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Topological Insulator Nanowires Made by AFM
Nanopatterning: Fabrication Process and Ultra
Low-Temperature Transport Properties

Dmitry S. Yakovlev,* Aleksei V. Frolov, Ivan A. Nazhestkin, Alexei G. Temiryazev,
Andrey P. Orlov, Jonathan Shvartzberg, Sergey E. Dizhur, Vladimir L. Gurtovoi,
Razmik Hovhannisyan, and Vasily S. Stolyarov

Topological insulator nanostructures became an essential platform for
studying novel fundamental effects emerging at the nanoscale. However,
conventional nanopatterning techniques, based on electron beam lithography
and reactive ion etching of films, have inherent limitations of edge precision,
resolution, and modification of surface properties, all of which are critical
factors for topological insulator materials. In this study, an alternative
approach for the fabrication of ultrathin Bi,Se; nanoribbons is introduced by
utilizing a diamond tip of an atomic force microscope (AFM) to cut atomically
thin exfoliated films. This study includes an investigation of the
magnetotransport properties of ultrathin Bi,Se; topological insulator
nanoribbons with controlled cross-sections at ultra-low 14 mK) temperatures.
Current-dependent magnetoresistance oscillations are observed with the
weak antilocalization effect, confirming the coherent propagation of 2D
electrons around the nanoribbon surface’s perimeter and the robustness of
topologically protected surface states. In contrast to conventional lithography
methods, this approach does not require a highly controlled clean room
environment and can be executed under ambient conditions. Importantly, this
method facilitates the precise patterning and can be applied to a wide range of

1. Introduction

The swift advancements in 2D materials
research have been greatly facilitated by
innovative nanofabrication methods. A
variety of methods have been employed
for creating nanostructures of conven-
tional 3D topological insulators (TI)
comprising Van der Waals bound binary
compounds such as Bi,Te;,[! Bi,Se, 12
Sb,Te;,l”) and alloys of these elements.
The fabrication of nanoribbons from
these materials can be achieved through
several techniques, including whisker
growth or the nanostructuring of atom-
ically thin films using electron beam
lithography (EBL)®] or focused ion
beam (FIB) etching.[*!% These films are
typically produced via mechanical exfoli-
ation, chemical vapor deposition (CVD),
or molecular beam epitaxy (MBE). In-
depth investigations of topologically

2D materials.

protected surface states originated from
studying the transport properties of
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TI-nanoribbons which are fabricated by various methods.['1-16]
Such nanostructures generally exhibit good transport proper-
ties, but the primary challenges include achieving precise con-
trol over the nanowire cross-section, adjusting the bulk carrier
concentration, and avoiding surface oxidation. To address these
challenges, a selective area approach using various thin film
growth techniques can be employed. For instance, MBE-grown
nanoribbons have a rectangular cross-section, making them scal-
able and suitable for Majorana surface, Solid-state and Gatemon
architectures.'’-2*] However, MBE requires a high-vacuum en-
vironment and precise control over the composition of the va-
por used for growth, which can be challenging to achieve.[2>-7]
High-quality nanoribbons can also be fabricated using CVDI?3:2]
and physical vapor deposition (PVD)**3! methods, including
the use of induction heaters.3] Still, these methods risk sam-
ple contamination during the growth process. Standard meth-
ods like EBL and reactive ion etching (RIE)(**3* for fabricat-
ing these structures sometimes fall short in edge homogene-
ity and resolution, particularly in applications such as quantum
dots, nanowires, point contacts, and nanoribbons.[>*-3] Alterna-
tive patterning methods are actively being developed to overcome
these limitations and gain a deeper understanding of nanoscale
phenomena.l38!

In this work, we employed a novel approach to fabricate Bi,Se,
nanoribbons using atomic force microscopy (AFM) pulse force
nanolithography.**#%] While the AFM probe is typically used for
surface characterization of films and occasionally for the exfolia-
tion of layered materials,['>3841] in our case, it serves a different
purpose: to precisely cut thin films, locally generating an amor-
phous nonconducting region while operating in contact mode.
The method involves point-by-point puncturing of an atomically
thin exfoliated Bi,Se; film with a diamond AFM tip, allowing
the creation of nanoribbons with precise control over the width,
length, and thickness. This technique enables the fabrication of
ultrafine nanostructures on atomically thin films, facilitating di-
verse geometries!*?] and topologies with exceptional precision,
i.e., plasmon gratings.*¥] Our method eliminates the need for
vacuum operation and ensures that samples are free from con-
tamination by polymer residues or substrate milling products.
Moreover, AFM pulse force nanolithography provides a scalable
and reproducible method for the fabrication of nanoribbons,
which can be applied to complex multilayer heterostructures con-
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sisting of hBN,[*4l graphene,[*! graphite,[**] NbSe,,*”] WSe,,[**]
and high T, laminates such as BSCCO.[**>]

In our research, we evaluated the suitability of our fabrication
method for TI nanostructures in topological quantum circuits.
To do this, we focus on phase-coherent transport within a
Bi,Se; nanoribbon structure at an ultra-low temperature of 14
mK. We study the current-dependent universal conductance
fluctuations (UCF) magnetoresistance oscillations. Recently,
UCF oscillations have been intensively studied in quasi-2D
topological insulators based on bismuth and antimony chalco-
genides, like Bi, ;Sb,sTe,¢Se;,, Bi;Sb;Te,;Se;s, and BiSbTe,
materials.[251-53] The results of these studies have provided
insight into the electronic structure and topological properties
of these materials.>>>*] We use multi-probe setups to examine
how the ARy varies with temperature and bias current I.
This technique is a powerful tool for the thoroughly study of
the properties inherent to high-mobility conducting states.
Intriguingly, we observe the stability of these oscillation periods
based on the applied bias current. The increasing current I
considerably decreases the amplitude of the UCF oscillations.
Our observations point toward the role of thermal excitation’s
energy-averaging effect and bias-induced energy dispersion in
causing phase and coherence length decoherence.’>*®! Our
attempts to use AFM pulse force nanolithography for TT systems
shows promising results. Nevertheless, more information about
the magnetotransport properties is needed for most stoichiome-
tries. Further studies in this area will likely reveal new and
exciting results regarding the basic physics of these materials.

2. Results

Figure 1a presents a schematic illustration of the sample fabrica-
tion process. To briefly summarize the method, we initially em-
ployed an AFM with diamond tip cantilevers®”! to perform me-
chanical patterning of single crystalline Bi, Se, flakes exfoliated at
SiO, substrate covered with thin epoxy layer. The process of film
exfoliation as well, as AFM lithography and contact preparation
is described in detail in the Experimental Section. The AFM im-
age of the fabricated nanoribbon is shown in Figure 1b. The tech-
nique combining optical, atomic force, and scanning electron mi-
croscopy allowed us to control the width of the nanoribbon within
10 nm (Figure 1c, SEM-image) and the thickness of the film with
an accuracy of one quintuple layer Se-Bi-Se-Bi-Se (QL), which is
~1 nm thick. Also, the advantage of our fabrication technique and
measurement setup was the ability to produce several nanowires
on segments of varying thickness from the same film, all ori-
ented in the same direction, Figure 1c,d. In particular, the sample
on which the main results of the work were obtained consisted
of six nanowires (Samples #A-#F), connected in series, three of
which are shown in Figure 1c. This configuration enables multi-
probe electron transport measurements within a single cryostat
cooldown cycle, all under the same magnetic field direction. The
microscope image of the fabricated sample with measurement
probes are shown in Supporting Information, Figure S1. The pa-
rameters of nanowires are shown in Table 1. The resistances of
the Bi,Se; junctions ranged from 5 to 45 kQ at room tempera-
ture. Due to their high length-to-width ratio, the nanowires ex-
hibit much higher resistance compared to the contacts and the
connecting film segments.

© 2024 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH
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Figure 1. Nanoribbon of topological insulators: fabrication process a) Schematic illustration of nanoribbon fabrication from atomically thin Bi,Se; film
using AFM tip cutting. The tip sequentially pierces the film with a 5-10 nm step in the y direction, thus creating a cut. The inset on the left provides a cross-
sectional view and a motion diagram of the AFM tip. b) Atomic force microscope 3D profile of nanoribbon after fabrication. c) Image of nanoribbons
#A, #B, and #C in optical microscope in transmission regimes accompanied by a scanning electron microscope (SEM) image of the nanoribbon #C.
Nanoribbons are fabricated within the FIB-made cuts. The thicknesses of some chosen areas are pointed out. d) The layout of current propagation
through Bi,Se; nanowires during magnetotransport measurements: current flows through the entire device, and voltage is measured across different

segments.

The experimental configuration, illustrated in Figure S2 (Sup-
porting Information), involved applying a symmetric bias to the
sample using a current derived from a voltage source, a sym-
metrizing circuit, and a precise resistor. The swept current and
the resulting voltage were then amplified through instrumenta-
tion amplifiers and captured using a 24-bit analog-to-digital con-
verter (ADC). For more specific details regarding the measure-
ments, please refer to the Methods section.

Table 1. Overview of the geometry of the five different nanoribbon devices
investigated.

Sample Riamk, 3nas Ql Length, Width, PramK, 3nA» Cut
kQ um nm pQ-m N2
A 3.6 18 3 210 4.5 4
B 18.5 6 3 210 6.9 3
C 35.1 8 10 210 5.8 2
D 13.0 8 3 210 6.9 1
E 12.4 9 3 210 6.6 5
F 10.3 8 3 210 6.5 6

Adv. Physics Res. 2024, 2400108 2400108 (3 of 8)

All nanoribbons exhibited metallic behavior (dR/dT > 0) from
300 K down to 2 K, with the resistances of these samples decreas-
ing almost linearly due to electron—phonon scattering of the bulk
carriers. However, below 2 K, a significant behavior change was
observed, with the resistance of one junction showing a 700 Q
kink (Figure S3, Supporting Information). This resistance kink
is believed to be due to manifestations of surface-state resistance
against the background of bulk carriers freezing in topological
insulators. It is more prominent in thinner samples. 27585

Figure 2a,b shows the experimentally obtained magnetore-
sistance of four nanowires of different sizes with a magnetic
field applied parallel to the nanoribbon axis. Continuous field
sweeps from —6 to 6 T were performed with various applied
bias currents. First, a sharp increase in magnetoresistance is
observed in the magnetic field range of |H| <0.5 T, due to weak
antilocalization (WAL) in Bi, Se, resulting from strong spin-orbit
interaction. Second, at higher magnetic field values (|H| > 0.5 T),
conductance oscillations are observed. Both the WAL effect and
magnetoresistance oscillations arise from the interference of
topological surface states. In a magnetic field parallel to the axis
of the nanowire, one can expect periodic Aharonov—Bohm and
Altshuler-Aronov—Spivak oscillations with periods @, = hc/e

© 2024 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH
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Figure 2. Bi,Se; nanoribbons: magnetic field measurements at various currents. a,b) Normalized magnetoresistance of nanoribbons versus longitudinal
magnetic field at different bias currents at 14 mK. A distinct modulation of the resistance (dashed lines) is observed, with a period close to threading of
one flux quantum (hc/e) into the cross-section of the nanoribbon. For nanoribbon #B, Ry = 18.9 kQ, for #CR, = 34.8 kQ; for #D, Ry = 12.6 kQ; for #E,

Ry = 12.4 kQ.

and @, /2 = hc/2e where @ is a flux quantum through the cross-
section of the nanowire. Since all the nanowires under study
have the same width, the period of magnetic field oscillations is
inversely proportional to their thickness, varying from 2.2 T at ¢
=9 nm to 3.3 T at t = 6 nm. The period of oscillations, marked
with dashed lines in Figure 2a,b, is closer to @, /2 = hc/2e, but the
oscillation structure is not fully periodic. Moreover, the structure
of oscillations in nanowires #C and #D, which have the same
cross-section, differs significantly. This suggests that we are
observing universal conductance fluctuations. At low currents,
more minor period oscillations ~0.5 T are observed, but they are
non-reproducible for various field sweep directions (Figure S4,
Supporting Information) and are attributed to noise-like
fluctuations.

One notable effect we observe is that the amplitude of oscilla-
tions, attributed to UCF, decreases significantly with increasing
current. This is observed for all the measured samples and can be
associated with the reduction in the phase-coherence length.[6%61]
Typically, the damping of universal conductance fluctuations is
observed with an increase in temperature.*'~>*! In our case, both
increasing temperature and current reduce the oscillation am-
plitude. However, the influence of current is more significant at
low temperatures. Indeed, in the millikelvin temperature range,
heat exchange between the nanowire and the environment can
become extremely limited, causing significant local overheating
even at nanoampere currents. In the Supporting Information,
we considered the main heat paths (Table S1, Supporting Infor-
mation) and estimated that the maximum temperature gradient
between the middle of the nanowire and the mixing chamber
flange of our dilution cryostat (T,,;,, = 14 mK) does not exceed
0.75 mK at currents below = 5 nA. Figure 2a supports our estima-
tion: showing visible temperature damping of oscillations only at

Adv. Physics Res. 2024, 2400108 2400108 (4 of 8)

T,.. = 300 mK, while current damping is very strong when
changing the current from 1.1 to 3.6 nA.

To study the dephasing rate in our samples and the current de-
pendence of the UCF amplitude, we focus on the current range
above 1 nA. The empirical relation for the temperature depen-

dence of AR is
ARycp = aexp(=pl) 1)

where a and f are the fitting parameters. The dashed blue lines
shown in Figure S5b (Supporting Information) are fitted with the
equation above. The dephasing rate can be extracted from the
parameter f. For all measurements, the values of f are around
0.3. Previous studies have shown that the specific dephasing
source is the voltage and temperature fluctuations.[®*¢3] In our
case, current-induced dephasing is a process that originated in
the thermal averaging effect. Notably, the current dependence
of Rycr is also insensitive to probe configuration as shown in
Figure 2b.

The magnetoresistance feature near zero field sourced from
the weak antilocalization effect as was described by the Hikami—
Larkin-Nagaoka (HLN) theory. In brief, the conductance field de-
pendence near the zero field can be expressed as follows:

e 1 h h
- Y| - + —In 2
a27r2h< <2 4eL§SB> <4eLéB>> @

where a is related to the number of channels carrying the =
Berry phase or providing the strong spin-orbit coupling (0.5 for
each channel), L, is the electron phase coherence length (the
distance traveled by the electron before its phase is changed),
and ¥ is the digamma function.[**®! The parameters a and L,

G(B) =G,

© 2024 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH
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Table 2. Fit parameters for Hikami—Larkin-Nagaoka (HLN) theory describ-
ing the weak antilocalization effect in different nanoribbon devices mea-
sured at the bias current /,=30 nA.

Nanoribbon Current, nA Ly, nm a

B 0.3 nA 172.80 + 9.44 0.47 +0.03
C 15 nA 61.85 +2.58 0.09 +0.01
E 15 nA 118.73 + 6.40 0.15 + 0.01

were determined with the fit and are shown in Table 2. The fit
results for different nanoribbons are shown in Figure 3a,c,d. A
theoretical function provides a good explanation for the antilo-
calization feature on magnetoresistance curves. Phase coherence
length L is consistent in order of magnitude with earlier results
for Bi,Se;.127:667] The relatively small values a ~ 0.5 (at smallest
bias currents) are the marker of dominating of surface states con-
tribution and minor contribution of bulk states.[®] Understand-
ing the exact nature of such transport, of the ratio between sur-

1.40
)1.35 [ #B

WAL data
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1.00 F
0.95 I : L . L : L .
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face and bulk state contributions requires further investigation.
Figure 3b shows the dependence of phase coherence length L,
and parameter a on the bias current at which the oscillations
were measured. They exhibit slight decrement with the increased
bias current. Some discrepancies from the monotonic behavior
can be explained by the imprecise current setting for small cur-
rents (in order of nA), but the trend to decrease is visible. The de-
phasing field B, = n/4eL%%") increases with increasing current,
which reconfirms the current-induced dephasing mechanism.
The channel number constant a also decreases with bias current,
which increases channel separation with current. In previous
works, a similar effect was caused by increased temperature,!”!
consistent with our proposal of the same effect of temperature
and current.

3. Conclusion

In conclusion, we have demonstrated a novel approach for the
fabrication of topological insulator nanoribbons with precise ge-
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Figure 3. Weak antilocalization behavior of three nanoribbons with different thicknesses in QL units fitted with the Hikami-Larkin—Nagaoka (HLN)
model. a) Nanoribbon B (length 3 um, 6 QL), measured at bias current I, = 0.3 nA. b) Actual fit parameters: electron phase coherence length L, and
channel parameter a for nanoribbon B for different bias currents. c) Nanoribbon C (length 10 um, 6 QL), measured at bias current I, = 15 nA. d) sample
E (length 3 um, 8 QL), measured at bias current I, = 15 nA. The fit with the HLN theory is shown with red solid lines. HLN curves obtained by variation
of the channel number parameter a at fixed optimal L, obtained from fitting is shown by solid lines of different color.
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ometric control, achieved through the nanopatterning of atomi-
cally thin exfoliated films using a diamond tip of an atomic force
microscope (AFM). The Bi,Se; nanoribbons studied at ultra-
low (14 mK) temperatures revealed the emergence of magne-
toresistance oscillations and a weak antilocalization effect with
a remarkable dependence on the applied current. These results
driven by the behavior of topologically protected states not only
validate the high quality of the fabricated structures but also high-
light the potential of the AFM-based nanopatterning method for
fine-tuning of nanoribbon geometry thus allowing the study of
thickness dependence and layer-by-layer evolution of topologi-
cal properties.

4. Experimental Section

Sample Preparation: Bi,Se; films were fabricated from bulk crystals
grown using the standard Bridgman technique described elsewhere.[”1]
The typical carrier concentration of bulk samples was 10"cm™3. Frag-
ments of the initial bulk crystal with clean, flat surface were fixed to a sap-
phire substrate using a two-component epoxy adhesive. These fragments
were then to nanometer thickness by successive exfoliation with adhesive
tape.[? Typically, this process yields a continuous film of approximately 1
X 1 mm, containing areas of uniform thickness with lateral dimensions of
10-200 microns and thicknesses of 1-100 quintuple layers. The thickness
of the Bi,Se; film was estimated by: a) the transparency of the films after
exfoliation; b) by AFM scanning before and after pulse force nanolithog-
raphy; c) scanning electron microscopy after all measurements. Electrical
contacts were made immediately after exfoliation by cold indium solder-
ing directly to the film. Based on the position of the contacts, 20 pm wide
jumpers were fabricated using mechanical methods and laser ablation.
The narrowest parts of the jumpers, barely visible in optical microscope
(Figure 2a), were structured by focused ion beam (FIB) milling. Nanorib-
bons were subsequently produced by creating two parallel cuts using AFM
indentation nanolithography under ambient conditions with a commercial
atomic force microscope (SmartSPM, AIST-NT) and a silicon cantilever
with a single crystal diamond tip.[7.73] To avoid sample surface degrada-
tion, the film’s exposure was minimized to the atmosphere after exfoliation
by using desiccators and masking the main areas of the film before cutting
with the FIB.

Measurement details: The DC measurements were performed in a
BlueFors LD-250 dilution refrigerator equipped with a copper sample
holder that is carefully shielded against electromagnetic interference with
a mu-metal shield. Four-contact measurements were employed with sep-
arate BeCu/NbTi twisted pairs for the current and voltage contacts of the
structures. To minimize the switching noise from the inputs of the analog-
to-digital conversion (ADC) card, the Leonardo || ADC card measures sig-
nals from the outputs of current and voltage instrumentation amplifiers
(IAs) (AD8220 and AD8421, respectively), as shown in Figure 1d, rather
than directly from the samples. Amplifiers increase the millivolt signal into
the volt range to be registered with an ADC. To improve the accuracy of
the current signal, it was additionally corrected, and an inverted voltage
drop on the sample was considered (used as a reference for the AD8220
amplifier). All 12V amplifier power lines were equipped with 1 uF capaci-
tors to decouple the power lines from noise and signal generated in the
device. All electrical inputs and outputs of the cryostat are filtered by pi-
filters (C = 2.5 nF), followed by a two-stage symmetric low-pass RC-filter
based on surface-mounted lumped elements (R = 1 kQ, C = 100 nF, with
a cut-off frequency of 1.7 kHz) at the 4K-flange. Finally, a compact dis-
tributed RC silver-epoxy microwave filter made of twelve 1.6-meter-long
twisted pairs (TP-filter) was used, which is located at the input to the sam-
ple holder on the Mixing Chamber flange. To verify its microwave opera-
tion, a specially designed 1-meter-long silver-epoxy filter with SMA con-
nectors was tested, demonstrating more than 100 dB attenuation in the
frequency range of 0.1-20 GHz. This is in accordance with the estimations,
which suggest that the 1.6-meter TP-filter should result in more than 150
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dB attenuation in the same frequency range. The same experimental setup
was employed to measure various types of magnetic field oscillations at
low temperatures.[747°1,

The room temperature voltage amplification was performed by a
homemade symmetric amplifier system with a voltage noise density of
3 nV Hz /2 and symmetric current biasing of samples by a voltage
symmetrizer. The symmetrizer, based on the instrumentation amplifier
LT1167, receives a differential output from a voltage source, while an oper-
ational amplifier OP177 operates in inverter mode and provides an oppos-
ing current. The source of voltage biasing to the voltage symmetrizer is an
ultra-low distortion function generator DS360. The amplifier is mounted
in an aluminum box to provide electromagnetic shielding. The symmetry
of the amplifiers, the biasing, and DC twisted pairs results in solid sup-
pression of standard mode low-frequency interference (50 Hz and har-
monics). Two of the eight synchronous channels of the 24-bit ADC card
digitize calibrated voltage and current signals at a rate of 102.4 kHz. This
data, along with Lakeshore bridge measured temperature data, is written
to files according to algorithms of proper DC measurements (V(l), Ic(B),
Ic(T), R(T)).
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