Charge dynamics in nanostructures
(final report on the NKFI K112918 project)

This project targeted the continuation of an experimental scientific school previously funded by
consecutive OTKA scientific school grants. The study of two novel material systems -graphene
and memristive materials — was chosen as the central focus of the project. Bellow we summarize
the main scietific achievements of the project relying on 14 international scientific publications
with an average impact factor above 6. Additionally to the scientific achivements, we find that
the project was successful in maintaining and further strengthening the scientific school. A senior
researcher of the project (Szabolcs Csonka) has received a Momentum research group grant from
the Hungarian Academy of sciences starting from September 2017, whereas the principle
investigatior of this project has received an MTA-BME research group grant starting from June
2017. The other senior researcher of the project (Andras Halbritter) is a co-supervisor of the
latter research group, and has recently started two OTKA research projects (December 2016,
September 2018). In addition, recently European research network grants were started by the
coordination of the participants of this project. The support of the NKFI K112918 project had
crucial role in all these achievements. Additionally, this project has supported the scientific work
of many students: alltogether 3 PhD, 9 BSc and 4 TDK theses were prepared along the project,
and further 3 PhD and 7 MSc works are presently in progress.

Bellow we summarize the main technological achivements of the project (1), the scientific results
in the fields of memristor and graphene research (2, 3), the publications including the theses of
the students (4) and our recent granted projects ensuring the further progress of our research
activities in the field of the present final report.

1 Main technological achievements

Here, we would like to highlight some selected technological achievements along the project.

(i) Previously our studies on resistive switching phenomena were relying on mechanically
adjustable junctions using the tip of a scanning tunneling microscope to touch the sample under
study. In the fremwork of the present project we have published our first results on on-chip,
nanofabricated devices [9,10]. These results, and further studies on on-chip devices highly rely
on the active collaboration with the group of Janos Volk at the Microtechnology Department of
the Institute of Technical Physics and Materials Science (MFA), and the electron beam
lithography facility at MFA.

(ii) We have further improved our high frequency setup to study resistive switching with
nanosecond resolution. We have designed and assembled a new high frequency and high
vacuum scanning tunneling microscope setup, using 500ps pulsing sources from both sides of
the junction, 20GHz bandwidth semirigid coaxial cables and a robust piezo positioning system to
withstand forces from the rigid coaxial cables (see Fig 1a).

(iii) Our earlier high quality graphene devices were based on suspending the graphene layer and
cleaning the one-atomic-thin conductor by high current density. Although this fabrication
scheme allows exceptionally high mobility, it places various limitations on the contacting
materials and geometry of the device. hBN stacked graphene provides a much more versatile
platform for high quality graphene devices, where e.g. even combination of Hall-bars,
superconducting electrodes are feasible. In the framework of this project we set up a new
transfer microscope system (see Fig. 1b), which is capable to create Van der Waals
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heterostructures by dry stacking method. The different layers are stamped by PDMS based
holder. The fine positioning is achieved by 3 micropositioners and layers are released by local
heating. The microscope is also equipped with a glass tip based additional micromanipulator. Tip
with a typical end diameter of 50-100nm allows local manipulation on the surface, which was
e.g. used to create combined 2D crystal / 1D nanowire hybrid devices [15].

(iv) Using closed cycle cryogenic cooling system fast magnetic field sweeps are challenging due
to the limited cooling power of the pulse tube precooler. In order to carry out magnetic field
sweeps in our dry delution refrigerator system, we developed a new cold finger. It required
elimination of all magnetic components, which were — surprisingly - present in the standard chip
carriers, commercial electrical sockets, standard metalized pcbs etc. Direct mounting and
bonding of the silicon chip to a copper pc board provided a solution (see Fig. 1c), which allows
sweep rate of 35mT/min with temperature increase lower than 15mK.

(a) (b) (c)

Fig. 1. (a) The piezo positioning head of our new high frequency STM setup. (b) Transfer microscope setup,
which allows to fabricate Van der Waals heterostructures with dry stacking technique, and equipped with
glass tip (<100nm) micromanipulator. (c) New cold finger design, which eliminates all magnetic parts and
thereby allows to carry out fast magnetic transport characterization in dry dilution fridge.

2 Investigation of resistive switching junctions

Along the project we have investigated several different resistive switching material systems.
We have continued our previous studies on Ag,S based memristors [2,3,9,18,19,27], we have
studied SiO; resistive switches contacted by graphene electrodes [10,11], and we have started
to investigate Agl [28], Nb,Os [16,22-25] and Ta;0s [26] resistive switching junctions.

Our experimental approach partly relied on scanning tunneling microscope based point contact
technique, where the tip of the STM is brougth into contact with the memristive material on the
top of a metallic layer. This arrangement provides a high degree of versatility which also helps
to optimize the design principles of future on-chip device architectures. Sample I(V) traces on
Nb,Os and Ta;0s are presented in Fig. 2a,b. With this technique we have investigated the
temporal dynamics of the switching in Ag,S [2], Nb2Os [22,24] and Ta;0s5 [26] junctions. We have
highlighted the role of the self-heating [3] and the local geometrical asymmetry [9] of the
junction in the switching process, we have studied the atomic-scale conductance channels of the
memristor junction by superconducting subgap spectroscopy [25], and we have started to study
novel neuromorphic functionalities, like tunable long-term/short term memory operation [27].
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Fig. 2. Resistive switching in Nb,Os (a) and Ta,Os (b) memristor junctions [16, 22-26]. The inset in (a)
demonstrates the STM-based experimental arrangement. (c) Resistive switching in a nanofabricated planar
Ag device prepared by electromigration and in-situ sulfurization [9].

To step further towards integrable on-chip devices, recently we started a collaboration with the
group of Janos Volk at the Microtechnology Department of the Institute of Technical Physics and
Materials Science (MFA), and the group of Prof. Michel Calame at the Swiss Federal Laboratories
for Materials Science and Technology (EMPA). Relying on the state of the art electron beam
lithography infrastructures at these partner institutions, we have successfully studied [9,10] two
types of nanofabricated resistive switching units.

(i) Starting from a lithographically defined silver nanowire engineered at MFA we have
established a nanogap by the controlled electrical breakdown of the Ag wire. Afterwards the
Ag,S active medium was established by the in-situ sulphurization of the nanogap, and finally
reproducible resistive switching was detected (Fig. 2c). The novelty of this structure lies in the
simple design: prior studies have always used two different metals (Ag and an electrochemically
inert metal) to establish resistive switching. Our results demonstrated that the deposition of a
single metal — and thus a single lithographic step — is sufficient for the preparation of a
memristor, and the geometrical asymmetry of the structure grants the well-defined direction of
the switching [9].

(i) In collaboration with EMPA we have shaped macroscopic scale (1cm?) chemical vapor
deposited single layer graphene sheets into graphene nanowires contacted by graphene
electrodes (Fig. 3a), producing hundreds of devices on a single chip. Again 1-3nm wide gaps were
formed by a controlled electrical breakdown method (which is attributed to burning in air and
to sublimation in vacuum (Fig. 3b) [11]). Using these ultrasmall gaps we could confine the
resistive switching of the underlying silicon-oxide layer to an order of magnitude smaller
extension than prior studies. It was already known that SiOx exhibits a unipolar resistive
switching, where the “set” transition is attributed to an electric field driven crystallization,
whereas the “reset” transition occurs at larger voltage due to a Joule-heating driven
amorphization. In this scenario only the ON state is expected to be available at zero voltage, as
the falling edge of the reset pulse would switch ON the device again below the set threshold.
This is clearly impractical from the application point of view. However, our studies revealed that
the switching dynamics also relies on a further internal time scale, the “dead time” (Fig. 3c-e)
[10]. Physically, the “set” transition is found to occur only after the completion of a thermally
assisted structural rearrangement of the as-quenched OFF state which takes place within the
dead time after a reset operation. Thank to this a reset pulse shorter than the dead time drives
the device to its OFF zero voltage state, i.e. both zero voltage states can be established by a
unipolar pulse train. Our ultrasmall graphene-SiOx-graphene ReRAM units exhibit an OFF/ON
resistance ratio of 10%, endurance of >103, switching cycles and speed bellow 50ns [10].
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Fig. 3. (a) A graphene nanowire is patterned on the top of the SiO; layer. A controlled electrical breakdown
protocol is used to establish a few nm wide gap between the two graphene electrodes. (b) In order to
understand the breakdown process we have studied the breakdown power in air and in high vacuum as a
function of breakdown pulse length. Our results indicate two distinct breakdown mechanisms: burning in air,
and sublimation in vacuum [11]. Once the graphene nanogap is established, highly reproducible resistive
switching takes place in a small volume of the SiO; layer confined in the nanogap. Increasing the speed of
the driving signal a crossover from unipolar to bipolar switching can be observed (top two curves in panel c).
Our pulsed measurements demonstrate that after the reset operation the device can only be switched ON

again once the so-called dead time has passed (see panel d and the flow diagram in panel e) [10].

3 Investigation of quantum electronic devices using graphene and other 2D materials

Graphene is an ideal platform for spintronics and quantum computing applications. However,
the lack of a band gap hinders electrostatic confinement, which is essential for the creation of
guantum dots, the building blocks of spin-based quantum architectures. Great effort has been
expended in search of a reproducible way to effectively confine electrons in graphene, but with
limited success. We have found periodic conductance oscillations near quantum Hall plateaus
in suspended graphene nanoribbons. They are attributed to single quantum dots that form in
the narrowest part of the ribbon, in the valleys and hills of a disorder potential. In a wide flake
with two gates, we have observed the signature of a double-dot system.

Our experiments serve as a proof of principle for a mechanism enabling electrostatic
confinement, which exploits the gaps opening in graphene’s band structure in magnetic fields.
This method makes possible the realisation of highly desired graphene building blocks, such as
guantum point contacts and spin quantum bits and opens new possibilities in graphene-based
ballistic electronics [4].
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Besides fabricating and characterizing suspended graphene devices, we started to develop
graphene circuits encapsulated between hBN (hexagonal boron nitride) layers. hBN has the
same crystal structure as graphene, it can also be mechanically exfoliated in the same way,
however it is an insulator material. With such hBN-graphene stacks also high mobility devices
can be created, since hBN is a defect free insulator layer, furthermore during stacking graphene
and hBN could form atomically clean interface. We present a novel method to establish inner
point contacts on hBN encapsulated graphene stacks with dimensions as small as 100 nm by pre-
patterning the top-hBN in a separate step prior to dry-stacking. 2 and 4-terminal field effect
measurements between different lead combinations are in qualitative agreement with an
electrostatic model assuming point-like contacts. The measured contact resistances are 0.5-1.5
kQ per contact, which is quite low for such small contacts. By applying a perpendicular magnetic
field, an insulating behavior in the quantum Hall regime was observed as expected for inner
contacts. The fabricated contacts are compatible with high mobility graphene structures and
open up the field for the realization of several electron optical proposals [1].
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Graphene is a potentially interesting 2D system in the quantum Hall regime. Besides the half-
integer quantum Hall effect or fractional quantum Hall effect, exotic physics such as quantum
valley Hall effect may also take place. Atomic scale disorder at the edges of a flake causes
intervalley scattering in the quantized edge channels, presenting an experimental platform
where momentum-scattering is reduced. If doping of the flake is non-uniform, conductance
channels may appear e.g. at the border of a p- or n-doped regions. Such quantum Hall edge
channels (QHC) propagate in the nearly disorder-free environment of the bulk. In this direction
we prepared and investigated three novel types of device geometries which provide direct
information on the conductance of QHCs in the bulk. Measurements on two and four-terminal
configurations prove that quantum Hall channels propagating along a p—n junction can be fully
absorbed in a contact despite its screening and doping level, and contribute to the conductance
in a quantized way. Our results show that p—n junctions can serve as high-efficiency current
guides, and indicate that different Landau levels’ co-propagating edge states can be detached
from the edges by local gating [5].

In order to study supercurrent in high mobility graphene devices we investigated various
superconductors as a side contact to graphene/hBN stacks. The few atomic wide overlap
between the graphene layer and the superconducting metal makes the good transparency
challenging. Beside the fact that some groups reported on good contacts with NbTiN and Nb, we
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did not observe superconducting features in graphene with these materials. MoRe gave a
reliable superconducting interface, which allowed to study supercurrent in high mobility
graphene device, where even the hBN substrate induced Moire effect was resolved (see Fig. 5b-
c). Since NbTiN has much higher critical field (>10T), we are still testing different interface
treatments, like surface cleanings, using different wetting layer etc. to create high quality NbTiN
contacts.

The high mobility of hBN stacked graphene proves that hBN is an ideal insulator substrate, since
it has atomically flat surface without dangling bonds. Based on these experiences we also tested
hBN as a substrate for sensitive nanowire circuits. As Fig. 5a shows quantum dots were formed
in InAs nanowires by local bottom gates (g1, g2 etc.) with a periodicity of 100nm, which are
isolated from the nanowire (gray) by ~20nm thin hBN layer (blue). Comparing the device
performance with earlier used HfOx and SiNx insulator layers, hBN based device had a very stable,
silent dots, which was essential to carry out detailed magnetic characterization of double dot
system. Exploring the ground state degeneracies we detected new magnetic Weyl-points in the
presence of strong spin-orbit coupling [15].

Besides hBN, there are other layered materials which are non-conducting (insulator or
semiconductor) and could serve as a substrate for high mobility graphene devices. The
advantage of WSe; as substrate that it has spin-orbit interaction, which could penetrate into the
graphene layer as well. The combination of graphene with spin-orbit interaction and
superconducting contact could lead to exotic topological superconducting state. Graphene
stacks with WSe; substrate (see Fig. 5d-e) showed high mobility and the presence of spin-orbit
interaction in magnetotransport data [13]. For the robustness of topological superconductivity
large spin-orbit interaction is essential. Considering the layered materials BiTel has a remarkable
high spin-orbit interaction, it is designed to have a giant Rashba spin-orbit interaction. As a first
step to combine with graphene, we studied the exfoliation of BiTel. Using a special exfoliation
protocol we managed to create single layer of BiTel for the first time (in collab. with group of L.
Tapaszté MTA EK MFA) [12].
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