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ABSTRACT

In this study, we present a novel approach to localized superconductivity induction in BaFe,As; films via targeted implantation of cobalt
(Co) ions. Primarily, our study focuses on the systematic distribution of Co ions and the subsequent evolution of superconducting prop-
erties in Co-ion-implanted BaFe;As, films. Our observations show that Co-ion distribution in the films is congruent with the results
of analytical methodologies employed in the semiconductor industry, as confirmed via transmission electron microscopy imaging. The
temperature-dependent resistivity curves reveal the concurrent presence of superconducting and non-superconducting regions. Moreover,
the superconducting domain demonstrates the typical diamagnetic behavior intrinsic in superconductors. Importantly, Co-ion concentra-

tions of ~10*° cm™
effective superconducting percolation pathway within the films.

can be achieved by finely tuning the beam energy and ion dose. This concentration is instrumental in establishing an

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0190904

. INTRODUCTION

Superconducting films have long been at the forefront of mate-
rials research as their importance has been supported by fundamen-
tal research dating back to the 1950s. The versatility of these thin
films in a variety of applications has led to advances in fabrication
technologies based on their unique characteristics. Traditionally,
in situ fabrication techniques, such as pulsed laser deposition (PLD),
sputtering, and chemical vapor deposition, have been primarily used
in the field." " For films with intricate preparation requirements,
ex situ methods, involving doping after the deposition of the pre-
cursor film, have been employed. A prevalent constraint with both
techniques is the uniform doping across the entire film. While this
uniform doping approach is effective for certain applications,””
it falls short when localized doping is crucial for specific device
architectures.”” As the demand for precision and tailored appli-
cations grows, refined control methods are imperative for real-
izing the potential of superconducting films. Ion implantation, a
prevalent technique in semiconductor device fabrication, enables

targeted doping of intrinsic Si wafers for specific manufacturing
purposes. A prominent advantage of this method is its precision;
modulating the energy and dose of the ion beam affords granular
control over both the doping region and intensity. In the estab-
lished semiconductor realm, ion implantation has been instrumental
in crafting intricate structures, including MOSFETs and CMOS
devices.” " Similarly, the superconducting domain boasts intricate
devices, such as Superconducting QUantum Interference Device
(SQUID) arrays, superconducting single-photon detectors (SSPD),
and superconducting transistors and qubits.""""" Mass-production
of these devices could draw from semiconductor fabrication tech-
niques. Moreover, ion implantation plays a crucial role in probing
the fundamental properties of superconductors, especially at their
metal interfaces and grain boundaries.'* >’

Ion implantation (irradiation) has been traditionally employed
to enhance the superconducting properties of materials by estab-
lishing vortex pinning centers. This approach has been extended to
diverse materials, including YBa;Cu3O7_; thin films,”>” BaFe,As;
single crystals family,”> and Fe(Se, Te) thin films.”® Indeed, there
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is a notable study on inducing superconductivity through ion
implantation into SrFe;As; single crystals.f In our research, we
have advanced the application of the ion implantation method
in the field of superconductivity by employing it on thin films.
This extension of the technique from single crystals to films opens
up new avenues for exploring and manipulating superconducting
properties in different material forms. Based on these investiga-
tions, we have distinguished potential applications of supercon-
ducting devices fabricated via this technique. Implementing ion
implantation within the superconducting domain can pave the
way for large-scale production of superconducting devices. In
particular, superconductors in a layered BaFe,As; can be fabri-
cated using hole doping via Ba substitution, electron doping via
Fe substitution, nonelectrical doping as seen with P doping, and
by tailoring a Ba-122/SrTiO; superlattice with SrTiOs.”* " This
versatility expands potential applications.”>”” However, the inherent
anisotropy of superconductivity in high-temperature layered super-
conductors has limited its use in power transfer. The small electro-
magnetic anisotropy’**” found in BaFe,As; makes it promising for
superconducting devices.*®

In this research, our primary objective was to develop a novel
ion implantation method for producing BaFe;As; superconducting
films. This process transforms the treated region into a supercon-
ducting functional area, akin to doped semiconductors in conven-
tional procedures. Our results highlight that the coexistence of a spin
density wave (SDW) and superconducting states indicates the selec-
tive influence of irradiated dopant ions. Experiments revealed the
optimal conditions for BaFe,As, superconducting films using a Co-
ion beam dose of ~10'* cm™ at under 80 keV. Our study emphasizes
that higher ion concentrations can be achieved via ideally doped
phases by modulating the irradiation energy, provided the inflicted
damage is minimal.

Il. METHODS

We deposited the BaFe,As, precursor film on a CaF, substrate
using PLD and achieved doping via Co-ion implantation. The ion
implantation was performed at the Korea Multi-purpose Acceler-
ator Complex (KOMAC). A schematic representation of the film
is shown in Fig. 1(a). The films were sufficiently thick (460 nm)
to encompass the Co-ion distribution profile, positioning Co ions
near the surface of the BaFe;As; film. The pristine BaFe;As; films
were irradiated with a Co-ion beam characterized by an energy
range of 20-100 keV, a dose spanning from 5x 10'* to 1 x 10'°
cm™?, and an incident angle perpendicular to the film surface. The
depth profile of implanted Co ions was analyzed by utilizing time-
of-flight secondary-ion mass spectrometry (TOF-SIMS). The sample
was cooled in a closed-cycle refrigerator to assess the superconduct-
ing phase of the film, and transport measurements were performed
using the four-terminal method. Susceptibility was measured along
the in-plane using a superconducting quantum interference device
magnetometer (Magnetic Property Measurement System, Quantum
Design).

lll. RESULTS AND DISCUSSION
A. lon distribution analysis

We focused on the ion distribution and on the influence of
ion implantation on it. Figure 1(b) shows the TOF-SIMS elemental
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FIG. 1. (a) Schematics of the Co-ion implantation process in BaFe,As; films. (b)
Time-of-flight secondary ion mass spectrometry (TOF-SIMS) profile over time. The
time axis is converted to depth by considering the distribution of constituents within
the film and the substrate.

depth profiles of the film, which was implanted using a Co beam
with a beam dose of 1 x 10'* cm™ and an energy value of 80 keV.
The horizontal axis represents the time of sputtering with oxygen
ions from the film surface. Our pristine BaFe;As; films showed a
homogeneous structure,” resulting in a consistent sputtering rate.
As such, the sputtering time can be directly correlated with the depth
of the film. The CaF" ion signal corresponding to the substrate com-
position first emerged at 528 s (dashed line), suggesting that the
entire pristine BaFe;As; film was peeled off by this time. By con-
verting 528 s to the thickness observed in the secondary electron
microscopy (SEM) image (460 nm), we deduced the sputtering time-
to-depth conversion ratio. We plotted three curves for CaF* (green),
Fe (red), and Co (blue) to distinguish the depth distribution of Co
ions. The increase in the Fe ion concentration near the surface coin-
cided with the distribution of Co ions, indicating collisions between
the incoming Co ions and the lattice Fe ions.”® CaF* was observed
at the second peaks of the Fe ion profiles.

Top of Fig. 2(a) shows the depth profiles of BaFe;As; films with
Co-ion implantation at a dose of 10" cm™ at various energies. A
consistent shift was observed in Co-ion distribution with the irradi-
ation energy, resembling a Gaussian distribution (marked by the red
dashed line). Greater ion beam energies resulted in deeper and wider
Co-ion distributions. Given that the total number of implanted ions
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FIG. 2. (a) (Top) TOF-SIMS profiles of Co ions at varying energies (black solid
lines) and their Gaussian fits (red dotted lines). (Inset) Displays the peak concen-
tration, Cp, the depth, Ry, where the peak occurs, and the width, AR, at 61% of
Cy. (Bottom) Depth-dependent damage at 20 keV, as predicted by the SRIM simu-
lations. (b) The values of R, and AR, as functions of the Co-ion energy and those
obtained from the simulations (blue lines).
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remained unchanged, the peak height decreased as the distribution
widened. This pattern is typical in ion implantation processes.”’
Energetic ions penetrating the substrate interact with atoms in the
film, losing energy. This interaction statistically fluctuates; conse-
quently, ions move zig-zag owing to multiple scatterings from target
atoms. The inset of Fig. 2(a) shows that C, is the doping level, R, is
the doping depth, and AR; is the doping width represented by the
half-width at 0.61 x C,. Using the Gaussian approximation, the ion
concentration based on the range, C(x), is given by

1

o) (x—Ry)?
C(x) = exp| — N
(=) V27AR, P ( 2AR;

where @ is the dose of the Co-ion beam, R, is the mode, and
AR, is the longitudinal straggle. The projected range, R, indicates
the average penetration depth from the target surface to its peak.
The range straggle, the deviation in the ion’s travel distance from
the target’s surface to its final depth, arises owing to the energy
straggle.

To determine the acceleration energy for a designated doping
depth, we compared the TOF-SIMS results to the outcomes from
the stopping and range of ions in matter (SRIM) and transport of
ions in matter (TRIM) simulators, common tools in semiconductor
research.””** A Ba:Fe:As stoichiometric ratio of 1:2:2 and a density
of 6.64 g/cm’® were used as input parameters for the simulations."’
Figure 2(b) shows Ry, (closed symbols) and AR;, (open symbols) val-
ues for various energies. We found that R, and AR, values from the
simulations (plotted as blue lines) matched well with the experimen-
tal findings. Furthermore, at the bottom of Fig. 2(a), we incorporated
the depth curve from the TRIM simulator to evaluate the potential
sample damage due to vacancy creation. Notably, while ion implan-
tation typically induces vacancies near the surface, they are rarely
found beyond 40 nm from the surface. This suggests that a 20 keV
ion beam exposure degrades the crystalline structure of the BaFe,As;
film up to a thickness of 40 nm.

Figures 3(a) and 3(b) show the cross-sectional transmission
electron microscope (TEM) images of the film before and after Co-
ion implantation with an energy of 20 keV and a beam dose of
5x 10" cm™, respectively. We fabricated a 650 nm thick pure
BaFe;As; film to account for the ~200 nm reaction layer form-
ing at the interface of the BaFe;As; film and the CaF, substrate.
This ensures that superconducting properties manifest in regions
far from the reaction layer. We observed a superficial 20 nm amor-
phized layer on top of the pristine film [Fig. 3(a)], potentially
preventing the ion-tunneling effect that otherwise expends the dis-
tribution tail of the implanted ion. This amorphous layer originates
from vacancies formed upon the reaction of Ba ions and hydration.**
After implantation, Fig. 3(b) shows a substantial and uniform amor-
phous layer on the surface of the film. In addition, the amorphous
or crystalline state of each region was verified through fast Fourier
transform (FFT) analysis."”"° Assuming that the doped regions
turned into superconductors and the implanted regions became
amorphous, the superconducting phase spanned the film evenly.
The ion implantation-induced amorphous layer had a thickness of
around 39 nm, consistent with the TRIM-simulated damage region
thickness.
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20 nm

FIG. 3. Cross-sectional transmission electron microscopy (TEM) images of (a) a
pristine BaFe;As; film and (b) a Co-ion implanted BaFe;As; film. The pristine film
exhibits a thin amorphous layer atop, attributed to the inherent volatility of As ions.
The Co-ion-implanted BaFe,As; film displays an amorphous layer whose thick-
ness aligns with the predictions from Fig. 2(a). Fast Fourier transform (FFT) images
for each corresponding region clearly distinguishes between their amorphous and
crystalline characteristics.

B. Superconductivity analysis

We anticipate the formation of a heterostructure, in which
the implanted region near the surface manifests as the electron-
doped phase, while the deeper portion remains the underdoped
phase. In Fig. 4(a), the temperature-dependent resistivity, p(T), of
the implanted films is plotted down to 4 K (black line), with a
beam dose set at 10" ¢cm™ and the energy at 20 keV. The solid
and dashed green lines represent the resistivity curves for pure
BaFe,As; and its optimally Co-doped BaFe;As; respectively. The
pure BaFe;As; shows an SDW transition near 140 K, 7 whereas opti-
mally Co-doped BaFe;As; shows a superconducting transition at
23 K."*" Notably, the pure and optimally doped BaFe;As, phases
seemed to coexist independently within the film. This dual transi-
tion presence indicates that the influence of irradiated dopant ions
is depth-specific rather than comprehensively affecting the entire
film area, as illustrated in Fig. 1. The magnetic property measure-
ments further confirmed superconductivity. Figure 4(b) shows that
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FIG. 4. Superconducting properties of Co-ion-implanted films. (a) Temperature-
dependent transport behavior of the films (black line). The solid and dotted green
lines correspond to the pristine and optimally Co-doped BaFe;As;, respectively.
(b) The magnetic behavior under an externally applied perpendicular magnetic
field is characterized through field cooling and zero-field cooling methods. The
inset displays the magnetic hysteresis observed in the films.
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when a 10 Oe magnetic field is applied perpendicular to the sur-
face, the material exhibits superconducting diamagnetism, which
becomes apparent below 20 K. As the temperature decreases, the
extent of the superconducting volume within the material increases.
The variation in the critical temperature (T.) compared to the resis-
tivity is attributed to the coexistence of diverse doping levels. In
the inset of Fig. 4(b), the magnetization at 5 K shows a diamond-
shaped curve typical for superconductivity, signifying a creation of a
superconducting percolation pathway.

Figure 5 shows the temperature-dependent resistivity, p(T), of
the film under various conditions. The left column [Figs. 5(a)-5(c)]
presents variations based on the beam dose, while the right col-
umn [Figs. 5(d)-5(f)] presents variations resulting from changes
in the beam energy. Figure 5(a) shows the p(T) curve for the film
implanted with various beam doses and a fixed beam energy of
20 keV. A subtle kink around 10 K in the undoped as-grown film
indicates the emergence of superconductivity owing to strain effects
between the substrate and the material. For a dose of 5 x 102 cm ™2,
the temperature of kink increased, but the decrease in resistivity
was very broad. At 5x 10" cm™, the superconducting transition
was sharp, and the T. value was high, but the residual resistiv-
ity appeared at low temperatures. The optimal superconducting

(a) T T [
02l /
A7
&
a — as grown
0.1 —5x10" —5x10" |
1x10" — 5x10'"*
—1x10:5—1x1016
0.0 L 0.0
0 20 pgy O 60 20 7y B 60
0.15 (b-) (e)
.
¥
20.10
o
¥
20.05
0.00 =
10 104 10’ 100 20 40 60 80 100 120
10 Beam dose (#/cm?) Beam energy (keV)
(c) ®
on —V
2 S e
fo
10

10" 10" 10 10" 10'¢ 0 20 40 60 80 160 120
Beam dose (#/cm?) Beam energy (keV)

FIG. 5. Comprehensive study of resistivity and critical temperatures. (a)
Temperature-dependent resistivity, normalized by its value at 300 K, for different
beam doses. (b) Resistivity at 4 K normalized by its value at 300 K. At a beam
dose of 10™, the curve attains a minimum, with its value approaching zero. (c)
Critical temperature, ™, plotted as a function of beam dose, with AT, indicated
by the error bars. (d) Resistivity normalized by its value at 300 K for different beam
energies. (€) Resistivity at 4 K normalized by its value at 300 K. (f) T,™ plotted as
a function of beam energy, with AT represented by the error bars.
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transition occurred at a dose of 1 x 10'* cm™. Beyond this optimal
dose, the superconducting phase began to diminish.

We evaluated p(T) on two criteria. First, we normalized p(4 K)
to p(300 K) to compare the quality of superconductivity. As shown
in Fig. 5(b), the normalized resistivity consistently decreased with
increasing beam dose, reaching zero at a beam dose of 10" cm™.
However, at higher doses, the residual resistance increased. Sec-
ond, we compared the critical temperature T mid (symbols) and
AT, (error bars), as shown in Fig. 5(c). Typically, T2 the tem-
perature at which resistance starts to decrease, serves as a point of
comparison. In our films, this value remained relatively consistent
(shaded region), suggesting the occurrence of filamentary supercon-
ductivity.”’ This T.°™" is analogous to T. at the optimal doping
level. Here, AT. is determined based on the difference between
T and T Ot (the temperature where the resistance becomes
zero). Several samples showed residual resistance, resulting in a pro-
nounced AT.. The best superconducting quality was identified at a
beam dose of 10'* cm™2, with Tcmid at the maximum and AT, at
the minimum. For a beam dose below 10 ¢cm™2, an inadequate
number of dopant ions prevented the establishment of sufficient
superconducting percolation pathways. Conversely, doses above this
threshold led to significant amorphization due to ion disorder in the
lattice.

Figure 5(d) shows the superconducting transitions in the
implanted films at energies of 20, 40, 80, and 100 keV for a beam dose
of 10" cm™. The residual resistance was negligible for beam ener-
gies below 80 keV, whereas at 100 keV, a finite resistance emerged
[Fig. 5(e)]. As shown in Fig. 5(f), as the beam energy decreased,
TCmid increased and AT. decreased. This is due to the increase in ion
concentration with a decrease in the energy, indicating that optimal
percolation paths are achievable only within specific energy levels. A
small value of AT, at low energy indicates the ideal ion concentra-
tion for producing the Co-doped BaFe;As; superconducting phase.
In fact, controlling Co doping depth becomes feasible with beam
energies below 80 keV.

The consolidated findings reveal the critical concentration
governing the superconducting percolation path. In [Eq. (1)], we
primarily focus on the peak concentration C;, at Rp, and to ascertain
the C,, we referred to the experimental beam doses and corre-
sponding AR;, values shown in Fig. 2(b). Figure 6 shows the inter-
play between T.™¢ and Cp. The red and black curves denote the

T THHTW T THHTW T TTHHW T THTHW
24— s —®—Fixed dose |
r \—@— Fixed energy |
22 — [\ -
~~ \
< 20+ = ‘e —
E o = \ -
~ g
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FIG. 6. T.™ in relation to C,: Based on Figs. 5(c) and 5(f), using beam dose and
beam energy as parameters, peak concentrations are calculated. T.™ reaches
its maximum at a C, value of approximately 10%.
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T.™9 values under constant energy and beam dose, respectively.
For both curves, Tcmid peaked at a concentration of 10 cm™3, and
this concentration can be converted to 0.5% of Fe ions. This level
belongs to the filamentary superconductivity, and when subjected to
a dose ten times higher, the phase diagram suggests the emergence
of a superconducting phase. However, due to the amorphization,
this transition does not occur as anticipated. Despite a consistent
Cp value, depth profiles can vary based on implantation conditions.
Increasing the irradiation energy broadens the ion distribution. In
contrast, modifying the irradiation dose does not affect the shape
of the distribution. Consequently, by adjusting the irradiation para-
meters in both the dose and energy, we can potentially govern
the uniformity of the ion distribution, providing a mechanism to
modulate the T value.

IV. CONCLUSIONS

In this study, we investigated the formation of the super-
conducting phase in BaFe;As; films using localized Co-ion
implantation—a technique commonly employed in the integrated
circuit industry. Using a Gaussian function, we accurately mod-
eled the depth profile of Co ions, enabling an enhanced and better
understanding of ion-doped superconductors through the SRIM
simulator.

Our results delineate the critical balance between ion doses and
beam energies that either promote or inhibit the formation of super-
conducting percolation paths. An insufficiently low dose may fail to
introduce a sufficient amount of the superconducting phase to estab-
lish a percolation trajectory. Conversely, an exceedingly high dose or
energy might detrimentally impact the film. The optimal ion beam
conditions produce Co-ion concentrations of ~10*° cm™, favor-
ing the formation of superconducting percolation paths in the film.
This study deepens our comprehension of how ion implantation
influences superconductivity in iron-based compounds, especially
BaFe,As;. Our insights pave the way for tailoring their supercon-
ducting properties for diverse applications ranging from energy
transmission to advanced medical technologies.
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