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1. Scientific results 2014 
Main goal: To characterise the electronic properties of 2-D semiconductors with honeycomb nano-
geometry; demonstrate Dirac-type band structure and topological gaps; measure transport pro-
perties. 
Achievements in 2014 and plans for the near future:  
Synthesis (UU, TUD): We have prepared 2-D atomically coherent PbSe semiconductors by nano-
crystal assembly at an interface and specific oriented attachment. Recently, we demonstrated that 
the resulting 2-D semiconductor sheets contain single crystalline domains and are one nanocrystal 
(5 nm) in thickness. Two-types of nanogeometry have been observed (Fig. 1): the square, and the 
honeycomb silicene-type geometry1,2. Furthermore, we showed that rock salt PbSe crystals can be 
converted into zinc blende CdSe crystals by cat-ion exchange, while retaining the overall square or 
honeycomb nanogeometry1. Tasks for the near future: The current synthesis has to be further deve-
loped into a robust platform for the formation of honeycomb systems with PbX, CdX, and HgX (X 
= S, Se, Te) stoichiometry. Moreover, the robustness of the synthesis has to be improved consider-
ably. This will be become possible once we understand the mechanism of honeycomb formation 
better, and thus be able to manipulate the important physico-chemical parameters. At this moment 
one FOM PhD researcher and one post-doc, together with two 'attached' PhD researchers work on 
this issue. We currently develop a specific reactor in which the reaction conditions can be con-
trolled in a better way than in a glovebox. Recently, US groups have presented their first successful 
attempts to prepare honeycomb superlattices (C.B. Murray and T. Hanrath, MRS Spring Confe-
rence 2015). 
 

 
 
Theoretical developments (UU, TUD): Thanks to collaboration of CMS and DV with C. Delerue 
(ISEN-IEMN, Lille) considerable progress has been made on the theoretical front. With atomistic 
theory, the electronic band structure of graphene- and silicene-type honeycomb structures with a 
zinc blende atomic lattice has been calculated: the honeycomb geometry results in pairs of valence 
and conduction bands forming Dirac cones just below and above the fundamental gap2-5. More-
over, due to strong intrinsic spin-orbit coupling, considerable (>10 meV) non-trivial gaps that host 
the quantum spin-Hall effect open at the Dirac points. Another main result is that the graphene-
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type honeycomb structures show a non-trivial flat band due to 'unmatched' coupling between in-
plane p-type orbitals, very similar to earlier predictions for honeycomb lattices of ultra-cold atoms.  
Tasks for the near future: The optical transitions in honeycomb semiconductors compared to those in 
quantum wells are currently under study (DV and Delerue). The topological properties of these 
systems will be further detailed by CMS, which also started an investigation of superconductors 
with a honeycomb nanogeometry. AA started with calculating the effect of several types of disor-
der on the band structure and the carrier transport.  
 
Measurement of the electronic density of states (UU): We have started to study the band structure of 
honeycomb semiconductors by measurement of the single-particle, local density-of-states with 
scanning tunnelling spectroscopy. We recently were able to image square and honeycomb lattices 
with cryogenic scanning tunnelling microscopy. The first density-of-state measurements showed 
that honeycomb lattices have band-type resonances, with sharp minima suggesting Dirac- points. 
Tasks for the near future: We will measure and compare the density-of-states of quantum-well, 
square-type and honeycomb-type 2-D semiconductors of the same thickness and same semicon-
ductor compound, in order to show the effect of nanogeometry on the band structure, and in this 
way unambiguously demonstrate or falsify the predicted Dirac-type band structure in honeycomb 
lattices. The band-openings at the Dirac-points will be quantified, and if they are found, it will be 
tested if in such a 'bulk' gap delocalised states at the edges of the honeycomb structure are present. 
This would constitute a first signature of the predicted quantum spin hall effect.  
 
Electronic transport probed with tera-Hertz and 4-probe STM (TUD, Univ.of Lille): Using photo-excita-
tion and time-resolved tera-Hertz measurements, LS (Delft) has successfully probed carrier 
transport in 2-D PbSe nanostructures with a square geometry. The AC carrier mobility was as high 
as 260 cm2/Vs (1/4 of the mobility of a macroscopic 3-D PbSe crystal) and was predominantly 
limited by electron-reflection at barriers, not by phonons. With 4-probe STM measurements, the 
same lattices showed electron mobility between 25 and 50 cm2/Vs, only weakly rising with 
decreasing temperature. This suggests band-type transport, whereby material barriers or potential 
modulations in the 2-D superstructure limit the carrier mobility [Nat. Comm., Under Review]. 
Tasks for the near future: the AC- and DC transport characteristics of square and honeycomb struc-
tures of Pb-, Cd, and Hg-chalcogenides will be measured in detail by the groups of LS and HZ at 
TUD. In TUD and UU a joint effort has started to measure the carrier transport characteristics with 
electrolyte-gated transistors. The UU will strengthen efforts on the synthesis and surface chemistry 
in order to provide more extended 2-D single crystals without geometric disorder and with a 
chemically stabilized and electronically passivated surface.  
 
2. Added value of the programme 
The extensive collaboration between the groups in the consortium has already resulted in break-
throughs, and will remain a prerequisite for the challenges that lie ahead. CMS, Delerue and DV 
have obtained remarkable theoretical results that led to joint publications (ref. 2-5) that received 
much attention, and even redirected research of groups in Cornell and Columbia University. 
Meanwhile, AA is putting much emphasis on another important aspect: in how far disorder may 
influence or even disrupt Dirac-type band structures. The complementary expertise of the groups 
of LS, HZ at TUD and DV in UU also resulted in a joint publication (ref. 1); this will become even 
more important in next experiments with transistor type devices aimed at measuring the electronic 
transport in all detail and comparing the results to the AC transport characteristics obtained by 
tera-Hertz spectroscopy. A first joint manuscript of that type of work is under review in Nat. 
Comm.. The collaboration of UU and the electron-microscopy group of Sara Bals at UA (Belgium) 
is essential for the atomically resolved structural characterization of 2-D semiconductors, see e.g. 
the identification of the honeycomb structures as being buckled silicene structures. The PHD in the 
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group of PK (UE) has not yet started, but the work will focus on further surface passivation of the 
2-D structures and ensuing electronic characterisation. A challenging question is if top-down lith-
ographic procedures can be used to prepare honeycomb semiconductors? 
To further strengthen the collaborations, work discussions between the different groups are 
monthly. All program partners meet twice a year, next meeting presumably end September, 
beginning of October 2015.  
 
 
3. Personnel 
We found PhD researchers for all positions, except for the position in Eindhoven, which we aim to 
start within a few months. In 2015 we will also discuss how the remaining three remaining post-
doc years should be used to further strengthen the programme. 
 
 
4. Publications 
- [1] Boneschanscher, M.P.; Evers, W.H.; Geuchies, J.J.; Altantzis, T.; Goris, B.; Rabouw, F.T.; 

van Rossum, S.A.P.; van der Zant, H.S.J.; Siebbeles, L.D.A.; Van Tendeloo, G.; Swart, I.; 
Hilhorst, J.; Petukhov, A.V.; Bals, S.; Vanmaekelbergh, D. Science 2014, 344, 1377. 

- [2] Kalesaki, E.; Boneschanscher, M.P.; Geuchies, J.J.; Delerue, C.; Smith, C.M.; Evers, W.H.; 
Allan, G.; Altantzis, T.; Bals, S.; Vanmaekelbergh, D. Physics, Simulation, and Photonic 
Engineering of Photovoltaic Devices Iii 2014, 8981. 

- [3] Beugeling, W.; Kalesaki, E.; Delerue, C.; Niquet, Y.M.; Vanmaekelbergh, D.; Smith, C.M. 
Nature communications 2015, 6, 6316. 

- [4] Kalesaki, E.; Delerue, C.; Smith, C.M.; Beugeling, W.; Allan, G.; Vanmaekelbergh, D. Physical 
Review X 2014, 4. 

- [5] Kalesaki, E.; Evers, W.H.; Allan, G.; Vanmaekelbergh, D.; Delerue, C. Physical Review B 
2013, 88. 

 
 
5. Valorisation and outreach 
The work of DV on honeycomb structures starts to become acknowledged world wide. Recently, 
DV held one of the prestigious X-symposia 'Frontiers of materials research' at the MRS spring 
meeting 2015, including an MRS TV interview. 
https://www.youtube.com/watch?v=QBTzwfBACrQ&feature=youtu.be&list=PLGVe6BxyFHN
Wg6VOlO-PtOrQhKy65Qi1I  
CMS was interviewed in FOM EXPRESS in April 2015. 
 
Press release: 
[1] Phys. Rev. X 4, 011010 (2014): 'Dirac cones, topological edge states and non-trivial flat bands in 
two-dimensional semiconductors with a honeycomb nano-geometry' Highly cited paper, among 
top 1% in physics, according to Web of Science. 
 
FOM website: 
http://www.fom.nl/live/nieuws/archief_persberichten/persberichten2014/artikel.pag?objectnum
ber=247972  
Frogheart: http://www.frogheart.ca/?p=12538  
 
The Netherlands: 
Website university: 
http://www.uu.nl/nieuws/theoretisch-natuurkundigen-ontwerpen-heilige-graal-van-de-

https://www.youtube.com/watch?v=QBTzwfBACrQ&feature=youtu.be&list=PLGVe6BxyFHNWg6VOlO-PtOrQhKy65Qi1I
https://www.youtube.com/watch?v=QBTzwfBACrQ&feature=youtu.be&list=PLGVe6BxyFHNWg6VOlO-PtOrQhKy65Qi1I
http://www.fom.nl/live/nieuws/archief_persberichten/persberichten2014/artikel.pag?objectnumber=247972
http://www.fom.nl/live/nieuws/archief_persberichten/persberichten2014/artikel.pag?objectnumber=247972
http://www.frogheart.ca/?p=12538
http://www.uu.nl/nieuws/theoretisch-natuurkundigen-ontwerpen-heilige-graal-van-de-materiaalkunde
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materiaalkunde http://www.uu.nl/en/news/theoretical-physicists-design-holy-grail-of-
materials-science  
intranet university: 
https://intranet.uu.nl/actueel/nieuws/theoretisch-natuurkundigen-ontwerpen-heilige-graal-van-
de-materiaalkund e https://intranet.uu.nl/en/current-affairs/news/theoretical-physicists-design-
holy-grail-materials-science  
DITP: http://www.d-itp.nl/home/components/news/news/content/folder/news/2015/00/2015- 
march-morais-smith-nature-comm.html  
FOM: 
http://www.fom.nl/live/nieuws/archief_persberichten/persberichten2015/artikel.pag?objectnum
ber=290770 
http://www.fom.nl/live/english/news/archives/pressreleases2015/artikel.pag?objectnumber=290
807  
Sciencedaily: http://www.sciencedaily.com/releases/2015/03/150311081706.htm  
Physorg: http://www.sciencedaily.com/releases/2015/03/150311081706.htm  
AlphaGalileo: http://www.alphagalileo.org/ViewItem.aspx?ItemId=150606&CultureCode=en 
NewElectronics: http://www.newelectronics.co.uk/electronics-news/mercury-telluride-could-
offer-properties-that-graphene-cant-researchers-claim/74946/ http://daily-nano-
news.blogspot.nl/  
Azom: http://www.azom.com/news.aspx?newsID=43467  
Engineers Online: http://www.engineersonline.nl/nieuws/id24958-theoretisch-natuurkundigen-
ontwerpen-heilige- graal-van-de-materiaalkunde.html  
(e) Science News: 
http://esciencenews.com/sources/physorg/2015/03/11/theoretical.physicists.design.holy.grail.mat
erials.science  
  
Brazil 
Secretaria de Estado de Ciencia, Tecnologia e Inovacao 
http://www.cienciaempauta.am.gov.br/wp-content/uploads/2015/03/Clipping-17-de-Marco- de-
2015.pdf  
Inovacao tecnologica: http://www.inovacaotecnologica.com.br/noticias/noticia.php?artigo=calice-
sagrado-materiais-alem-da-imaginacao&id=010160150317  
Tecmundo 
http://www.tecmundo.com.br/grafeno/76783-brasileira-descobre-material-efetivo-grafeno.htm  
 
6. Vacancies 
One PhD position in the group of P. Koenraad. 
 
  

http://www.uu.nl/nieuws/theoretisch-natuurkundigen-ontwerpen-heilige-graal-van-de-materiaalkunde
http://www.uu.nl/en/news/theoretical-physicists-design-holy-grail-of-materials-science
http://www.uu.nl/en/news/theoretical-physicists-design-holy-grail-of-materials-science
https://intranet.uu.nl/actueel/nieuws/theoretisch-natuurkundigen-ontwerpen-heilige-graal-van-de-materiaalkund
https://intranet.uu.nl/actueel/nieuws/theoretisch-natuurkundigen-ontwerpen-heilige-graal-van-de-materiaalkund
https://intranet.uu.nl/en/current-affairs/news/theoretical-physicists-design-holy-grail-materials-science
https://intranet.uu.nl/en/current-affairs/news/theoretical-physicists-design-holy-grail-materials-science
http://www.d-itp.nl/home/components/news/news/content/folder/news/2015/00/2015-%20march-morais-smith-nature-comm.html
http://www.d-itp.nl/home/components/news/news/content/folder/news/2015/00/2015-%20march-morais-smith-nature-comm.html
http://www.fom.nl/live/nieuws/archief_persberichten/persberichten2015/artikel.pag?objectnumber=290770
http://www.fom.nl/live/nieuws/archief_persberichten/persberichten2015/artikel.pag?objectnumber=290770
http://www.fom.nl/live/english/news/archives/pressreleases2015/artikel.pag?objectnumber=290807
http://www.fom.nl/live/english/news/archives/pressreleases2015/artikel.pag?objectnumber=290807
http://www.sciencedaily.com/releases/2015/03/150311081706.htm
http://www.sciencedaily.com/releases/2015/03/150311081706.htm
http://www.alphagalileo.org/ViewItem.aspx?ItemId=150606&CultureCode=en
http://www.newelectronics.co.uk/electronics-news/mercury-telluride-could-offer-properties-that-graphene-cant-researchers-claim/74946/
http://www.newelectronics.co.uk/electronics-news/mercury-telluride-could-offer-properties-that-graphene-cant-researchers-claim/74946/
http://daily-nano-news.blogspot.nl/
http://daily-nano-news.blogspot.nl/
http://www.azom.com/news.aspx?newsID=43467
http://www.engineersonline.nl/nieuws/id24958-theoretisch-natuurkundigen-ontwerpen-heilige-%20graal-van-de-materiaalkunde.html
http://www.engineersonline.nl/nieuws/id24958-theoretisch-natuurkundigen-ontwerpen-heilige-%20graal-van-de-materiaalkunde.html
http://esciencenews.com/sources/physorg/2015/03/11/theoretical.physicists.design.holy.grail.materials.science
http://esciencenews.com/sources/physorg/2015/03/11/theoretical.physicists.design.holy.grail.materials.science
http://www.cienciaempauta.am.gov.br/wp-content/uploads/2015/03/Clipping-17-de-Marco-%20de-2015.pdf
http://www.cienciaempauta.am.gov.br/wp-content/uploads/2015/03/Clipping-17-de-Marco-%20de-2015.pdf
http://www.inovacaotecnologica.com.br/noticias/noticia.php?artigo=calice-sagrado-materiais-alem-da-imaginacao&id=010160150317
http://www.inovacaotecnologica.com.br/noticias/noticia.php?artigo=calice-sagrado-materiais-alem-da-imaginacao&id=010160150317
http://www.tecmundo.com.br/grafeno/76783-brasileira-descobre-material-efetivo-grafeno.htm


 
 
 

 
 
 - 7 - 
 

Fact sheet as of 1 January 2015 

 FOM - 13.1989/1 
 datum: 01-01-2015 
 
 
APPROVED FOM PROGRAMME 
 
 
Number 152. 
  
Title (code) Designing Dirac carriers in semiconductor honeycomb 

superlattices (DDC) 
  
Executive organisational unit BUW 
  
Programme management Prof.dr. D. Vanmaekelbergh 
  
Duration 2014 - 2019 
  
Cost estimate M€ 2.3 
  
Concise programme description 
a. Objectives 
The goal of this programme is to investigate the electronic properties of conventional, well-known 
2-D semiconductors, which, however, obtain a rich Dirac band structure by their honeycomb 
nanogeometry. To reach this goal, we propose further efforts in the theoretical development, 
fabrication and electronic characterization of such systems.  
 
b. Background, relevance and implementation 
The effect of nanoscale geometry on the electronic properties of 2-D semiconductors has been 
overlooked, despite the fact that it can be a dominant factor in the electronic band structure. The 
most prominent nanoscale geometry is the honeycomb, for which theory predicts Dirac-type 
electronic conduction and/or valence bands, while the bandgap of the semiconductor is preserved. 
Furthermore, strong intrinsic spin-orbit coupling in heavy compounds results in the quantum spin 
Hall effect for holes and/or electrons. Hence, such systems combine all virtues of a semiconductor 
with Dirac-type electrons and/or holes.  
A recent discovery by one of us will be further developed to a mature technology for the 
preparation of atomically coherent 2-D honeycomb semiconductors of metal-chalcogenides with 
strong (intrinsic) spin-orbit coupling. By continuous feedback between synthesis and spectroscopy, 
we will optimise the samples such that band-like transport is achieved and the experimental 
spectroscopic results can be compared with the theoretical predicted (Dirac)-type band structure.  
 
The programme has three main challenges: (1) Predicting and understanding the electronic band 
structure of 2-D semiconductors compounds with a given atomic lattice and (honeycomb) 
nanogeometry. This includes calculation of the effects of spin orbit coupling, and the 
understanding of the effects of atomic and nanoscale disorder. (2) Development of a robust and 
broadly applicable fabrication route for 2-D semiconductor superlattices with tunable nanoscale 
honeycomb geometry; optimization of the samples in terms of the carrier mobility. (3) 
Investigation of the opto-electronic band structure, and transport characteristics by three 
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complementary types of (opto, magneto-) electrical spectroscopy: scanning tunnelling 
spectroscopy, micro-wave and tera-hertz spectroscopy, and spectroscopy in a field-effect transistor 
set-up. More 'mundane' but very useful applications of these 2-D systems, such as sensitive photon 
detection from the mid-IR to the visible, and very promising thermo-electrics will not be 
overlooked. 
 
Funding 
salarispeil cao tot 01-07-2012 
bedragen in k€ ≤ 2014 2015 2016 2017 2018 2019 ≥ 2020 Totaal 

FOM-basisexploitatie 114 342 456 456 456 458 - 2.282 

FOM-basisinvesteringen - - - - - - - - 

Doelsubsidies NWO - - - - - - - - 

Doelsubsidies derden - - - - - - - - 

Totaal 114 342 456 456 456 458 - 2.282 
 
 
Source documents and progress control 
a) Original programme proposal: FOM-13.1451 
b) Ex ante evaluation: FOM-13.1686 
c) Decision Executive Board: FOM-13.2053 
 
 
Remarks 
The final evaluation will be based on the self-evaluation report initiated by the programme leader 
and is foreseen for 2019. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 AW par. HOZB 
 
 
Subgebied: 100% NANO 
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Historical overview of input en output 

 

Input personnel (in fte)  finances* (in k€ ) 
WP/V WP/T PhD NWP 

2014 - - 1.6 - 60 

 

Output PhD theses refereed publications other publications & 
presentations 

patents 

2014 - 6 17 - 

* After closing the financial year. 
 
 
PhD defences 
2014 
None. 

 

 
 
Patents (new/changes) 
2014 
None. 
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Overview of projects and personnel 

 
Workgroup FOM-D-37 

Leader Prof.dr. L.D.A. Siebbeles 
Organisation Delft University of Technology 
Programme Designing Dirac carriers in semiconductor honeycomb superlattices 

Project (title + number) 
Opto-electronic charcterization of nanostructured (honeycomb) 
semiconductors with contact-less microwave and tera-hertz 
spectroscopy (13DDC04) 

 
FOM employees on this project 
Name  Position Start date End date 
A. Kulkarni PhD 1 October 2014 30 September 2018 
 
 
Workgroup FOM-D-46 

Leader Prof.dr. Yu.V. Nazarov 
Organisation Delft University of Technology 
Programme Designing Dirac carriers in semiconductor honeycomb superlattices 

Project (title + number) Calculation and simulation of the effects of atomic and nanoscale 
disorder in 2-D nanostructural semiconductors (13DDC06-1) 

 
FOM employees on this project 
Name  Position Start date End date 
A. Vuik PhD 1 November 2014 31 October 2018 
 
 
Workgroup FOM-U-28 

Leader Prof.dr. D. Vanmaekelbergh  
Organisation Utrecht University 
Programme Designing Dirac carriers in semiconductor honeycomb superlattices 

Project (title + number) Synthesis, structural and electronic characterization of 2-D 
semicinductors with a honeycomb nanogeometry (13DDC01) 

 
FOM employees on this project 
Name  Position Start date End date 
J.L. Peters PhD 1 May 2014 30 April 2018 
M.R. Slot PhD 1 November 2014 31 Oktober 2018 
 
Non-FOM researchers attached to the programme: 
- C. Van Overbeek, Grant NWO-CW: In-situ studies of the formation of 2-D superlattices by 

nanocrystal attachment. 
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- J. Geuchies, grant: graduate programme UU-ESR: Study of honeycomb semiconductors with 
GISAXS, GIWAX and scanning tunneling spectroscopy. 

- M. Alimoradi Jazi, grant: ITN Marie Curie 2010, Study of 2-D nanostructured semiconductors 
with electrolyte-gated transistors and optical spectroscopy. 

 
Workgroup FOM-U-42 

Leader Prof.dr. C. de Morais Smith  
Organisation Utrecht University 
Programme Designing Dirac carriers in semiconductor honeycomb superlattices 

Project (title + number) 
Investigation of the electronic properties of nanostructured 2-D 
semiconductors by combining atomistic and analytical theory 
(13DDC02) 

 
FOM employees on this project 
Name  Position Start date End date 
G.C.P. van Miert PhD 1 September 2014 31 August 2018 
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