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Abstract

Incorporating uranium ditelluride (UTe, ), the leading candidate for topological superconductor,
into device platforms is essential for probing its underlying physics and exploring potential applic-
ations. The presence of natural cleavage planes in non-van der Waals (vdW) UTe, suggests the
feasibility of mechanical exfoliation to obtain flat and thin flakes suitable for device fabrication.

In this work, we demonstrate the successful exfoliation of UTe, down to sub-micron thickness

and the fabrication of electrical contacts on the resulting flakes. The electrical transport properties
measured as a function of temperature and magnetic field are broadly consistent with the expected
crystallographic orientations. Furthermore, the exfoliated flakes are sufficiently thin to allow meas-
urements of superconducting critical current and surface oxidation, which are difficult to probe in
bulk crystals. These findings elucidate key considerations in UTe, device fabrication and highlight
the broader applicability of our exfoliation approach to other non-vdW materials with intrinsic
easy-cleavage planes.

Integrating quantum materials into functional devices is essential for unlocking their novel properties
that lie beyond the scope of conventional band theory. A central pillar of this effort is to start by pro-
ducing thin-film materials through bottom-up growth techniques. However, in some cases, achieving
optimal thin-film growth conditions that reproduce the properties of bulk single crystals is challenging
due to intrinsic chemical complexity, lattice mismatch with substrates, or the presence of defects and
disorder. In this case, a top-down approach using miniaturized bulk single crystals provides a prac-
tical alternative for small-scale device platform for studying emergent phenomena in mesoscopic, low-
dimensional, and interfacial physics.

Several top-down fabrication methods have been developed for producing thin samples from bulk
materials. For van der Waals (vdW) materials, exfoliation is the conventional approach, often achieved
using simple methods such as the adhesive tape technique to break interlayer coupling [1]. In contrast,
for non-vdW materials that have stronger inter-layer coupling, focused ion beam (FIB) techniques have
traditionally been used to carve out thin sections from bulk [2]. More recently, advances in exfoliation
methods for non-vdW layered materials, such as chemical intercalation, mechanical shearing, and liquid-
phase exfoliation, have drawn considerable attention, as they enable the facile and efficient production of
thin nanoplatelets by overcoming the stronger interlayer bonding in comparison to vdW materials [3-5].

Uranium ditelluride (UTe,) is a material that is well suited for this advanced exfoliation approach,
as it possesses easy-cleavage planes along (011) or (0-11) despite not being a vdW material. More
importantly, UTe, has emerged as the leading candidate for a topological spin-triplet superconductor,
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Figure 1. (a) Experimental fabrication process for mechanical exfoliation of UTe; flakes and the formation of electrical con-
tacts via e-beam lithography and metallization. First, a small UTe, lump placed on a 280 nm SiO,/Si substrate is pressed using
a roller, with clean weighting paper placed between the roller and the UTe; to prevent damage. This process yields small UTe,
flakes adhered to the 280 nm SiO,/Si substrate, exfoliated along the easy-cleavage planes of UTe;. A PMMA layer is then spin-
coated, followed by e-beam lithography. Electrodes are deposited after in situ Ar ion milling to ensure ohmic contact with the
UTe,. (b) Cross-sectional view of the device structure. (c) Crystal structure of UTe, showing the easy cleavage planes (011). (d)
AFM images of representative flakes obtained, with horizontal and vertical linecuts shown.

highlighting the need for device-level integration to explore its potential for a fault-tolerant quantum
computing device [6—11]. However, the miniaturization of bulk UTe, into small-scale devices is still in
its early stages. A key challenge lies in the strong surface degradation of the material when exposed to
air or heat [12],which complicates device fabrication. However, considerable efforts have recently focused
on miniaturizing bulk UTe,. As a top-down approach, it has been demonstrated that a few-micron-thick
UTe, flakes can be extracted using FIB techniques, and the resulting flakes preserve key bulk proper-

ties such as the superconducting transition temperature and the Kondo coherence temperature [13, 14].
On the other hand, a bottom—up approach to synthesize thin films of superconducting UTe, has not yet
been realized, although ongoing research continues to pursue this goal [15]. In this work, we develop a
fabrication recipe inspired by the shear-force exfoliation methods to produce submicrometer-thick flakes
patterned with electrical leads to characterize its electrical transport properties. We present how we cus-
tomized conventional exfoliation techniques to accommodate the unique mechanical and chemical prop-
erties of UTe,. We present the general characteristics of the resulting transport devices and discuss both
the potential advantages and limitations of this method.

Figures 1(a) and (b) show, respectively, the custom fabrication process of the UTe, flakes from
mechanical exfoliation to electrical contact fabrication and the cross-sectional view of the final device.
First, UTe, crystals are mechanically crushed into small fragments and transferred onto a pre-patterned
280 nm SiO,/Si substrate. Prior to transfer, the substrate is cleaned via acetone and isopropanol sonica-
tion, followed by a 5 min ozone treatment. Conventional exfoliation techniques for vdW materials typ-
ically involve heating the sample at elevated temperatures (e.g. 60 °C) to enhance adhesion between the
flakes and the substrate. However, this step is omitted in our process, as heating accelerates surface oxid-
ation of UTe, [12]. Instead, we place the flakes onto the substrate, then cover them with weighing paper
and apply gentle pressure while sliding. This process naturally promotes the formation of flat flakes via
shear forces that mainly cleave along easy-cleavage planes while also improving adhesion between flakes
and the substrates.

The easy-cleavage plane of UTe, lies along the layer in which tellurium atoms form the nearest-
neighbor bonds across the plane, as illustrated in figure 1(c). Figure 1(d) describes the best example of
flakes that we can obtain using this method. The lateral size of flake can be a few microns to tens of
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Figure 2. (a) SEM (top) and optical microscope (bottom) images of Device-A. (b) R—T curve in Device-A from 300 K to 1.8 K
(solid black) measured with I = 0.5 1A, overlaid with the curve scaled from bulk resistivity along a-axis (p,) (dashed red). (c)
R-T curves measured with varying excitation currents down to 1.8 K are shown in different colors. The R—T' curve measured with
a fixed current (I = 0.2 pA) in a dilution refrigerator down to 50 mK is shown in black, acquired approximately 10 d after the
initial measurement. (d) Resistance as a function of perpendicular magnetic field up to 14 T measured at 300 mK.

microns, and the thickness of flakes can be a few hundred nanometers (linecuts in the figure 1(d)). We
could find thinner flakes below 100 nm based on judgment through color contrast (SI, figure S1) [16,
17]. However, these flakes are generally too small for subsequent lithographic fabrication and are often
fully oxidized, leaving no pristine core region.

Going beyond mechanical exfoliation, we proceed to place the electric contacts on the flakes. This
step introduces two key considerations that differ from conventional lithography processes. First, we
remove the typical PMMA (polymethyl methacrylate) baking step, which is normally performed at
120 °C for 5 min. Skipping the baking step may reduce the lithographic resolution; however, this is
acceptable for our feature size of approximately 1 um. Second, we etch the surface to a sufficient depth
using Ar ion milling before depositing the metal contact, using thick PMMA to avoid PMMA harden-
ing. UTe;, is highly prone to oxidation under ambient conditions, forming a non-self-limiting oxide
layer immediately. Even without a baking process, unwanted oxidation can occur during e-beam litho-
graphy steps because of unavoidable exposure to air and chemicals. Based on our experience, achieving
acceptable contact resistance requires relatively extensive Ar ion milling, often exceeding 50 nm in depth.
However, such aggressive milling can harden the PMMA resist, significantly lowering the yield for metal
lift-off. To mitigate this, we found that increasing the PMMA thickness effectively reduces the chances of
resist hardening. To achieve thick PMMA layers, rather than applying multiple spin coatings of thinner
resist like PMMA A8, we achieve better results using a single layer of thick PMMA A9. This is because,
without the baking step, the cumulative thickness of multiple spin coatings does not scale linearly. For
instance, a single spin coating of PMMA A8 (A9) yields a thickness of 520 nm (1126 nm), while three
consecutive coatings only reach about 712 nm (1998 nm).

Using this customized fabrication process, we fabricated three devices (Device-A, -B, and -C), as
presented in figures 2—4. Their typical lateral dimensions range from several micrometers to a few tens
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Figure 3. (a) SEM (top) and optical microscope (bottom) images of Device-B. (b) R-T curve in Device-B from 300 K to 1.8 K
(solid black), overlaid with the curve scaled from bulk resistivity along a-axis (p,) (dashed red). (c) R-T curves measured with
different excitation currents (1.5 uA and 2.5 1A). (d) Angle dependence magneto-resistance. Current is applied along a-axis, and
the magnetic field (14 T) is rotated around the a-axis, as shown in the inset. § = 0 is when the field is applied perpendicular to
the naturally cleaved facet of (011).

of micrometers, with thicknesses on the order of sub-micrometers. Specifically, Device-A (I ~ 30 pm,
w5 pum, t ~ 1 pum), Device-B (I &= 17 um, w &~ 5 pm, ¢ ~ 0.5 gm), and Device-C (I &~ 25 um,
w2 um, t = 1 um) represent typical examples. Each flake exhibits an elongated geometry, with the
long axis likely aligned along the crystallographic a-axis, given the wide surface facet is expected to cor-
respond to either the (011) or (0-11) plane. Here, Device-A was measured using a three-point (3-pt)
configuration, while four-point (4-pt) resistance measurements were performed for Device-B and C. All
devices show a superconducting transition starting around 2 K, as shown in figures 2(c), 3(c) and 4(c).
Device-B in figure 3(c), in particular, show a full transition with I = 1.5 uA with a plateau at lower
temperature. The plateau value is slightly negative rather than zero resistance. We attribute this to a
measurement artifact associated with finite common-mode rejection ratio in the voltage amplifier, an
effect that becomes more significant as the contact resistance increases.

In addition, the measured resistance values are approximately an order of magnitude larger than the
expected bulk resistivity, even in 4-pt configurations. This result suggests that surface oxidation sup-
presses superconductivity in most of the flake, leaving only about 10% of the volume in a supercon-
ducting state. The severe surface degradation is further indicated by the reduction and broadening of the
superconducting of superconducting transition in figure 2(c) for Device-A, when remeasured approx-
imately 10 d after the initial measurement. Additionally, in figure 4(c), Device-C exhibits an incomplete
transition even at 1.8 K where almost complete transition to zero-resistance is expected in a 4-pt config-
uration. This behavior is consistent with surface degradation that progressively suppresses superconduct-
ivity toward the interior of the flake.

For all devices, the temperature-dependent resistance (R—T) curves exhibit a characteristic drop near
40 K, indicative of the Kondo coherence temperature, as shown in figures 2(b), 3(b) and 4 (b). For
Device-B, the curvature of R—T curve aligns well with the simulated resistance derived from the bulk
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Figure 4. (a) Optical microscope image of Device-C. (b) R-T curve (Curve-1 to Curve-4), in Device-C from 300 K to 1.8 K over-
laid with the curve scaled from bulk resistivity along a-axis (p,) (dashed red). Inset focuses on the Curve-1 and 2 between 250 K
to 300 K. (c) R-T curves focusing on the superconducting transition for Curve-1 through Curve-4. The excitation current is fixed
at Iexe = 50 nA. (d) Time evolution of resistance (left axis), with corresponding excitation current variation shown on the right
axis. The temperature is fixed at T = 300 K.

resistivity p,. In contrast, Device-A and C exhibit noticeable deviations from the simulated p, curve,
likely due to additional series resistance contributions from the non-superconducting outer oxide layer
in the channel. We note that even for Device-B, the exact crystallographic orientation cannot be defin-
itively determined, as py also exhibits a temperature dependence similar to p,, albeit with nearly twice
the magnitude, which could also fit our data (SI, figure S2(a)). However, a more plausible explanation is
that the measured resistivity corresponds to p,, rather than p;, or a linear combination of the two, since
the a-axis typically aligns with the long axis of cleaved crystals, as is also the case for needle-like single
crystals grown by molten-salt flux methods [18]. Despite the ambiguity, the absence of any contribution
from p, is evident, as its inclusion would lead to a markedly different curvature in the R-T curve due to
the peak in p. around 10 K (SI, figures S2(b) and (c)).

Furthermore, the orientation can be cross-checked by the resistance measurements under a magnetic
field. A previous magneto-resistance (MR) study has shown that the angular dependence is most pro-
nounced near the peak in p. which occurs around 15 K [19]. At this temperature, we find that using
bulk samples as a reference with the (011) facet and current along a-axis, p, reaches a maximum (min-
imum) when the field is aligned along the b-axis (c-axis) when the magnetic field is rotated in bc planes
(SI, figure S3). This behavior is also evident in figure 3(d) for Device-B, where the maximum of MR
is around when field (14 T) is applied along the expected b axis. Here, we fit the angle dependence
of MR and deduce the maximum MR occurs at 6, = —19° (or 161°) by using the fitting function
R() = A; + A; cos(2(0 — 6,)). Within the bounds of typical alignment error, the absolute value aligns
well with the expected angle between the [011] and [010] directions (23°). In addition, in the case of
Device-A, Hy ~ 13 T at 300 mK when the field is applied perpendicularly to the substrate (figure 2(d)),
which is close to the expected value along [011] field direction. This confirms that the typical flakes are
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likely oriented with the a-axis as the long axis, and (011) or (0-11) as the cleaved facet, consistent with
our expected orientation.

Moreover, as the flake size decreases, the effects of surface oxidation become visibly apparent in the
four-probe transport characteristics, as represented in figures 4(b)—(d). Figure 4(b) shows the chronolo-
gical measurement of R—T curves (Curve-1 to 4) in the same flake. Curve-1 is measured during cool-
down and Curve-2 is measured during subsequent warm-up. Interestingly, as shown in the inset, we
clearly see the deviation of these two curves above 280 K. Although the chamber is purged with helium
at room temperature when sample is loading and maintains a background pressure of 9 Torr, it is not-
able that the resistance continues to change. To investigate this behavior in more detail, we measured the
resistance as a function of time under varying excitation currents, starting from the room-temperature
endpoint of Curve-2, as shown in figure 4(d). The rate of resistance change remains constant regardless
of the magnitude of excitation current and continues at the same rate even when the current is com-
pletely turned off. This indicates that the resistance change is not due to Joule heating from the excita-
tion current. Therefore, we attribute this ultra-sensitive oxidation behavior to remaining oxygen migra-
tion within the flake, which is known to remain mobile down to 200 K [20].

Curve-3, measured during the subsequent cool-down immediately after the time-dependent measure-
ment, displays a significant offset compared to Curve-1 and 2. Following this, the sample was removed
from the PPMS chamber, stored in a glove box for 1.5 d, and then reloaded for measurement (Curve-
4). Curve-4 also exhibits an apparent offset from Curve-3. In contrast, the contact resistance, character-
ized by 3-pt configuration, remained unchanged despite the pronounced differences in 4-pt resistance
(S, figure S4). Given that the contacts are embedded tens of nanometers below the surface due to the
Ar ion milling, as illustrated in figure 1(b), the variation in resistance from Curve-1 to 4 is attributed
to change in resistance of the surface layer which is non-superconducting, rather than the degradation
of contact resistance. This interpretation is further supported by figure 4(c), where the superconduct-
ing transition shows a similar magnitude of drop across all four curves, despite significant differences in
their normal-state resistance values. In addition, the small cross-sectional area of these flakes significantly
lowers the critical current, allowing it to be detected at cryogenic temperatures within the measurement
limits. As shown in figures 2(c) and 3(c), the critical current near T is suppressed to below several tens
of microamperes, a regime that is typically inaccessible in bulk single crystals due to their much larger
current capacity. This result highlights the potential of our devices as a platform for investigating meso-
scopic phenomena, such as vortex-induced critical current effects [21, 22], to gain deeper insights into
the underlying physics of topological and spin-triplet superconductivity. We note that further improve-
ments in fabrication, particularly in removing the surface oxide layer, could enhance the quality and reli-
ability of interpretation of such measurements.

Lastly, on top of demonstrating successful devices, we would like to highlight challenges in current
methods that affect device yield, stemming from the intrinsic properties of the materials. As mentioned
earlier, using thick PMMA significantly improves device yield during the metal lift-off process. However,
despite this improvement, we often observe that the fabricated electrical leads fail to form reliable con-
nections between the top surface of the flakes and the underlying substrate, which can reduce the con-
tact yield. This issue is illustrated in the SEM image of Device-B in figure 3(a), where, among the three
electrodes visible on the front side, the middle electrode appears disconnected at the flake’s edge. This
finding is consistent with our electrical inspection and likely arises from the substantial thickness of the
flakes and the non-uniform or rough bottom surfaces, causing gaps between the flakes and the substrate.
Such weak electrical contacts at the flake edges are a major source of vulnerability to electrostatic dis-
charge damage. Another important consideration is preventing oxidation during fabrication, which can
be challenging. Since the flakes are thick, capping only the top surface is insufficient. To fully protect the
flakes, all sides must be encapsulated, requiring an isotropic deposition of capping materials. Developing
and finding such a method would be a crucial next step in advancing UTe, device fabrication.

In summary, we developed a shear-force method to produce submicrometer-thick UTe, flakes, reli-
ably cleaved along easy-cleavage planes and adhered to the 280 nm SiO,/Si substrate. By tailoring the
contact process to the material’s chemical properties, we successfully fabricated electrical contacts, which
is rarely achieved for non-vdW exfoliated flakes. Transport measurements verify the anticipated flake
orientation, and the small size of these flakes allows direct investigation of critical current and oxida-
tion effects. We also discuss the advantages and challenges of this method from a materials science per-
spective. This approach paves the way for advanced UTe, device fabrication via secondary patterning and
offers a versatile route for studying other non-vdW crystals with easy-cleavage planes, which holds even
greater potential for less air-sensitive materials.
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