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The calculated band structure of a HgTe honeycomb semiconductor, and characterisation of the 

quantum spin Hall effect. Left: A scheme of a 2-D sheet of zinc blende HgTe, with honeycomb nano-
geometry. Center: The conduction band structure calculated with a tight-binding model. Dirac cones for the 
coupling of the S-orbitals (lower bands) and P-orbitals are observed. Right: The quantum spin Hall gap in 
the P-type Dirac cone as a function of the electronic coupling between nearest neighbour honeycomb sites. 

(W. Beugeling et al. Nature Communications 2015). 
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1. Scientific results 2015 
Main goal: To characterise the electronic properties of 2-D semiconductors with honeycomb nano-
geometry; demonstrate Dirac-type band structure and topological electronic phases; measure 
transport properties.  
 
In 2015, the programme went in its second full year. I notice improvements on all fronts, some are 
gradual, others can be considered as breakthroughs.  
 
Synthesis of honeycomb superlattices by nanocrystal assembly (UU, TUD): The main problems are 
related to improving the reproducibility of the synthesis, and preparing honeycomb systems with 
single crystalline domains that are large enough (micrometers) for transport studies. Progress in 
2015: (a) We improved the reproducibility of the synthesis by development of a reactor. The new 
possibilities with this reactor have to be further explored. (b) With IR spectroscopy we obtained 
more insight in the organic capping of the different facets of the PbSe nanocrystal building blocks, 
[ms in preparation]. (c) With GISAXS-GIWAXS spectroscopy (ESRF, Grenoble) we could follow in-
situ and real-time the different steps in the interfacial process that results in semiconductor super-
lattices [ms submitted to Nat. Mat.]. (d) The position in the group of Koenraad is since 1 March 
2016 occupied by Claudio Iaru; he will use atom probe tomography to study the structure and 
chemical composition of 2-D honeycomb hetero-structures.  
 
Preparation of honeycomb semiconductors by templating and lithography: With our external collabora-
tors at the university of Lille, we investigated whether we can prepare graphene-type honeycomb 
semiconductors by (i) first growing a 2-D semiconductor; (ii) etching a honeycomb structure in this 
by templating and lithography. The results are very promising: templates for honeycomb struc-
tures with a period of 25 nm could be obtained. Atomistic theory shows that using such a template 
and conventional III-V semiconductors such as GaAs and InSb, semiconductors with Dirac-type 
excitations can be obtained. The band-structures can be tuned by three degrees of freedom: the 
width of the 2-D semiconductor, the periodicity of the honeycomb structure, and the site-to-site 
quantum coupling. 
  
Scanning probe Density-of-state measurements of the electronic structure of 2-D superlattices (UU): We 
are performing scanning tunnelling microscopy and spectroscopy on PbSe and CdSe (honeycomb) 
superlattices, in order to measure the local density-of-states and relate this to the local geometry of 
the superstructure.  
 
Transport measurements on semiconductor superlattices with square and honeycomb geometry (UU, UD): 
Electronic transport in 2-D semiconductor superstructures is a major scientific issue. Our research 
involves contactless Terahertz measurements (Group Siebbeles), transport measurements with an 
electrolyte-gated transistor (Vanmaekelbergh), and transport measurements at variable T and 
magnetic field with a dually-gated transistor (Van der Zant). It has been shown that the semicon-
ductor superlattice can be filled with electrons, and that the Fermi level can be positioned in the 
conduction band. Moreover, with Terahertz spectroscopy, an electron mobility of almost 300 
cm2/Vs was obtained in 2-D PbSe superstructures; this is already close to the mobility in macro-
scopic bulk crystals of PbSe [Nature Communications 2015]. The transistor mobility is much 
smaller (3 cm2/Vs). However, in 4-contact experiments, the transistor mobility rises considerably, 
up to 100 cm2/Vs, as contact problems are avoided [Group Van der Zant, Group Vanmaekelbergh, 
ms. in preparation].  
 
Theoretical developments [UU, TUD, Delerue (Lille)]: Progress in exploring new materials: Using a com-
bination of atomistic and analytical theory, the band structure for honeycomb lattices of HgTe was 
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calculated [Nature Communications]: Dirac-type conduction bands were found for coupling of the 
S-orbitals and the P-orbitals. Due to the important spin-orbit coupling in HgTe, a robust quantum 
spin Hall effect and topological flat band are predicted. Hence, by scanning the Fermi-level 
through the conduction band of the HgTe honeycomb system, several topological phases could be 
encountered. These exciting properties can be expected in nearly all semiconductors with strong 
intrinsic spin-orbit coupling. Guido van Miert (Group Morais Smith) demonstrated that Dirac-type 
bands occur in several geometries, other than the honeycomb type [ms in preparation]. 
 
Progress in honeycomb structures prepared from 2-D semiconductors and lithography: Delerue demon-
strated a top-down route to honeycomb semiconductors of III-V compounds such as GaAs. The 
Dirac-type electronic structure can be tuned by several degrees of freedom (see above).  
 
First steps in understanding the effects of disorder on the band structure. Adriaan Vuijk (Group 
Akhmerov) started to develop an effective model that will be able to predict the effects of several 
types of disorder on the Dirac-type band structure.  
 
Outlook: The progress that we made in the [synthesis--transistor-type electronic characterisation] 
feedback loop is very promising, demonstrated by the steady rise of the measured electron mobi-
lity. We hope to control the free-electron density in well-passivated honeycomb structures, and 
thus have access to Dirac-type and topological band structures already in 2016. On the other hand, 
the theoretical and experimental developments around lithographically defined honeycomb 
structures at the university of Lille are also very exciting. The researchers in Lille agreed to work in 
close collaboration with the FOM programme for the exploration of transistor-type transport 
measurements in these structures.  
 
2. Added value of the programme 
Extensive collaborations: The collaboration between the difference groups in this FOM programme is 
extensive and effective. This is for instance demonstrated by three joint publications in 2015. There 
is a formal yearly meeting for all staff and oios each year. Besides this meeting, several staff and 
PhDs met about five times in 2015 for focussed discussions, resulting in dedicated collaborations 
between oios of the groups in Delft and Utrecht.  
 
Connection to other researchers and research programmes in the Netherlands: Furthermore, oios subsi-
dized by several other NWO and European grants collaborate extensively with the FOM oios in 
this programme. In 2015, the NWO-CW TOPPUNT programme 'Superficial superstructures: con-
trol of colloids at interfaces ' coordinated by Vanmaekelbergh was granted. This will enhance the 
efforts on the chemical preparation of 2-D nanostructured systems, and their physico-chemical 
understanding. There is interest from groups in Delft and Amsterdam (van der Sypen, Golden) for 
our programme, and they will be invited in programme meetings.  
 
International recognition: Several top-research groups have recognised the importance of our fin-
dings, have openly discussed our work at international conferences (e.g. MRS Spring 2015) and are 
following our path with new publications on novel 2-D nanostructured semiconductors, e.g. the 
group of C.B. Murray (University of Pennsylvania), Nature 324, 450-453 (2015), F. Wise (Cornell 
University), Nature Materials 2016, etc. A European 'Compass' grant was approved that enables 
exchange of staff and oios between European and American groups to work together on these 
systems in the coming years.  
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3. Personnel 
- On 1 March 2016, Claudio Iaru started in the group of Paul Koenraad. Presently, all PhD posi-

tions are occupied.  
- Dr. Claudia Buhbut (Weizmann Institute, Israel) will start a 2-years postdoc in the 

Vanmaekelbergh group starting from August, 2016.  
- Dr. Hauke Lehmann (University of Aachen) will start a 1-year postdoc in the Van der Zant 

group in 2016.  
 
4. Publications 
Group Vanmaekelbergh-Swart-Huis 
- A.O. Yalcin, B. Goris, R.J.A. van Dijk-Moes, Z. Fan, A.K. Erdamar, F.D. Tichelaar, T.J.H. Vlugt, 

G. Van Tendeloo, S. Bals, D. Vanmaekelbergh, H.W. Zandbergen, M.A. van Huis, Heat-induced 
transformation of CdSe-CdS-ZnS core-multishell quantum dots by Zn diffusion into inner 
layers. Chem. Commun. 51, 3320-3323, 2015. 

- D. Vanmaekelbergh, Superlattice substitution, Nature 524, 418-419, 2015. 
- J. van der Lit, P.H. Jacobse, D. Vanmaekelbergh and I. Swart, Bending and buckling of narrow 

armchair graphene nanoribbons via STM manipulation, New J. Phys. 17, 053013, 2015. 
- C. Delerue and D. Vanmaekelbergh, Electronic band structure of zinc blende CdSe, and rock 

salt PbSe semiconductors with silicene-type honeycomb geometry, 2d Materials, 2, 034008, 2015. 
- F.T. Rabouw, M. Kamp, J.A. van Dijk-Moes, D.R. Gamelin, A.F. Koenderink, A. Meijerink, 

D.  Vanmaekelbergh, Delayed Exciton Emission and Its Relation to Blinking in CdSe Quantum 
Dots. Nano Lett. 15, 7718-7725, 2015. 

- P. Sippel, W. Albrecht, J.C. van der Bok, R J.A. Van Dijk-Moes, T. Hannappel, R. Eichberger, 
D. Vanmaekelbergh, Femtosecond Cooling of Hot Electrons in CdSe Quantum-Well Platelets. 
Nano Lett. 15, 2409-2416, 2015. 

 
Group Morais Smith 
- W. Beugeling, E. Kalesaki, C. Delerue, Y.M. Niquet, D. Vanmaekelbergh, C. Morais Smith, 

Topological states in multi-orbital HgTe honeycomb lattices, Nature Communications 6, 6316 
(2015). 

- F. Kunst, C. Delerue, C. Morais Smith, V. Juricic, Kekule versus hidden superconducting order 
in graphene-like systems: competition and coexistence , Phys. Rev. B 92, 165423 (2015). 

- S.G. Stuij, P.H. Jacobse, V. Juricic, C. Morais Smith, Tuning edge state localization in graphene 
nanoribbons by in-plane bending, Phys. Rev. B 92, 075424 (2015). 

 
Group Anton Akhmerov 
- G. de Lange, B. van Heck, A. Bruno, D.J. van Woerkom, A. Geresdi, S.R. Plissard, 

E.P.A.M. Bakkers, A.R. Akhmerov, L. DiCarlo, Realization of Microwave Quantum Circuits 
Using Hybrid Superconducting-Semiconducting Nanowire Josephson Elements. Phys. Rev. Lett. 
115, 127002 (2015). 

 
Group Laurens Siebbeles 
- W.H. Evers, J.M. Schins, M. Aerts, A. Kulkarni, P. Capiod, M. Berthe, B. Grandidier, C. Delerue, 

H.S.J. van der Zant, C. van Overbeek, J.L. Peters, D. Vanmaekelbergh, L.D.A. Siebbeles, Nature 
Communications 6, 8195, 2015. 

- S.C. Boehme, J. Mikel Azpiroz, Y.V. Aulin, F.C. Grozema, D. Vanmaekelbergh, L.D.A. Siebbeles, 
I. Infante, A.J. Houtepen, Density of Trap States and Auger-mediated Electron Trapping in 
CdTe Quantum-Dot Solids. Nano Lett. 15, 3056-3066, 2015. 
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Group Herre van der Zant 
- M. Buscema, J.O. Island, D.J. Groenendijk, S.I. Blanter, G.A. Steele, H.S.J. van der Zant, 

A. Castellanos-Gomez, Photocurrent generation with two-dimensional van der Waals 
semiconductors. Chem. Soc. Rev. 44, 3691-3718, 2015. 

- J.O. Island, S.I. Blanter, M. Buscema, H.S.J. van der Zant, A. Castellanos-Gomez, Gate 
Controlled Photocurrent Generation Mechanisms in High-Gain In2Se3 Phototransistors. Nano 
Lett. 15, 7853-7858, 2015. 

 
5. Valorisation and outreach 
De slimme neefjes van grafeen. Wonderlijk kippengaas., Martijn van Calmthout, de Volkskrant 22 
August 2015.  
MRS TV Interview for Symposium X keynote speaker Vanmaekelbergh, MRS Spring Meeting, San 
Francisco, 8 April 2015. http://www.mrs.org/spring-2015-mrs-tv/  
  
Our work has been extensively discussed in the literature and many websites and blogs. 
 
6. Vacancies 
None. 
 
  

http://www.mrs.org/spring-2015-mrs-tv/
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Fact sheet as of 1 January 2016 

 FOM - 13.1989/2 
 datum: 01-01-2016 
 
 
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 01-01-2016 
bedragen in k€ ≤ 2015 2016 2017 2018 2019 2020 ≥ 2021 Totaal 

FOM-basisexploitatie 456 456 456 456 458 - - 2.282 

FOM-basisinvesteringen - - - - - - - - 

Doelsubsidies NWO - - - - - - - - 

Doelsubsidies derden - - - - - - - - 

Totaal 456 456 456 456 458 - - 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. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 JM par. HOZB 
 
 
Subgebied: 100% NANO 
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Historical overview of input and output 

 

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

2014 - - 1.6 - 60 

2015 - 1.0 6.1 - 459 

 

Output PhD theses refereed publications other publications & 
presentations 

patents 

2014 - 6 17 - 

2015 - 4 19 - 

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

2015 
None. 

 
 
Patents (new/changes) 
2014 
None. 

2015 
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 

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-44 

Leader Prof.dr.ir. H.S.J. van der Zant 
Organisation Delft University of Technology 

Project (title + number) Electronic transport in nanostructured (honeycomb) semiconductors 
studied in the field-effect transistor set-up (13DDC05) 

 
FOM employees on this project 
Name  Position Start date End date 
W.H. Evers WP/T 1 January 2015 31 December 2015 
V.A.E.C. Janssen PhD 1 January 2015 31 December 20158 
 
 
Workgroup FOM-D-46 

Leader Prof.dr. Yu.V. Nazarov 
Organisation Delft University of Technology 

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 
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Workgroup FOM-E-06 

Leader Prof.dr. A. Fiore 
Organisation Eindhoven University of Technology 

Project (title + number) Electronic passivation of honeycomb semiconductors structural and 
electronic characterization (13DDC03) 

 
FOM employees on this project 
Name  Position Start date End date 
C.M. Iaru PhD 1 December 2015 30 November 2019 
 
 
Workgroup FOM-U-28 

Leader Prof.dr. D. Vanmaekelbergh  
Organisation Utrecht University 

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 October 2018 
 
 
Workgroup FOM-U-42 

Leader Prof.dr. C. de Morais Smith  
Organisation Utrecht University 

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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