AGREEMENT TO CREATE
THE INTERNATIONAL ASSOCIATED LABORATORY

“Laboratoty of Terahertz and Mid-Infrared Collective Phenomena in
Semiconductor Nanostructures ”

(LIA TERAMIR)

The CENTRE NATIONAL DE LA RECHERCHE SCIENTIFIQUE (Freach National Center
for Scientific Research), hereinafter refetred to as “CINRS”, a public scientific and technological organization,

headquattered at 3, rue Michel-Ange, 75794 Pats Cedex 16 (France), represented by its President, Professor
Alain FUCHS,

Acting in its own name and on behalf of the following joint research units:

- Laboratoire Charles Coulomb (L2C), UMR 5221 (CNRS - UM2), directed by Dr Jean-Louis
SAUVAJOL,

- Laboratoite Matériaux et Phénomeénes Quantiques (MPQ), UMR 7162 (CNRS — UPD), directed by
Prof. Carlo SIRTORI,

- T.aboratoire National des Champs Magnétiques Intenses (LNCMI), UPR 3228 (CNRS), directed by
Dr Gerardus RIKKEN,

The CNRS acting by power of attormey also on behalf of the UNIVERSITE MONTPELLIER 2 -
SCIENCES ET TECHNIQUES, hereinafter referred to as “UM2”, on behalf of the L.2C joint research unit.

And

The UNIVERSITE PARIS DIDEROT, heteinafter teferred to as “UPD?®, a public institution for
higher education and research, headquartered at 5 rue Thomas Mann, 75205 Paris Cedex 13 (France),
represented by its President, Professor Christine CLERICI,

Acting in its own name and on behalf of the following joint teseasch unit:

- Laboratoire Matériaux et Phénoménes Quantiques (MPQ), UMR 7162 ({CNRS - UPD), directed by
Prof, Catlo STRTORI

And

The INSTITUTE OF HIGH PRESSURE PHYSICS of the POLISH ACADEMY OF
SCIENCES, heteinafter referred to as “ITHPP PAS”, a public research performing insittution,

headquartered at Sokotowska 29/37, 01-142 Warsaw (Poland), represented by its Directos, Professor Izabella
GRZEGORY, : g
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And

The INSTITUTE FOR PHYSICS OF MICROSTRUCTURES of the RUSSIAN ACADEMY
OF SCIENCES, hereinafter referred to as “IPM?”, a public research performing institution, headquartered
at 7, Akademicheskaya ul, Afonino, Kstovskii raion, Nizhny Novgorod oblast, 607680, Russian Federation,
represented by its Ditector, Prof. Zakhary F. KRASILNIK, :

Acting in its own name and on behalf of the following research unit: .
- Laboratory “Physics of semiconductor heterostructures and supesattices, directed by Prof. Viadimir
GAVRILENKO

And

The AV. RZHANOV INSTITUTE OF SEMICONDUCTOR PHYSICS of the SIBERIAN
BRANCH of the RUSSIAN ACADEMY OF SCIENCES, hereinafier refetred to as “ISP”, a public
research performing insttution, headquartered at pr. Lavtentieva 13, 630090 Novosibirsk, (Russian
Pederation), tepresented by its Director, Professor Alexander V. LATYSHEYV,

Acting in its own name and on behalf of the following research unit:

- Laboratory of Epitaxial Technology from Molecular Beams of A2B6 compounds, directed by Dr.
Sergey DVORETSKY

And

The RUSSIAN FOUNDATION FOR BASIC RESEARCH, hereinafter referred to as “RFBR?, a
public funding research organization, headquartered at Leninsky Prospect 32a, 117334 Moscow (Russian
Federation), represented by its Chairman of the Board, Academician Vladislav PANCHENKO.

Hereinafter referred to collectively as the “Parties” or individually as the “Party.”
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IN ACKNOWLEDGMENT OF

- The agreement on scientific cooperation between the Government of the French Republic and the
Government of the Republic of Poland signed in Warsaw, on May 28%, 2008;

- The agreement for scientific cooperation between the CNRS and the PAS, signed on January 16%, 2012 in
Paris;

- The agreement on Cultural Cooperation between the Governments of the Russian Federation and of the
French Republic, signed i Paris on February 6, 1992;

- The agreement on Scientific and Technical Coopetation between the Governments of the Russian
Federation and of the French Republic, signed in Moscow on July 28, 1992;

- The agreement for scientific cooperation between CNRS and the RFBR, signed in Paris, on May 24, 2012,

- The agreement for Scientific Coopetation between CNRS and the Russian Academy of Sciences, renewed in
Moscow on June 25, 2010;

- The agreement between CNRS and UM2; UM2’s rights and obligations, stemming from the present LIA
TERAMIR agreement, will automatically be transferted to the new university to be created by the merger of
universities Montpellier 1 and Montpellier 2.

- The agreement between CINRS and UPD;

- The powet of attorney conferred on the CNRS to sign the present Agreement on behalf UM2, empoweting
CNRS to negotiate, sign and manage the agreement for the creation of the LIA TERAMIR on its behalf.

- The French decree n°2009-645 of June 9, 2009 on the management between the French public institations
of the industrial property of the results from research conducted by French state-employees, and which
determines a French public mandatory sesponsible for the protection and exploitation of said results.

PREAMBLE

The International coordination netwozk (GDRI) “Semiconductor sources and deteciors of THz frequencies”
supportted in France by CNRS came into existence in 2005 with following development from GDR 1o GDRI
through Furopean network GDRE. During 8 years of its activity many international and national events have
been osrganized: wotkshops, PhD thesis, tesearchers’ exchanges resulting in collaborations and joint
publications.

GDRI helped also in identification and establishing many strong bilateral coliaborations focused on more
specific projects. The most developed of them are the collaborations of the teams leaded by French GDRI
coordinators of (C.Sittori and W.Knap) and two east European countries — Poland and Russia. These
collaborations are the basis of present LIA.

Below we present some important facts/agreements about collaboration in the past. We would iike to
stress that all these common research, publications, joint international theses, exchange visits and other

actions allow constructing solid basis for LIA project.

4 2005-2007 PICS 3208 «
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“Qscillations Terahertz de plasma bidimensionnel dans les systemes semiconducteurs aux dimensions nanometriques™ ;
between Usiversity Montpelliez and Institute for Physics of Microstructutes, Nizhny Novgorod, Russia and A.F Ioffe
Physical-Technical Institute, St. Petetsburg, Russia.

Joint research have been carried out on several subjects: () Tunable terahertz detection by 50 mm gate length
AlGaAs/InGaAs HEMTS ; (i) Terahertz emission at T=4.2 K by InGaAs/InAlAs and GaAs/AlGaAs HEMTs (itf) Hole
cyclotron resonance in strained InGaAs/GaAs QW heterosituciures (iv) Cyclotron resonance in InAs/AlSb quantum
well heterostructures in quantizing smagnetic fields up to 13 T.

& 2005 - now, GDR 2987 “Détecteurs et Emetteurs de Radiations TéraHertz 4 Semiconducteurs” was created in 2005
and had in its initial form 22 participants from France and abroad (Russiz, Poland, Germany, Lithuania etc ) from
universities, different research organizations and industry.

¢ 2006-2010 GDRE. “Semiconductor sources and detectors of TIHz frequencies” between some French laboratories
and lzboratoties in Lithuania, Poland and Russia. It was apparent after the first GDR meeting that some specific
collaborations with well defined research subjects between some French laboratories and laboratodes in Lithuania |
Poland and Russia could be proposed. To allow the possibility and suppost of such international THz research actions,
CINRS-DRI proposed the GDR-E agreement (with well defined inteliectual property rights) between a very limited
numbet of teams.

¢ 2010-2013 GDRI. “Semiconductot sources and detectors of THz frequencies” between some French laboratories and
laboratoties in Japan, Lithuania, Poland and Russia.

Strong collaboration between French, Russian and Polish laboratoties resulted from these networks supported by CNRS
in Prance, in Russiaz and Poland collaboration was supported by Russian and Polish Academies of Science and Russian
Foundation for Basic Research.

Visiting and exchanges between laboratories of France, Poland and Russia

Visits to L2C, UMR 5221 du CNRS and University Montpellier 2 of stay duration from one week to one month have
been crganized:

B From Institute for Physics of microstructures , RAS, Nizhny Novgorod, Russia: 7 persons, 12 months in tortal.

@ From Laboratory of Semiconductors, Institute of High Pressure Physics of the Polish Academy of Sciences and
Warsaw University: 4 persons, 2.5 years in total

PhD thesis

ORLOV Michael, 2004-2008, “Physics of emission and detection of electromagnetic waves of The freguencies in the transistors of submicron
dimensions”™:

thesis en co-tutelle between Laboratoire Charles Coulombs (L.2C), UMR 5221 du CNRS et Université Montpellier 2 and
Laboratory of Physics of semiconductor heterostructures and superdattices, Institute for Physics of microstructures ,
Russian Academy of Science )

RLIMENRKO Oleg, 2007-2009, “Generation and deisction of feraberty, radiation in semicondusiors and low-dimensional sersiconductor
struciires”y

thesis en co-tutelle between Laboratoire Charles Coulombs J1.2C), UMR 5221 du CNRS et Université Montpellier 2 and
P.N.Lebedev Physical Institute of Russian Academy of Sciences, Moscow

KRISHTOPENKO Sergey, 2009-2011 «Spin splitting and collective effests in InAs/ AlSh guantum well beterostructuress

thesis en co-totelle between Université Toulouse HI — Paul Sabatier and Laboratory of Physics of semiconductor
heterostructures and superlattices, Institute for Physics of Microstructures, Russtan Academy of Science, Nizhniy
Movgorod.

ZHOLUDEY Matksim, 2010-2013, « Spectroscopie Térahert des systimes semi-condyctenrs bidimensionnely: vésonance cyclotron, élats
résonants des impuretés peu profondes et sffers dipendants du spin »

thesis en co-tutelle between Labotatoite Charles Coulombs 1.2C), UMR 5221 du CNRS et Université Montpellier 2 and
Laboratoty of Physics of semiconductor heterostructures and superlattices, Institate for Physics of microstructures ,
Russian Academy of Science

Wortkshops organized in the frame of GDR, GDRE and GDRI:
GDR-1 Wotkshop, Decernber, 2013, Montpellier, France
7th THz days and GDR-1 Workshop, March 25-27, 2013, Cargése, Corsica, France
International Workshop on Optical Tetahertz Science and Technology, Aprit 1 -5, 2013, Kyoto, Japan
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GDR-1 Workshop, Avril 24-27, 2012, Tignes, France

GDR-1 Workshop, March 29-April 1, 2011, Tignes, France

WITH project meeting, April 1-2, 2011, Tignes, France

GDR-I Workshop, September 27-28, 2010, Patis, France

Colloque “Rencontres scientifiques CNRS/Academie de Science de Russie™, September 29-30 Pasis, France
GDR-E Workshop, 16-17 November, 2009, Montpellies, France

GDR-E Wortkshop, 25-26 September, 2008, Patis, France

Meeting of the Steering Committee, 4 June, 2007, Paris, France

GDR-E Wotkshop, 1-2 June, 2007, Bombannes, France

GDR-E Scientific Committee Meeting, 4 December, 2006, Montpeller
Journées couplées GDR Ondes & GDR THz,5-6 Decembre 2006, Montpellier
The 2nd meeting, 9 May, 2006, Paris

The 1rst meeting,27-28 Juin, 2005, Montpeller

In order to consolidate the network that we have constructed in the past, we ptopose to focalize the joint
tesearch of a few laboratories on very specific/hot subject telated to collective/plasma excitations in
semiconductor nanostructures with special emphasis on nitrides, tellatides and graphene like based
nanoestraciures.

Main actions

a) Research: theory, growth, processing and TERA-MIR investigations of nevel structures using semiconductor nanostructures
with emphasis on Divar fike energy dispersion systorms.

&) Organization — of national and international workshops/ meetings — (bossible support from EC- COST 1024 action)

&) Exchange visits of PhDs students and researchers (also possible belp of COST 1024)

Summarizing: the TERAMIR-LIA Jaboratory will have a very high scientific and technological potential
because it will metge the “know how” of French teams on THz and Mid Infrared propetties of
nanostructures with “know-how” of east Buropean countties and their unique technologies:

1) technology of extremely high mobility FlgTe based quantum nanostructure (Rzhanov ISP SB RAS, Russia)
2) technology of GaN/AlGaN dislocation free, high pressure synthesized GalN bulk based epitaxial
manostructures (UNIPRESS-Poland)

Such technologies are not available in France and both are foresecen as potential candidates to
tevolutionary /new semiconductor - Graphene - like or “better then Graphene” nanostructures.

The activity of this LIA laboratory should be devoted to both: i) basic science and i) applications.

Consequently, the Parties agree, on the basis of this Agreement, to form an “International Associated
Laboratory - LIA” devoid of legal status and governed by the following provisions.

TITLE I - CREATION, TERM, NAME, PURPOSE AND COMPOSITION OF THE LI1A
Article 1 - Creation and term

The International Associated Laboratory (LIA) “Laboratory of Terahertz and Mid-Infrared Collective
Phenomena in Semiconductor Nanostructutes”, abbreviated as “TERAMIR”, hereinafter referred to as
“LIA” or “LIA TERAMIR”, shall be effective on January 1t 2015 for a term of four (4) years, renewable
once.

Article 2 - Putpose

The purpose of the LIA is to catry out the research project described in Annex 1 attached hereto in the field
of Terahertz and Mid-Infrared Collective Phenomena in Semiconductor Nanostructures.
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Axticle 3 - Composition

The L.IA TERAMIR consists of the following laboratories:

- Laboratoire Chatles Coulomb (L.2C), UMR 5221 CNRS- UM2, Montpellier, ditected by Dt Jean-
Louis SAUVAJOL,

- Laboratoire Matétiaux et Phénomeénes Quantiques (MPQ), UMR 7162, CNRS-UPD, Paris, directed
by Prof. Caslo SIRTORI,

- Labotatoire National des Champs Magnétiques Intenses (LNCMI), UPR 3228 CNRS, Grenoble
directed by Dr Getardus RIKKEN,

- Institute of High Pressure Physics of the Polish Academy of Sciences, Warsaw, Poland, directed by
Professor Izabella GRZEGORY,

- Laboratory of Physics of semiconductor heterostructures and superlattices, Institute for Physics of
Microstructures, Russian Academy of Sciences, Nizhny Novgorod, directed by Professor Vladimir
GAVRILENKO,

- Laboratoty of Epitaxial Technology from Molecular Beams of AZB6 compounds, Rzhanov Tnstitate

of Semiconductor Physics, Siberian Branch of Russian Academy of Sciences, Novosibirsk, directed by Dr.
Sergey DVORETSKY,

The personnel and teams list (hercinafter referred to as “LIA. Members™), as of January 15t 2015, is set out in
Annex 2.A,

Accotding to the research program realised in the framework of the LIA, researchers from other laboratories
can participate in the LIA research. If deemed necessaty, their pasticipation will be subject o a specific
Agreement or to an Amendment to the Agreement according to article 16.

Article 4 - Type of cooperation
The LIA has no legal status or capacity.

This Agreement neither sets out to not results in, nor should anything in it be construed as either forming,
creating, implementing ot recognizing the creation of a joint company, agency relationship, corporation,
interest group or any other type of commetcial grouping or entity or de facto company by the Parties.

TITLE II - ORGANIZATION

Article 5 — Co-directors

The LIA is ran by three (3) Co-directors, one per country. The management of the LIA is joiatly provided by:

- Dt Wojclech KNAP, for France,
- Dr. Czeslaw SKKIERBISZEWSKI, for Poland
- Prof. Vladimir GAVRILENKO, for the Russian Fedezation,

hereinafter referred to as “Co-directors”.

In accordance with the practice of their home institutions, the Co-directors jointly assume responsibility for
the scientific progtam and each one individually manages his part of the LIA. As necessazy, they shall establish
the rules of procedure for the LIA Membets.
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The Co-directors shall prepare the research program, provisional budget and annual financial and scientific
reports to be submitted to the Steering Committee and to the Parties.

The directors of the French Joint Research Units (UMR) participating in the LIA are solely responsible
administratively with regard to staff management and use of funding tesources allocated to the LIA vis-4-vis
the Parties overseeing their unit.

The Co-directors may delegate the scientific management of the LIA to a Scientific Management Committee
composed of thematic group leaders selected among the LIA researchers. The list of members of the
Scientific Management Committee as of Januaty 15t 2015 1s set out in Annex 2.B.

Article 6 — Steering Committee

6.1. = Composition

A Steering Committee for the LIA TERAMIR is constituted. This Committee shall be composed of 2
representatives per country, chosen from outside the staff of those laboratories making up the LIA:

- 2 representatives of the French Parties:
- the Director of the Institute of Physics of CNRS (IINP), ot his/her representative
- the Vice-President for Research of UPD, or his/her representative

- 2 representatives of the Polish Parties:

- the Director of the International Relations Office of the PAS, o his/het representative
- the Ditector of the THPP PAS, ot his/her representative

- 2 representatives of the Russian Parties:
- the Director of the TPM, ot his/her representative
- the Director of the International Relations Department of REBR, or his/her tepresentative

All membets possess equal voting rights.

Subject to the execution of a nondisclosure agteement, all Pasties may invite members of their
administrative organization and/ot outside parties, to attend the Steeting Committee meetings. Such
invited guests shall sit in a consultative capacity.

The list of tepresentatives as of January 151 2015 is set out in Annex 2.C.

The LIA Co-directors shall attend the Steering Committee meetings in a consultative capacity.

6.2. - Chairperson

The Parties appoint one of the Steering Committee members as Chairperson in rotation for two years in
order to preside the Steering Committee.

The Chairperson as of January 15t 2015 15 the Director of the CINRS INP.
6.3. = Meetings and decisions

The Steering Committee shall meet at least once every two (2) years and, at the inttiative of its Chairperson
and at the request of its members or the Co-directors, as often as required by the interests of the LIA.
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Decisions tequite the unanimity of members either present or represeated, the quorum being reached at
5/ of its members.

In the event of practical impossibility of a physical meeting, the Steering Committee may meet via
teleconferencing or any other means.

6.4. — Role

The Steering Committee:

- formulates recommendations on the project presented by the Co-ditectors and the state and direction of
the research carried out by the LIA;

- approves the funding necessary to run the LLA;

- may make recommendations or propose reorientations;

- defines the collaboration policy of the LIA. taking into account the Parties’ interests;

- defines the Patty in chatge of negotiation of research contracts;

- provides an opinion on any modification of the T.TA structure and on the admission of new laboratoties
or Parties to the LIA;

- provides an advice as to the renewat of the LIA based on the evaluation reporis;

- may also study any matter relating to the LIA.

Meeting minutes for all Steering Committee meetings shall be provided by the Chairperson to ali Parties
within 30 days.

Article 7 — Scientific evaluation

The LIA activities shall be assessed regularly and in any case before its expiration date by the relevant
authorities of all Parties, in accordance with the applicable procedutes of these bodies. The Parties may also
propose to form an .Ad Hoc Committee, particularly prior to LIA renewal, in otder to evaluate its scientific
activities and issue recommendations on the LIA scientific ordentation and functioning.

Evaluation reports shall be addressed to the Steering Committee and the Parties.

TITLE III - FINANCIAL AND HUMAN RESOURCES

Article 8 — Funding provisions

Evety calendar year, the budget required to carry out the TTA research is prepared and submitted by the LEA
Co-directors to the Steering Committee for approval.

Annex 3 attached hereto, sets out the projected budget allocated by the Parties as of the date the LIA enters
into effect. This budget is updated annually by the LIA Co-direciors, following a vote by the Steering
Committee.

Each LIA Darty shall manage its respective resoutces, such as the interal budget allocation for the LIA
purposes ot external resources.

Resoutces obtained jointly within the framework of agreements concluded on behalf of the LIA shall be
shared and managed by the Parties in accordance with their participation in such projects.

A report is provided annually by each Party to the others on the resources it allocated over the past yeat
(including equipment, premises and tenured or temporaty personnel).
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Moreover, the funds allocated to the LIA and managed by three LIA Co-directots are subject to the
customary monitoring mechanisms in their respective countties to verify their legitimate use in relation to the
purpose of this Agreement,

Article 9 — Personnel

Personnel assigned io contribute to the LIA shall remain administratively dependent on their otignal
institution and unit and shall carty out its work under the administrative supervision of their unit director.

Annezes 2 and 3 summarize the schedule and extent of the participation of personnel in the joint scientific
project.

The exchange of personnel {(secondment, etc.) is subject to execution of an agreement setting out in particular
terms and conditions of compensation, ownership of results and subordination.

While on assignment, visitors are subject to the bylaws and procedures of the hosting laboratory.
Article 10 — Facilities and equipment

LIA members shall have access to the facilities and/or equipment listed in Annex 4 throughout the term of
this Agreement for purposes of carrying out the research project described m Annex 1.

The Party, in whose possession the facilities and/ ot equipment are located, remains liable therefore.

For information putposes, the amount of depreciation allowance for facilities and equipment made available
to the LIA must be provided (according to the terms in effect for each Party).

‘The use of facilities and/ ot equipment is subject to the safety and security rules in force.

The Parties’ premises are made available to LTA use subject to compliance with the bylaws and procedures of
the owner Party and the execution of a hosting agreement.

In the event of a loan or rental of faciliies and equipment, 2 loan agreement shall be executed by the Parties
concerned, including tefetence to the purpose and tetm, any applicable fees, the Parties’ liabilities and the
terms of maintenance and return of the property.

Atrticle 11 — Research contracts

All research contracts that shall be executed with third-party bodies, public or private, within the framework
of the LIA, requite approval of and signature by all Patties, and are subject to the paragraph 6.4 on the role of
the Steeting Comumittee.,

They shall be negotiated by the Patty having express authority to so act, in accordance with the Co-direciors’
ptoposition and the agreement of the other Parties. The authorized Party shall keep the other Pardes
informed of the tesults of all negotiations. The latter shall dispose of fifteen (15) working days to respond,
after which the negotiation is deemed approved.

The use of LIA TERAMIR title by the Patties must include that LIA is devoid of legal personality and the
LIA Parties are financially and legally independent and separate hiable partners.

The nondisclosure clauses included in such research contracts must not preclude the concerned researchers
from including their research in activity reports or the students to defend theit PhD dissertation.
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The contracts shall make explicit provisions for reimbursing ovetheads associated with activities developed
under said contracts which have been paid by the Party involved in the reseatch. The cotresponding amounts,
determined by agreement between the Parties, shall be allocated to the budgetary centribution of said Party.

TITLE IV — PUBLICATIONS, CONFIDENTIALITY, INTELLECTUAL PROPERTY
AND VALORISATION

Article 12 — Mutual informing and Publications

Each Party undertakes to share with the other Parties all information needed to catry out the joint research
wotk, The publication of scientific results shall be made according the usual custom and practice of the
scientific community, Patties’ recommendations on scientists’ affiliation and with ptior consent of all scientific
contributors to the results and entitled Parties.

Publications related to the joint research efforts of the LIA reseasch projects shall include reference to the
LIA Patties or other French oversecing authorities and beating the mandatory statement "Research
canducted in the scope of the TERAMIR International Associated Laboratory (LLA)"

Throughout the term of the LIA and for a subsequent petiod of two (2) years, each Party shall request the
consent of the othet Party for its own publication related to the LIA. Such consent may not be unteasonably
withheld.

In any case, a publication cannot be delayed beyond nineteer (19) months from the date of receipt of a notice
by the Parties. Where a publication or papet contains important information of an industrial, commercial or
sitategic nature related to the activities of certain Parties the decision regarding the nature and term of
nondisclosure shall be taken by the Steesing Committee {allowed: activity reports by personnel, closed session
dissertation defenses).The Steering Committee shall make its decision known within a maximum period of
one (1) month as from the teceipt date of the enquiry. This decision can consist in:

2) Accepting the publication unreservedly; or

b) Requesting that the publication or communications ptoject be postponed, owing to real and
serious teasons in particular if specific information must be subject to protection under intellectual
property provisions. In such case, the Parties agree to either remove the objecting Party’s
Confidential Information ot to delay the planned publication for a period of up to a maximum of
eighteen (18) months after objection to allow for protection ot other appropriate steps.

Aurticle 13 — Non-disclosute
Within the framewozk of information exchange necessary to carty out the joint research wotk, the Parties shall
refrain from disclosure, protection (patent) or exploitation of commercial or industrial nature of any

confidential information belonging to the other Party,

Information (of any kind, contined in any medium) is confidential when explicitly identified as
“confidential”.

The period of confidentiality runs for the term of the LIA and a subsequent five (5)-year period.

"The Parties are responsible for ensuting compliance with duty of non-disclosute by their employees duting
LIA and following expiration of its term or following termination of their employment, as well as by hosted
personnel.
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However, this clause shall niot impede Parties’ tesearchers from fulfilling their oblipation of producing an
activity repott, which shall not constitute disclosure within the meaning of the laws governing industrial
ptoperty, nor students from defending their doctoral thesis or inteenship report relating to the wortk
conducted under this cooperative activity. If necessary, the examination may take place behind closed doors.

Exceptions in which the Confidentiality obligations shall not apply:
~ if the confidential information becomes publicly available by means other than a breach of the
reciplent’s confidentiality obligations;
- if the disclosing party subsequently informs the recipient that the confidential information is no
longer confidential;
~  if the confidential information is communicated to the recipient without any obligation of confidence
by a third party who is in Jawful possession thereof and under no obligation of confidence to the
disclosing party;
- if the confidential information, at any time, was developed by the recipient completely independently
of any such disclosute by the disclosing party; or
- if the confidential information was already known to the recipient prior to disclosure.
- if a Party is required, to disclose confidential information in order to:
¢ comply with applicable laws or regulations or with a court or administrative order, provided
however that it shall, to the extent it is lawfully able to do so, ptior to any such disclosure
o notify the disclosing party, and
o comply with the disclosing patty’s reasonable instructions to protect the confidentiality of the
information.

Article 14 — Intellectual Property
Definitions

- “Proprietary Results™:

Results, including software and databases, which may ot may not be protected by intellectual property rights
and belonging to one of the Parties, obtained by the LIA Members prior to joining the present Agreement or
simultaneous to and independent of the scope of LIA activities;

- “Jomt Results™:

Results, ncluding software and databases, which may or may not be protected by intellectual property rights
to which two or mote Parties jointly contributed in 2 substantial or inventive manner and which are a direct or
inditect result of the LIA activities.

- “Qualified Know-How:

All practical results unprotected by intellectual propetey rights which are: (a) confidential, (b) substantial, ie.
significant and uvseful for the manufacture of particular products and (¢) identified, i.e. described in such a way
as to be understandable and adequate to confirm the elements of (a) and (b).

14.1. — Ownership of Results

Proprietary Results remain the property of the owning Party.

Proprietary Results or Qualified Know-how that are not free of access for the purposes of LIA are set out
in Annex 5, which shall be regularly updated by the Parties. All Proprietary Results, which ate not listed in
Annex 5, are free of access for the purposes of LIA
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By virtue of a power of attomey by UM2, subject to the French decree n°2009-645, CNRS shall be the
sole French administrator of the intellectual property tights related to LIA Results, that it jointly owns with
the abovementioned overseeing authority of the joint research unit, pursuant to theit mutual agreements,
unltess this authority ot employers explicitly waive its rights.

The LIA Joint Results are the joint property of the entitled Partes (hereinafter referred to as “Toint
Owners™), which shall hold such rights in equal propottions.

The above allocation shall be the default in case for LIA Joint Results, but the Parties may negotiate,
however, from case to case, a more approptiate allocation of share according to the inventive
contributions, if such contributions are substanttally not comparable.
In case of disagreement between the Parties regarding to such contsibutions, the share should be discussed
in an amicable way in the framework of the Steering Committee. In case of persisting disagreement such
shate shall be determined by an extetnal independent patent attorney.

Any transfer of ownership, grant of license ot similar right over the LIA Joint Results shall require the
prior wiitten consent of the other Joint Owners.

The Joint Owners agree to negotiate in good faith an Tnter-Institutional-Agreement ("IIA") scttling their
rights and duties with regard to any LIA Joint Result, to be concluded before any industtial and
commercial use of such Joint Result.

To the extent possible, such ITA shall be based on the terms and conditions with regard to the regulation,
the administration and the commercial exploitation of the LIA Joint Result agreed by the Joint Ownets
and specified in this section.

A LIA Result, which is not a Joint Result, shall be solely owned by the Party who obtained it, and shall not
be subject to the provisions regarding the Joint Results.

14.2. — Patent protection of LIA Results

Inventors of a LIA Result shall inform the Co-directors and the Steering Committee and declare their
invention to each of the entitled Parties, which shall evaluate any interest in protecting said invention.

Joint Owners shall joindly decide whether of not to patent any LIA Joint Result. In the event a patent is
filed, they shall jointly decide on the countries or regions to be covered by the registration. Patent
applications shall be filed in the names and for the joint benefit of the Joint Owners; the name(s) of the
inventor(s) shall be mentioned pursuant to his/her/their rights.

One ot mote Joint Owner(s) have the right to file a patent in its (their) name and at its (their) expense, if
one ot more Joint Owness expressly waive and assign their rights to do so. The Joint Owner who waived
and assigned his right should take all steps and/or execute all documents necessaty in order to give full
force and effect to any such assignment. Such Joint Ownet shall be entitled however, to assign its rights in
the LIA Joint Result to its inventor/s without obtaining the otber Party's approval, provided that the
inventor/s has/have undertaken in writing to the other Patty to be bound by the provisions of this
Agreement.

The temaining Joint Owners has the right to recover the patent xights in their name(s) if, during the term

of protection, one of the Joint Owners decides to withdraw its involvement from the patent. Such Joint
Owner shall be entitled however, to assign its rights in the LIA Joint Result to its inventor/s without
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obtaining the other Party's approval, provided that the Inventor/s has/have undertaken in writing to the
other Party to be bound by the provisions of this Agreement.

A Joint Owner who does not join in protecting a LTA Joint Result or who withdraws its involvement in the
patent protection, shall lose its rights (including the right to remuneration or compensation in respect of
such patent rights or such assignment), save for the right (a) to use the LIA Joint Results for internal
research purposes; and (b) to be reimbursed together with any other Joint Owner from any income
received from such patents for all oui-of-pocket costs and expenses incurred by such Joint Owner during
the perod it pasticipated in protecting a LIA Joint Results and the course of such patent protection.

The Joint Ownezs involved in such protection shall be the sole beneficiaries of the income generated from
commercial exploitation of the patent in the corresponding countries.

Each Joint Owner involved in the protection of an LIA Joint Result is solely liable for ensuring compliance
with duties relative to its employees’ rights over the invention.

14.3. - Appointment of an Administrator

The Joint Owner most able to valotize ot exploit one ot more Joint Results of the LIA, identified by
mutual agreement between the Parties upon tecommendation by the Steeting Committee and subject to
the French dectee n°2009-645, shall administer the protection and exploitation of the(se) LIA Results
(hereinafier the “Administrator™).

14.4. - Patent infringement actions

In the event that one of the Joint Owners learns of an alleged infringement of a patent owned jointly by
the Parties, or of an application pending or a2 patent belonging to a third party and interfering with the
patent held jointly the Parties, the information shall be immediately communicated between the Joint
Owners.

The Joint Ownets involved in the protection of a LIA Joint Result shall mutually agree on measures to be
taken in the event of infringement. The Administrator, who shall be vested with all specific powers in
telation thereto, is responsible for such measures; he shall take all necessary steps in order to take
cognizance of and put a stop to the infringing action.

The legal fees, costs, damages and interest shall be shared between/among the Joint Owners acting jointly
according to their share in the ownership. Joint Ownets who do not participate in the action shall not
collect any sums resulting from legal recourse.

14.5. - Rights of access

Each Party shell hold, subject to third-party rights, a non-exclusive, non-transferable right to use the LIA
Results — including those that are not Joint Results - and the Propdetaty Results except for those listed in
Annex 5, free of charge for the purposes of the LIA research. For the avoidance of doubt the LIA
research does not include any activity of an industsial or commercial nature,

Fach Joint Owner shall hold a pon-exclusive, non-transferable right to use the LIA Joint Results —
including the structure and content of Joint software and databases - free of charge for their own internal
research needs, with the exception of any activity which is of an industrial or commercial natute and
tiecessitates execution of an agreement defining the scope, terms and conditions of licensing,
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Third-party access to LTA Joint Results including software and databases is subject to the prior consent of
the Joint Ownets and subject to a written agreement.

14.6. — Commetcizal exploitation of LIA Joint Results

The consent of all Joint Owners is required to grant third-party rights, as licenses to use and exploit any
LIA Joint Result.

The Joint Owners shall agree, with regard to each commercial negotiation with a third party, on the
principal financial terms, which shall form part of the commescial agreement with such third party in
advance (hereinafter “the Term Sheet”).

Lixpress powets ate granted to the Admindstrator by other Joint Owners to act and undertake all activities
to commercially exploit the LIA Joint Results.

The Administratot shall regulatly inform the Joint Owners of the progress and conclusion of negotiations.

The Joint Owners agree that, after the Term Sheet shall be agreed upon by them, the Administrator shall
be entifled to negotiate license and other commercialization agreements on the Joint Owners' behalf in
respect of the LIA Joint Results, based on the terms of the Term Sheet and the provisions set out below
("Additional Terms"). The Joint Owners shall jointly execute any such agreements, and shall not be
entitled to withhold their signatute thereon provided the Administrator has complied with the terms
hereof.

In addition to the specific terms of the Term Sheet that shall be agreed by the Joint Owners as aforesaid,
an Agreement for any license granted in respect of the LIA Jotat Results shall include, inisr aka:

- adefinition of the products for which the LIA Joint Results may be used for their development,

“manufacture and sale;

- terms secuting full indemnification, without exception, and holding harmless of the Patties, and those
employed by them, against and from any claim, damage or expense of any kind resulting from any
use the Licensee or those authorized by the Licensee may make of the LIA Joint Resulis or other
licensed information;

- a disclaimer as to any representations and/or warranties in respect of the LIA Joint Results, their
potential, use, exploitability and/or that it does not inftinge third patty’s rights;

- the license agreement may not be sublicensed, transferred or assigned without the ptiot written consent
of the Joint Owners;

- financial tesms: in tetutn for the license agreement the Joint Owners shall get financial return, as
royalties (in the form of percentage from sales), part of any consideration other than from sales
received in connection with a grant of sub-license, an annual license fee and an equity {(in start-up
companies}. The exact mixture of the above and the terms securing it will be negotiated.

- specific vndertakings of commercialization of the licensee (such as, but mot limited to achieving
milestones for developing and sale of the products (to avoid "shelving" of the technology),
receiving ptior approval before the grant of any sub-license etc);

- limitation on the use of the names of the Inventots, CNRS, UM2, UPD, THPP PAS, PAS, IPM, ISP
and RFBR and their employees;

- payment/reimbursement of past and futute patent cxpenses by the licensee;

- patent prosecution and maintenance shall be done by the Administrator;

Notwithstanding anything to the contrary hetein, in the event that a potential licensee rejects any of the

above terms, the Joint owners shall in good faith seek solutions that will be subject to all Joint Owners’
wiitten approval, to be advised timeously, and not to be unreasonably withheld.
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Licensing agreements shall require signature of all Joint Owners.

The Administtator shall transfer to the Joint Owners their share of the royalties from the license granted
oves the LIA Joint Result(s) according to their shate in the LIA Joint Result(s), after having deducted the
Administrator’s commercial development fees, capped at 10% of said royalties. For the avoidance of
doubt, research funding received from a licensee by either Party shall not be regarded as payment from
commerciaization of the Invention and/or the Patents.

TITLE V - MISCELLANEQUS PROVISIONS
Article 15 — Renewal

This Agreement may be renewed once for the same term by Amendment executed by the Parties, following a
decision by the Parties on advice from the Steering Committee, the relevant evalnating bodies of the Parties
and the LTA Co-directots.

Asticle 16 ~ Modification — Membership
All modifications to the present Agreement requite the mutual consent of all Parties by Amendment.

All additions of members to the LIA, including that of a new laboratory of one of the Parties, tequire the
unanimous consent of the Steering Committee.

Any admission of a new laboratory under the authority of a Party requites the update of Annexes, to be
provided by the Co-directors to all Parties.

The addition of new parties to the LIA shall require an amendment to this Agreement.

Al admission amendments to this Agreement shall be signed by the new parties and CNRS, authorized by this
Agreement to so act on behalf of the other Parties.

The sole putpose of an admission amendment is to join new pattners to the LIA. It 11 no way modifies the
scope of the present Agreement.

Article 17 — Cancellation

Io the event of an unresolved dispute, the Partles may mutually consent to canceling the present Agreement
before the expiration of its term, upon six (6) months’ notice. In such a case, the Parties shall conclude joint
actions undertaken prior to notice given.

The decision to cancel shall be taken by the Parties following consultation with the Steering Committee and
the LIA Co-ditectors.

The withdrawal of a Party priot to term, notified to the other Parties with six months’ notice shall terminate
the present Agreement.

Non-disclosure, publication, intellectual property and exploitation provisions shall continue to apply for their
respective terms.
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Article 18 — Internal communication between Parties

Tnternal communication between Parties shall be done in writing (registered letter with acknowledgement of
receipt, sent via postal or electronic means, facsimile, etc.).

The names and addresses are the following:
at CNRS:

Dr Giancado Faini, Deputy Scientific Director
Institute of Physics

3, rue Michel-Ange

75794 Paris cedex 16

France

e-mail : Giancatlo. Faini@cnrs-dir.fx

Tel: +33 1 44 96 42 55

at UPD

Dr Sylvie Rousset — Vice-President for Research
Université Paris Diderot

5 tue Thomas-Mann

75205 Paris cedex 13

France

Tel 01 57 27 54 38

E-mail: sylvie tousset{@univ-paris-diderot.fr

at JTHPP PAS

Prof, Izabella Grzegory - Director
Institute of High Pressure Physics
ul. Sokolowska 29/37

01-142 Warsaw

Poland

e-maik dytekcja@unipress.waw.pl
Tel: +48 22 6325010

At PAS

Dt Urszula Wajcen, Director of the International Relations Office
Plac Defilad 1

00-901 Warsaw

urszula.wajcen@pan.pl

Poland

Tel: +4822 826 82 97

fax: +48 22 620 33 74
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at IPM:

Prof. Zakhary Krasilaik - Director
Institute for Physics of Microstructures
GSP-105, Nizhny Novgorod, 603950
Russian Federation

e-mail : director{@ipmras.ru

Tel: +7 831 417 9473

Fax: +7 831 417 9464

at ISP:

Prof. Alexander V. Latyshev - Director
Rzhanov Institute of Semiconductor Physics
13, pt. Lavrentieva, Novosibirsk, 630090
Russian Federation

e-mail: latyshev@thetmo isp.nsc.ou

Tel: +7 383 333-10-80

Fax : +7 383 333-27-71

at REFBR:

Alexander Sharov -Director
Department of International Relations
Leninsky prospect, 32A

119991, B-334, GSP-1

Moscow,

Russian Federation

e-mail: veronika21@rfbr.rn

Tel./Fax: +7 (495) 952 5579

Article 19 - Liability

Each Party remains lable, without sight of action against the other Partles, except in case of gross or
intentional negligence, for repairing damage to its own property during and owing to the implementation of
this Agreement,

Should damage be caused to physical assets acquired by the Parties under this Agreement, the latter shall pay
repair ot replacement charges for said assets on 2 pro rata basis of their respective financial contributions to
the acquisition thereof.

According to the rules of ordinary law, each Party is liable for damage / loss of any nature caused to third
patties during the implementation of this Agreement.

Article 20 — Final provisions

The Parties undertake to settle their disputes out of coutt. Failing that, disputes arising out of or in connection
with this Agreement, which cannot be solved amicably, shall be finally settled under the Rules of Arbitration
of the International Chamber of Commerce by one atbitrator appointed in accordance with the said Rules.
The place of arbitration shall be Paris, Warsaw or Moscow at the defendant's total discretion.
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Done in English, in 6 (six) original copies.

At Paris, on the 14t of October 2014

LIA TERAMIR

CNRS
Alain Fuchs
President

By delegation,
Fabrice Vallée
Acting Directot of the Institute of Physics

IHHP of the PAS

Izabella G
Ditector

UPD IPM RAS
»
~ M . /
\/ \
Christine Clerici Zakhary Krasilnik
President Director
ISP SB RAS The RFBR
Alexander Latyshev
Director

By delegation,
Nikolay Mikhailov

Jjg/h/

Vladislav Ya. Panchenko
President
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ANNEX 1
RESEARCH PROGRAM AND INDIVIDUAL PROJECTS

The project is composed of two parts, A and B, deseribed below. Narrow gap HgTe based quantum wells (QW) are
relatively new subject in semiconductor physics. Therefore in part C we present more in detail scientific backgronnd and
challenges related Yo these new nanostrustures. Exoept collective phenomena that are the main scientific subject of the
present project, studying narrow gap TgTe based QWs may lead to widening the scientific research to very *up today”,
insportant subjects like topolagical insulators and/ or spin Hall effect studies.

PART A) “Plasma wave instabilities in GaN and Graphene like HgTe based nanostructures for terahertz
(THz) generation and detection”

PARTNERS INVOLVED: L2C (Leader), IHPPPAS, 1PM, ISP

OTHER EXPECTED PARTICIPANTS:

- AF. loffe Institute, groups of Dr Alexander A. Lebedev and of Prof. Valentine Kachrovsky & Nikita S.
Averkiev,

- Moscow State Pedagogical University, Radio-Physics Research Educational Center, Department of Physics,
Moscow, directed by Prof. Gregory N. Goltsman

- Institute of semiconductors physics, Polish Academy of Sciences, group directed by Prof. T. Dietl, J.
Wrobel, G. Grabecki.

At the beginning of 90-ties Dyakonov and Shur proposed model of plasma excitations in nanometer field
effect transistors for THz detection and emission [1]. They have shown that the channel of a field effect transistor
(FET) can act as a resonator for plasma waves with a typical wave velocity s ~10® cm/s. The fundamental frequency f
of this resonator depends on its dimensions and for gate length L of a micron or less, £ can reach the terahertz (THz)
range, since f~ s/L. Dyakonov and Shur predicted also that a steady current flow in an asymmetric FET channel can
lead to instability against the spontansous generation of plasma waves [1]. In the beginning of years 2000 theoretical
predictions have been confirmed by experiments on THz emission and detection from nanotransistors, However all
observed resonant phenomena were much broader than theoretically predicted, Also in many cases the observed
emission was not resonant and not gate voltage tuneable. The basic physics questions rose about completeness of
theoretical model of Dyakonov-Shur and possibility of other instabilities.

Basic Physics Problems. Main scientific problems aimed to be solved by the proposed project are: firsi i) is to
understand/explain the physical reasons of unusual plasma wave resonance broadening (or complete lack of
resonances) observed in nanometer sized nanostructures emitting or detecting THz radiation [2] and second ii) make
experimental verification of existence of new type of plasma instability — so called “edge instability” or “white water
instability™ [3].These two problems are related because the edge instability, that maybe respensible for observed
broad THz emission, is due to oblique plasma modes that at the same time may lead to the plasma resonance
broadening in the THz detection. Until now both problems are considered only theoretically [2-3].

Methodology The essence of the project is experimental study of high quality nanotransistors of different
geometry. The project aims to i) preduce by MBE high mobility two dimensional electron gas (2DEG) based on GalN
and HgTe heterostructures, ii) process nanometer size transistor structures of different architectures and i) to study
systematically how THz detection and emission from these siructures depend on their specific architecture. Study as
a function of the channel length, gate length and width should provide a proof of validity/existence of three recently
predicted [2],[3] physical phenomena: i) obligue modes broadening ii) plasmon leakage broadening iii) plasma
edge instability.

Timeliness and novelty of the proposed research comes from combination of recently developed fields of
research; Terghertz related science, Science of nanostructures, Nitrides and graphene like materials science and
most important new theoretical developments concerning Plasma insiabilities in low dimensional systems, Approach
proposed in this project is pioneering because it will combine for the first time very strong technology (growth and
processing at the main partner side — Poland,Russia) with modeling and high level and very precise characterization
of THz detection and emission (at Montpellier TERALAB - France).
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Why Nitrides? - Because they guarantee high mobility and high carrier density at the same time. Transistors
based on Nitrides can handle high power so they are the best candidate for THz emitters. We have already observed
THz emission from single transistors. Making high mobility and specially structured (grating gate) emitters can lead
to resonant high power THz emission. Commeon studies on high mobility quantum wells have been already initiated -
see Ref.[4].

Why HgTe? Because HgTe based quantum well structures — with proper choice of HgTe quantum well thickness
{around 7nm} one gets grapheme like structure with very high carrier mobility. Contrary to nitrides these structures
cannot handle very high power and cannot be efficient emitters. However their extremely high mobility make them
ideal structures for voltage tuned, resonant THz detectors. Their advantage with respect to Graphene is that they
preserve their mobility even after the processing — whereas Graphene on SiC or Si substrates looses its high mobility
properties. Common studies on HgTe quantum wells have been already initiated by PhD (cotutelle) M.Zoludiev, first
author of Ref. [5]. More details can be found in part C.

Impact We expect that the project will have very high impact oa the research field on plasma instabilities in
nanostructures because it will answer the main question: Can one reach high quality factor plasma resonances in the
nanometer semiconductor structures and what physical conditions (border conditions, material properties etc.) are
necessary to observe them.

Applications We expect also important outcome from the point of view of applications. Understanding of the
mechanism of broadening should allow finding nanotransistor structures with narrowband gate tunable THz emission
and detection. Such transistors can be extremely useful for THz spectroscopy and imaging in security, quality control
or medical applications.

This project can be done only in collaboration because the French partners has necessary experience, skills and
equipment to model and characterize the nanostruciures for terzhertz and Mid ~Infrared {TERAMIR) generation and
detection. The Polish and Russian pariners have experience, skills and equipment in fabrication (growth and
processing) of the high guality GaN and HgTe based nanostructures. The partners are complementary and they are
leaders in their vesearch domain granting this way the new scientific insight in “THz Plasma Instabilities in
Nanostructures” and the success of the project .

References:
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PART B) TERA-MIR Collective excitations in wide Quantum Wells

PARTNERS INVOLVED: MPQ (Leader), L2C, IHPPPAS, ISP, IPM,

OTHER EXPECTED PARTICIPANTS:

- Lebedev Physical Institute, Laboratory “Nonlinear and nonequilibrium phenomena in solids”, Russian Academy of
Sciences Moscow, directed by Prof. Yury Mityagin

- Kotelnikov Institute of Radio Engineering and Electronics, Saratov Branch, Photonics Laboratory, Russian
Academy of Sciences, Saratov, directed by Prof. V.V. Popoy
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Recently we have investigated collective excitations in highly doped two-dimensional structures. We have
measured strong resonances in absorption and emission at energies independent of the electronic spectrum imposed
by the size quantization of the quantum well [1]. The nature of this excitation i3 an admixture between single particle
electronic transitions and plasma collective effects issued from Coulomb dipole-dipole interaction [2]. In a quantum
well where the Ferm] energy is such that several elecironic levels are occupied, cach transition is coupled to the
others and produces a single bright collective excitation that contains the whole oscillator strength of the system [1].
The narrow linewidth of these plasmonic resonances (<5% of the transition energy) makes them attractive for
optoelectronic applications.

All cur studies have been performed on GaAs and InP related materials where the doping and the other
physical parameters (effective mass, dielectric constant) has limited our investigation to resonances up to 1= 10mm.
We are therefore very interested in developing collaborations to explore extremely doped materials such as GaN
where the collective excitations can reach shorter wavelength down to the near infrared.

Another strong interest that we have in this collaboration is to extend the studies on light-matter strong
interaction of these collective excitations in zero-gap materials like in Grapheme or HgTe based QW or HgCdTe
heterostructures. In this case very strong plasmonic effects are expected due to the vanishing effective mass.
Furthermore light-matter interaction in these materials would be profoundly modified and is expected to give rise to
superradiant quantum phase transitions. Electroluminescent devices with high quantum efficiency are expected to be
realized in the THz tharks to these effects [3]. More details concerning HgCdTe heterostructures can be found in part
C.

References:

[1] A. Delteif, A. Vasanelli, Y. Todorov, C. Feuiliet Palma, M. Renaudat St-Jean, G. Beaudoin, L Sagnes, and C.
Sirtori, Charge-Induced Coherence between Intersubband Plasmons in a Quantum Structure, Phys, Rev. Lett.,
109, 246808 (2012).

[2] Yanko Todorov and Carlo Sirtori, fntersubband Polaritons in the Electrical Dipole Gauge, Phys. Rev. B 85,
045304 (2012).

[3] D. Hagenmiiller, C. Ciuti, Cavity QED of the Graphene Cycloiron Transition, Phys. Rev. Lett. 109, 267403
{2012).

Part C) HgTe based quantum wells — scientific background and objectives related to L1A
PARTNERS INVOLVED: 1L2C (Leader), IPM, ISP, IHPPPAS, PAS

Because HgTe has an inverted band structure (the conduction band is formed by the wave functions of I'8
symmetry, and the valence band wave functions have ['6 symmeiry see, e.g., [1,3] and references therein) Hg;.
«Cd,Te band gap becomes zero for x ~ 0.15. In the recent years there has been an appreciable progress in the MBE
growth of such structures, which has revived interest to this compound as a promising material for Terahertz (THz)
detectors and emitters. But HeTe based QWs exhibit 2 number of other remarkable properties. First of all, at the
critical HgTe QW thickness (6.3 to 7 nm depending on Cd content in the barsier), the forbidden gap is absent and
both electrons and holes are characterized by the linear energy-momentum law of massless Dirac fermions {1,2].
When HgTe QW width exceeds this critical value, the energy band structure is inverted. In the inverted band
structure regime, HgTe QWs are shown to be two-dimensional topological insulators that have attracted a great
fundamental interest [1,2,4,5]. It was demonstrated [4] that a quantum spin Hall insulator state exists in such systems
that can be destroyed by magnetic field [6]. Actually, these two levels have recently shown to display the effect of
the avoided crossing [7,8]. Furthermore, hole-like symmetry of conduction-band Bloch functions enhances spin-
dependent effects like the Rashba splitting that has been shown to achieve 30 meV [3,9] in these structures. The very
strong spin-orbit coupling in these materials also make them good candidates for experimental observation of the
Spin Hall Effect predicted more than 40 years ago [10, 11]. Moreover, wide HgTe/CdTe QWs (above 12.5 nm) have
an indirect band structure [12] and the side maxima of the valence band can overlap with the conduction band, Then,
the Fermi level can cross both valence and conduction bands and a semimetallic state can be implemented [13,14].

Another very important property of wide HgCdTe QWs is their very high electron mobility which makes them
highly interesting for the study of different physical phenomena as Fractional Quantum Hall Effect and THz plasma
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wave resonances in Field Effect Transistors (FETs). Indeed, when electron mebility is high enough, FETs can
efficiently detect and generate THz radiations via resonant plasma excitation in the transistors channet [15-17].
Furthermore, a spectacular analogy between ultra-relativistic particles in quantum electrodynamic and electrons in
some solid-state systems has been demonstrated both in one dimension (carbon nanctubes [18]} and in two
dimenstons (graphene [19, 20]). However, a three-dimensional (3D) solid-state system whose electrons would mimic
massless particles (in which such an analogy would be even closer) appeared to be missing up to now. Very recently,
a group from LNCMI Laboratory in Grenoble (M. Orlita) in collaboration with L.2C laboratory and Nizhny
Novgorod have characterized a bulk HgCdTe, at the point of a topological transition. The presence of 3D massless
electrons with the velocity about 10° m.s™ in this material is clearly manifested (i) by infrared absorption which
increases strictly linearly with the photon frequency, and (ii) in a magnetic field B, by a B dependence of inter-
Landau-level resonances. This very significant experimental work opens a new field of investigation regarding the
massless Dirac Fermions in these materials.

Another important project is related to light-matter strong interaction of the collective excitations in zero-gap
materials like Grapheme or HgTe/CdTe heterojunctions. In this case very strong plasmonic effects are expected due
to the vanishing effective mass. Furthermore light-matter interaction in these materials would be profoundly
modified and is expected to give rise to superradiant quantum phase transitions, Electroluminescent devices with
high quanium efficiency are expected to be reatized in the THz thanks to these effects

OQur goal in LIA “Terahertz and Mid-Infrared Collective Phenomena in  Semiconductor Nanostructures
(TERAMIRY* will be to study by THz spectroscopy and photoconductivity, as weli as by magnetotransport and
phototuminescence measurements, the new physical phenomena that make take place in HgCdTe heterostructures.
Although the plasma oscillations in nanostructures is the main well identified project we would like to mention also
other important solid state physics projects that can be initiated by creation of the LIA,

1) Topological Insulaters

Surface states in semiconducting and insulating materials are usually fragile with respect to disorder and
perturbations such as impurity scattering, many-body interactions, and geometrical offects. However, there are
systems in which surface states are robust due to the fopology of the band structure in the materal volume. A well-
known example is the integer quantum Hall effect in two-dimensional systems. More recently, another type of
topological invariance was predicted in materials with band inversion (semiconductor with a gap between the upper
p-type and lower s-type energy bands) due to strong spin-orbit coupling [21]. In this case, one speaks of topotogical
insulators [22].

This kind of topologicaily protected surface states was first demonstrated to exist in two-dimensional HgTe
based QWs [1,4]. In QWs wider than a criiical thickness d; = 6.3 nm (d > d.), the electronic structure in the well
remains inverted, However, for narrow wells (d < dg), it is possible to obtain a conventional alignment of the
quantum well states. So, a topological quantum phase transition occurs at the critical thickness d., where the system
is described by a massless Dirac theory. Unlike graphene [23], where two valleys of Dirac fermions exist, in this new
material Dirac fermions appear only at a single point in the Brillouin zone. In QWs of critical thickness, the electron
energy depends linearly on its momentum and under applied magnetic field the Dirac energy specirum evolves into
Landau levels with energies having a square root dependence on magnetic field (B). The presence of a band
inversion in the HgTe quantum well leads to the existence of topologically protected edge states in which
propagation with given k is linked to the spin orientation {21]. As a result, these states are robust with respect to
time-reversal symmetty invariant scattering processes. Under applied magnetic field, a particular pair (zero-mode) of
Landan levels (LLs) splits from the upper and lower energy bands. In the case of inverted band structure these LLs
cross at certain field B,, above which the topologically insulating phase is transformed into the conventional quantum
Half insulator phase [4). So far, there have been no systematic magnetospectroscopy studies of HgTe/CdTe QW
heterostructures versus QW width, In [24], the spectra in two [013]-oriented HpTe samples with a QW width of 7
and 8nm for different levels of electron concentration were investigated. In [25], two different samples, each
containing a 8-nm-wide, [(01]-oriented HgTe quantum well were studied. The field evolution of the particular pair
of Landau levels was studied by magnetospectroscopy. It was shown that these zero-mode Landau levels in HgTe
quantum wells with the inverted band structure do not cross, but instead display the effect of the avoided crossing. Ln
our recent study we have experimentally studied far infrared Landau level transitions spectra under magnetic field in
a series of HgTe/Cd,Hg,Te (0 1 3) QW heterostructures around the critical thickness. The measurements performed
in four HgTe QWs with different thicknesses around the critical value, allowed us to track the evolution of the
magneto-optical response from a narrow-gap semiconductor with very light but still massive carriers, to a Dirac-type
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system with massless fermions. We have confirmed the observation of the crossing of the zero-mode Landau levels
caused by the bresking of time-reversal symmetry, expected in two dimensional topological insulators. We have
shown a very good agreement between the experimental data and the Landau levels transition energies calculated
using the 8 x 8 Kane model. However, some lines are still not well explained and obviously the above appreach to
interpret the data does not take into account all possible effects that may influence the measured spectra. A full
quantitative inierpretation of the results requires more complete theoretical and experimental developments.

Precise knowledge of the HgTe and CdTe parameters is particularly crucial for the band structure calculations, while
many previously published data exhibit lack of precision. Therefore, a research into the band spectrum of
HgTe/CdTe QW heterostructures should involve a variety of techniques, one of the most informative being the THz
transmission spectroscopy under titted magnetic field, Indeed, there is still a limited number of experimental data
availzble on the Quantum Spin Hall phase, and therefore more experimental data will be relevani to the scientific
community. One of the tasks of the project will be to measure the magnetotransmission of samples having QWs
close to and above the critical thickness and with semi-transparent gates, in order to foliow the Landau level
transitions by varying the position of the Fermi level. This will allow us to extract the band structure parameters,
such as the Dirac velocity, effective masses and anisotropic g-factors. The gap will be measured by
photoconductivity and photoluminescence experiments. Theoretical developments taking into accouni the effect of
impurities will evidently be important at this stage of this project.

2) Spin Hall Effect

It was predicted a long time ago [10, 11] that because of spin-orbit interaction an electrical current produces

a transverse spin current. More recently it was shown theoretically [26] that this spin current results in a spin
accumulation near the sample edges causing a small decrease of the sample resistance. Because of the combined
effects of spin-orbit coupling and of Hanle effect, a magnetic field applied in the current plane should destroy the
edge spin polarization, leading to a positive magnetoresistance. This so calied Spin Hall Effect (SHE) could then be
measured electrically in 2D and 3D semiconductors with strong spin-orbit coupling.
Preliminary experiments have already been performed in Mongpellier in the 2D and 3D cases. For 2D samples, a
processed InGaAs/AlGaAs QW was first used in magnetoiransport experiments at liquid Helium temperatures. In
this case, a special processing geometry was needed in order to study the effect of the 2D channels thickness on the
positive magnetoresistance induced by the SHE. However, the InGaAs spin-orbit interaction is net very strong and
the expected normalized change of resistance is on the order of 107, Therefore, at low temperatures the
magnetoresistance is dominated by quantum effects such as weak localization and anti-localization and no positive
change of resistance could be atiributed to the SHE. For this reason and because spin accumulation should be
temperature resistant, other experiments were done at higher temperatures, but also at different width of the
conducting wires. Indeed, because for narrow samples the spin polarization is destroyed by diffusion faster than by
spin relaxation, the magnetic field dependence becomes weaker as the width of the condueting wires decreases. Up
to now, the experimental results obtained on InGaAs QWs do not clearly show the expecied effect of spin
accumulation. Nevertheless, it was possible in these structures to follow the effect of temperature on weak
tocalization up to 100 K {27].

The third step of this study is then to use materials with greater spin-orbit interaction as HgCdTe
heterostructures. For the 3D case, the magnetoresistance of HgCdTe heterostructures (bulk like) have already been
measured at low current by using gold vapor deposition small circles as contacts. However, this geomeirical
configuration is very close to the Corbino geometry and the first resulis in both materials are showing a strong linear
Hall effect which is much larger than the expected change of magnetoresistance due to the SHE.

The aim of this part of the project is therefore to measure the in planc magnetoresistance of narrow
conducting wires etched in a HgCdTe based QW and the magnetoresistance of a HgCdTe heterostructures material.
To date, the first processing parts for 2D and 3D cases are already done.
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ANNEX 2
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PhD stud.
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heterostructures and Viadimir ALESHKIN Prof.
supetlattices Sergey MOROZOV Senior .res.
Aleksandre ANTONOV Researcher
Anton JRONNIKOV Reseatcher
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26/32




LIA TERAMIR

Maksim ZHOLUDEV Junior res.
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Iyvan UZHAKOV R
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IMP Viadimir ALESHETN Nizhny Novgored, RUSSIAN
FEDERATION
ISP-SB RAS Sergey DVORETSKY Novostbirsk, RUSSIAN
FEDERATION
C. Composition of the LLA TERAMIR Steering Committee
INSTITUTION TITLE, NAME, FUNCTION Crry, COUNTRY
CNRS Dr Fabrice VALLEE, Acting Director of INP* Patis, FRANCE
UPD Dr Sylvie Rousset, Vice-President for Research Paris, FRANCE
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CONSOLIDATED PROJECTED BUDGET FOR 2015

A, Specific allocations for the LTA TERAMIR

The LIA TERAMIR shall bs supportsd by the allocation of carmarked financial contribution of each Party, mainly devoisd to
cover mobikity expenses (Short-term stays and mesiing), in addition to other resources to which the relevant research teams have

aeeess.

COUNTRY INSTITUTION | LABORATORY/ TYPE OF RESOURCES AMOUNT (%)
TEAM ALLOCATED TO THE LIA
TERAMIR
FRANCE CNRS(*} Lz2C Total amount: 15.000 €
MPQ Specific funding
INCMI
UPD LMPQ Specific funding and Additional specific funding for
Fellowships co-supervised PhD fellowships,
invited professor positions,
Master students grants, subject
to annual tenders.
POLAND IHFP PAS Specific funding and Total amount: 10.000 €
Fellowships
PAS Specific funding under the Total amount: 8.000 €
CNRS/PAS coopetation
agreement
RUSSIAN REBR IPM Specific funding and Projects selected within the
FEDERATION 5P Fellowships framework of the
CNRS/RFBR. agreement are
given a specific allocation to
fund visits, missions, seminars
and operating costs of the LIA
IPM Specific funding and Total amount: 6.000 €
Pellowships
ISP Specific funding and Total amount: 6.000 €
Fellowships

%) CNRS” Specific funding for the LIA TERAMIR. started in 2014. Additional 90,000 € were allocated in 2072-2013 for ihe
valsrization of joint resulis obiained in the framework of the previons GDRE-GDRIL
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B. Preexisting staff effort devoted to the LIA TERAMIR

LIA TERAMIR

COUNIRY

INSTITUTION

LABORATORY/
TEAM

TYPE OF RESOURCES
ALLOCATED TO THE
LIA TERAMIR

AMOUNT (FTE*¥)

FRANCE

CNRS

I2C
MPQ
INCMI

Laboratory
Staff
Permanent

1,2

UM2

La2c

Laboratory
Staff
Pormanens
Non-permanent

0,35
1,3

UPD

MPQ

Laboratory
Staff
Permanent
Non-permanent

0,25
0,2

POLAND

IHPP PAS

Laboratory
Staff
Permanent
Nonpermanent

0,55
13

RUSSIAN
FEDERATION

IPM

Laboratory
Staff
Permanent
Nowu-permanent

1,0
0,8

ISP

Laboratosy
Staff
DParsmanent

0,65

¥% The staffing needs of the 1.LA are calmmlated based on the full time equivalent (FIE) by dis members.
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ANNEX 4

FACILITIES AND EQUIPMENTS

France

L2C

BWO: from 120 GHz to 1.2 THz sources

Gunn diede 300 GHz

Sources 220-325 GHz75-110 GHz

Cyclotron emission THz spectrometer

THz fast Foutder transform spectrometers.

These instruments are coupled with high magnetic field facility with 16 T high homogeneity magnet
allowing for cyclotron tesonance and spin resonance related THz spectroscopy of solids.

2 Si-Bolometers

Calibtated Pyroelectric detector

Several systems of cryogenic temperature equipment

MPQ

Two Foutier Transform Infrared spectrometers (one specific for THz, the other for MIR spectral ranges)
Bolometer for THz detection (300um-15um / 1- 20 THz)

MCT detectors, covering the range 12um-5um

Two Janis cryostats with electrical leads and infrared windows

Superconducting magnet with far-infrated optical port.

KBr lenses for Mid-Infrared and Beam condenser setup for Far-Infrared

Automated reflectivity measurement setup with vatiable incident angle (5°-80°)

High frequency oscilloscope and microwave spectrum analyzer

Low noise current amplifier

LINCMI

2, THz fast Fourier transform specttometers

Set of sample probes equipped with bolometers (4)

CO2 pumped gas laser with few THz emission lines

Sub-THz (0-60GHz) Agilent soutce, 90 GHz Gunn diode, sample probes equipped with coaxial cables

the equipment can he coupled to superconducting magnets (12,16T) and/or to high field resistive
magnets (upon the proposal evaluation procedure)

approp#iate cryogenic systems

Poland

IHPP PAS

Clean-room facilities for processing and lab characterizations of nitride based devices
Two Molecular Beam Epitaxy teactors (VG90 and Gen20A) for growth of advanced devices
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°  Molybdenum sputtering for GalN substrate preparation (Mo layer on the backside of transparent
substrates improving tempezrature uniformity across substrate)

Two Atomic Force Microscopes {one ai clean-room for substrates and processing chatractetization, and
one for other advanced measurements)

®  'Two Nomarski contrast optical microscopes for fast surface inspection

°  Step profiler, ellipsometer, XRD diffractometet, optical and electrical characterization systems, and other
necessaty equipments

Russian Federation

IPM

- CW tunable Tisapphire laser «Matisser for photoluminescence excitation ;

- Optical parametric oscillator (OPO) and difference frequency generator (DFG) of company SOLAR (Minsk,
Belarus) - pulsed tunable sources of radiation in the range of 0.4 - 17 micron for nanosecond
photoconductivity relaxation measurements, photoluminescence excitation and optical pumping of laser
structures ;

- Ferntosecond laser «T'sunami», regenerative amplifier «Spitfires and pazamettic amplifier OPA-800CF-0.3
(1.1-2.8 micron tuning range) for studies of the photoconduciivity refaxation and photoluminescence
excitation;

- Sets of quantum cascade lasers operating in pulsed regime (3.0 THz , 3.2 THz , 4.3 THz) and tunable with
temperature (in the range of 10-38 microns ) pulsed diode lasets based an PbSnSe for magnetooptical
measurements;

- Optical closed cycle helium cryostats for temperature range 3-350 K for studies of photoconductivity,
photoluminescence and stimulated emission;

- Helium cryostats with a superconducting solenoidsup to 12 T;

- Closed cycle helium cryostat with a superconducting solenoid in the field of 12 T with inset module and a
sample tempezatute control in 1.6-300 K range;

- Fourier Transform Infrared Spectrometer Bruker 80v with step-scan mode - for photoluminescence,
photoconductivity and magnetoabsotption spectral measurements;

- Tunable monochromatic sources of tadiation (120-850 GHz) - backward wave tubes for the

experiments on detection of THz radiation by feld-effect transistors ;

s and amplifiers, “Stanford Research Systemns” low-noise preamplifier, lock-in amplifiers and boxcars, digital
oscilloscopes with bandwidths up to 1 GHz, voltmeters and power supply vnits “Keithley”, pulse generators

ISP

- The molecular beam epitaxy setup with an automated system of growth contro! and analytical tools of

control (RHEED and ellipsometry) for monitoting structural petfection, composition and morphology during

growth;

- The Hall measurement system of cartier concentration and mobility 1'- 77-300 K, B -- 0,05 - 2 kGs;

- The contactless microwave photoconductive decay measutement for mapping minority carrder life
T-77-300 K

- The surface macrodefect mapping analyzer,

- The Fourier Transform Infrared Spectrometer fot measurement of transmission spectra A - 2 — 14 pm;

- The current — voltage (I-V) and capacitance — valtage (C-V) measurements system.
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PROPRIETARY RESULTS EXCLUDED FROM THE PURPOSES OF LIA TERAMIR

France

None

Poland

None

Russian Federation

None
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