Prof. W. Knap Main Scientific CV  (activities 1979 – 2020)

Introduction
My research activity was concentrated on Solid State Physics. I studied transport and optical (from visible till far-infrared/THz) properties of semiconductors using high pressure and/or high magnetic fields extreme conditions.  Important part of my scientific experience comes from the fact that I was working in many different laboratories and research centres.  

1979-1990 : Institute of Physics – Solid State Group, University of Warsaw (Poland).
1985-1986 : Innsbruck and Leoben groups of Semiconductor Physics (Austria).
1987-1990 : Centre National Researche Scientifique  - Montpellier and Grenoble (France)
1991-1992 : Pulsed Magnetic Field Laboratory  Toulouse (France).
1992-2020: Centre National Rsearche Scientifique  - Montpellier (France)
2000-2020 : Institute of High Pressure Physics – Polish Academy of Sciences, Warsaw (Poland).
1999-2001 : Terahertz Center of Rensellaer Polytechnic Inst.,  Troy-New York (USA).
2007-2019 : Research. Inst. of Electr. Comm. – RIEC  Tohoku University, Sendai (Japan).
 

This mobility was one of the important factors stimulating research in various domains of solid state physics and use of a variety of experimental techniques. The simplified list of the important research subjects with short comments is given below:

1)	Thermomagnetic and galvanomagnetic phenomena in narrow/zero gap semiconductors. 
Investigation of the interaction of the narrow gap semiconductors (HgTe and InSb) with Far Infrared Radiation was the main subject of my Master and PhD dissertations. My PhD thesis completed at University of Warsaw under supervision of Prof. M. Grynberg in 1985 was entitled	 “Thermomagnetic and galvanomagnetic effects induced by Far Infrared Radiation in HgTe and InSb in high magnetic fields”. 
	
2)	Resonant impurity states in zero gap semiconductors. 
This work was done in collaboration with Prof. G. Bauer, Leoben (Austria). The subject was related to Fourier spectroscopy far infrared transmission studies of extremely thin HgTe samples with differing doping. We have shown an existence of optical singularities related to impurity states, resonant with the conduction band of n-type HgTe.

3)	Nonlinear transport and routes to chaotic oscillations in semi-insulating GaAs.  
This research crossed the border between physics and advanced mathematics. It was based on experiments showing clear “period doubling route to chaos” (Warsaw and Montpellier).

4)	Hot electrons in high magnetic fields – Landau level emission. 
This project was realised under supervision of Prof. E. Gornik (Innsbruck, Austria and Munich, Germany). 
I continued this research in Warsaw and Montpellier constructing two cyclotron resonance spectrometers.

5) 	Paramagnetic resonance in high magnetic fields: spin relaxation mechanism. 
My work in this field was a participation in the construction of a high field EPR spectrometer in Grenoble High Magnetic Field Laboratory (Grenoble).  Important results on spin relaxation in the Si:P, and heavily doped Silicon were obtained. Spin relaxation rates as a function of temperature and magnetic field were determined and a new relaxation mechanism specific to high magnetic fields were identified.



 
6)         Blocked Impurity Band Detectors of Infrared Radiation (BIBs). 
These studies were related to the construction of a new type of Far Infrared detectors, insensitive to ionizing radiation. I have also installed a Fourier Spectrometer-based optical test system. Laboratory of Pulsed Magnetic Fields, Toulouse.

7)	Cyclotron Emission from two-dimensional electron systems. 
This was the continuation of the project started in Innsbruck and Warsaw (Montpellier). It was the development of 2DEG systems and the introduction of the high pressure cell. I have obtained first results on the 2DEG effective mass change with hydrostatic pressure.

8)	Quantum Transport - Weak localisation and antilocalization. 
Important research project – stimulated by theoretical support of Russian scientists from St. Petersburg and Moscow – allowed for the discovery of a universal weak localization and identification of major spin splitting/relaxation mechanisms responsible for weak anti-localisation phenomenon. Part of the work leads to a common PhD thesis between Montpellier and Warsaw Universities.

9)	Semiconductor based gas detectors. 
This work was made in collaboration with Schlumberger Industries. First important project with direct applications for industry, PhD thesis of H. Alause and an international Patent were linked to this field of research.

10)	Cyclotron Resonance and Infrared reflectivity studies of GaN and SiC wide gap semiconductors and their heterojunctions.
Using infrared reflectivity and transport methods, we have determined effective masses and other band parameters of wide band semiconductors GaN and SiC. We then studied the details of the conduction band of 2DEG in GaN/AlGaN heterostructures. This work was done in collaboration with IHPP PAS (Warsaw), HMFL in Grenoble, le Service des Champs Pulsés de Toulouse, High Magnetic Field Laboratory – Tallahassee (USA), RPI –Troy-New York (USA), and APA Optics (USA).

11)	Diamond Anvils investigation of High pressure induced metal semiconductor transition in bulk GaN.
The aim of this research was to understand the mechanism of doping which underlies the fact that GaN bulk synthesized under high pressure always turns out to be n-type. Organization of fruitful collaboration Montpellier (Micro Luminescence and Raman system) IHPP PAS, Warsaw (GaN bulk crystals) and Laboratoire de Physique des Milieux Condensés Paris VI (Diamond anvils – high pressure system).

12)	Plasma wave Terahertz oscillations in nanometre size semiconductors. 
This project was realized in its first phase during my stay in USA – RPI – Troy – NY, then in Montpellier, Sendai (Japan) and again in Montpellier. It is continued until now as the major research project (more detailed description is given below).

	As can be seen from the list above, I have worked on many subjects related to optical and transport properties of solids. The fact that I used different tools or approached the subject with different methods specific for different laboratories, allowed me to get important results recognized by scientific community via invited and tutorial papers and multiple citations (H~50).
To present in more details my scientific activity I have divided my works on two domains : A) Basic Solid State Physics and B) Applied Physics. In each of these domains I have chosen three subjects that I consider as most important - because I had a leading/key role in their initialization and realisation and because they brought progress in understanding of some basic phenomena in solid state physics and/or were  important for applications. 

A) Basic Physics 
Looking from the basic physics point of view one can choose at least three main subjects of studies:
A1. Quantum phenomena in transport: weak localisation, anti-localisation and ballistic behaviour in low dimensional systems.
A2. Wide gap nitrides and their heterojunctions: metal non-metal transition and two-dimensional gas in GaN/AlGaN heterojunctions.
A3. Terahertz plasma excitations in low dimensional systems: Terahertz radiation rectification and generation by plasma confined in nanometre field effect transistors.

The main results (“the firsts”) concerning these themes/axes are briefly presented below: 

Ad-A1. Quantum phenomena in transport: weak localisation, anti-localisation and ballistic behaviour in low dimensional systems.
The main results concerning this activity are: 
i) The first observation of the universal behaviour of the weak localisation. Universality of the weak localization means that for all two-dimensional systems – independently of carrier mass, scattering rates, doping levels. etc…. the quantum interference conductivity corrections should behave in the same way. More precisely they have the same functional dependence versus renormalized magnetic field.
ii) The first complete analysis of the antilocalisation behaviour. It was shown that the observed antilocalisation appearing due to the quantum interference, is controlled in unexpectedly important way by the spin splitting of electron spectra. A theory was developed taking into account both linear and cubic wave-vector terms in spin splitting. Also it was shown that additional linear terms appear when the quantum well itself is asymmetric (Rashba term). The results obtained allowed determination of dominating spin-relaxation mechanisms and to improve the accuracy of determination of spin-splitting parameters in A3B5 crystals and their two-dimensional structures.
  
Ad-A2) Wide gap nitrides and their heterojunctions: metal non-metal transition and two-dimensional gas in GaN/AlGaN heterojunctions.
This research was performed to answer the basic nitrides-related questions such as: value of the electron effective mass and g-factor, limits of the doping, possibility of hydrostatic pressure induced metal-non metal transition and force of electron-phonons interactions.: 
Employing:
i) far - infrared and Infrared Reflectivity under pressure 
ii) diamond anvils high pressure Raman
iii) diamond anvils luminescence experiments 
we were able to answer most of these questions. Effective mass was determined and shown that it changes with carrier densities due to nonparabolicity. The polaron effect related to optical phonon free carrier’s interaction was evidenced as well as the pressure induced metal – non-metal transition in highly doped n-GaN bulk crystals.

The GaN bulk studies were followed by more challenging subject related to properties of two-dimensional electron gas in GaN/AlGaN heterojunctions. In collaboration with groups from USA, Poland and France
I performed the high field experiments that lead to the:

i) The first demonstration of the existence of 2DEG gas in GaN/AlGaN heterojunctions. The first observation of the Shubnikov-de-Hass as well as Quantum Hall Effects in GaN/AlGaN heterojunctions. These experiments made in tilted magnetic fields clearly demonstrated the existence of 2DEG gas. 
ii) The first Far Infrared Cyclotron Resonance absorption and emission that are referenced as the first published data.
iii) The first determination of the 2DEG effective mass. This mass was different from the bulk value because of the strong polaron and non-parabolicity effects. It has been shown that the effective mass can increase almost by 10% with the carrier density varying between 1012/cm2 and 1013/cm2. 
By tilting magnetic fields, we were able to register the change of the pattern (phase and amplitude) of the Shubnikov-de-Haas oscillations - related to spin and cyclotron splitting and observe their anticrossing behaviour. This led to:
iv) The first determination of the effective g factor for 2DEG GaN/AlGaN. The value g*~2.1 was found very close to the bulk value. Contrary to observations for GaAs/AlGaAs systems, absence of any anomalous enhancements of the spin splitting was confirmed.  
v) The first Quantum Hall Effect activation measurements were performed showing unusual behaviour of the quantum transport gaps and an effect of many body interactions on gap renormalization. Complete theoretical analysis of the data was performed in collaboration with V. Falco – Landau Institute – Tchernogolovka Russia. It was shown that because of the higher g* factor and higher effective mass, the spin splitting and cyclotron resonance splitting becomes comparable. This makes GaN/AlGaN system very interesting from the point of view of many body interactions. 


Ad-A3) Terahertz plasma excitations in low dimensional systems: terahertz radiation rectification and generation by plasma confined in nanometer field effect transistors.
This part of my research activity started in 1997 as a result of the collaboration with world class theoreticians Prof. M. Dyakonov and Prof. M. Shur who predicted that constant current flow in the transistor channel with special boundary conditions can lead to the new type of instability leading to the generation of high amplitude plasma waves and Terahertz emission. They have also shown that nonlinearities related to two-dimensional plasma can lead to rectification and detection of THz radiation. Intrigued by these new mechanisms of THz detection and emission I started the experimental research using high sensitivity cyclotron resonance detection system for emission (built in Montpellier) and Gunn diodes based experimental system for detection (constructed during my sabbatical at RPI, Troy, New York, (USA). 

Main results of these studies are: 
i)	The first observation of the resonant THz detection by 2D plasmons in nanometre GaAs FETs.
ii)	The first observation of the plasma instability-related emission from InGaAs /InP  HEMTS.
iii)	The first room temperature broadband THz detection by nanometre Si – MOSFETs.
iv)	The first room temperature THz emission from GaN/AlGaN transistor.

The most interesting basic physics problems approached in these studies concern: 
i) Influence of the current on the plasma wave-related detection – enhancement of the effect and narrowing of the resonances.
ii) Influence of the geometry of the channel – determination of the role of gated and ungated parts of the channel (interaction of gated and ungated 2-dimensional plasmons. 
iii) Damping of Shubnikov-de-Hass oscillations at the Cyclotron and plasma resonances energy crossing in high magnetic fields.

In 2018 I initiated CENTERA project – related to the THz science and technology. Results obtained in the frame of this project are the first demonstration of THz amplification by plasmons in grating gate nano-structures. 
We demonstrated gate voltage-tuneable resonant plasmon absorption, that with an increase of the current, turns to THz radiation amplification with a gain approaching 10%. The results were interpreted using a dissipative plasmonics crystal model, which captures the main trends and basic physics of the amplification phenomena. Specifically, the model predicts that increasing current drives the system into an amplification regime, wherein the plasma waves may transfer energy to the incoming electromagnetic waves.   
All results were obtained at room temperature. Therefore, they pave the way towards a future THz plasmonic technology with a new generation of all-electronic, resonant, voltage-controlled THz amplifiers. This work is result of a long lasting collaboration with Tohoku University – Sendai (Japan). It was published in highly ranked journal, publishing only seminal works: Physical Review X  May 2020.

Concluding the part concerning Basic Physics one may say that my research lead to important contributions:
1) Quantum phenomena in transport – universality and  influence of spin relaxation effects on weak localisation.
2) Wide gap nitrides and their heterojunctions – first band structure parameters and  pressure induced phase transitions. 
3) Terahertz plasma excitations in low dimensional systems - first demonstration of the THz plasma oscillations in nanometre FETs. 


B) Applied Physics
Independently of my interest in the basic physics, I also pursued activities related to applications. This led to many collaborations/contacts with industrial partners. The three most important subjects related to this part of my research activity were: 

B1)  Optical sensors: Quantum well-based infrared sensors for gas detection – with Schlumberger.
This was my first contact with industrial partner – Schlumberger – that wanted to develop the semiconductor based sensor that could allow for measurements of the quality of the gas delivered to the customers. Towards  this end, one should determine the ratio of the methane, ethane and other gases. Using our knowledge of the physics of GaAs/AlGaAs quantum wells we proposed, fabricated and tested the semiconductor based sensors – working as the electrically modulated notch filters. This project was realized in the frame of the industry supported PhD thesis and was finalized by an international patent.  

B2)  Nanotransistors- physical/versus technological limits with STMicroelectronics, APA-Optics (USA) TopGaN (Poland), III-V Labs – Thales (France).
Pushing the transistor to higher power and higher frequency operation leads the industry to search of the new materials (like Nitrides) and/or ultimate miniaturization. Physicists have an important role in discrimination between the physical and technological limits.  Two examples of collaboration can be given. They concern high power GaN based HEMTS and ultimately short Si – MOSFETs.

The basic physics research on the GaN/AlGaN heterojunctions mentioned above was followed by the studies of the High Electron Mobility transistors. By comparing of the technology based on the Sapphire, SiC and bulk GaN substrates – we were able to determine the role of the dislocations in the high and cryogenic temperatures. We were also able to establish, for example, that for dislocation density below 108/cm2 the dislocations do not influence the room temperature transistor parameters. The research on GaN/AlGaN heterojunctions involved industrial partners APA – Optics and SET Companies from South Caroline (USA), TopGaN, Warsaw (Poland) and III-V Labs –Thales, Paris (France). 

Another example of applied physics research concerns the ultimately short Si nanotransistors. For such extremely short nanotransistors the traditional methods of carrier mobility determination do not work. We proposed mobility determination based on the geometrical magnetoresistance method. In fact, its the geometry of the transistor – very wide and short channel – thst leads to transistor channel magnetoresistance changing like (µB)2.  For relatively small mobility like in  Si-CMOS high magnetic fields are necessary. 

By measuring magnetoresistance in magnetic fields up to 12T , we were able to examine (with our Industrial partner STMicroelectronics) various technologies of nanotransistors and to determine relative role of the doping, strain effects in final transistor performances.

This research led also to the first demonstration of the ballistic limitations of the Si nanotransistors of sub100nm technology. By the high field magnetoresistance measurements complemented by theoretical analysis we have shown that ballistic effects play an important role for modern Si transistors shorter than 100nm and are responsible for at least 50 percent “mobility reduction” in the case of 30nm channel length – technology node. This project allowed to give better understanding of the physics of ballistic effects and determine the physical limits of performance of nanometer MOSFETs.

B3)   Terahertz detection and imaging by Field Effect transistors – with TERAKALIS (France), ORTEH – (Poland), STMicroelectronics (France), NTT (Italy) , CANON (Japan/France), SAFRAN (France).
Research on the Terahertz detection related to plasma effects in GaAs, GaN and Silicon nanotransistors leads us to discovery that these transistors can efficiently work at THz frequencies even at room temperature and that there have responsivity that is one of the highest between all existing room temperature detectors. Together with industrial partner STMicroelectronics, CEA-LETI, and NTT (Italy) we studied the possibilities to make an array of detectors that can be used as focal plane arrays for future Terahertz cameras working in 0.3-1.0 Terahertz range. With CANON we have studied potential applications of these detectors in wireless communication at THz frequencies. 

Also GaN/AlGaN transistors are considered as potential THz detectors operating in elevated temperatures and harsh environments– this work was continued in collaboration with III-V Labs – Thales (France) and SAFRAN- France DGA project IMPAD (2014-2017).




Detailed description of scientific activities

A. Research in the Basic Physics 

Concerning Basic Physics, three main themes/axes can be defined as:

A.1 Quantum phenomena in transport: weak localisation, anti-localisation and ballistic behaviour in low dimensional systems.
A.2 Wide gap nitrides and their heterojunctions: metal non-metal transition and two-dimensional gas in GaN/AlGaN heterojunctions.
A.3 Terahertz plasma excitations in low dimensional systems: Terahertz radiation rectification and generation by plasma confined in nanometre field effect transistors.

The main results concerning all these themes/axes are described below. 

A.1. Quantum phenomena in transport: weak localisation, anti-localisation and ballistic behaviour in low dimensional systems.

The main results concerning this activity are:

i) The first observation of the universal behaviour of the weak localisation. 
Universality of the weak localization means that for all two-dimensional systems – independently of carrier mass, scattering rates, doping levels. etc…. the quantum interference conductivity corrections should behave in the same way. 
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    The experimental study of universality of the weak localization behaviour was a subject of the Ph.D. thesis of A. Zduniak. An original system of two superconducting coils was constructed for this purpose, allowing enhancing or compensating for magnetic fields in the sample space. It allowed transport experiments in very wide range of magnetic fields – four orders of magnitudes from high (a few Tesla) to extremely week (a few Gauss) magnetic fields. This was necessary for the full determination of the main transport process/rates: quantum scattering rate, momentum scattering rate, phase scattering rate and spin scattering rate. Typical experimental traces are shown in the figure below. One can see extremely wide magnetic scale range (4 orders of magnitude) allowing to register Shubnikov de Haas (quantum scattering time), Standard Hall effect (transport scattering time), Weak localisation effect (phase scattering time) and Weak Antilocalisation effect (spin relaxation time). 
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 Hydrostatic pressure and illumination were used to change metastable states population and get the data as a function of carrier density. The results brought attention of the top class theoreticians from the Ioffe and Landau Institutes (Prof. M. Dyakonov & others) who improved existing weak anti-localisation theory, allowing to complete the interpretation of the experiment.

[image: ]    Some results are shown in Figure on the left. It shows magnetoconductivity of GaInAs quantum wells (lines) and heterojunctions (dashed lines) presented as a function of normalized magnetic field. a) presents experimental results and theoretically predicted universal asymptotic behaviour, b) shows a few experimental curves (dots) and their full theoretical fits (solid lines) together with theoretically predicted universal asymptotic behaviour. The weak anti-localisation, weak localisation and universal behaviour are correctly described. 











ii) The work on weak universal weak localization was followed by another one related to influence of spin relaxation on the weak antilocalisation structure. The results of magnetoconductivity measurements in GaInAs quantum were analysed. 
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    It has been shown that the observed magnetoconductivity appears due to quantum interference, which leads to the weak localisation effect, which in turn is controlled by the spin splitting of electron spectra. A theory was developed that took into account both linear and cubic (in electron wave-vector) terms in spin splitting, which arise due to the lack of inversion center in the crystal, as well as the linear terms that appear when the well itself is asymmetric (Rashba term). It was demonstrated that all three contributions are comparable and have to be taken into account to achieve a good agreement between theory and experiment. The results obtained allowed to determine the dominant spin-relaxation mechanisms and to improve the accuracy of determination of spin-splitting parameters in A3B5 crystals and their two-dimensional structures.
Some experimental curves with their theoretical fits are shown in the next figure. 
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	Apart from many journal and conference papers, the activity in this domain has also led to the Ph.D. thesis of A. Zduniak (1998) and Rabih Tauk (2007) as well as the invited paper at 7th International Conference High Pressure in Sem. Physics, Schwabisch Gmund, Germany 1996 “Study of Quantum and Classical Scattering Times in Pseudomorphic  AlGaAs/InGaAs/GaAs by Means of Pressure”. 

W. Knap, A. Zduniak, L. H. Dmowski, M. Dyakonov, S. Contreras.  
The paper on the weak antilocalisation became very important for spintronic community and achieved a large  number of citations – more than 160 times.

A.2  Wide band gap nitrides and their heterojunctions: metal non-metal transition and two-dimensional gas in GaN/AlGaN heterojunctions.

    Importance of nitrides as wide band gap semiconductors that can be used for UV/blue LEDs as well as high temperature operating transistors was discovered in early 90-ties. Together with  a dynamic development of technology, it raised a number of questions about basic physical properties of Nitrides. One of the reasons for this situation was the lack of the good quality bulk GaN crystals.  Together with a group of researchers from IHPP PAS in Warsaw, who synthesised first bulk GaN crystals  under high pressure conditions,we started an intense research to answer the questions about such basic parameters like value of the electron effective mass, limits of the doping, metal-non metal transition and phonon – electron interactions. 

    By means of: i) Far Infrared and Infrared Reflectivity under pressure as well as by the ii) diamond anvils high pressure Raman and iii) luminescence experiments we were able to answer most of the questions. Effective mass was determined and shown that it changes with carrier densities due to non-parabolicity. The polaron effect related to optical phonon free carriers interaction was evidenced as well as the pressure induced metal –non-metal transition in highly doped n-GaN crystals. 
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	The GaN bulk studies were just an introduction to a more challenging subject related to properties of two-dimension electron gas in GaN/AlGaN heterojunctions. Although the groups of Asif Khan and M. Shur (USA) predicted the existence of 2DEG gas on the interface, no experimental data were available at that time (1999). During my sabbatical in USA  I coordinated the joint efforts of IHPP PAS, CRHEA and RPI - New York and USC – South Carolina in growing the first high mobility heterojunctions. The world record of 2DEG mobility was achieved and carefully documented by low field and high field transport experiments. 

In collaboration with these groups I proposed the high field experiments that led to the:

    i) First demonstration of the existence of 2DEG gas in GaN/AlGaN heterojunctions and measurements of the deformation potential contents. 
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    ii) The first observation of the Shubnikov-de-Haas as well as Quantum Hall Effects in GaN/AlGaN heterojunctions as well as the first Cyclotron Resonance absorption and emission data.  
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[image: ](Appl. Phys. Lett. 70, 2123 (1997)).			

    These experiments made in magnetic fields up to 40 T clearly demonstrated the existence of 2DEG gas. These data are referenced as the  first published data on Cyclotron resonance and Quantum Hall Effect in GaN based heterojunctions.

Cyclotron resonance, quantum Hall effect and Shubnikov-de-Haas measurements in Si-doped GaN/AlGaN heterojunctions were performed. We clearly established that two-dimensional electrons were dominant conducting carriers and determined precisely their in-plane effective mass. The increase of the effective mass with an increase of two-dimensional carrier density was observed and successfully quantitatively explained by the nonparabolicity effect. 








    The first work was completed by determination of the magnetic field dependence of momentum scattering rate. Mechanisms of the electron heating and cyclotron emission intensity were also carefully investigated as function of applied electric fields.
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    As already mentioned above, the first determination of the 2DEG effective mass in GaN/AlGaN heterojunctions has already shown that the mass is different from the bulk value. This is due to the strong corrections-related polaron and non-parabolicity effects – that are enhanced in the case of reduced dimensionality. This is because in the case of 2DEG gas in GaN/AlGaN heterojunctions the first electric level is relatively high in the conduction band and also because the reduced dimensionality leads to enhancement of the polaron interaction. It has been shown that the effective mass can increase almost by 10% with the carrier density varying between 1012/cm2 and 1013/cm2. 

iii) The first determination of the effective g factor for 2DEG GaN/AlGaN and the first Quantum Hall Effect activation measurements.  

    To complete the information about the “Energy structure of 2DEG band in GaN/AlGaN”, it was necessary to determine the spin splitting and answer the question about the possibilities of the anomalous spin splitting behaviour, alike earlier ones observed in GaAs/AlGaAs heterojunctions. For this purpose, the high mobility heterojunctions, based on the bulk substrates, were produced and investigated in mK temperatures.

    By tilting magnetic field we were able to register the change of the pattern (phase and amplitude) of the Shubnikov-de-Haas oscillations - related to spin and cyclotron splitting anticrossing behaviour. 

This led to:
 
. [image: ]

    By tilting the sample placed in ultra-low temperature 40mK and high magnetic fields (Grenoble HMFL), the pattern of the Shubnikov de Haas oscillation was modified – because of modification of the ration between spin and cyclotron resonance splitting. The annulation of the Shubnikov de Haas pattern was observed around the tilting angle ~60°.

    After careful analysis of the data, the value g*~2.1 was determined very close to the bulk value. Absence of any anomalous enhancements of the spin splitting was confirmed. We found that because of the higher g* factor and higher effective mass, the spin splitting and cyclotron resonance splitting become comparable (see figure below). This makes GaN/AlGaN system very interesting from the point of view of many body interactions. 
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Fig. 2. Longitudinal magnetoresistance RXX for different tilt angles. The resistance is normalized by its value at zero magnetic field Rxx0. Different traces are shifted in the y direction for clarity. The x axis is the magnetic field perpendicular to the 2D gas plane. A reciprocal space, in which the SdH oscillations are periodic, is used. The vertical lines mark a few characteristic filling factors  := 35, 29, 19. They are ‘guides for the eyes’ showing the changes of the phase of the SdH oscillations. 

    First Quantum Hall Effect activation measurements were performed, showing an unusual behaviour of the quantum transport gaps and an effect of many body interactions energy gaps renormalization. Complete theoretical analysis of the data was performed in collaboration with the V. Falco – Landau Institute. The main results were summarized in the paper in Journal of Physics: Condensed Matter. 
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The Quantum Hall Activation measurements were performed at Tallahassee High Magnetic Field Laboratory with resistive magnetic fields up to 30T. Clear activation of the cyclotron and spin gaps were observed in wide range of temperatures. 


[image: ]

The results plotted as function of temperature are shown in the figure below. They allowed for the determination of activation energies. The observed ‘cyclotron gap’ enhancement is attributed to the effect of electron–electron interaction and is estimated using a model of a 2D-screened Coulomb potential. The analytic result for the enhancement of the ‘cyclotron gap’ yields an addition to the activation energy. Both experimental and analytic results for the enhancement of the ‘cyclotron gap’ yield an addition to the activation energy, which is proportional to the magnetic field and therefore resembles the effective mass renormalization.
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The results on the bulk nitrides and 2DEG in GaN/AlGaN have led to many publications and were recognized by several  invited papers. 


A.3 Terahertz plasma excitations in low dimensional systems: Teraherz radiation rectification and generation by plasma confined in nanometre field effect transistors.

This part of my research activity started in 1997 as a result of the collaboration with world class theoretician Prof. M. Dyakonov, who - together with Prof. M. Shur - predicted that frequencies of plasma oscillations in sub-micron/nanometer field effect transistors (FETs) can reach the Terahertz (THz) range.
They have also predicted that constant current flow in the transistor channel with special boundary conditions can lead to the new type of instability leading itself to the generation of high amplitude plasma waves and THz emission. 
Also nonlinearities related to two-dimensional plasma can lead to rectification and detection of THz radiation. Interested by these new mechanisms of THz detection and emission I started the experimental research using high sensitivity cyclotron resonance detection system for emission (built in Montpellier) and Gunn based experimental system for detection (constructed during my sabbatical at RPI, Troy, NY, (USA). 

    The most interesting Basic Physics problems approached were: 
i) Influence of the current on the plasma wave related detection – enhancement of the effect and narrowing of the resonances.
ii) Influence of the geometry of the channel – determination of the role of gated and ungated parts of the channel (interaction of gated and ungated two-dimensional plasmons).
iii) Coupling of cyclotron and plasma resonances with magnetic field – damping of Shubnikov-de-Haas oscillations.




    Main results of these studies are: 

i)	The first observation of the resonant THz detection by 2D plasmons in GaAs FETs.
Although theoretical predictions indicated that resonant plasma modes can be excited in the channel of nanotransistors, it remained unconfirmed. Resonant modes are like an acoustic standing wave in a musical instrument. They can be excited and exist only if correct border conditions (correct cavities) are provided. In the channel of a transistor, THz frequencies requires nanometer dimensions – and the control of the borders in this scale is extremely difficult. Finally by constructing a new experimental system – sources 200 GHz and 600 GHz, cooling facility  ( RPI-TROY, New York) and selecting high mobility InGaAs heterojonctions, we have managed to observe firs resonant detection.
The resonance condition quality factor above ~1 was reached thanks to the use of cryogenic temperatures and 600 GHz frequency.
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    Final proof of the resonant plasma wave detection was obtained by experiments, in which we could modify the carrier density by addition of an external illumination. Using metastable properties of the 2DEG gas in InGaAs heterojunctions we could increase also a carrier mobility reaching the detection up to 1 THz. Shift of the resonant voltage/frequency with carrier density was the final proof that the plasma resonances are excited in the channel and that the plasma wave resonance mechanism is responsible for subTHz and THz detection.
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ii)	First observation of the plasma wave instability leading to THz emission. 
As already mentioned above, in early nineties Prof. M. Dyakonov together with Prof. M. Shur predicted that constant current flow in the transistor channel with special boundary conditions can lead to the new type of instability leading itself to the generation of high amplitude plasma waves and THz emission. The nanometer-size field effect InGaAs /InP HEMTS (produced by IEMN – Lille) were used in the experiments. The emission in nano-Watt range was observed with maxima shifting with applied current from 0.4 THz up to 1 THz ;:– see inset of figure below. The observation was possible thanks to the use of the previously constructed cyclotron emission/detection system – that was applied here as LHe cooled THz spectrometer. The figure below shows also the calibration results –see left upper inset in the figure- made by using InSb cyclotron emitter. Cyclotron emission is usually in low pW range.
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    The most important from the point of view of the Basic Physics was verification if the emission is really due to plasma wave instability. This instability is a new type instability never observed in solids. It resembles a “laser like” amplification, but plasma waves are amplified not in the media but during the reflections from the channel borders. Theory predicted that once the drain current reaches certain value, a “laser like” amplification of the plasma wave amplitudes should took place in the “Threshold Like Manner”. The experimental proof was obtained by careful studies of the THz radiation intensity as function of the current or voltage. Clear evidence of the “threshold like behaviour” was observed – the emission signal raised by orders of magnitude once the threshold voltage/current was reached. The results are shown below – the magnetic field was used as parameter changing the threshold values – through the magnetoresistance effect.
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	Research on high mobility HEMTS as potential Terahertz emitters brough also attention of the transistor community as documented by International Electronic Journal SPECTRUM. announcement. [image: ]
    

Very interesting Basic Physics problem - related to plasma instability - concerns an influence of the current on the plasma wave-related detection. The drain current affects the plasma relaxation rate by driving the two-dimensional plasma in the transistor channel towards the Dyakonov-Shur plasma wave instability. When FET operates as a resonant detector, the induced photoresponse is given by: 
[image: ]				
where [image: ] is the fundamental resonant plasma frequency, and [image: ] is the frequency of the incoming radiation. The resonant response in the presence of a drain current can be written as but with a replacement [image: ]. Here, [image: ] is the effective scattering rate/linewidth given by:
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where v is the electron drift velocity. With increasing current, the electron drift velocity increases, leading to the increase of [image: ] and of the quality factor. When [image: ] approaches unity, the detection becomes resonant. One was expecting an enhancement of the detectivity and narrowing of the resonances, and then an abrupt transition toward instability and emission. Narrowing and enhancement of the detection with applied drain current was observed in experiments on InGaAs transistors with multi-finger configuration (IEMN-Lille). The main results are illustrated in figure below.
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iii)	Another important Basic Physics project related to plasma physics in two dimensional systems concerns with magnetic field influence on the plasma wave excitations.
Plasma wave propagation can be strongly modified by high magnetic fields. With increasing magnetic fields electrons will start make the cyclotron motion. Once the cyclotron resonance condition is reached, the cyclotron motion will compete with plasma density waves leading to plasma wave damping. 
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    THz radiation detection using InGaAs/InAlAs FETs in quantizing magnetic field was studied. The photovoltaic detection signal was investigated as a function of the gate voltage and magnetic field. Oscillations analogous to the Shubnikov-de Haas oscillations as well as their strong enhancement at the cyclotron resonance were observed. The results were compared with a recent theory of M. Lifshits and M. Dyakonov. In this theoretical work three major effects are predicted.
 
First, pronounced Shubnikov-de Haas-like oscillations  in the FET signal that enhanced in the vicinity of the cyclotron resonance. The second effect is the presence of a smooth component of the FET signal, unrelated to Shubnikov-de Haas oscillations. This component has also a maximum at the cyclotron resonance. Finally, they predicted also that in the gated region of the channel plasma waves can propagate only if the cyclotron resonance frequency is lower than the radiation frequency. 
In the opposite case, the plasma wave vector becomes imaginary and thus plasma oscillations rapidly decay away from the source. These three effects were theoretically expected in the photoresponse under the magnetic field. 
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	The figure above (top panels) shows FET signal as a function of the magnetic field for relatively high and low an electron density. The x scale of figures is magnetic field in unities of the cyclotron magnetic field (for 2.5 THz). The experiments show an oscillatory character of the signal. Its periodicity versus 1/B clearly indicates that oscillations are related to the coincidence of the Fermi level with density of states maxima of the Landau levels. The enhancement of the signal in the vicinity of the cyclotron resonance condition is also visible for the lower concentration sample. One can clearly see damping of the plasma waves above cyclotron resonance field (x>1) in agreement with a general physical picture.  This is probably most spectacular demonstration of the plasma waves propagation and damping in two dimensional systems. 


	 

B. Research in the Applied Physics

Independently of my interest in the Basic Physics, I also had an important activity concerning applications of the results of my research. This led to many collaborations and contacts with industrial partners. They can be presented in 3 groups:
1. Optical sensor: Quantum well based infrared sensors for gas detection – with Schlumberger.
2. Nanotransistors- physical/versus technological limits.
3. Terahertz  detection and imaging by Field Effect Transistors.


B1. Optical sensors: Quantum well based infrared sensors for gas detection – with Schlumberger.

This was my first contact with industrial partner – Schlumberger – that wanted to develop the semiconductor based sensor that could allow for measurements of the quality of the gas delivered to the customers. To this purpose one should determine the ratio of the methane, ethane and other gases. Using our knowledge of the physics of GaAs/AlGaAs quantum wells we proposed, fabricated and tested the semiconductor based sensors – working as the electrically modulated notch filters. This project took several years and was realized in the frame of the industry supported Ph.D. thesis of H. Alause and was finalized by an international patent.  
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B2. Nanotransistors - physical/versus technological limits. 

Pushing the transistor to operate at higher powers and frequencies leads the industry to search for new materials like Nitrides miniaturization. Physicists have an important role in determining what are the physical limits and which limits are only technological ones. Two examples of collaboration will be given. They concern high power GaN-based HEMTS and ultimately short Si–MOSFETs.

The Basic Physics research on the GaN/AlGaN heterojunctions mentioned above was followed by the studies of the High Electron Mobility transistors. By comparing the technologies based on the Sapphire, SiC and bulk GaN substrates we were able to determine the role of the dislocations in high and cryogenic temperatures. 
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    By comparing the devices on GaN bulk substrates, SiC substrates and Sapphire substrates we were able to state that for density below 108/cm2 dislocations do not influence on room temperature transistor parameters. We could also clearly show that GaN bulk-based devices, as having smallest number of dislocations, are most stable – no gate leakage current – up to elevated temperatures of ~300°C– see figure. The research on GaN/AlGaN heterojunctions involved industrial partners APA – Optics and SET South Caroline (USA), TopGaN Warsaw (Poland) and is continued with III-V Labs.
    Another example of Applied Physics research concerns the ultimately short Si nanotransistors. For these extremely short nanotransistors the traditional methods of carrier mobility determination do not work correctly. We proposed a determination of mobility based on the geometrical magnetoresistance method. In fact, the geometry of the transistor – very wide and short channel – leads to magnetoresistance changing like µB squared. This way we – together with our Industrial partner STMicroelectronics - were able to analyse various technologies of nanotransistors and determine relative role of doping, strain and ballistic effects in the final transistor performance.

	We have made the first experimental demonstration of the ballistic limitations of the Si nanotransistors of sub-100nm technology. According to the theoretical expectation in ultimately short Si MOSFETs - below 100nm - part of the electrons become ballistic even at room temperature. This phenomenon can lead to the fact that the conductivity of the channel is not increasing linearly with the decreasing of the channel length, as usually expected in the diffusive transport case, but can saturate (become channel length independent). 
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We have shown that this effect can be also seen/interpreted as a “reduction of the carrier mobility” – even if the mobility is not a well-defined value in case of ballistic motion. The so called “ballistic mobility” was introduced and validity of the Mathiessen rule (“inverse of total mobility equals to sum of inverse mobilities of all independent scattering mechanisms”) was verified experimentally. Example of the experimental results is given in the figure below. One can observe a strong reduction of mobility when the device length becomes smaller than 200 nm.
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By the high field magnetoresistance measurements completed by theoretical analysis we have shown that ballistic effects play an important role for modern Si transistors shorter than 100 nm and are responsible for at least 30 percent “mobility reduction” at 30 nm channel length. We would like to mention that, from experimental point of view, mobility determination was a challenging task. The reason is that the room temperature magneto-resistance of Silicon devices changes only ~1% even in fields as high as 10 T (see inset- figure above). We used a superconducting magnet with special electrical/thermal/mechanical isolations allowing high stability room temperature measurements.

The figure below presents the relative contribution of ballistic and impurity scattering (pocket) effects for transistors of 30 nm length. One can see that the ballistic effects give the contribution that is comparable with the impurity/pocket mobility limitation.
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This project allowed to obtain a better understanding of the physics of ballistic effects and to determine the physical limits of performance of next generation nanometre MOSFETs.

B3. Terahertz detection and imaging by Field Effect Transistors. Fig. 1: Electromagnetic radiation spectrum from radio waves to X-rays. Symbols depict main applications of various radiation bands. The “Terahertz gap”, meaning lack of the widespread market applications and covering 100 GHz – 10 THz frequency range, is indicated. (Courtesy of Prof. T. Otsuji, Tohoku University, Japan).


Electromagnetic radiation spectrum includes visible light (with the adjacent infrared (IR), ultraviolet (UV) and the X-ray bands) on one side and radio frequencies (with adjacent millimeter waves) on the other (see Fig.1). Both of these spectral bands are nowadays heavily utilized. In contrast, the intermediate band, grouping electromagnetic waves of frequencies from 100 GHz to 10 THz, lending itself a name of “THz gap”, remains largely unexplored (Fig. 1). 
Various important basic processes and physical properties of matter can be studied with THz radiation. For example, phenomena such as a cyclotron resonance or a spin resonance, which refer to the basic energy band structure of solid-state matter, lead to an absorption of THz radiation. In addition, collective plasma excitations – plasma waves in semiconductor nanostructures – occur at THz frequencies. In medicine and biology, THz radiation may be used for detection of vibrations of large molecules that dictate physicochemical and biological properties of a living matter.
A very useful property of THz radiation is that it easily penetrates most of non-metallic materials and allows to investigate internal structure or content of objects. Also, unlike UV or X-ray, THz waves are non-ionizing and hence harmless to humans and animals, eliminating the need for safety measures. Sub-THz waves propagate through sand, fog or snow, providing vision and wireless communication possibilities difficult to obtain in other (infrared) radiation ranges. 
Therefore, a multitude of potential applications for THz waves emerge in wireless communication systems (to boost the data rate), industry, agriculture and trade (for a non-destructive, non-hazardous process monitoring or quality checks), in safety (such as vision systems for difficult atmospheric conditions) and security (detection of hazards) or health (skin burns and cancerous tissue diagnostic, as well as cell dynamics). 
The enormous potential carried by both the basic science and applications identified and already partially exploited in the THz field during the last 30 years, has established a Terahertz-related science and technology as an important scientific axis, bridging the optronics and electronics and unifying efforts of a large scientific community, similarly to Quantum Computing and Spintronics. 

Applied part of THz science and technology faces its own challenges. They are related to the fact that many of already demonstrated practical applications of THz technology are still not available on a mass market due to extremely high costs, unacceptably large size, limited performances or other shortcomings of former technological solutions for THz emitters and detectors. For example, available semiconductor-based THz sources like Quantum Cascade Lasers (QCLs) still require a cryogenic cooling, being therefore a laboratory equipment only. Also, ultrasensitive THz detectors, which are successfully used in astrophysics, require cryogenic cooling as well. Only at the end of the 20th century, high-quality, room-temperature-operating Schottky-diode-based THz emitters and detectors were proposed, which, however, do not allow for cost-efficient multi-pixel (arrays) and cameras. 
In 1990 Dyakonov and Shur proposed theoretically to use plasma oscillations in nanometer size field effect transistors (FETs) as the candidates for THz sources and emitters. The simple physical reason for this comes from the fact that the typical velocity of plasma waves is of the order of million meters per second ( s=106 m/s).  This means that the time of the round trip of plasma wave in L=500nm long device is one picosecond ( T=2L/s). Period of one picosecond correspond to oscillation frequency of 1THz.  This means that the nanodevices of dimensions 500nm and smaller can serve as resonators for THz waves.
The idea of using plasma oscillations in nanometer transistors for THz applications was met with great expectations because of its compatibility with Integrated Circuits manufacturing using mainstream semiconductor technologies such as CMOS in the case of silicon or III-V HEMTs. 
The research of Prof. W. Knap has provided the experimental proof  that indeed,  theoretical predictions of Dyakonov and Shur can be used as efficient detectors and emitters at – THz frequencies – thanks to some specific properties of electron plasma waves.  
   







 Research on the THz detection related to plasma effects in nanotransistors led us to discovery that these transistors can efficiently work at room temperature and that they have responsivity that is one of the highest among all existing room temperature detectors. One of the most important achievements was a demonstration of room temperature broadband THz detection by nanometre Si MOSFETs .
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[image: ]    The key parameter that determines the performance of the transistors is so called Noise equivalent power. It was found in the range of 10-10 W/Hz – this mean very close to the best room temperature THz detectors – see figure below.













Work on terahertz plasma oscillations in nanodevices appeared extremely important for development of Terahertz Science and Technology 

    Together with an industrial partner STMicroelectronics, CEA-LETI, and New TeraHertz Technology- Italy, we studied the possibilities to make an array of detectors that can be used as focal plane arrays for future THz cameras working in 0.3-1.0 THz range. 
Also GaN/AlGaN transistors are considered as potential THz detectors – this work is continued in collaboration with III-V Labs and IEMN Lille – ANR project TERAGAN.

Below there is a list of a few the most important industry related contracts:

Schlumberger Industrie –«Capteurs de gaz a semi-conducteurs» (1995-1997).
European IP PullNano IST « PULLing the limits of NANOCmos electronics» (2006-2009). 
Nano 2008 (2005-2008) and Nano 2012 ( 2009- 2012)  «Terahertz nanotransistors» with STMicroelectronics.
ANR TeraGaN  “Terahertz GaN transistors ”with II-V Labs (2007-2010). 
Contrat Collaboration de Recherche  “Terahertz FET for security applications ”Entreprise NTT, Turin, Italy (2008-2010).
CANON France – Terahertz Communication with Field Effect Transistors (2013-2016).
DGA/SAGEM/LETI – Terahertz vision with Field Effect Transistors Arrays (2014-2017).

Very important achievement in the field of technology transfer was creation of Spin-off Company TERAKALIS.  
TERAKALIS  start- up company was created in October 2014 – ( Prof. W.Knap was a co-funder and  a  Research and Development adviser  of this company). This company already has 25 employees and gets support of most of national (OSEO) and regional agencies (Languedoc-Roussillon Region). This company uses CNRS Patents – made by CNRS group on THz detectors and sources. 
Based on the internationally-recognized research and several patents, TERAKALIS  aims to design and develop components, mainly terahertz sensors and sources, and measuring and imaging systems in the terahertz field.        
Another important achievement in the field of technology transfer was a development of Fast THz Mail Scanner with ORTEH-Poland  (http://www.orteh.pl/page/22/research-development) 
Below is a description of THz scanner – taken from ORTEH company WEB page. 
“Fast THz Mail Scanner designed by Orteh Company (in cooperation with Institute of High Pressure Physics, ul. Sokolowska 29/37, 01-142 Warsaw, POLAND - prof. Wojciech Knap) is very fast and efficient THz postal scanning system used on the conveyor belt with simple and intuitive software. 
[image: ]Fast THz Mail Scanner system allows to verify the content of different envelopes using THz radiation. It is an extremely fast device in comparison with all other known in the world systems. It is based on the innovative combination of exceptional electronic solutions, modern optical elements and intuitive software program. The scanner itself and example of the image of the envelope with a CD disc inside are shown on the photos below. 
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The non-ionizing character of the THz radiation makes THz scanning very powerful and eagerly developed technique. Mostly a single point-like source and single detector is used for THz imaging. Additionally, to reduce extremely long scanning time, rotating or vibrating mirrors can be used but it is still not enough for fast mail scanners.
The unique device called Fast THz Mail Scanner gives the possibility of very short scanning time due to the use of three lines of detectors and especially designed diffractive optical structure that is shaping THz beam coming from the point-like source. Extremely advanced optical element is transforming the point THz  source radiation into three line segments created at particular distance behind the optical structure. Such beam is illuminating the envelope and just under it there is the matrix of detectors. The registering system consists of 3 lines of 48 single detectors each. To ensure proper functioning and data flow such matrix is divided into 4 modules (each containing 3 lines of 12 single detectors). This advanced solution allows for scanning time of one envelope about only 1 second.”
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115. (invited) W. Knap, et al, "THz cyclotron emission from bulk HgCdRe alloys.", 29th International Travelling Summer School (ITSS) on Microwaves and Lightwaves, Frankfurt, Germany, 13–19 July 2019

114. (invited) W. Knap, et al, "THz cyclotron emission from Dirac-like fermions in bulk HgCdTe.", International Workshop of FIR-LAB network, Nizhny Novgorod, Russia, 7 July 2019

113. (tutorial) W. Knap, et al, "Tutorial Terahertz plasma oscillations in Nanotransistors-Basic Science and Applications.", XXIII International Symposium "Nanophysics & Nanoelectronics" Nizhny Novgorod, Nizhny Novgorod, Russia, 10–14 March 2019

112. (invited) W. Knap, et al, "Field Effect Transistors Based Terahertz Detectors 25 Years History, State of the Art and Future Directions.", 43rd International Conference on Infrared, Milimeter and Terahertz Waves, Nagoya, Japan, 9–14 September 2018

111. (invited) W. Knap, et al, "New GaN FETs and Silicon Junctionless Field Effect Transistor Terahertz Detectors.", Frontiers of photonics, plasmonics and electronics with 2D nanosystems, Erice, Italy, 14–20 July 2018

110. (invited) W. Knap, et al, "New GaN and Silicon Junctionless Field Effect Transistor Terahertz Detectors.", 9th International Conference Materials Science and Condensed Matter Physics, Chisinau, Republic of Moldova, 25–28 September 2018

109. (invited) W. Knap, et al, "Topological Phases of HgTe Quantum Wells for QHE resistance standard applications.", 7th Russia-Japan-USA-Europe Symposium on Fundamental & Applied Problems of Terahertz Devices & Technologies & 4th TERAMIR International Laboratory Workshop, Warsaw, Poland, 17–21 September 2018

108. (invited) W. Knap, et al, "EdgeFET Based on AlGaN/GaN with Two Lateral Schottky Barrier Gates Towards Resonant Terahertz Detection.", 7th Russia-Japan-USA-Europe Symposium on Fundamental & Applied Problems of Terahertz Devices & Technologies & 4th TERAMIR International Laboratory Workshop, Warsaw, Poland, 17–21 September 2018

107. (invited) W. Knap, et al, "Terahertz Vision Using Field Effect Transistors Detectors Arrays.", 22nd International Microwave and Radar Conference (MIKON 2018), Poznan, Poland, 15–17 May 2018

106. (invited) W. Knap, et al,  "Terahertz imaging and wireless communication with nanometer field effect transistor arrays.", International Symposium on Photonics and Optical Communications (ISPOC 2017) Katahira - Sendai - Japan, November 2017

105. (invited) W. Knap, et al,  “Terahertz Imaging With GaAs and GaN Plasma Field Effect Transistors Detectors Arrays”, 4th International Symposium on Microwave and Terahertz Science and Applications 2017, Okayama- Japan, November 19-23, 2017

104. (PLENARY)W. Knap, et al,  “Terahertz Imaging and Wireless Communication with Nanometer Field Effect Transistor Arrays”, 17 th International Conference on Emerging Technologies ETMOS , Warsaw, May 28 - 30, 2017

103. (invited) W. Knap, D. But, F. Teppe J. Suszek, A. M. Siemion, M. Sypek, G. Cywinski,  “Terahertz Plasma Field Effect Transistors: From Basic Physics to First Postal Scanners Imaging Applications”, 46rd European Microwave Conference 2016, London, October 3-7 2016

102. (PLENARY)W. Knap, et al   “PLASMA FIELD EFFECT TRANSISTOR ARRAYS FOR IMAGING IN SUB-THZ ATMOSPHERIC WINDOWS”, 5th Russia-Japan-USA-Europe Symposium on Fundamental and Applied Problems of Terahertz Devices and Technologiers RJUSE TeraTech 2016, Sendai- Japan , Oct31-Nov1 June 2016

101. (PLENARY)W. Knap et al., “Terahertz Plasma FETs - First Imaging Applications”, Emerging Technologies 2016 Conference, Montreal, May 25 – 27, 2016

100. (PLENARY)W. Knap et al., “Terahertz Plasma Field Effect Transistors: From Basic Physics to First Imaging Applications”, International Workshop on "Terahertz Science, Nanotechnologies and Applications" – Erice (Sicily), Italy - July 16-22, 2016

99. ( invited) W. Knap, N. Dyakonova, D. But, F. Teppe J. Suszek, A. M. Siemion, M. Sypek, G. Cywinski, K. Szkudlarek, I. Yahniuk,  “Terahertz Imaging With GaAs and GaN Plasma Field Effect Transistors Detectors Arrays”, 23rd International Conference Mixed Design of Integrated Circuits and Systems MIXDES 2016, Lodz, 23-25 June 2016

98. (PLENARY)W. Knap, B. Moulin, M. Sypek, D. Coquillat, G. Cywinski, J. Suszek, M. Triki, D. But, A.Siemion, K. Szkudlarek, C. Archier, N. Dyakonova, T. Antonini, F. Teppe “Plasma Field Effect Transistors Arrays for Amplitude and Polarization Imaging in THz Range”, 8th International Conference on Materials Science and Condensed Matter Physics, September 12-16, 2016, Chisinau, Moldova

97. (invited) W. Knap, D. But, D. Coquillat, N. Dyakonova, F. Teppe, “Terahertz Imaging by Field Effect Transistors”, Conference 21st International Conference on Microwave, Radar and Wireless Communications, MIKON 2016, May 9-11, Krakow 2016

96. W. Knap, N. Dyakonova, D. But, F. Teppe, M. Sypek, J. Suszek, A. Wolos, G. Cywinski, K.Szkudlarek, I.Yahniuk, “Physics and Applications of Field Effect Transistors for Terahertz Imaging”, Energy Materials Nanotechnology Meeting on Terahertz 2016 San Sebastian Spain May 14-18 2016

95. W. Knap, M. Sypek, D. B. But, N. Dyakonova, D. Coquillat, F. Teppe, E. Kling, “Terahertz Imaging with Nanometer Field Effect Transistors for Security Screening”, Paris –OPTRO 7th International Symposium on Optronics in Defense and Security, Paris 2-4 February 2016

94. W. Knap et al., “Terahertz science and technology - achievements and future perspectives of French-Polish collaborative projects”,  French-Polish Forum of Research and Innovations, Krakow, 8 June 2016.

93. W. Knap, D. B. But, N. Dyakonova, D. Coquillat, F. Teppe, M. Vitiello, S. D. Ganichev, M. Sypek, “Terahertz Detectors Based on Plasma Oscillations in Nanometer Field Effect Transistors”, 9th Workshop on Frontiers in Electronics (WOFE-2015) will be held on December 15-18, 2015, in the Caribe Hilton Hotel, San Juan, Puerto Rico, USA.
92. W. Knap, J. Suszek, D. Coquillat, G. Cywinski, N. Dyakonova, F. Teppe, M. Sypek, “Terahertz Plasma FETs from Basic Physics to First Fast Terahertz Scanners for Detection of Explosives and CBRN”, 
NATO ARW on THz Diagnostics of CBRN effects and Detection of Explosives & CBRN, Izmir, Turkey 3-6 November 2015

91. W. Knap, and M. Sypek “Terahertz Imaging with Field Effect Transistors” 
European Microwave Week EuMW 2015: Paris September 6-11, 2015

90. (PLENARY) W.Knap 2nd “Terahertz Imaging and Broadband Wireless Communication Using 
Plasma Oscillations in Nanometer Field Effect Transistors” (Pleanary) International Conference on Applied Science and Environmental Technology Bangkok Thailand August 2015

89. (PLENARY)W .Knap et al “ From Basic Physics to Applications of THz Nanotransistors” 4th Russian-Japan-USA Symposium (RJUS-2015) on Fundamental & Applied Problems of Terahertz Devices & Technologies "RJUS TeraTech-2015", Chernogolovka Russia June 9-12, 2015

88. (PLENARY) W.Knap  “ Terahertz Excitations in Terahertz Nanotransistors” (Plenary) 19th Symposium on Nanophysics an Nanotechnology  Nizny Novgorod Russia March 10-14 2015

87. W.Knap et al “Plasma Oscillations in Field Effect Transistors  for Room Temperature Terahertz Imaging Applications”  3rd International Symposium on Microwave/THz Science and Technology MTSA 15 Okinawa, Japan June 2015

86. W.Knap et al “ Terahertz Detection by Plasma Waves Nonlinearities – in semiconductors and topological insulator systems” Russian Conference on Semiconductor Photonic Problems Novosibirsk Russia October 12-16 2015

85. W.Knap et al “ Terahertz Communication with Nanometer Field Effect Transistors – project WITH”  11th Japan-French Workshop on Nanomaterials Rennes France 27-30 May 2015

84. W.Knap “Physics of Terahertz Field Effect Transistor Detectors” European Optical Society (EOS) organizes the 4th topical meeting on Terahertz Science & Technology in Camogli (Italy), 11–14 May 2014

83. W.Knap, D.But, N.Diakonova, F.Teppe, D.Coquillat, “Terahertz FETs for Laser Aplications”
International Conf. on Advanced Laser Technologies Cassis France October 2014

82. (Plenary) W.Knap , N.Diakonova et al “THz plasma oscillations in semiconductor nanostructures: physics and applications”, ”7th International Conference on Materials Science and Condensed Matter Physics (MSCMP 2014), Kishiniev, Moldavia Sept 16-19 2014

81. W.Knap et al “Physics of THz excitation in Nanometric Semiconductor Structures” International Training School in Terahertz, Infrared and Millimetre-Wave technology and its Application to Sensing and Imaging
School of Electronic and Electrical Engineering, University of Leeds, UK 14 - 16 July 2014 –

80. W.Knap, D.But, N.Diakonova, F.Teppe, D.Coquillat “Physical Limits of Terahertz Plasma  Transistors” 5th Int. Symposium on Terahertz Nanoscience, Martinique, December 2014

79. W. Knap, D.But, A. El Fatimy, P.Buzatu, O. Klimenko, N. Diakonova, ”Temperature limitations of THz plasma detectors” European Microwave Week Rome Italy October 2014

78. W.Knap et al “Nanotransistor based THz plasma detectors: low temperatures, graphene, linearity, and circular polarization studies” SPIE –San Diego USA August 2013

77. W.Knap  “THz imaging with Field Effect transistors – limits of temperature improvements”  European Microwave Week Nurnberg Germany 6-11 October 2013

76. W.Knap, S.Rumyantcev  “Physical limitations of Terahertz Detectors based on FETs”, International Workshop on Terahertz Science and Technology OTST  Kyoto Japan April 2013

75. Knap “Overview on physical limits of Terahertz Field Effect Transistors”, 38th Int. Conf. on Infrared, Millimeter and THz Waves Mainz –Germany Sept 1-6 2013

74. W.Knap “Natrasistors for THz imaging and communication” 21 Int. Conf on Applied Electromagnetics &Communication ICECom Dubrownik Croatia, October 14-16 2013

73. KnapW et al “Limits of Broadband THz Detectors Based on Plasma Oscillations in Field Effect Transistors”  SMMO&COST Conference Warsaw Poland April 2013

72. Knap, W. But1, S.Rumyantsev1,3, M.S. Vitiello et al  "  Recent Developments in THz Rectification by Plasma Nanotransistors : Helicity, Temperature and Power  Dependence Studies ",  International Workshop on Frontiers in Electronics WOFE December 17 - 20 2013,   San Juan, Puerto Rico 

71. Knap, W. "Silicon nanotransistors for Terahertz detection", , International workshop on advanced process and device integration in nanoelectronics, Kiev (UA), 9-11 April 2013.

70. Knap, W. "Terahertz plasma oscillations in semiconductor nanostructures: basic physics and applications", , TERA-MIR radiation: Materials, Generation, Detection and Applications, Cortona (IT), 20-24 May 2013.

69. Knap, W. "THz detection and imaging with silicon nanotransistors", , Thz NATO advanced Research Workshop on THz and security applications, Kiev (UA), 26-29 May 2013.

68. Knap, W. "Terahertz plasma instabilities in nanometer size semiconductor structures", , International conference on physics of semiconductors, Wisla (PL), 23-28 June 2013.

67. Knap, W. "THz Plasma Nonlinearities in Field Effect Transistors", , 2-nd InternationalConference on Terahertz and Microwave radiations, Moscow (RU), 20-22 (2012)

66. Knap, W. "Physics and Applications of Plasma Excitations in nanometer Field Effect Transistors", The International Winter School on Semiconductor Physics, St. Petersburg (RU), 24 – 27, 2012.

65. Knap, W. "Field Effect Transistors for THz imaging and wireless communication applications", 19th International Conference on Microwaves, Radar and Wireless Communications, Warsaw, (PL), May 21-23,2012.

64. Knap, W. "Plasma wave generation in Field Effect Transistors", , National Electronic Symposium, Darlowek (PL), June 11-14, 2012.

63. Knap, W. "Terahertz Generation , Detection & Imaging by Nanometer Field Effect Transistors",  International Microwave Symposium, Montreal (CA), June 17 -22, 2012.

62. Knap, W. "THz Plasma Nonlinearities in Field Effect Transistors", , MRS Symposium on Group IV Photonics for Sensing and Imaging, San Francisco, California, (US), April 9-13, 2012.

61. Knap, W. "Field Effect Transistors for Terahertz Applications", International Workshop on Future Trends in Microelectronics June 25-29, 2012, Corsica, (FR), 2012.

60. Knap,W. "Terahertz detection and emission by field-effect transistors", SPIE, TERAHERTZ EMITTERS, RECEIVERS, AND APPLICATIONS III, San Diego, California (US), 12 - 16 August 2012.


59. Coquillat, D., Diakonova, N., Poumirol, J., Goiran, M., Escoffier, W., Raquet, B., Teppe, F., Dyakonov, M. and Knap, W. "Terahertz radiation rectification as a probe of universal conductance fluctuations in graphene, Teranano 2011, Extended Abstract 1(1) 25I-N-10 (2011).", International TeraNano &GDR-I THz Workshop, Osaka (JP), November 24-29, 2011.

58. Knap, W. "Generation and Detection of Terahertz Radiation by Field Effect Transistors", PIERS 2011 Progress In Electromagnetics Research Symposium, Marrakesh (MA), March 20-23, 2011.

57. Knap, W. "Silicon Field Effect Transistors for Terahertz Detection and Imaging", , European Conference on Antennas and Propagation, Roma (IT), April 11-15 , 2011.

56.	Knap, W. "Terahertz Detection and Emission by Field effect Transistors", 3rd International Workshop on THz Radiation : Basic Research &Applications, Kharkov (UA), September 4-8, 2011.

55.	Knap, W. "Nanotransistors for Terahertz Detection and Imaging.", The 8th Spanish Conference on Electron Devices (CDE 2011), Palma de Mallorca (ES), Feb. 8-11, 2011.

54.	Knap, W. "Terahertz Detection and Emission by Field Effect Transistors", 10th Russian Conference on Physics of Semiconductors, N. Novgorod (RU), September 19-23 2011.

Knap, W. "Teraherz Emitters based on GaN Field Effect Transistors", , International School and Conference on the Physics of Semiconductors, Krynica (PL), June27-July1st 2011.

53.	Knap, W. "Plasma waves in Field Effect Transistors for THZ detection and generation", 6th International Optoelectronics and Photonics Winter School, Trento (IT), February 20-27 2011.

52.	Knap, W. "Plasma Excitations in Field Effect Transistors: Physics and Aplications", , International School and Conference on the Physics of Semiconductors, Krynica (PL), June27-July1st 2010

51.	Knap, W., Diakonova, N., Videlier, H., Boubanga Tombet, S., Coquillat, D., Teppe, F., Karpierz, K. and Lusakowski, J. "Field Effect Transistors for Terahertz Detection", , The XIV Nanophysics and Nanoelectronics Symposium, Niznij  Novgorod (RU), March 15 to March 19, 2010.

50.	W. Knap,  D. Coquillat, N. Dyakonova, F. Teppe, K. Karpierz , J. Łusakowski, S. Monfray and T.Skotnicki , 
“Field Effect Transistors For Terahertz Detection and Imaging” 
International Conference on Semiconductor Mid-IR Materials and Optics SMMO 2010,   October 21th - 23th , 2010. Warsaw, Poland

49.	W. Knap, D. Coquillat, N. Dyakonova, F. Teppe 
Silicon versus III-V semiconductor material choice for terahertz imaging with nanometerfield effect transistors based detectors 
5th Int. Conference on Materials Science and Condensed Matter Physics MSCMP 2010 September 13-17, 2010, CHISINAU , MOLDOVIA

48.	W. Knap, O.Klimenko, F. Schuster, N. Dyakonova, D. Coquillat, F. Teppe, B. Gifard
	Field Effect Transistors for Terahertz Detection and Emission 
20th International Conference on Applied Electromagnetics and Communications
20 – 23 September 2010 Dubrovnik, CROATIA

47.	W. Knap. D. Coquillat. F. Teppe.N. Dyakonova, 
“Terahertz Detection and Emission by Field Effect Transistors: influence of transistor geometry and high magnetic fields”, 
Invited key note Paper, Int.Conference on Infrared Millimeter and Terahertz Waves (IRMMW) 2010 Rome, Italy 5-10 Sept 2010

46.	W. Knap, S. Nadar, H. Videlier, S. Boubanga-Tombet, D. Coquillat, N. Dyakonova, F. Teppe, D. Seliuta, I. Kasalynas, G. Valušis, K. Karpierz , J. Łusakowski, M. Sakowicz, S. Monfray and T. Skotnicki, 
Field Effect Transistors for Fast Terahertz Detection and Imaging, 
Invited –Pleanary paper 18th International Conference on Microwaves, Radar and Wireless Communications      (MIKON-2010), Vilnius Lithuania June 14-18 2010.

45.	Taiichi Otsuji, Tsuneyoshi Komori, Takayuki Watanabe, Tetsuya Suemitsu, Dominique Coquillat, and Wojciech Knap, “Plasmon-resonant microchip emitters and detectors for terahertz sensing and spectroscopic applications”, Invited Paper, Proc. SPIE 7671, 767102 (2010)

44.	W. Knap, H. Videlier, S. Boubanga-Tombet , F. Teppe, D. Coquillat, N. Dyakonova, J. Łusakowski, K. Karpierz, “Influence of High Magnetic Field and Gate Length on Terahertz Detection by Field Effect Transistors”, NATO Vilnius 3&4 May2010, Invited Paper, SET159 Specialists Meeting on Terahertz and Other Electromagnetic Wave Techniques for Defence and Security", 3-4 May 2010, Lithuania.

43.	W. Knap, S. Nadar, H. Videlier, S. Boubanga-Tombet, M. Sakowicz, D. Coquillat, N. Dyakonova, F. Teppe, A. El Fatimy, T. Otsuji, Y. M. Meziani, K. Karpierz, J. Lusakowski, D. Seliuta, I. Kasalynas, G. Valusis, G. M. Tsymbalov, and V. V. Popov “Field Effect Transistors for Terahertz Detection” Invited paper TeraTech'09: The Int. Workshop on Terahertz Technology 2009, Osaka, Japan, Nov. 30-Dec. 3, 2009.

42.	W. Knap, S. Nadar, H. Videlier, S. Boubanga-Tombet, M. Sakowicz, D. Coquillat, N. Dyakonova, F. Teppe, A. El Fatimy, T. Otsuji, Y. M. Meziani, K. Karpierz, J. Lusakowski, D. Seliuta, I. Kasalynas, G. Valusis, G. M. Tsymbalov, and V. V. Popov “Field Effect Transistors for Terahertz Detection” Invited paper TeraTech'09: The Int. Workshop on Terahertz Technology 2009, Osaka, Japan, Nov. 30-Dec. 3, 2009.

41.	W. Knap, J.Lusakowski 
Comparison of silicon versus III-V semiconductor material choice for terahertz imaging with fast field effect transistors based detectors
2009 E-MRS Fall Meeting, Warsaw,Poland September 2009

40.	W. Knap
6th International Workshop on Bulk Semiconductors “Bulk nitrides based heterojunctions for Terahertz detection and emission” Galindia, Poland, August 2009

39.	Knap W., Popov V. 
Terahertz Nanotransistors
15th Int. Symposium,on Nano Structures Physics, Novosibirsk, Russia 25-29 June 2007

38.	W. Knap
Nanotransistors for Plasmonics
Tutorial  - International  Conf  on Physics of Semiconductors Jaszowiec  Poland June 2009

37.	W. Knap
Field Effect Transistors for Terahertz Imaging 
15th Semiconducting and Insulating Materials Conference, June 15-19, 2009, Vilnius, Lithuania.

36.	K. K. Oh, M. F. Chang, M. Shur, W. Knap
"Sub-Millimeter Wave Signal Generation and Detection in CMOS" International Microwave Symposium 2009 (IMS 2009) Boston, Massachusetts, June 2009

35.	D. Shim, C. Mao, R. Han, S. Sankaran, E. Seok, C. Cao, W. Knap, 
Paths to Terahertz CMOS Integrated Circuits
 2009 IEEE Custom Integrated Circuits Conference -CICC 2009 San Jose, USA September 2009

34.	W. Knap
Plasma waves in nanotransistors working as terahertz detectors and emitters,
International Workshop on Semiconductor and Carbon based nanostructures in magnetic fields Grenoble – November 2008

33.	W. Knap, T.Otsuji
“Terahertz detector and sources based on nanotransitors and multigrating structures”
The International Conference on Lasers and Electro-Optics (CLEO) San José, 4-8 may 2008

32.	W. Knap, T.Otsuji, Y.Mezziani 
Nanotransistors for Terahertz Integrated Sources and Detctors
Int. Conf on Integrated Quantum Electronics (RCIQE), Hokkaido University Sapporo Japan March 2008.

31.	W. Knap 
Review on Terahertz nanotransistors 
International Workshop of Semiconductor Ekaterinburg Russia 2006 

30.	W. Knap 
Nitrides based nanotransistors for Terahertz applications
European Conf. on III-Nitride Semiconductor Materials and Devices  Crete Grece 2006

29.	W. Knap 
Nanostructures for Terahertz emission and imaging 
16th International Conference on Microwaves, Radar and Wireless Communications (MIKON-2006) Krakow Poland May 2006

28.	KNAP W
Plasma oscillations in submicron field effect transistors for THz detection
International Conf. on Nanophotonics-2003, Nizhny Novgorod, Russia, 17-20 March, 2003

27.	KNAP W, SHUR.M
Terahertz plasma wave electronics
SPIE-East Meeting,Philadelphia,Octobre 25-29, 2004.

26.	KNAP W. 
Terahertz generation and detection by plasma waves in nanometer gate high electron mobility transistors 
12th International Symposium on Ultrafast Phenomena in Semiconductors, Vilnius, Lithuania, August, 22-25, 2004.

25.	LUSAKOWSKI J., KNAP W
Semiconductor nanometric transistors for terahertz oscillations
The 7-th International Conference-School on Advanced Materials and Thechnologies, August 27-31, 2005, Palanga, Lithuania

24.	KNAP W.,  LUSAKOWSKI J., TEPPE F., DYAKONOVA N.
Terahertz emission by plasma waves in high electron mobility transistors
Topical Workshop on Heterostructure Microelectronics ,Hyogo,Japon August 22-25, 2005

23.	KNAP W. 
Terahertz Nanotransistors
14th International Conference on Nonequilibrium Carrier Dynamics in Semiconductors (HCIS 14), Chicago, July 24-29, 2005

22.	LUSAKOWSKI J., KNAP W., DYAKONOVA N.
Nanometer Transistors for Emission and Detection of THz Radiation
3rd International Conference on Materials for Advanced Thechnologies (ICMAT 2005) and 9th International Conference on Advanced Materials (ICAM 2005), 3-8 July 2005, Singapore

21.	W. Knap
Terahertz nanotransistors: plasma oscillations and ballistic effects
Russian-French Workshop on Nanosciences and Nanotechnolgies, Lille, august 2005

20.	W. Knap
Nanometer Silicon MOSFET Transistors for Terahertz detection
MRS Boston November 2006 USA.

19.	W. KNAP 
Terahertz Emission and detection from Nanotransistors
Keynote International Conference on Infrared and Millimetre Waves Shanghai China September 2006. 

18.	KNAP W. SKIERBISZEWSKI C. 
Plasma oscillations in 2 DEG in GaN /AlGaN heterojunctions
International Conference on bulk III-N Semiconductors – Brasil, July 2007.

17.	W. Knap 
Influence of dislocation and ionized impurity scattering on the electron mobility in GaN/AlGaN heterostructures
2002 E-MRS Fall Meeting and 5th International Workshop on Molecular Beam Epitaxy & Vapor Phase Epitaxy Growth Physics and Technology, Warsaw, Poland, 15-19 Septembre, 2002.

16.	W. Knap 
French-Russian Seminars on Nanotechnologies,
Nanometre scale silicon FETs- Physical versus technological limits Moscow, June 2004

15.	W. Knap
High magnetic field studies of GaN/AlGaN heterostructures on bulk substrates
International Conf. on bulk III-N Semiconductors – Zakopane, Poland, September 2004

14.	W. Knap
Workshop ST-CNRS on Micro and Nanotechnologies, Crolles, December 2003.
Magneto-transport Characterization of the nanometer silicon MOSFETs.

13.	KNAP W. , SKIERBISZEWSKI C., DYBKO K., LUSAKOWSKI J., SIEKACZ M., GRZEGORY I., POROWSKI S.
Influence of dislocation and ionized impurity scattering on the electron mobility in GaN/AlGaN heterostructures
International Workshop on Bulk Nitride Semiconductors – Amazonas, Brazil, 18-23/05/2002

12.	W. Knap
Conduction band Energy Spectrum of Two Dimensional Electrons in GaN/AlGaN Heterojunctions
The Third International Conference on Nitride Semiconductors ICNS3, Montpellier France, July 1999.

11.	W. Knap 
Cyclotron resonance emission and absorption in 2D gas in GaN/GaAlN heterostructures - nonparabolicity and polaron effects; 
INTERNATIONAL WORKSHOP ON NANOFOTONICS, Nizhny Novgorod Russia 15-18 March 1999

10.	W. Knap, E. Borovitskaya, M. Shur, and R. Gaska G. Karczewski B. Brandt et al
HIGH MAGNETIC FIELD STUDIES OF AlGaN/GaN HETEROSTRUCTURES GROWN ON BULK GaN, SiC, AND SAPPHIRE SUBSTRATES.  Material Research Society Meeting MRS Boston - Novembre 2000

9.	P. Perlin, W. Knap, A. Polian, J.L. Chervin, J. Camassel et al 
Metal - Insulator Transition in GaN crystals.
7th Int.Conf.on High Pressure in Sem. Physics,Schwabisch Gmund, Germany 1996)

8.	W. Knap, A. Zduniak, L.H. Dmowski, M. Dyakonov, S. Contreras  
7th Int.Conf.on High Pressure in Sem. Physics, Schwabisch Gmund, Germany 1996 “Study of Quantum and Classical Scattering Times in Pseudomorphic  AlGaAs/InGaAs/GaAs by Means of Pressure” 

7.	W. Knap. C. Skierbiszewski,C. Chaubet,M. Goiron, J. Leotin
Cyclotron resonance emission and absorption in 2D gas in GaN/GaAlN heterostructures - nonparabolicity and polaron effects;
International Workshop on NANOFOTONICS Nizhny Novgorod Russia 15-18 March 1999

6.	W. Knap, G.E. Pikus, A.L. Barra, G. Martinez
Dynamic Nuclear Polarisation in High Field EPR in Si:P
International Workshop on High-Field Electron Paramagnetic Resonance Aussois (Savoie), April 11-13, 1996

5.	E. Gornik, M. Witzany, K. Unterrainer, W. Knap,
FIR emission spectroscopy: history, state of the art and    future aspects" 
14th International Conference on Infrared and Millimeter Waves -Wurzburg, germany (1989), 

4.	S. Huant, S.P. Najda, W. Knap, G. Martinez, B. Etienne,
Impurity States and Phenomena in Quantum Wells: Two Dimensional D centers and Tunable Resonant Polaron Strenght 
20 th Inernational Conference on the Physics of Semiconductors Thesaloniki Grece (1990) ,

3.	A. Raymond, C. Chauvet, D. Dur, W. Knap,W. Zawadzki
Far infrared properties of GaAs GaAlAs heterojunctions controlled by metastable states under pressure 
V Int.Conf.on High Pressure in Semiconductor Physics,HPSP, Kyoto, Japon (1992)

2.	J. Leotin, W. Knap, G. Sirmain, C. Meny, P. Etieve
Far infrared photoconductors for spaceborn experiments
Int. Conf. on Millimeter Wawes and Far Infrared Technology Beijing, Chine (1992)

1.	W. Knap, D. Dur, A. Raymond
Far infrared spectroscopy based on magnetically tunable emitters, filters and detectors.
18-th Int.Conf. on Infrared and Millimeter Waves  Colchester, Great Britain (1992)
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Phonon modes and metal-insulator transition in GaN erystals under pressure
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Cloe inspection o expermental resuls iven by Pelin snd co-workers [Py, Stats Soldi B 198, 223
(1996) Phy. Rev. B 45, 5 (1992)] shows it e phenormens weee observe in it ek opsicl-phonon
St ant spiting vader ressoss, which can be explioed i @ sy considersion for the I poit of
besagonal eyl nbomogeneoss broadening 2 <t of phouon fequencies dve o s fcmaions
which s desexed i the present paper wing Dyson's equstion fox the phonon Creen's fonctions plonon
Destesing sod decsssing of width in the et inelaor rnsiion in GaN unde possss. of sboot 22 GPa.
The fast ffectresus fom heieraction beween secizons od opticl phomons, b s fnercticn askes 20
mgact o the i shap (Fano effect). We find tht the phonon lne 2bae n semiconducror: with sl camer
concentraion 1 deteined by st focrations or impedecions, Estimaes show tha the clectronphonon
intraction i the season why opeical phonons sse not detected i fypical metals. [SO163-1829(98)03517-6]
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Acoustic phonon scattering of two-dimensional electrons
in GaN/AIGaN heterostructures
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We hae measused the temperatose dependence of the mobility of the teo-dimensional lection gas
in AIGIN/GAN heterostrctures grown on bulk Ga substrates The iness dependence ofthe inverse
mability on tempesatuc at temperatures belonw S0 K indicate the importsace of aconsic phonon
scattering in these high mobifty heterostrocrozes. Using the emperatuse dependence of the mobility
3t 3 range of camie densites, we detesmined the GaN conduction band deformation poteatial o be
4,=9.1+07 V. This result provides a crucial parameter for accurate calculations of intrinsic
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Cyclotron resonance and quantum Hall effect studies of the two-
dimensional electron gas confined at the GaN/AlGaN interface
W. Knap.? 5. Contreras, H. Alause, C. Skierbiszewski® J. Camassel, M. Dyakonov.®

and J. L. Robert
GES-Universite Monpellicr 2 nd CNRS-UMRSS?, 34095 Montpelicr. France

J.Yang, Q. Chen, and M. Asif Khan
P4 Opics corporated, 2950 North East 4tk Lare. Blaie, Minnczote 55454

M. L. Sadowski® and S. Huant
Grenoble High Magneric Field Laborators; MPLEKF and CNRS, B.P. 168, 39042 Grenobie, France

M. Goiran, and J. Leotin
IP.S-INSA 115 Route de Norborne, 31062 Toulowse Cedex, France

M.S. Shur
Renssclaer Poltechnic It Trey, New York 12180-359

v 1997)

(Received 24 October 1996; accepted for pubication 15 Februa

‘We zeport on high magnetic fields (3 to 40 T) cyclotion sesonance, quantom Hall effect and.
‘Shubnikov-de-Hass messurements in high frequency transistors based on Si-doped GaN-AIGEN
heterojenctions, A simple way of precise modelling of the cycloon sbsorption in these
hetesojunction: is presented. We cleaxly establish two-imensionsl electrons to be the dominaat
conducting cariers and determuine precisely theis in-plane effective mass to be 02300005 of the
e electron effective mass. The increase of the cffecive mass with an increase of two-dimensional
camier density is observed and explained by the nonparabolicity effect. @ 1997 American Institute.
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Effective g* factor of two-dimensional electrons
in GaN/AlGaN heterojunctions
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(Received 26 July 1999; accepted for pubiication 4 September 1999)

The conduction band parametess of two-dimensional (2D) electzons in high density GaN/AIGEN
heterojonctions were studied vsing the cyclotzon tesonance and magnefofransport teckaigues n high,
‘magnetic fields (24 T) and Iow temperatoces (300 mK). The Landau levet splitting determined from.
fhe cyclotron resonance experiment yielded the effective mass of O carmers, m=0242
0,002 m;. The Lande ¢ factor for the 2D electzons (£=2.06=0.04) was determined from the
angular dependence of the smplitide of Shubnikov-de-Haas oscilations experimens in tilfed
SR R SO0 Aoy Yoty [S0003.6951(99100245.1]
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FIG. 3. (1) Shobnikov—de-Haas amplitide for B=>5 T vs tlt angle (SR).
Lines are fits using Eq. (3). (b) Calcolated cyclotron and spin spliting for
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sponds to Landau level broadening of 1.5 meV estimated from CR measure.
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Figure 2. Longitudinal magnetoresistance s for differea iltangles. The resistance is normalized
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19. They are *guides for the cye” showing the change of the phase of the SdH oscillations.
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Spin and interaction effects in Shubnikov-de Haas

oscillations and the quantum Hall effect in
GaN/AlGaN heterostructures
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Abstract

We present the results of high magnetic field (up to 30 T) and temperature
(50 mK-80 K) dependent transport measurements on a 2DEG in GaN/AIGaN
heterojunctions. A high mobility (above 60000 cm? V-! s-! at 4 K) 2DEG
was obtained by MBE growth of dislocation free GaN and AlGaN layers on
semi-insulating bulk GaN substrates. A cyclotron gap and spin splitting are
observed. Results from two studies are reported: (i) a tilted field experiment
determining the 2DEG g*-factor from the angular modulation of the amplitude
of SdH oscillations; (i) quantum Hall effect measurements determining the
activation energies for spin and cyclotron energy gaps at even and odd filling
factors. The observed ‘cyclotron gap’ enhancement is attributed to the effect
of electron—clectron interaction and it is estimated using the model of a 2D-
screened Coulomb potential. The analytic result for the enhancement of the
“cyclotron gap’ yields an addition to the activation energy, £, ~ Kkho.,

x = 1.06/a%n., which is proportional to the magnetic field and resembles
the mass renormalization.
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Figure 5. The longitudinal magnetoresistance Ry for temperatures of 4 (lowest trace), 6, 8, 12,
$6.90 K Guiahost Arnce). Tho.asioe masks fhe sanoiic skl vomesposiite fo v = 4.
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Figure 6. Activation energies foreven flling factors v = 4, 6,8, 1025 a function of magnetc ield
Circles and squares represeat results for two different carrer deasities 24 and 26 x 102 em™
respectively. The continuous lne s th linear fit 0 the data (shift —47.4 3.2 K. linear coefficient
66202 KT)). The dashed line (coefficient 4 K T—) corresponds (o the cyclotron energy
minus the spin encrgy and was shifted down by the Landau level width. The dotted-dashed line
(coefficient 7 K T~ corresponds to theoretical calculations. The inset shows Arthenius plots of
Re data with lincar fit: for filling factors v = 4 (lowest fine), 6, 8 and 10 (highest linc).
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Resonant detection of subterahertz radiation by plasma waves
in a submicron field-effect transistor
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(Received 22 August 2001; sccepied for publication 26 February 2002)

“The sesonant detection of ubtershertz rsdiston by two-diamensions! elctron plaema confined in
submicron gate GaAYAIGAAS feld-effet trasisor is demonsizated. The sesults show hat the
crical paameter tha governs the sensitvity of the resonant detection is w7, wheze @ is the
sadistion fiequency and i the momentumm scatering tme. By lowering the temperatuze and hence
increasing 7 and increasing the detecton fequency @, we reached w71 and observed esonant
detecrion of 600 GHz radiation n 3 0.15 im gat length Gas fed-effect ransistor. The evolurion
Of the abserved photoresponse signal with temperatre and fiequency is eproduced well within the
Pasialt 473 Siacil odel © 200 Amdiias Diidiue of Plyster
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(Received 27 August 2002; accepted 7 October 2002)

We separt on the experimeats on sesonant photosespons of the gaed fvo-dimensional electron g3:
10 the texahertz adiation. The visible light-nduced, metastabie inceesse ofthe casvies density in the
ansistorchannel 1R the resonance posiion (0 the higher gate voltages, i agreement with plasma
wave detection theory. In this way, an unambiguous proof of the origin of the observed resonant
detection i provided. The visible Light dumination 310 lead to 0 increase of the electron mobily
and. 253 tesult. 1o an increase of e resonant detection quality factor. Resonant deection of the
hasmonics of the Guna diode-based emission system i demonstrated up to 1.2 THz. © 2002
merican Instite of Phyzics. [DOL: 10.1063/11525851]
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Terahertz emission by plasma waves in 60 nm gate high electron
mobility transistors
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‘We seport on the fesonant. voltage nable emission of terahertz sadiation (0410 THz) from a
gated two-dimensionsl clectzon g2z in 3 60 nun InGaAs high clectron mobilty tsnsistor. The

emission i intesprere a resling from  cusrent deiven plasma insrabilty leading fo osclatons in
fhe transistar chassel (Dyakonov-.Shac insiakility). © 2004 Amevican Mnstitule of Physics.
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Magnetic field effect on the terahertz emission from nanometer
InGaAs/AllnAs high electron mobility transistors
N. Dyakonova, F. Teppe. J. Lusakowski.* and W. Knap®

‘Groupe d'Ende des Semicondcteurs (GES)-Urit Mise de Recherch (UMR) 5650 Centre National
de la Recherehe Scientifique {CNRS) Université Montpellier 2, 34900 Montpellier, France
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Current driven resonant plasma wave detection of terahertz radiation:

Toward the Dyakonov-Shur instability

S. Boubanga-Tombet, " F. Teppe.' D. Goguila,
W. Knap,'Z A, Shohepetov:”,C. Gardés,” Y. Roslens,” S. Bollser,

R. Vadokis,* and G, Valusis*
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ook Unversiy, RIEC 2.1-1 Ketoire, Aol 50.5573 St Japan
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Semiconductor Physics st . Goshado Sret 11, L0108 Viis, Lihuania

(Received 21 March 2008; acceped 20 Apel 2005; published online 27 May 2008)

S Nadar N Dyskonous . Vider
uta*

The experiments on the de_ curent influence on resonant terahertz plasma wave detecton in
InGaAs/InAIAS multichannel high electron mabily tansistors are reported. We observed the fine
Wit shrinking when a de curment is appled. We show tht thi line width decrezse is due 10 the
curment induced reduction of plasma wave damping and takes place because the curren drives the
syitem towand the Dyskonov-Shar plasemn wave inssbitily: © 2008 Amerion festiade of Physics.
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FIG. 3. (Color online) (a) Response at 540 GHz and 10 K as a function of
the gate voltage at different drain-to-source voltage (0, 10, 50, and 100 mV).
‘The four curves are vertically shified. (b) Quality factor of the resonance C
as function of source-to-drain voltage. The solid line s 3 theoretical calcu-

Tation of the quality factor using Eg. (4).
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Terahertz radiation detection by field effect transistor in magnetic field
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We report on tershertz radiation detection with InGaAVInAIAS feld effect transistorsin quantizing
magnetic field. The photovolaic detection signal was investigated as a function of the gate voltage
and magneic field. Oscllations analogous to Shubnikov—de Haas oscilltions as well as their stong
enhancement a the cyclotron resonance were observed. The resuls arc quantitatively described by
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FIG. 2. (Color online) (a) Top: experimental photoresponse as a function of
the magnetic fiekd at V,=0.1" V. Bottom: calculations according to Eq. (1)
(b) Same as in (a) at a lower electron density (V,=—0.125 V).
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We sepor on AIGENIGEN hecerosiueruce: aad hereroriuerace Seld-effec weasistors (EFET)
fabsicated on high-pressuse-grown bulk GaN subsizres. The 2d electron ges chennel exhibits
excellen: slecionic_propertes with soom-rempersmie elecion Hall mobilsy 13 high 55

1650 em?1V s comibined wih & vecy large electron sheet densiy »,~1.4X 10 e 2. The HFET
device: demonstrated berer linewsiy of rrsndconducsance sad low guie lsckege, espacially st
elevared tempersimies. We also gresent the compasaive stod of high-currens AIGaN/GaN HFETs
(2u>2X10%V "5 ) grown on bulk GaN, sapphie, aad SiC_subsizais uader the sume
condiions. We demonsiras that in the hish-poer fegime, the selfhasting effecs, aad 10t &
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Ballistic and pocket limitations of mobility in nanometer Si metal-oxide
semiconductor field-effect transistors
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Room-temperature magnetoresistance of nanometer bulk Si n-type metal-oxide semiconductor
Fied-effct transisors was measured at magneic ields up o 10 . The elecron magneloresisance.
mobsility was determined for transistors with the gate ength in 30 0 740 nm range and was shown
o decrease with decreasing the gat length. We show that the mobiliy reduction is caused bt by
the ballsic and the pocket cffect snd that for the strong imversion these twa cffects wre of &
comparable magnitude. © 2005 American nstitte of Physics. [DOI: 10.1063/1.1993747)
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FIG. 1. Magnetoresistance mobility. 1. as a fonction of the gate length, L.
for n=5 107 e (squares), 2 102 cm? (diamonds). 10% e (i
angles), 5 10" em (stars). and 5 x 10°® em (crcles). Solid linesare it
10 Eq. (2) Inset: the resistance of £=30 nm transistor a5 a funciion of the
squared magnetic field for Ugs-Vrr=005 V. Notie tha in this case the
magnetoresistance at 10 T is less than 1%
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We sepet on experiments on photoresponse (o sub-THz (120 GH) sadiation of 5i feld-effect
transistors (FET:) with nanometer and submicron gate lengths 2t 300K The observed
Photacesponse is i agreement with predictions of fhe Dyakonos-Shus plasma wave deeciion
theory. This is experimental evidence of the plasma vave detection by silicon FETs. The plasma
wave pasameer: deduced from the experiments alow s 10 gredic the nonesonant snd tesonant
etecton in THz s3nge by nsnomete size licon device:—operating 3 soom temperatare. © 2004
American Instiute of Piysics. [DOL 10.1063/1 1775034]
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‘The results of magnetoconductivity measurements in Ga,In;As quantum wells are presented. The ob-
served magnetoconductivity sppeass dve o the quanfum interference, which lead fo the weak localization
effect Tt i establizhed that the detils of the weak localization are controlled by the zpin spliting of electzon
spectra. A theory is developed that takes into accouat both linear snd cubic in electron wave-vector fems in
<pin splifing, which aice due o the lack of inversion center in the crysta, a5 well as the linear terms that
appea when the well itzelf is asymumetsic It is establizhed tht, ualike spin-relaxation rate, contribution: of
different tems into magnetoconductivity are not additive. I is demonstrated that in the inferval of electron
densites under investigation [(095—1.85)X 102 cm ™ ] all three contributions are compasable 2nd have fo
be taken into account 10 achieve a good agreement between the theory sad experiment. The result obtsined
from compasison of the experiment and the theory have allowed us 1o determine what mechaisms dominate
the spin-relaxation in quantum wells sad to improve the accuracy of determination of spin-spliting parameters
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