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Abstract: Focused Ion Beam patterning has become a widely applied technique in the last few decades
in the micro- and nanofabrication of quantum materials, representing an important advantage in
terms of resolution and versatility. However, ion irradiation can trigger undesired effects on the target
material, most of them related to the damage created by the impinging ions that can severely affect
the crystallinity of the sample, compromising the application of Focused Ion Beam to the fabrication
of micro- and nanosized systems. We focus here on the case of Bi2Se3, a topological material whose
unique properties rely on its crystallinity. In order to study the effects of ion irradiation on the
structure of Bi2Se3, we irradiated with Ga+ ions the full width of Hall-bar devices made from
thin films of this material, with the purpose of inducing changes in the electrical resistance and
characterizing the damage created during the process. The results indicate that a relatively high ion
dose is necessary to introduce significant changes in the conduction. This ion dose creates medium-
range lateral damage in the structure, manifested through the formation of an amorphous region that
can extend laterally up to few hundreds of nanometers beyond the irradiated area. This amorphous
material is no longer expected to behave as intrinsic Bi2Se3, indicating a spatial limitation for the
devices fabricated through this technique.

Keywords: topological insulator; Bi2Se3; focused ion beam; patterning; irradiation damage

1. Introduction

During the last few decades, advances in miniaturization techniques, along with the
requirements of size and shape of new devices, have allowed for probing the limits of the
available lithography techniques. In particular, the use of Focused Ion Beam (FIB) has
gained importance as a versatile technique that allows one to structure matter at the submi-
crometer scale, providing high control over the final shape and geometry of the devices [1].
This makes it ideal for the investigation of emerging materials in condensed matter, of-
fering new possibilities for their manipulation and the investigation of unconventional
behaviors [2].

The most straightforward application of FIB is direct milling [3,4]. In this process,
the ions are accelerated and focused to a nanometric spot on a target sample, impinging
on its surface. If the collisions are energetic enough, this enables material removal and
patterning of extremely fine structures. However, FIB milling may induce uncontrollable
damage coming from colliding ions, secondary processes, or heating effects. The conse-
quences of these events depend on different factors, such as the target material or the
working parameters, and the range of damage can go from a few tens to several hundred
nanometers, considerably reducing the amount of functional material and significantly
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affecting the lateral resolution of the patterning. This can represent a serious limitation in
certain cases [5]. In addition, in nanosystems, the range of damage can be comparable to
the size of the system, significantly altering their properties [6]. On the other hand, in many
materials, preserving the properties of their surfaces is crucial so that they show their most
intriguing characteristics.

Nowadays, topological materials are a hot topic in the field of condensed matter
physics. Specifically, topological insulators (TI) have attracted much attention due to
their potential application in quantum computing and spintronics [7]. These materials
behave as insulators in their interior, whereas they support topologically protected metallic
surface states. Notably, Bi2Se3 is one of the most studied TIs due to its simple surface band
structure, containing a single Dirac cone, and its relatively large bandgap that should make
the topological regime in which the bulk states are suppressed more accessible [8].

Several techniques have been applied for the patterning of Bi2Se3 thin films so far,
UV lithography being the most widely used [9–11]. Regarding the fabrication of contacts,
Electron Beam Lithography (EBL) has also been employed [12,13], avoiding the use of
masks present in UV lithography, and simplifying the process. However, both require the
use of chemical resists and multiple steps [14]. In this sense, FIB patterning represents
an advantage since it is resist-free, which avoids possible chemical contamination or
degradation of the surface. Besides, it can be implemented in a single quick step, and it
offers the ability to customize the final design [2]. Nevertheless, the unique properties
of this material are highly dependent on its crystallinity as well as on the quality of the
interfaces, and these factors can be altered by ion irradiation. This is the reason why a deep
understanding of such effects is necessary. FIB patterning has already been applied on
Bi2Se3 for the fabrication of nanowires [15,16] and even damage has been considered in
some studies [17]. Here, the authors demonstrated the good capabilities of FIB for shaping
and thinning Bi2Se3 flakes, and they also reported the creation of amorphous regions in the
material, as well as the formation of Se-deficient areas, that can also affect transport. All
these effects established a limitation for the fabrication of high-quality nanowires down
to a width of 150 nm. However, a systematic analysis of FIB-induced damage in Bi2Se3
thin films with different thicknesses showing a detailed structure characterization of that
damage is lacking.

Herein, we investigate the effects of using FIB on Bi2Se3 thin films in order to establish
the possible limitations of this technique. We first irradiate Hall-bar systems made out of
Bi2Se3 films and check how their electrical resistance changes. Subsequently, the effects
produced on the crystal structure are characterized. We will show that the damage presents
a medium-range character, extending laterally up to several hundred nanometers beyond
the point of impact. Such an undesired effect should be taken into account when fabricating
Bi2Se3-based devices at the submicrometer scale by FIB.

2. Materials and Methods

For the purpose of this work, several 4 µm-wide Hall-bar devices were prepared by
optical lithography from Bi2Se3 thin films of 12.5, 40, 45, 52, and 55 nm thickness (informa-
tion for the 45 nm sample is used in the Supplementary File) [18–20]. The films were grown
by Pulsed Laser Deposition (PLD) on sapphire (001) substrates. Their crystallinity was
characterized by X-ray Diffraction (XRD), whereas the presence of topological surface states
was validated by Angle-Resolved Photoemission Spectroscopy (ARPES). The lithography
process was carried out in an MA6 mask-aligner from SUSS MICROTEC (Garching bei
München, Germany) following a two-step process, with a first standard etching process to
define the Hall bar, and a second lift-off process in order to define the electrical contacts.
For the etching, an ion milling machine model 600 from SISTEC (Chemnitz, Germany) was
used, whereas an Auto500 e-beam evaporator from BOC Edwards (Burgess Hill, UK) was
employed for the growth of the gold contacts.

The electrical properties of the films were characterized by magnetotransport measure-
ments in a Physical Properties Measurement System (PPMS) from Quantum Design (San
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Diego, CA, USA), covering temperatures down to 2 K and perpendicular magnetic fields
up to 9 T. The longitudinal resistivity versus temperature curve shows a metallic behavior
(Figure 1a), whereas the magnetic dependence of the Hall resistivity determines that the
transport is n-type and is attributed to a single type of carrier (Figure 1b). This has been
previously reported in pure Bi2Se3 and is ascribed to the natural formation of Se vacancies
in the material that act as donor impurities, populating the bulk conduction band, and hin-
dering the isolation of the topological surface states. Hall resistivity measurements allow
us to determine a sheet carrier density and a mobility in the range of (1.8–31.5) ·1013 cm−2

and 50.3–77.5 cm2/(V · s), respectively, indicating a strong contribution to transport from
the bulk states in these samples [21–23].

Figure 1. Electrical measurements of Bi2Se3 samples with thicknesses of 12.5, 40, and 55 nm: (a) Ther-
mal dependence of the longitudinal resistivity. (b) Magnetic field dependence of the Hall resistivity
measured at 2 K.

The Hall bars were irradiated across their full width using line patterns. Each irradia-
tion process was carried out in a working region, which is defined as the region in the Hall
bar between two consecutive contacts. Inside the region, a series of lines made with an
increasing ion dose are performed in order to induce changes in its electrical resistance (see
Figures 2 and 3), looking for the minimum dose necessary to produce significant changes
in the electrical response of the system. For the irradiation process, a Dual Beam Helios
Nanolab 650 FIB-SEM equipment from Thermofisher (Hillsboro, OR, USA) was used. This
equipment combines a vertical field-emission electron column with a 52◦ tilted Ga-based
ion column, both with a maximum acceleration voltage of 30 kV, which allows one to
simultaneously fabricate and image the process. Both beams intersect at the eucentric point,
which is placed 4.15 mm below the pole of the electron column. The accelerating voltage
and current of the ion column were 30 kV and 1.1 pA, respectively. A dwell time of 1 µs
and a beam spot overlap of 50% were chosen. The ion dose was progressively increased by
simply increasing the irradiation time.

Electrical resistance was extracted from I-V curves taken in situ after each irradiation
line pattern, using electrical microprobes from Kleindiek Nanotechnik GmbH (Reutlingen,
Germany) and a 6221 DC current source/2182A nanovoltmeter from Keithley Instruments
(Cleveland, OH, USA), with a two-probe measurement configuration by injecting a DC
current and measuring the voltage drop simultaneously (Figure 3a). Contact resistance
was negligible in this case (order of magnitude of few Ω) compared to device resistance
(order of magnitude of few kΩ), and since we are interested in resistance changes and not
in absolute values of the resistance, four-probe measurements were not required.

For structural characterization, some lamellas of the irradiated regions were pre-
pared and observed in a Titan Cube Transmission Electron Microscope from Thermofisher
(Hillsboro, OR, USA) with High-Resolution Transmission Electron Microscopy (HRTEM)
capabilities. This equipment provides atomic resolution of the lattice structure, enabling
examination of the structural effects caused by ion irradiation in the sample and the deter-
mination of the extent of damage.
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Figure 2. Sketch of the irradiation process of a working region. The white arrow indicates the sense
of increasing irradiation dose, as indicated below in Figure 3b.

Figure 3. Scanning Electron Microscopy (SEM) images showing: (a) microprobes configuration for
the in situ electrical measurements. (b) Magnified view of the region marked with a red rectangle in
(a). FIB-irradiated line patterns through the entire width in a working region of a Hall-bar device.
The dashed white arrow indicates the sense of increasing ion dose.

3. Results

Figure 4 shows the evolution of the change in electrical resistance against the gallium
ion dose for the four different film thicknesses. The change in resistance R − Ri for a
given dose is calculated as the difference between the resistance after (R) and before (Ri)
irradiating a line with that dose. In this way, the increment due only to the last irradiation
is obtained. Ion dose is expressed in both ion/cm and in ion/cm2. For the latter, a beam
spot size of 7 nm provided by the chosen working parameters was considered. For all
samples the same behavior was observed: first, a nearly flat region in which the resistance
increased slightly. For this range of relatively low doses, only localized amorphization of the
structural lattice took place (see the Supplementary File for more details on the evolution
of the damage with increasing ion dose). After a certain value of the ion dose, milling
started and the amorphization spread beyond the irradiated area. However, no significant
changes in the resistance were observed until a higher dose was applied, at which it
increased sharply. After this abrupt increase, the electrical resistance increased several
orders of magnitude, and the sample could be considered electrically insulating. Thus,
the irradiation produces an insulating region in the bar.
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Figure 4. Change in electrical resistance R − Ri, calculated as the difference between the resistance
after (R) and before (Ri) irradiating a line with a given dose value (D), as a function of the ion dose
for samples with four different thicknesses: 12.5 (a), 40 (b), 52 (c), and 55 nm (d). In the lower x-axis,
the dose is expressed in ion/cm, whereas in the upper one, it is expressed in ion/cm2, considering
the beam spot diameter. The insets show the low ion dose region in more detail.

In order to compare this feature among the different samples, we can establish a
criterion according to which the sample can be considered electrically cut off. This is made
to correspond to a value of change of 20 times the initial electrical resistance R0. The dose
corresponding to the irradiation producing such a change is called the critical dose Dc.
The values of Dc extracted through this criterion are shown in Table 1. As expected, Dc
increases with increasing thickness. The value of the present doses is in good agreement
with the one found in previous work [16], where an ∼8 nm Bi2Se3 film with a 20 nm to
30 nm capping layer of Se was irradiated, showing an abrupt increase of the electrical
resistance at 3.6 · 1016 ion/cm2.

Table 1. Values of Dc for different thicknesses in ion/cm and ion/cm2.

t (nm) Dc (1010 ion/cm) Dc (1016 ion/cm2)

12.5 3.0 ± 0.9 4.2 ± 0.8
40 12.2 ± 1.0 17.2 ± 0.9
52 13.5 ± 0.2 19.3 ± 0.2
55 15.5 ± 1.9 21.0 ± 1.6

To closely examine the effects of the FIB-irradiation process on the samples and to
correlate the behavior of the electrical resistance against ion dose with the formation of
damage in the crystalline structure, several lamellas corresponding to different doses
and thicknesses were prepared and studied by HRTEM (see the Supplementary File for
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additional images on structural characterization). First, Figure 5 shows the effects of
irradiation on three of the four thicknesses for a dose value around Dc, demonstrating
severe lateral damage, reaching from tens of nanometers in the 12.5 nm-thick sample
(Figure 5a) up to several hundred nanometers in the 55 nm-thick sample (Figure 5c). In all
cases, medium-range damage (>t) was observed. This could represent a limitation when
applying FIB fabrication to this material, significantly reducing the amount of functional
material and representing a constraint for the lateral size of the device. It can be observed
that whereas in the thinnest film the damage covers the entire thickness of the film, in the
thicker ones, the damage takes place just at the region closest to the film surface. In general,
an increase in the range of damage was found with increasing thickness, as expected from
the higher dose required for the corresponding irradiation processes.

Figure 5. Transmission Electron Microscopy (TEM) images, with white double-headed arrows
showing the damage range after high dose irradiation in samples with thicknesses: (a) 12.5 nm,
(b) 40 nm, and (c) 55 nm. In (a,b), just one side of the irradiated zone is shown, whereas in (c), both
are presented.

Regarding the nature of the damage, amorphization took place in the majority of
the region. However, this was not happening throughout the affected structure. It was
observed in different irradiated areas that right next to the irradiated region, a small area of
polycrystalline material was formed. This can be attributed to recrystallization of the region
closest to the irradiated area due to local heating that arises from the energy transfer of the
ions to the crystal lattice [24,25]. The damage extended throughout the lateral dimension,
but in the region closest to the beam incidence point, the temperature was high enough to
produce partial recrystallization. The differences in structure can be further confirmed by
taking the Fast Fourier Transforms (FFT) of the structure in the TEM images (See Figure S7
in Supplementary File).

As a summary of the observed results, a plot with the values of Dc and the lateral
damage range against the thickness of the sample is presented in Figure 6. This shows
that Dc scales almost linearly with thickness. A slight deviation from linearity might
be expected due to several factors that participate in the interaction of the ions with the
sample, such as local heating or backscattering produced by the substrate, which makes the
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process more difficult to describe. Indeed, local heating acts as a source of recrystallization.
Grain formation after recrystallization might even favor electrical transport through the
amorphized areas, delaying the electrical cut. The linear trend was not observed in lateral
damage, but a relatively large damage (>t) was found in the thinner film of 12.5 nm. In this
case, the sapphire substrate can act as a strong source of backscattering that plays an
important role in the lateral spreading of the damage. For thicker films, the substrate is
not expected to play such a relevant role at the beginning of the irradiation process, given
that the ion dose reaching the substrate is much lower. Theoretical or simulation results
would be necessary for a more comprehensive understanding of all the complex physical
processes involved in the ion irradiation of Bi2Se3 films.

Figure 6. Critical dose Dc with linear fitting and lateral damage range plotted against thickness.

4. Conclusions and Outlook

We have fabricated and ion irradiated Bi2Se3 patterned films of different thicknesses
in order to study the effects of ion irradiation on their electrical resistance and on their
crystalline structure. The evolution of the electrical resistance with the increase in ion dose
showed initially a weak effect. Only after exceeding a given dose, the electrical resistance
changed significantly. This corresponded to the formation of an insulating trench.

In addition, the structural characterization by TEM allowed us to study the range
of damage created by the impinging ions. We observed a first stage in which only amor-
phization took place, remaining localized, followed by a second stage in which milling was
triggered, leading to a lateral spreading of the amorphization in the crystalline structure
up to several hundred nanometers beyond the irradiated area. This study was carried out
under soft working conditions, given that the Ga beam current was set to 1.1 pA, which
can be considered a low current corresponding to a short tail in the beam profile.

With these results in mind, we can conclude that there are spatial limitations when
directly applying FIB to the fabrication of Bi2Se3 devices. Specifically, when fabricating de-
vices with dimensions comparable to the extent of the damage, the final performance of the
device could be seriously affected. This consideration becomes even more important in thin-
ner samples, where the damage might spread down to the substrate for the entire affected
region. Some routes for reducing the damage created by ions have considered the idea of
annealing at temperatures around 300 ◦C [26]. In other cases, the functional thin films are
protected with a sacrificial layer [27]. Other studies have shown that decreasing substrate
temperature below room temperature can considerably reduce the amount of damage
caused by ion irradiation [5,28,29], which can be an interesting route for further research.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma16062244/s1, Figure S1: Evolution of structural damage with
increasing ion dose, Figure S2: Evolution of the I–V characteristics with increasing ion dose, Figure S3:
Additional Transmission Electron Microscopy images for the 12.5 nm-thick sample, Figure S4: Addi-
tional Transmission Electron Microscopy images for the 40 nm-thick sample, Figure S5: Transmission
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Electron Microscopy images for the 52 nm-thick sample, Figure S6: Additional Transmission Electron
Microscopy images for the 55 nm-thick sample, Figure S7: Transmission Electron Microscopy image
with Fast Fourier Transforms of damaged regions. Reference [30] is cited in the Supplementary File.
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