussian shape pulse pumping, three fold efficiency 

improvement was found in two-stage 3μm OPCPA with flat top pulse pumping. This simulation 

result will be a good guideline to our further experiments. 

1. Introduction 

Ultrafast laser sources in mid-IR are intensively studied for the applications in numerous 

different fields ranging from fundamental strong field physics to medical and industrial 

applications. Especially, high pulse energy and high repetition rate few-cycle pulses with stable 

carrier envelope phase (CEP) are needed for strong field physics and attosecond even 

zeptosecond science. [1]. By employing the concept of optical parametric chirped pulse 

amplification (OPCPA), the peak power of few-cycle laser pulses has been further boosted than 

OPA. Due to the ultra-board gain bandwidth, non-collinear OPCPA is preferred for few-cycle 

pulses generation.  

In this paper, we reported on some numerical analyze about high efficient 3μm OPCPA pumped 

by temporal and spatial flat top pulses. In the simulation, the parameters, such as pulse energy, 

pulse width and spectra, are based on the real condition of our initial experimental results. Using 

2 stages OPCPA and 28mJ (total energy) pumping source, the maximum pulse energy of 8mJ is 

obtained in the mid-IR.  

2. Design of set up 

The temporal flat top pumping pulses are designed by using four superposed Fourier transform 

limited pulses with pulse width of 1.45ps. In the simulation, the time intervals between each 

pulse is set to 2ps, and the superposed pulse width (FWHM) is around 7.5ps. The temporal 

shape of signal and superposed pulse are shown in Figure 2. The specifications of our pump 

source are 1030nm/30mJ/1.45ps/10kHz. The center wavelength of signals of the first- and 

second- stage OPCPA are designed at 1550nm, which is almost realized with nonlinear crystals 

of MgO: PPLN and the idler (centered at 3μm, 40μJ) of 2nd stage OPCPA will be used as the 

signal of mid-IR OPCPA part. After temporal shaping, spatial beam shaping elements will be 

used to obtain flat top pumping beams. In the part of mid-IR OPCPA, MgO:LN are used as the 

nonlinear crystals and type I phase matching (θ=46.5°, to pump) is adopted. With the signal 

wavelength of 3μm, the deff is equal to 3.87pm/V. In order to get a board gain bandwidth, a 

non-collinear angle between signal and pump is set to 4.95° (inside crystal). 

3. Simulation Results 



We compared two kinds of simulation results: 1. spatial and temporal shape of pump are both 

Gussian; 2. spatial and temporal shape of pump are both Flat-top. In order to getting same 

average power intensity in one pulse, we use different beam diameters in two simulations. In the 

two simulations, crystals’ length are optimized to get the maximum gain under the two 

situations. The initial pump beam profiles for simulation 1(Gaussian) and simulation 2(5th order 

of Gaussian) were displayed on Figure3(a) and Figure3(g) respectively. As we can see from 

Figure3.(g-l), using the temporal and spatial flat top pump pulse, most of the pump energy was 

converted to the energy of signal and idler. Comparing to the results of simulation 1(Figure3.(a-

f)), the  improvement of convert efficiency is obvious. The asymmetry of the beam profile after 

amplification can be attributed to the spatial walk off of the non-collinear OPA, which has been 

calculated in our simulations. The final pulse energy is nearly three times than the OPA with 

temporal and spatial Gaussian pumping. Furthermore, spectral width was broadened drastically 

from 400nm to 600nm. Since temporal flat top pumping may introduce some distortion in the 

spectral shape of amplified signals, the Fourier transform pulse width is not enhanced 

apparently, which is just narrowed from 45fs to 40fs. 

 

Fig. 1: Evolution of pump beam profiles. (a)-(f) refer to the evolution of 

beam profiles in the case of simulation 1. (g)-(l) refer to the 

evolution of beam profiles in the case of simulation 2. 

4. Summary 

By employing the temporal and spatial beam shaping on pump source, three-fold energy 

enhancement was found in our simulation. In addition, we put forward the optical design to 

realize the more efficient OPCPA. The simulation results may be a good guideline to our further 

experimental plan. 
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Abstract 
We report recent progress on the development of a CEP stable, high energy 3um OPCPA 
laser system. 1.5um, nJ level signal pulses, pumped by picosecond 1030nm pulses, are 
amplified 5000 times in 3mm PPLN crystal and then reach 300uJ with 150uJ, 3um idler 
pulses after a 3mm LN crystal. Further amplification of 3um pulses will be realized after 
upgrading the pump source. 
 
Keywords-optical parametric chirped pulse amplification; high energy; mid-infrared; sub-two-
cycle; high repetition rate; 

1.  Introduction 

Recently high intensity, mid-infrared laser has attracted tremendous attentions due to its huge 
potential in hard x-ray generation and enhancement [1]. A powerful mid-infrared laser source, 
especially whose central wavelength is larger than 3um, can provide a much efficient electron 
acceleration and thus a high x-ray flux. Nowadays, with the help of the method optical 
parametric chirped-pulse amplification (OPCPA), such a high intensity, long wavelength laser 
source becomes obtainable. OPCPA method extends the concept of CPA and can transfer 
energy from pump to signal beam with a broad amplification bandwidth[2]. Also, the lack of 
energy storage in the parametric amplification process mitigates the limitation on laser energy 
and average power. So laser system in 3um region has been developed rapidly in recent years 
and several OPCPA systems are reported[3][4]. However, the amplification bandwidth of OPCPA 
system is still limited due to the nonlinear material and the design of the system. In this letter, 
we aim to develop a high repetition rate, high intensity 3um OPCPA system with 3mJ, 30W, 
sub-two-cycle output. The first two stages of the system is reported and 300uJ, 1.5um signal 
output has been reached. Further amplification of 3um idler beam will be realized after the 
pump source upgrading.  

2.  DESIGN OF THE OPCPA SYSTEM 

The schematic plot of our OPCPA system is shown in Figure1. The whole system is pump by a 
1.4ps, 10kHz, 1030nm Yb:YAG laser system (AMPHOS 300). The pulse energy of the pump 
laser is now 11mJ and will be extended to 30mJ in further upgrading. We first split 10uJ to 
generate a broadband signal via super-continuum generation (SCG) in an 12mm YAG crystal, 
then amplify the seed pulse in the next two consecutive OPA stages with the residual pump, and 
at last extract the 3um idler pulse at the end of the second stage for further amplification. 



  

Schemetic of 3um optical parametric chirped pulse amplification. TFP indicates for thin film 
polarizer; HWP is half wave plate; HR represents for the high reflective mirror for 1030nm and 
BD indicates for the beam dump. 

 

 

Fig. 1: Schemetic of 3um optical parametric chirped pulse amplification.  
TFP indicates for thin film polarizer; HWP is half wave plate; HR represents 

 for the high reflective mirror for 1030nm and BD indicates for the beam dump. 

The bandwidth of SCG corresponding to a 20 fs transform limited pulse with 1nJ pulse energy. 
Before amplification, the seed pulse is stretched to 200fs in a 4mm Si window in order to ensure 
the amplification bandwidth. In the first stage, we use a 3mm, 29.9um period PPLN crystal. The 
pump pulse energy reached the nonlinear crystal is 0.45mJ. The pump and signal are all tuned to 
collimated beam with 1.5mm and 3mm beam diameter respectively. The polarization of the 
signal and pump are all tuned to vertical with half-wave plate and thin-film polarizer. A 5uJ 
signal output can be obtained after filtering out the residual pump with HR (high reflective 
mirror). 

 

 
Fig. 2: Relationship between amplified signal energy and pump energy 

 in different input signal diameter of the second OPA stage.  
The solid line indicates the situation that signal diameter is 3mm  

and the dashed line represents the 1.5mm signal diameter situation. 



The second stage is pump by other 9.5mJ in a 4mm LN crystal. The actual energy that provide 
gain is about 8mJ when considering the reflection of the crystal surface. The thickness of the 
crystal is chosen by considering the trade off of the lattice damage threshold and the parametric 
gain. In this stage, the signal is stretched to 1ps with another 10mm Si window and also 
collimated overlapped with the pump pulse. In order to compensate self focusing induced by 
thin film polarizer and air and avoid laser induced damage, the beam size of the pump is 
extended to 5mm. The beam diameter of the signal thus be enlarged from 1.5mm to 3mm to 
ensure the gain. The effect of the signal beam diameter to parametric gain is demonstrated in 
Figure 2. The dashed line indicates the situation when the diameter of the signal is kept as 
1.5mm, the energy that is extracted from the pump beam is lower than the 3mm diameter 
situation. This result shows that in the 1.5mm situation only small portion of the pump beam are 
overlapped with the signal which leads to the low energy converse efficiency. When the signal 
beam diameter is enlarged, the high intensity part of the pump which can provide enough gain 
to the seed beam is fully overlapped with the signal. As a result, the energy of the amplified 
signal beam is obviously increased.  

 

 
Fig. 2: Spectrum of the signal beam before the 1st OPA stage (dashed line),  

after the 1st OPA stage (real line) and at the back end of the system (dashed-dot line). 

At the back end of the system, the energy of the amplified signal and idler can reach 300uJ and 
150uJ respectively after the second stage. The generated idler beam around 3um is extracted by 
two filters and will be further amplified in the next few stages. The spectrum of the signal beam 
before the 1st OPA stage, after 1st OPA stage and after the 2nd OPA stage is plotted in Figure 3. 
The dashed line indicates the supercontinuum generation result and the left part (<1400nm) will 
not be amplified in the next two OPA stage because of the phase mismatch. As the figure 
shows, in the first stage, the amplification bandwidth is large enough to cover the whole signal 
spectrum from 1400nm to 1700nm. However, the gain narrowing is much more obvious in the 
second stage (dashed-dot line) because of the small phase match angle tolerance of the Lithium 
Niobate crystal in a collimated geometry. Thus, further improvement will be done by 
introducing a 5 degree noncollinear angle between the pump beam and signal beam to enlarge 
the amplification bandwidth. 

3. Conclusion 
    We report a 150uJ, 1.5W, 3um OPCPA system pumped by 11mJ, 1030nm laser system. The 
result indicates high gain over a spectral range from 1.5um to 1.7um for signal. Further pulse 



energy extension and pulse compression will be realized after upgrading the pump laser source, 
making this design suitable for hard X-ray generation.  
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Abstract  
We report an ultra-stable 1μm picosecond-pulses-pumped supercontinuum generation in a YAG crystal 

with a pulse-energy fluctuation of <1.3% within 2 hours, the longest wavelength edge can be extended to 

>2000 nm. One-stage OPA  has been built up and demonstrates the supercontinuum has good characteristics 

and is suitable for CEP-stable mid-infrared OPCPA.                

Introduction 

The broad spectrum of the supercontinuum makes it an ideal candidate for seeding ultrafast amplifiers such 

as optical parametric chirped-pulse amplification (OPCPA) systems. In the past, supercontinuum 

generation in dielectrics is commonly achieved by pumping of femtosecond pulses [1-2] due to their higher 

intensity and the relatively easy availability. OPCPA systems seeded by this kind of supercontinuum 

commonly need a separate femtosecond mode-locked laser for supercontinuum generation, which add the 

system complexity. Nowadays, the advances of high-energy picosecond solid state lasers, have made 

picosecond lasers a promising pump for supercontinuum generation, provided that supercontinuum can be 

directly generated from OPCPA picosecond pump laser, which will largely reduce the complexity by 

eliminating the need for a separate mode-locked seed laser [3]. More importantly, in this case, the 

picosecond pulses for supercontinuum generation and OPCPA are both from the same pump laser and 

therefore share the same carrier-envelope-phase (CEP), this also makes it possible to build up a CEP-stable 

OPCPA. 

Here, we report an ultra-stable picosecond-pulses-pumped supercontinuum generation in a bulk-shape 

YAG crystal, pumped by a 1μm picosecond solid-state laser, with a pulse-energy fluctuation of <1.3% for 

2-hour operation time, the longest wavelength edge can be extended to >2000 nm, no any damage has been 

found. One-stage OPA has been set up to demonstrate the supercontinuum has good characteristics and is 

suitable for seeding a mid-infrared OPCPA. 

Experimental setups and results 

                                                     

Fig.1 Optical schematic of supercontinuum generation and one-stage optical parametric amplifier (OPA). HWP: half-wave plate; P: 
polarizer; L1, L2, L4, L6: convex lens; L3, L5: concave lens; LPF: long-pass filter; M: mirror; DM, dichroic mirror; R: retroreflector. 

The experimental setup for supercontinuum generation is shown in the part 1 in Fig.1. The pump source 

for supercontinuum generation is from a portion of a high-power of 100 W, high-energy of 10 mJ, 1.4 ps, 

10 kHz Yb:YAG solid-state laser centered at 1030 nm. The nonlinear crystal for supercontinuum generation 

is a 12 mm long YAG crystal which is fixed on a one-dimension linear stage. The pump pulses are coupled 

into the YAG crystal by an anti-reflection-coated convex lens at 1030 nm with a focal length of 75 mm, in 

order to avoid the optical damage, the YAG is always put away from the focal spot of the lens. For 

generation of stable supercontinuum, the pump intensity in YAG is adjusted by a variable attenuator (a 

combination of a half-wave plate and a polarizer), iris aperture and the crystal position from the focal spot. 

The generated supercontinuum is then collimated and filtered by a coated lens with 50 mm focal length and 



a long-pass filter with cutoff wavelength 1180 nm. The pump source for supercontinuum generation is from 

a portion of a high-power of 100 W, high-energy of 10 mJ, 1.4 ps, 10 kHz Yb:YAG solid-state laser centered 

at 1030 nm. The nonlinear crystal for supercontinuum generation is a 12 mm long YAG crystal which is 

fixed on a one-dimension linear stage. The pump pulses are coupled into the YAG crystal by an anti-

reflection-coated convex lens at 1030 nm with a focal length of 75 mm, in order to avoid the optical damage, 

the YAG is always put away from the focal spot of the lens. 

For generation of stable supercontinuum, the pump intensity in YAG is adjusted by a variable attenuator (a 

combination of a half-wave plate and a polarizer), iris aperture and the crystal position from the focal spot. 

The generated supercontinuum is then collimated and filtered by a coated lens with 50 mm focal length and 

a long-pass filter with cutoff wavelength 1180 nm. The optimal supercontinuum output is achieved with 

the longest wavelength-edge to 2100 nm, 30 nJ output energy at >1180 nm, energy fluctuation of <1.3% 

for two-hour operation time and good beam quality (shown in Fig. 2 (a) and (b)) when the output energy 

after the attenuator is ~120 μJ, the output energy after iris is ~20 μJ and the crystal is ~5 mm away from 

the focal spot. The big notch at~1350 nm in the spectrum is due to water absorption and the spectral 

bandwidth centered at ~1500 nm is ~330 nm, which supports sub-cycle transform limited pulse-width. 

                                  

Fig.2 (a) Supercontinuum spectrum and beam profile after LPF from YAG crystal. (b) Energy stability after LPF from YAG crystal. 

To demonstrate the generated supercontinuum-pulses are able to be linearly chirped and no pulse-splitting 

exists, an PPLN optical parametric amplifier (OPA) combined with a stretcher based on different lengths 

of silicon plates pumped by the pulses from the same Yb:YAG laser is built up, which is shown in the part 

2 in Fig.1. The experiment is completed by inserting different lengths of silicon plates in the stretcher to 

observe the change of pulse-width, the pulse-shape and pulse-phase from the Frog. At last, experimental 

results clearly show the pulse-width from OPA intensively relates with the amount of the second-order 

dispersion of silicon plates in the stretcher, indicating the pulses from the supercontinuum can be linearly 

chirped, which further means it can be compressed by compensating the corresponding second-order 

dispersion. Additionally, the frog information including pulse-shape and pulse-phase for the amplified 

pulses also shows no pulse-splitting exists. All this demonstrates picosecond-pulses-pumped 

supercontinuum is suitable for seeding a mid-infrared OPCPA.  

Conclusions 

In summary, we have demonstrated an ultra-stable picosecond-pulses-pumped supercontinuum generation 

in a YAG crystal with a pulse-energy fluctuation of <1.3% for 2-hour operation time, the longest 

wavelength edge can be >2000 nm, and FWHM bandwidth of 330 nm centered at ~1500 nm will support 

sub-cycle narrow pulse-width. No any crystal damage has been found within 2 hours. One-stage OPA has 

been set up to demonstrate the supercontinuum has good characteristics and is suitable for seeding a mid-

infrared OPCPA. 
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Introduction 

Atomically thin transition-metal dichalcogenides (TMDCs) with exceptional electrical and 

optical properties have drawn tremendous attention for novel optoelectronic devices.[1-5] However, 

the electron bound trions formed through the combination of neutral exciton and electron 

significantly decrease the photoluminescence (PL) efficiency of monolayer TMDCs. In this study, 

we report a simple yet efficient chemical doping strategy to modulate the optical properties of 

monolayer tungsten disulfide (WS2). As a demonstrative example, the chemical doped monolayer 

WS2 exhibits remarkably PL enhancement ~10 fold compared with the PL intensity in pristine 

WS2. This outstanding PL enhancement is attributed to that the excess electron which promotes 

the formation of electron bound trions is effectively decreased through charge transfer from 

monolayer WS2 to chemical dopant. Our work illustrates a feasible strategy to manipulate optical 

properties of TMDCs through chemical doping, making monolayer TMDCs promising candidates 

for versatile semiconductor-based photonic devices. 

Results and Disscussion 

The monolayer WS2 flake was conveniently exfoliated from the bulk crystals by 

micromechanical method which has been widely used in the preparation of 2D materials and 

followed by transferring onto a Si wafer with a 280 nm thick SiO2 coated layer. The optical 

microscopy (OM), atomic force microscopy (AFM), Raman spectrum was used to demonstrate 

its monolayer properties.[6]  

 



Figure 1. (a) The PL spectra of monolayer WS2 measured at different HATCN doping step from 

0 to 6. (b) The evolution of PL spectra of monolayer WS2 as the HATCN doping step increases. 

Note that the PL spectra are fitted through the Lorentzian fitting, which are assigned to the trion 

(X-) and neutral exciton (X). (c) The integrated PL intensity of trion (IX
-), neutral exciton (IX) and 

the sum (Itotal) of IX
- and IX as a function of HATCN doping step. The discrete points are the 

experimental results, while the solid lines are theoretical results fitted through rate equation. (d) 

The trion spectra weight (IX
-/IX) as a function of HATCN doping step. 

To test the feasibility of exciton modulation through the chemical doping, the PL spectra of 

pristine and HATCN doped monolayer WS2 were systematically investigated (Figure 1). The 

pristine monolayer WS2 shows a wide PL spectrum with an emission peak at ~1.99 eV. The PL 

intensity of monolayer WS2 undergoes apparent variation after the HATCN doping. The PL 

intensity of HATCN doped monolayer WS2 is more than ~10 fold that of pristine monolayer WS2, 

which is among the best results of PL enhancement reported to date. Additionally, the PL spectra 

become sharp and blue shift with an emission peak at ~2.02 eV after the HATCN doping and can 

be clearly fitted with two peaks (X− and X) using Lorentzian fitting. According to the fitting 

results, the intensity of trion in the pristine monolayer WS2 is predominant and trion spectra 

weight is as high as ~0.6. In contrast, the intensity of trion is drastically decreased and the trion 

spectra weight is as low as ~0.1 as the HATCN doping step increases, indicating the transition 

from trions (X-) to neutral excitons (X) in monolayer WS2 after the HATCN doping, owing to the 

charge transfer from the monolayer WS2 to the chemical dopant.  
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Abstract 

Conventional metallic metasurfaces are difficult to achieve tunable devices once a structure is 

fabricated. We propose a method to realize metasurfaces with active focal tuning by graphene-

metal hybrid structures. Tunable metasurface lenses in both mid-infrared and terahertz 

frequencies are proposed. 

1.  Structures and results 

Unlike conventional optical components, which require enough thickness of the media to 

achieve wavefront shaping, metasurfaces introduce abrupt and controllable changes of optical 

properties in two-dimensional (2D) space [1]. However, the modulation of each unit cell is hard 

to change once a metasurface is manufactured, lacking the flexibility for achieving tunable 

modulators. Graphene is a 2D form of carbon in which the atoms are arranged in a honeycomb 

lattice. In addition, the Fermi level of the cone-shaped electronic band structure of graphene is 

modulatable by an external gate voltage [2], which makes graphene a promising material for 

tunable optical devices. In this work, based on Berry geometrical phase theory [3], we 

theoretically demonstrate mid-infrared (mid-IR) and terahertz (THz) tunable graphene-metal 

metasurface lenses to achieve focusing and active focal control by tuning the graphene chemical 

potential uniformly. 

We first give the design of a cylindrical lens for mid-IR frequencies [4]. The schematic structure 

of the tunable metasurface lens is depicted in Fig.1 (a). It is composed of an array of rectangular 

apertures etched on a thin Au film. The metallic film is deposited on a monolayer graphene, 

which is used to change the scattering electromagnetic fields of the apertures. A glass substrate 

and a transparent conducting film are below the metal layer. A gate voltage Vg is applied to 

tune the chemical potential of the graphene layer. The incident light is right-handed circularly 

polarized (RCP). The inducing transmitted field can be divided into a right-handed circularly 

polarized light and a left-handed circularly polarized (LCP) light with an abrupt phase change of 

2φ. Thus a desired phase change of the LCP light can be obtained by the rotation of the aperture. 

By this principle, a lens with a focal length of f can be designed by [5]: 

                          2 2x x f f





                                                  (1) 

In order to design a tunable metasurface lens, the phase change should be different for each unit 

on the metasurface when the graphene chemical potential varies uniformly. We find that the 

phase of the LCP scattering light can be tuned by changing the chemical potential of the 

graphene layer and the length of the aperture (not depicted here), thus a tunable metasurface 

lens is expected to be achieved. We choose 17 apertures along the x-direction. The designed 

result is shown in Fig.1(c). FDTD simulations are then conducted to verify the focal effect and 

the tunability of the lens. The electric field intensity distributions of the transmitted LCP light 

are shown in Fig.1(d). 

 



 

Fig. 1: (a) The structure of the cylindarical lens for mid-IR. (b) A unit cell of the 

metasurface. (c) Rotation angles (blue solid line) corresponding to the 17 slits of the 

designed lens at different positions. (d) Electric field intensity distributions of the 

transmitted LCP light corresponding to the chemical potentials of 0.52eV and 1.17eV, 

respectively. The focal length changes from 105 to 85μm when the incident 

wavelength is λ=6.6μm. 

This method can also be applied to design tunable Thz lenses. We design a tunable metasurface 

sperical lens in Thz frequencies (λ=400μm). The schematic structure of the metasurface is 

depicted in Fig.2 (a). When the lens is illuminated by RCP light, the electric field intensity 

distributions of LCP light are shown in Fig.2(b). The focal length changes from 4.67mm to 

5.24mm. 

 
Fig2: (a) The structure of  the spherical lens for THz. (b) The distribution of rotation 

angles and lengths of apertures within the red border in Fig.2(a). (c) Electric field 

intensity distributions of the transmitted LCP light corresponding to the chemical 

potentials of 0.1 eV and 0.3eV, respectively. 
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Abstract  

Strong coupling of transition metal dichalcogenide (TMDC) monolayer with light has attracted 

a great deal of attention due to the encouraging prospect for realizing tunable two-dimensional 

plasmonic devices at room temperature. Here, we explore strong light-matter interaction in 

monolayer WS2 with gold nanoantenna arrays both numerically and experimentally. By 

engineering the geometry of the nanoantenna arrays, including shape, side length, gap size and 

period, the coupling strength can be effectively adjusted. We also demonstrate the reflectance 

microscopy spectra from both the normal incidence and dark field. The gold nanoantenna and 

SiO2/Si substrate form a Fabry-Perot (FP) like cavity in normal incidence which interacts with 

localized surface plasmons (LSPs) helping to narrow the full width at half maximum (FWHM) 

of nanoantenna’s optical response. However, this FP like mode does shift the position of split 

peak which can be verified by comparing with the results measured under dark field. An anti- 

crossing behavior of the split energies from 84 meV to 158 meV is observed in the normal 

incidence spectra. 
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Terahertz (THz) wave is a powerful tool for exploring electronic properties of nanostructures, 

because many interesting materials such as self-assembled InAs QDs, have electronic 

excitations in the THz range.  However, the diameter of QDs is about 20~100nm, while the 

typical energy scale for intersublevel transitions in QDs is around 10~40 meV; the 

corresponding electromagnetic wavelength is about 30 ~ 120 μm. This large mismatch between 

the size of QDs and the wavelength of THz radiation makes the conventional THz 

transmission/absorption spectroscopy on single dots extremely difficult. 

 

We have proposed a method for performing THz spectroscopy on nanometer scale systems by 

using antenna coupled metal nanogap electrodes. We used a single electron transistor (SET) 

geometry that consists of a self-assembled InAs QD and nanogap metal electrodes coupled with 

a bowtie antenna as a THz detector, as shown in Fig. 1(a), and we measured the intersublevel 

transition spectra of single QDs by detecting the THz-induced photocurrent through the SET, as 

shown in Fig. 1(b)-1(d) 1.  We have provided, for the first time, an experimental method to 

perform THz spectroscopy on nm-scale systems with a good S/N ratio, which can be applied to 

THz spectroscopy on various kinds of nm-scale systems, such as carbon nanotubes, nanowires, 

and single molecules.  By using this technique, various physics have been studied, such as the 

photocurrent spectra1, electron-electron interactions2, THz single electron photovoltaic effect3, 

and excited state charge energy sensing4 in InAs QD-SETs.  We furthermore extend our work 

on other nanomaterials, such as InAs nanowires.  



 

Fig. 1:  (a) SEM images of a QD SET sample with a bowtie antenna structure.  The 

QD is marked by a red circle.  (b) Coulomb stability diagram of a QD-SET.  The 

numbers in the figure denote the numbers of electrons in the dot. (c) THz-induced 

photocurrent as a function of VG measured on the QD-SET. (d) Photocurrent spectra 

measured at various VG on the QD-SET.  The resolution of the measurement was 

0.25 cm-1.  The fitting curves correspond to the three transitions possible transitions, 

i.e., p-d-, p-2s, and p+d+. 
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