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Abstract

Studies on two-dimensional materials (such as topological insulators or transition metal dichalco-
genides) have shown that they exhibit unique properties, including high charge carrier mobility and
tunable bandgaps, making them attractive for next-generation electronics. Some of these materials (e.g.,
HfSe;) also offer thickness-dependent bandgap engineering. However, the standard device fabrication
techniques often introduce processing contamination, which reduces device efficiency. In this paper,
we present a modified mechanical exfoliation technique, the Reversed Structuring Procedure, which
enables the fabrication of hybrid systems based on 2D micro-flakes with improved interface cleanliness
and contact quality. Hall effect measurements on BiySes and HfSe; devices confirm enhanced electrical
performance, including increased carrier mobility. We also introduce a novel Star-Shaped Electrode
Structure, which allows for accurate Hall measurements and the exploration of geometric magne-
toresistance effects within the same device. This dual-purpose geometry enhances the flexibility and
demonstrates broader functionality of the proposed fabrication method. The presented results validate
the Reversed Structuring Procedure method as a robust and versatile approach for 2D material-based
electronic and sensing applications.

Keywords: layered materials; mechanical exfoliation; Hall effect; topological insulators; transition
metal dichalcogenides; geometrical magnetoresistance

1. Introduction

Two-dimensional (2D) materials have emerged as one of the most promising groups of mate-
rials for electronic applications, due to their tunable electronic properties and the ease of bandgap
engineering [1]. The development of this class of materials began with the discovery of graphene by
Novoselov et al. [2], which marked a significant milestone in semiconductor technology, enabling im-
proved physical and electrical properties in nanoelectronics [3-6]. Beyond graphene, the family of 2D
materials includes other advanced materials such as topological insulators (TIs) and transition metal
dichalcogenides (TMDs) [7-12]. These materials are considered highly promising for next-generation
hybrid electronic devices, including sensor platforms, where 2D material layers (or flakes) serve as
the active channel [13,14]. A key parameter in the considered applications is charge carrier mobility
at room temperature (RT) which has been predicted as u = 3000 — 10000 cm?/ (Vs) for graphene [2],
= 2708 cm?/ (Vs) for bismuth selenide (BiySes) [15], and u = 3500 cm? /(Vs)) for hafnium diselenide
(HfSey) [16]. Unlike graphene, which is semi-metallic regardless of thickness, the electronic properties
of TIs and TMDs are highly dependent on the number of layers, with transitions from semiconducting
to semi-metallic properties observed as the thickness increases [17-19].

The weak physical interactions between layers in 2D crystals enable the separation of single
or few-layer flakes through mechanical exfoliation from bulk crystals [20]. This technique, initially
demonstrated using adhesive tape for graphene [2,21,22], has been successfully adopted for other 2D
materials, also for surface preparation [23,24]. The exfoliated flakes (layers) can then be transferred
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onto an insulating substrate and structured to form the active channels in microelectronic devices.
In previous work, our research group has employed such a structuring approaches to fabricate 2D-
materials-based sensors [24-26]. Mechanical exfoliation remains attractive due to its simplicity and
accessibility, requiring no specialised equipment. However, parameters such as tape adhesion, transfer
pressure, peeling speed, and ambient exposure time significantly affect the size, quality, and cleanliness
of the transferred flakes [22,27]. Residual contamination, such as adhesive residues, can severely
degrade contact quality and reduce the achievable electronic performance. As a result, enhancing
exfoliation and transfer procedures to minimise surface contamination and structural defects remains
a major challenge.

Several modified exfoliation and transfer techniques have been developed to address these issues.
These include the use of polymeric supports such as polymethyl methacrylate (PMMA), PMMA-
based water-soluble tapes, or even metallic (e.g., gold) transfer layers [27-31]. Despite improvements,
complete removal of contaminants and preservation of pristine surface properties remain difficult.
Surface impurities and defects not only degrade electrical performance but also reduce the mechanical
stability of metal contacts [32,33]. Hence, chemical cleaning steps are often used before further device
processing steps [26,29].

This study presents an elaborated Reversed Structuring Procedure (RSP), developed to improve
the fabrication of microdevices based on 2D-material flakes. This method simplifies the process, reduces
atmospheric exposure of the flake’s surface, and limits the impact of transfer-related contamination.
The effects of the RSP method have been compared with the Standard Structuring Procedure (SSP)
by fabricating and analysing several Hall structures based on BiySez (TT) and HfSe, (TMD) flakes.
Charge carrier mobility and concentration were estimated using Hall-effect measurements to evaluate
the effectiveness of both procedures. The results demonstrate that the RSP significantly improves
device performance, particularly for materials with chemically sensitive surfaces such as HfSe,. In
addition, the star-shaped electrode structure (SSES) was introduced and used for device fabrication
and characterisation. The SSES enables symmetrical current distribution and offers versatility in
measurement configurations. While similar star-shaped geometries have been used for thin-film
measurements [34,35], our approach applies this geometry in combination with the RSP. The SSES
provides a flexible platform for evaluating transport properties, enabling reliable measurements for
both Hall and geometric magnetoresistance (gMR) effects. Although the SSES is not proposed as a
novel geometry, we highlight its utility as a dual-purpose platform for experimental validation of the
structuring procedures.

2. Materials and Methods

The paper is focused on the experimental comparison of the SSP and the newly proposed RSP
method. Both methods are based on fabricating a hybrid structure on a mechanically exfoliated
micro-flake of the 2D material (Bi;Se3 and HfSe,). Figure 1 shows the SSP procedure in detail. The
SSP consists of two stages: fabrication of the active channel (Figure 1a) and the formation of metallic
contacts (electrodes) (Figure 1b). The thin flake was exfoliated from the 3D bulk crystal using adhesive
tape during the first step. The exfoliation continued layer by layer until the flake reached sufficient
thinness while maintaining mechanical integrity. The flake fabricated in this way was cut from the
adhesive tape with a scalpel and transferred onto an insulating (or semi-insulating) substrate (e.g.,
SixOy). To avoid contamination during the transfer process, the transfer tape was carefully separated
to limit its negative impact on subsequent steps. Next, the flake—still supported by tape—was aligned
and pressed onto the substrate using a pressure-controlled device to promote van der Waals bonding
(using controlled pressure adjustment to achieve a repeatable procedure). After one hour, the pressure
was released, and the tape was removed under an optical microscope using a needle. Finally, residual
impurities were removed by sequential 1-minute baths in acetone and isopropanol, followed by
compressed air drying to prepare the system for a further structuring process (Figure 1b).
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Figure 1. Schematic presentation of the standard structuring procedure (SSP) using an exfoliated flake as an
on-bottom active channel in the device. Detailed description in the manuscript text.

The second process (formation of the electrodes) of the SSP is presented in detail in Figure 1b.
For this purpose, the substrate with the deposited flake was coated with a resist layer (AR-P 3510 T,
AllResist), diluted 1:1 with Milli-Q water, and spin-coated at 2000 rpm for 1 min. The resist layer was
thermally treated to remove diluent (at 100 °C for 1 min). In the next step, the optical lithography was
used to pattern the electrodes. The resist layer development procedure was performed using dedicated
reagents. The electrodes (buffer layer 40 nm Cr and the outer electrode 400 nm Au for BiySe3 and a 20
nm Ni buffer layer combined with outer electrode 120 nm Au for HfSep) were deposited using the DC
magnetron sputtering method under high vacuum conditions. The lift-off process was carried out in

an acetone bath. The final effects of the SSP procedure are presented in Figure 2.

@) (b)

Figure 2. Representative layered materials-based hybrid on-bottom structures, fabricated using SSP: a) Hall
structure on Bi,Se; flake, b) star-shaped electrode structure on HfSe; flake.

The SSP method requires adapting the electrode pattern to match the individual shape and
position of each deposited flake. Moreover, there is a risk of mechanical damage to the flake and its
detachment from the substrate during structure processing. Furthermore, residual contamination after
the flake transfer impairs contact quality between the flake and the deposited electrodes. These limita-
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tions significantly reduce fabrication reproducibility and device yield, motivating the development
of a more robust approach. To address these issues, we developed a modified procedure—referred
to as the RSP method—outlined in Figure 3. Unlike the SSP method, the first step of the RSP process
focuses on the fabrication of the electrodes on top of an insulating substrate (Figure 3a).

(a) Electrodes depositon process >

Laser light 405 nm

I | | | | I | Metallic layer Metallic layer

resist coating alignment chemical metal lift-off
and annealing and exposure development deposition acetone
(b) Active channel deposition process >
Scotch tape 2D material flake
2D materlal ﬂake Metallic |ayer
obtaining transferring applying removing chemlcal
thin flakes via exfoliated flakes pressure pressure development

multiple exfoliation to the substrate

Figure 3. Schematic presentation of the reversed structuring procedure using an exfoliated flake as an on-top
active channel in the device. Detailed description in the manuscript text.

To match the reduced thickness of electrodes in the RSP method, the photoresist parameters
were adjusted to achieve a 400 nm layer—thinner than in the SSP approach (using a 1:5 dilution of
photoresist in Milli-Q water, spin-coated at 4000 rpm for 1 minute). The fabricated electrodes consisted
of 20 nm Ni buffer layer, covered by a 60 nm Au top electrode (Figure 3a). The second process of the
RSP was the deposition of a flake in the centre of the electrode system. The flake exfoliation procedure
was similar to that in the SSP method, with one modification (Figure 3b). The standard adhesive
tape could damage the electrode system due to the reversed deposition geometry. To allow for easy
removal, a water-soluble transfer tape (3M 5414 TRANSPARENT 1/2IN) was used. As mentioned
above, the flake position on the electrode structure is crucial for device functionality. Therefore, optical
microscopy was used for precise alignment to provide electrical contact quality before the mechanical
pressing was applied. The flake was cleaned in an ultrasonic bath: 1 hour in Milli-Q water at 80 °C
followed by 1-minute baths in acetone and isopropanol to remove transfer tape and other contaminants
from the process. Finally, compressed air drying was applied, and the final results are shown in Figure
4b-c.

The RSP method offers several distinct advantages over the SSP approach. By reversing the
fabrication sequence, the RSP enables the use of a universal SSES electrode pattern for various flake
positions. This pattern consists of 12 pairs of electrodes (see Figure 4a). The RSP allows tuning of
the electrode composition to enhance flake-electrode interaction and improve mechanical stability.
Moreover, the exposure time of the exfoliated surface to ambient pressure is shortened, and the
interface flake-electrode is not contaminated by transfer residuals in this procedure. Overall, the RSP
approach was developed to address the inherent limitations of SSP, including poor contact reliability,
contamination at the flake-electrode interface, and mechanical instability during processing. In the
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following sections, we compare the electrical performance of both methods with emphasis on Hall
mobility and magnetoresistance to evaluate the practical effectiveness of the RSP technique.

(@)

Figure 4. Representative layered materials-based hybrid structures on-top fabricated using RSP: a) full-scale

top-view image of SSES with deposited B,Se3 flake (electrodes pads at the corner allow for the use of needle
measuring contacts); the labeling notation of the contacts is included; b) magnified image of the B,Ses flake
deposited on the SSES; c) magnified image of the HfSe; flake deposited on the SSES.

Commercially available high-quality single crystals of Bi;Se; and HfSe, were used as source
materials for the exfoliation of 2D flakes. The monocrystals were grown using the Chemical Vapour
Deposition (CVD) method and supplied by HQ Graphene (Netherlands). BiSes (TI) and HfSe; (TMD)
were selected to represent two distinct classes of layered materials with differing charge transport
mechanisms. In addition, the HfSe2 surface is extremely susceptible to oxidation under ambient
conditions.

Hall effect measurements of all fabricated structures were performed at RT and in a fixed magnetic
field (B = 0.65 T) using the Hall effect analyser Linseis HCS-1. Based on these measurements, the sheet
carrier density ns was determined as follows:

BI

ns - quH

, 1)
where B is the magnetic field (T), I is the current (A), g is the elementary charge (C), and Uy is the Hall
voltage (V). The charge carrier mobility 4 was determined using:

1

- 2)

K
where R; is the sheet resistance ((2/0), determined using the van der Pauw (vdP) method [36].

The gMR is defined as the change of the electrical resistance in a certain magnetic field compared
to the electrical resistance in the absence of a magnetic field. The resistance of a device for any terminal
arrangement is defined as R;jy (B) = U; i (B) Iy ~1, with the indices i, j denoting driving current terminal
numbers and the indices k, [ denoting voltage terminal numbers. The gMR is defined as:

Rijxi(B) — Rijxi (0)
MR;j (%) = — !

-100% 3)

where R(0) is the electric resistance of a device in the absence of a magnetic field.

To simplify the notation of terminal configurations, a simplified ijkl notation is used, in which the
first 2 symbols denote a pair of current terminals, while the last 2 symbols denote a pair of voltage
terminals, in reference to the symbols used in Figure 4a and Figure 5.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.2273.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 July 2025 d0i:10.20944/preprints202507.2273.v1

6 of 10

3. Results and Discussion

Four hybrid structures were fabricated to compare the Hall performance of the SSP and RSP
methods, utilising active channels on different layered materials classes BipSez and HfSe;. Due to the
small size of the exfoliated Bi,Se; flakes, SSP-fabricated structures used a standard four-electrode Hall-
cross configuration (Figure 2a). In other cases, the 12-electrode SSES layout was used, enabling precise
positioning of the micro-flake between opposing electrode pairs for Hall measurements (Figure 2b and
Figure 4). Representative devices based on BiySe; and HfSe; are shown in both Figure 2 and Figure 4.

Table 1 presents the results of Hall effect measurements, including sheet carrier density and
mobility, for all considered samples. For the 4-electrode BiySe; structure, Hall measurements were
performed using the conventional method: opposing terminals were used to measure the Hall voltage
Uy while sequential terminal pairs were used in the van der Pauw (vdP) configuration to determine
the sheet resistance. In the case of devices with the 12-electrode SSES layout, two pairs of opposing
electrodes were selected to perform Hall and resistance measurements. Although the presence of
additional electrodes in the SSES configuration may introduce minor perturbations in the measured
Hall voltage Uy these effects are expected to be of the same order across all SSES-based structures.

Table 1. Determined materials parameters (charge carrier mobility ( i) and sheet charge concentration (#5)) for
hybrid structures fabricated using SSP and RSP for BiySe; and HfSe; flakes.

Structure ‘  (cm?/(V s)) ‘ ns (1/cm?)

BiySes SSP 60 1.0-10%
Bi,Se; RSP 720 5.8-101°
HfSe, SSP 20 45101
HfSe, RSP 60 6.2 -1012

The data in Table 1reveal a consistent trend in carrier mobility across all samples. For both types of
tested layered materials, the carrier mobility values were consistently higher for structures fabricated
using the RSP method compared to SSP. However, they deviate significantly from the theoretical values
reported in literature for pristine systems, especially in the case of the HfSe,-based device. The possible
explanation of this effect could be the rapid surface oxidation, as it has already been proven to be a
highly reactive substrate [16,37]. Forming an electrical contact with a 2D material is more challenging
than with conventional 3D semiconductors. Ang ef al. demonstrated that the effect of interfacial charge
carriers injection through the contact barrier could improve the electrical characteristic of the contact
by lowering the height of the Schottky barrier on the interface between 2D material and metal [38].
Charge carrier injection from a 3D metallic electrode into a 2D semiconductor can impact whether
the semiconductor is 2D metallised through direct contact with metal. In the case of a van der Waals
interface, at the contact interface, a Schottky barrier forms and reduces the efficiency of the charge
carrier injection process [38]. In addition, the edge contact is more efficient in the case of 2D materials,
particularly for chemically inert or oxidized surfaces [38]. By fabricating hybrid structures using the
RSP method, the formation of edge contacts is facilitated by pressing the micro-flake into the electrode,
thereby reducing the probability of damage. This effect improves the contact quality, decreases the
Schottky barrier, and improves the efficiency of charge carriers’ injection into the layered material. The
consequence is an improvement in the mobility of charge carriers, which is observed by comparing the
results of Hall effect measurements for the structures fabricated using the SSP and RSP approaches for
both considered layered materials.

The potential of the SSES structure for investigating the gMR effect is assessed based on the data
presented in Figure 5.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Representative experimental dependencies of the gMR values as a function of magnetic field induction
for the BipSes SSES device at defined configurations of the connections. The connection configurations correspond
to the notation given in Figure 4a.

The metal-semiconductor hybrid structure can be considered a magnetoresistive system where the
geometric contribution dominates over intrinsic (physical) magnetoresistive effects. Several similarities
can be identified between the SSES layout and extraordinary magnetoresistance (EMR) geometries,
including the so-called raster geometry [24]. In all these systems, the structures have a set of connection
terminals and a specific arrangement of a metallic non-magnetic shunt. In the case of SSES, the role of
the metallic shunt is played by auxiliary electrodes.

Figure 5 presents the application of the SSES structure for investigating the gMR effects in a
BiySe; micro-flake-metal hybrid system. There is an observed characteristic increase in gMR for the
asymmetric configuration when the voltage electrodes are approached symmetrically to one of the
current electrodes. By analogy with the planar EMR configuration [39,40], to illustrate and confirm the
gMR effect, three asymmetric connection configurations were selected: BD15, BD27, BDAC (terminals
notation consistent with the terminal description in Figure 4a). The BD15 configuration represents the
longest distance between the voltage terminals relative to terminal D, ACBD the average distance, and
27BD the shortest distance.

4. Conclusions

This paper presents an alternative approach to the fabrication of electrical devices based on 2D
materials. The proposed RSP modifies the standard process sequence by forming the electrode system
before transferring the active 2D micro-flake. Hall effect measurements confirmed enhanced electrical
performance of RSP-fabricated devices, including notably higher charge carrier mobility. The observed
improvements are attributed to the cleaner electrode-flake interface achieved by minimising exposure
to atmospheric conditions and enabling the formation of more effective edge contacts, thus reducing
the Schottky barrier and facilitating carrier injection. This is particularly beneficial for reactive layered
materials such as HfSe,.

Moreover, integration of an SSES into the RSP expands the functionality of the devices. This geom-
etry enables multi-point measurements, enhancing flexibility in studying charge transport properties.
In addition to Hall effect characterisation, SSES allows investigation of gMR phenomena. The mea-
sured gMR responses, especially in asymmetric connection configurations, demonstrate the potential
of this design for use in hybrid magnetic sensing systems. Together, these results emphasise that the
RSP, in combination with SSES, not only simplifies fabrication but also improves the physical interface
and extends measurement capabilities, establishing this approach as a promising platform for future
applications in 2D-material-based sensors and nanoelectronic devices.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Abbreviations

The following abbreviations are used in this manuscript:

2D two-dimensional
BiySes Bismuth selenide
HfSe, Hafnium diselenides

TI Topological insulators

TMD Transition metal dichalcogenide
RT Room temperature

PMMA  Polymethyl methacrylate

RSP Reversed structuring procedure
SSpP Standard structuring procedure

SSES Star-shaped electrode structure
CVD Chemical Vapour Deposition

gMR Geometric magnetoresistance
EMR Extraordinary magnetoresistance
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