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Maskless X-Ray Writing of Electrical 
Devices on a Superconducting 
Oxide with Nanometer Resolution 
and Online Process Monitoring
Lorenzo Mino1, Valentina Bonino1, Angelo Agostino2,3, Carmelo Prestipino4, Elisa Borfecchia2, 
Carlo Lamberti  2,3,5, Lorenza Operti2,3, Matteo Fretto6, Natascia De Leo6 & Marco Truccato1,3

X-ray nanofabrication has so far been usually limited to mask methods involving photoresist impression 
and subsequent etching. Herein we show that an innovative maskless X-ray nanopatterning approach 
allows writing electrical devices with nanometer feature size. In particular we fabricated a Josephson 
device on a Bi2Sr2CaCu2O8+δ (Bi-2212) superconducting oxide micro-crystal by drawing two single lines 
of only 50 nm in width using a 17.4 keV synchrotron nano-beam. A precise control of the fabrication 
process was achieved by monitoring in situ the variations of the device electrical resistance during X-ray 
irradiation, thus finely tuning the irradiation time to drive the material into a non-superconducting state 
only in the irradiated regions, without significantly perturbing the crystal structure. Time-dependent 
finite element model simulations show that a possible microscopic origin of this effect can be related to 
the instantaneous temperature increase induced by the intense synchrotron picosecond X-ray pulses. 
These results prove that a conceptually new patterning method for oxide electrical devices, based on 
the local change of electrical properties, is actually possible with potential advantages in terms of heat 
dissipation, chemical contamination, miniaturization and high aspect ratio of the devices.

The quest for improved device performance has pushed the semiconductor industry to produce smaller inte-
grated circuits, developing lithographic techniques based on radiation with increasingly shorter wavelength1. 
To this aim, the idea of exploiting X-rays, characterized by a very small wavelength (λ ≲ 1 nm), has already 
been explored in the past, but faced several problems which prevented mass production applications2. In this 
conventional approach the desired pattern should be defined on a photoresist (e.g. polymethyl methacrylate, 
PMMA), using X-rays to induce some difference in the chemical resistance to the developing solution, and then 
the pattern defined in the organic material has to be transferred to the electronically active material by the etching 
process3. A first issue is the fabrication of stable masks with the necessary contrast and small sizes. Indeed, masks 
usually consist of a pattern of a strongly X-ray-absorbing material (typically gold) supported by thin membranes 
made of silicon nitride, titanium, graphite, or polymers. For transparency reasons, such membranes are only few 
micrometers thick, but should often extend over big areas making them very delicate4. Other relevant problems 
are represented by the availability of suitable light sources, mask-wafer positioning, and diffraction effects5. In this 
respect, direct-write methods could overcome the limitations inherent to the use of X-ray masks. Moreover, a fur-
ther simplification of the process can be achieved by avoiding the use of photoresist and the subsequent etching, 
which can be possible by exploiting the X-rays to directly modify the properties of the material.

In this scenario, the appearance of oxide electronics is opening new possibilities for the application of one-step 
maskless X-ray patterning methods. The discovery of 2D electron liquids at some oxide/oxide interfaces or the 
fabrication of oxide-based memory cells show that the oxide technology can play a significant role as an extension 
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and a complement for the silicon one6, 7. Since the electrical properties of oxides are very sensitive to the pres-
ence of oxygen vacancies in the crystal lattice and since in principle X-rays can directly induce these vacan-
cies, X-ray patterning methods could be suitable to modify the electronic properties of these materials. In this 
respect, recently the availability of intense nano-focused X-ray beams from synchrotrons and free-electron lasers 
have dramatically improved the possibilities of using X-rays not only to characterize materials8–10, but also to 
modify their properties in a controlled way11, to manipulate defects12 and to stimulate the organized growth of 
nanostructures13.

Our group already showed that a high-dose irradiation at 17 keV can affect both structural and electronic 
properties of Bi2Sr2CaCu2O8+δ (Bi-2212) micro-crystals by modifying their oxygen content14. These results are 
particularly interesting since the existence of a layered structure along the crystal c-axis, consisting of alternating 
superconducting and insulating planes, induces the presence of intrinsic Josephson junctions (IJJs) in this super-
conducting oxide15. The emissions from the one-dimensional array of identical IJJs in crystals of high transition 
temperature superconductors, such as YBa2Cu3O7-δ

16, (V2Sr4O6)Fe2As2
17 and Tl2Ba2CuO6

18, have stimulated a 
new basic and applied research aiming to bridge the “THz gap”. In particular, several studies have been published 
describing the possibility of producing or sensing coherent THz radiation using Bi-2212 crystals19, 20. However, 
since in Bi-2212 the electrical resistivity along the c-axis is about five orders of magnitude higher than in the 
ab-plane21, in order to exploit the intrinsic Josephson effect, the current has to be forced to flow along the c-axis by 
patterning the crystal by photolithographic processes or by Focused Ion Beam (FIB) etching22, thus introducing 
vacuum/oxide interfaces at some stage of the process to define the device geometry, which can be detrimental 
from the point of view of optoelectronics. However, the observation that focused hard X-rays are able to modify 
the crystal oxygen content14 paved the way to the practical realization of a direct-write hard X-ray patterning 
method where only oxide/oxide interfaces are present, suggesting that a high enough X-ray dose could locally 
induce in the material an oxygen depletion large enough to drive it in a non-superconducting state. This idea has 
been recently demonstrated by fabricating a proof-of-concept IJJ device with this novel photoresist-free approach 
by means of synchrotron radiation, but, in spite of the nanometric sizes of the probe, only micrometric features 
have been obtained for the devices23.

In this contribution we report on the achievement of real nanometric feature size obtained by realizing a IJJ 
device drawing two single lines of only 50 nm in width. A real-time control of the fabrication process was also 
achieved by monitoring in situ the variations in the electrical resistance of the sample occurring during the pat-
terning procedure.

Results and Discussion
The first step of the fabrication process was the production of a chip allowing us to measure the electrical proper-
ties of the Bi-2212 micro-crystals along specific crystallographic directions. To this aim the micro-crystals were 
mounted onto sapphire substrates with their c-axis normal to the substrate plane and four electrical contacts were 
realized by Ag physical vapour deposition (see Fig. 1b and also Material and Methods section). To facilitate the 
location of the region to be patterned by the X-ray nano-beam, two Pt pillars were deposited on the sapphire sub-
strate close to the crystals by Focused Ion Beam (FIB)-assisted chemical vapour deposition. In order to monitor 
on-line the X-ray patterning process, at the ESRF ID16B beamline24 the chip for electrical characterization was 
mounted on a customized sample holder allowing in situ four-probe electrical measurements (see Fig. 1a and also 
Materials and Methods section).

After a preliminary alignment using an optical microscope just to roughly orient the sample so that its [0 1 0] 
crystallographic direction was parallel to the X-ray beam, the area to be patterned was precisely located exploiting 
X-ray fluorescence (XRF) maps (Fig. 2) acquired using a 70 × 50 nm2 nano-beam at 17.4 keV. These maps will 
be also employed for the patterning procedure. To avoid sample modifications during the acquisition of the XRF 
maps the photon flux was opportunely decreased down to 2 × 1010 photon/s.

The patterning procedure was performed with a maximum flux of 3 × 1011 ph/s by drawing two lines parallel 
to the sample c-axis, thus defining two “trenches”, hereafter referred to as T1 and T2. T1 was drawn in the upper 
part of the crystal at 2 µm from the centre of the Pt pillars and T2 in the bottom part of the crystal at 2 µm from T1, 
as visible from Figs 1c, 2 and 3a. This geometry was chosen in order to force the current along the c-axis across a 
stack of IJJs, obtaining a zig-zag path for the current (see Fig. 1c) and thus reproducing the same device geometry 
that is usually obtained by means of Ga-FIB etching25.

In order to finely tune the irradiation time and drive the material into a non-superconducting state just in the 
irradiated trench regions, the variations in the sample electrical properties during the patterning process were 
monitored in situ by four-probe electrical measurements. As visible in Fig. 3b, during the X-ray exposure to write 
the T1 trench, the electrical resistance of the sample increased by about 200 Ω. This observation suggests that 
the X-ray irradiation was effective in modifying the carrier density in the material, which is directly linked to its 
oxygen content. As already demonstrated in previous studies26–28, the non-stoichiometric oxygen content is also 
related to the critical temperature Tc and the c-axis length. In particular, the progressive local oxygen depletion 
results in an elongation of the c-axis and in an increase of both the critical temperature and the normal state 
resistivity14. The possibility to follow on-line the variations of the sample resistance during the exposure to X-rays 
allows to stop the irradiation as soon as the desired local oxygen depletion is reached, facilitating a fine tuning of 
the final sample properties.

As shown in Fig. 3a, the trenches can be easily localized using a scanning electron microscope because of a 
local volume expansion induced by the synchrotron nano-beam. This observation is in agreement with a local 
oxygen depletion process, which is expected to induce an elongation of the c-axis and therefore an expansion 
along the direction normal to the substrate. Previous nano-XRD measurements highlighted that in this process 
the local crystallinity of the Bi-2212 is substantially preserved and the only side effect is the possible formation of 
a layer of polycrystalline α-Bi2O3 on the crystal surface in the irradiated areas23.
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Figure 1. (a) Photograph of the experimental setup employed at the ESRF ID16B beamline showing the 
alignment optical microscope, the XRF detectors and the sample rotation stage around the z-axis of the 
laboratory reference frame. The inset reports a magnification of the sample holder used for the on-line electrical 
measurements: the chip containing the Bi-2212 micro-crystal is visible in the center of the sample holder. (b) 
Scanning electron microscope (SEM) image of a Bi-2212 micro-crystal mounted on the chip for electrical 
characterization. The voltage and current Ag electrodes for the on-line four-probes electrical measurements 
are labeled as V+, V−, I+ and I−, respectively. The Pt pillars used for the alignment are visible between the 
voltage electrodes. (c) Schematic representation of the modifications induced by the trenches in the path of 
the superconducting current, designed to force it along the c-axis of the Bi-2212 micro-crystal across a stack of 
intrinsic Josephson junctions. The reference systems present in all the panels show the relative orientation of 
the laboratory frame (x, y and z) and the Bi-2212 crystal axes (a, b and c). The grey arrow represents the X-ray 
nano-beam.

Figure 2. Spatial maps of the integrated XRF counts for Pt Lα (a), Cu Kα (b), and Bi Lβ (c) emission lines. 
The white rectangles highlight the regions which have been irradiated to realize the first (T1) and second (T2) 
trenches. The beam is parallel to the [0 1 0] crystallographic direction.
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The resistance versus temperature curves, reported in Fig. 4a, show a remarkable increase in the device resist-
ance at any temperature after X-ray exposure, clearly highlighting a change in its electrical properties. A careful 
analysis of the temperature region corresponding to the superconducting transition reveals that the temperature 
Tc of the inflection point changes from 74.2 K in the pristine state to 76.0 K after the patterning process. Since 
both the Tc and the resistivity values of Bi-2212 are related to its non-stoichiometric oxygen content21, 29, these 
observations confirm that the irradiation in the trench regions has induced local variations of the oxygen content 
in the crystal.

On the other hand, the device I-V curves reported in Fig. 4b show that zero-voltage branches develop below 
Tc and that their maximum current amplitude Ic increases with decreasing the temperature. For currents greater 
than Ic the device enters a resistive state that can also show a hysteretic behaviour, in the sense that the voltage 

Figure 3. (a) SEM image of the Bi-2212 micro-crystal after X-ray irradiation. The white arrow represents 
the X-ray nano-beam, parallel to the [0 1 0] crystallographic direction, employed to write the two trenches 
highlighted by red contours. The area irradiated to realize the first trench (T1) is clearly visible, while the area 
patterned for the second trench (T2), located in the bottom part of the crystal (see also Fig. 2), is highlighted 
by a white rectangle. (b) Variation of the electrical resistance of the sample measured on-line during the X-ray 
exposure to write the T1 trench (red curve). The blue curve represents the initial sample resistance immediately 
before the X-ray nanopatterning procedure: its behaviour is indicative of the environmental electrical noise in 
the on-line measurement setup.
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values observed for branches with increasing absolute values of the current are less than the ones correspond-
ing to branches with decreasing absolute values of the current. This pattern clearly identifies the presence of 
underdamped Josephson junctions that, because of the experimental geometry, correspond to the typical IJJs of 
Bi-2212.

Therefore, considered as a whole, the results of the electrical characterization (Fig. 4) demonstrate that the 
X-ray irradiation has driven the doping level of the trench regions out of the superconducting regime, thus forc-
ing the superconducting current to flow along the c-axis and giving rise to a stack of IJJs. In agreement with our 
previous study14, this doping change should correspond to a local oxygen depletion that has also increased the 
normal state resistivity of the irradiated regions, as suggested by the increase of the total electrical resistance of 
the device (Fig. 4a). Moreover, a possible additional effect could be an increase of the mosaic structure inside the 
crystal23.

A possible microscopic origin of this effect could rely on the high fluence of photoelectrons locally induced by 
the X-ray nano-beam, which could knock-on the interstitial oxygen atoms of Bi-2212 and change the local con-
ductivity properties of the crystals. This mechanism was already investigated by Piñera et al.30 in the case of the 
YBa2Cu3O7-δ (Y-123) superconductor, showing that 122 keV photons can displace a significant amount of O atoms 
because of the allegedly low value of the threshold energy Td for their displacement, assumed to be Td = 3.45 eV. 
In the case of Bi-2212, no value for Td has been explicitly reported so far, to the best of our knowledge. However, 
both the value of the activation energy for the oxygen diffusion coefficient in the ab-plane (0.93 eV)31 and the 
value reported for the binding energy of interstitial oxygen atoms (0.073 eV)32 compare favourably to the value 
used for Y-123, thus suggesting some role of the knock-on mechanism in this effect.

Another mechanism, which could also be involved, is the local heating induced by the nano-beam. Steady-state 
finite element model (FEM) simulations have previously highlighted that in similar experimental conditions the 

Figure 4. (a) Comparison of resistance versus temperature measured in the four-probe configuration between 
pristine (blue curve) and patterned (red curve) conditions. (b) I–V characteristics of a patterned device 
measured at 58.6 K (red curve), 60.5 K (orange curve) and 62.7 K (blue curve). The red arrows highlight the 
typical hysteretic pattern in the case of T = 58.6 K. The maximum current amplitudes Ic for the three different 
temperatures are also indicated.
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temperature increase is limited to ~23 K14. However, transient thermal effects induced by the intrinsically pulsed 
nature of synchrotron radiation, which could act on very small scales both in space (typical nano-probe size ≲ 100 
nm) and in time (typical pulse duration ≲ 50 ps), could significantly modify this picture. To achieve better insights 
into this issue, we performed improved FEM simulations considering the temporal evolution of the power density 
absorbed by the sample (see Fig. 5a and Materials and Methods Section). The corresponding temporal evolution 
of the sample temperature (Fig. 5b) highlights that peak temperatures up to 480 K (i.e. an increase of the tempera-
ture of ~180 K) can be reached. This is not in contrast with our previous steady-state results. Indeed, the time inte-
gral of the temperature over macroscopic time scales results in an average temperature increase of ~24 K. These 
findings are particularly interesting since it has already been demonstrated that annealing Bi-2212 micro-crystals 
at 363 K is sufficient to significantly modify the oxygen content27.

Conclusions
The results discussed in this paper show that fully operational electrical devices can be obtained using direct-write 
X-ray nanopatterning. This innovative technique is based on the use of hard X-rays to remove just the most loosely 
bound atoms (interstitial O in our case) from the material, inducing a completely different electrical behaviour 
without disrupting the crystal structure of the sample. We also showed that the possibility to monitor in situ the 
variations of the device electrical resistance during X-ray illumination ensures a real-time control of the fabrication 
process, allowing to stop the irradiation as soon as the desired local oxygen depletion is reached, thus facilitating a 
fine tuning of the final device properties and optimizing the processing time. This approach allowed us to obtain fea-
ture sizes in the nanometric domain, realizing an IJJ device by drawing two single lines of only 50 nm in width. In the 
near future, this limit could be further improved taking advantage of the unique features offered by diffraction lim-
ited storage rings33 and by X-ray free electron lasers34. Finally, we performed FEM simulations of the heating induced 
by the nano-beam taking into account the time structure of synchrotron radiation, showing that temperatures up to 
480 K can be reached. These results provide new insights into the origin of the observed effects, highlighting that the 
significant instantaneous temperature increase could trigger an oxygen depletion phenomenon.

Possible advantages of this method with respect to FIB etching can be represented by improved mechani-
cal stability, higher thermal conductivity and absence of undesired ion implantation in the fabricated devices. 
Moreover, this approach allows obtaining the desired device geometry by introducing new material/material 
interfaces instead of the usual material/vacuum interfaces. This could be exploited to optimize the propagation of 
electromagnetic waves if the dielectric constant of the irradiated regions can be tuned to suitable values. Another 
interesting feature, able to offer higher flexibility to the technique, is the high penetration depth of hard X-rays, 

Figure 5. (a) Temporal evolution of the heating power density Q at the beam incidence point (the experiment 
was performed in 16-bunch filling mode). (b) Corresponding temporal evolution of the sample temperature 
calculated at the point of maximum temperature. The initial temperature of the system was set to 300 K.
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which can reach tens of micrometers. This peculiarity allows patterning thick layers of material with a high aspect 
ratio, potentially achieving higher fidelity in the pattern transfer owing to the higher steepness of the device 
delimiting surfaces with respect to those fabricated by ordinary ion-milling methods.

At the moment, a more extensive use of this technique is hindered by the limited availability of synchrotron radi-
ation sources, although a first automated production line35 has already been implemented at the ANKA synchrotron 
in Karlsruhe. In this respect, the use of phase diffractive optical elements, which can focus X-ray beams into multiple 
spots or can shape the beam into a desired continuous geometrical pattern, could possibly allow the parallelization 
of the patterning process36. The ongoing developments of ultrabright sources, based on MetalJet X-ray tubes37, could 
also open new possibilities to perform X-ray nanopatterning without the need of synchrotron sources.

In principle, this method could be extended to any oxide whose functional properties are critically influenced 
by the oxygen arrangement or content, as recently suggested, for instance, for TiO2

38.

Materials and Methods
Sample synthesis. The Bi-2212 whiskers were grown starting from high purity commercial powders of 
Bi2O3, SrCO3, CaCO3 and CuO (Aldrich 99.9999%) finely mixed in Bi:Sr:Ca:Cu stoichiometric ratios of 1.5:1:1:2. 
The mixture was melted at 1050 °C and glassy plates were produced by quenching the melt between copper plates 
at room temperature. The growth of the crystals took place on the plates during a five day annealing at about 
850 °C in a controlled O2 flow39.

Crystal stability is known to be quite good at room temperature on the time scale of the present experiment40. The 
Bi-2212 sample reported in this paper has a size of 700 × 6.71 × 0.38 μm3 (a-, b-, and c-axis directions, respectively).

Electrical chip preparation. The sample preparation procedure consists in the selection under an optical 
microscope (100× magnification) of a smooth and linear Bi-2212 crystal which is mounted onto a sapphire sub-
strate with its c-axis normal to the substrate plane. Then four electrical contacts are realized by Ag physical vapour 
deposition (thickness 2.5 µm) and subjected to thermal diffusion at 450 °C for 5 minutes in pure oxygen atmos-
phere. Pt pillars about 1 µm high were deposited for reference purposes with a FEI QuantaTM 3D FIB (Nanofacility 
Piemonte, INRIM) at a Ga-ion current of 10 pA.

Electrical measurements. Each sample was electrically characterized along its ab crystallographic plane 
by the standard four-probe method. Electrical characterization was performed in a continuous flow Janis ST-100 
helium cryostat in the temperature range 40 K ≤ T ≤ 290 K. The R vs T curves were acquired at a constant cur-
rent value of 1 µA, while for the I-V characteristics the temperature was kept at a constant value and the maxi-
mum current was set to 2.5 mA to guarantee device integrity and avoid self-heating phenomena at the current 
electrodes. For online monitoring, the electrical chips were mounted onto a sample holder compatible with the 
nano-beam experimental setup and connected to its contact pads by means of Ag wires 50 μm in diameter. The 
cables of the sample holder were connected to a Keithley 2636 source-meter, choosing a current-source and 
four-probe voltage-measurement configuration for this instrument. The source-meter was controlled by a com-
puter via a IEEE 488.2 bus, allowing approximately one measurement every 100 ms. DC feeding current for the 
crystals has been selected between 5 and 100 μA to optimize the signal to noise ratio.

X-ray nano-beam set-up. The X-ray nanopatterning procedure was performed at the long canted beam-
line ID16B24 at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The primary beamline 
optics (double white mirror and double crystal monochromator) are placed as close as possible to the in-vacuum 
undulator source to preserve the coherence of the beam, while the nanofocusing optics (Kirkpatrick-Baez mir-
rors) are located at 165 m, very close to the sample (~0.1 m) to obtain a higher degree of demagnification. The 
beamline exploits the very low vertical emittance of the ESRF source, and uses a basic principle for the horizontal 
focusing: a high-β straight section coupled with a horizontal secondary source.

In order to maximize the flux on the sample, we worked in pink beam mode (ΔE/E ≈ 10−2), using the double 
white mirror, but not the double crystal monochromator. The X-ray nanopatterning procedure was performed 
at 17.4 keV with a maximum flux of 3 × 1011 ph/s and beam dimensions at the focal plane of 70 × 50 nm2 (V × H) 
evaluated by the knife-edge scan method41, corresponding to an irradiance of 2.4 × 1010 mW/cm2.

The technical design of the hard X-ray nanoprobe includes an optical microscope to locate the sample and a 
piezo positioning stage to raster-scan it under the nano-beam. The XRF maps were acquired using an energy dis-
persive Si drift detector (see also Fig. 1a). To avoid sample modifications during the acquisition of the XRF maps the 
photon flux was decreased to 2 × 1010 ph/s using a 14 µm Au attenuator and the counting time was set to 0.2 s/point.

Finite element model simulation of the nano-beam heating effect. To simulate the heating effect 
of the nano-beam we developed a 3D finite element model (FEM), using the commercial software COMSOL 
Multiphysics. The heat propagation, including both thermal conduction and convection, has been described by 
the following equation:

ρ ρ∂
∂

+ ⋅ ∇ + ∇ ⋅ − ∇ =C T
t

C u T k T Q( )p p

where T represents the temperature field, ρ is the material density, Cp is the heat capacity at constant pressure, u 
is the air velocity, k is the thermal conductivity, and Q represents the heat source. Boundary conditions have been 
assumed by imposing a fixed temperature T = 300 K on all the external surfaces of the model. Further details of 
the model can be found in our previous publications, which report simulations in the stationary state14, 28. In this 
paper, instead, we considered explicitly the pulsed nature of synchrotron radiation and therefore T and Q are 
time-dependent.
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