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Quantum computers have the power to transform computing with their potentially faster com-
putation times due to their use of quantum bits, qubits. Superconducting qubits are particularly
promising as they make use of a superconducting quantum LC circuit, swapping the linear inductor
with a nonlinear inductor, a Josephson junction. Josephson junctions introduce anharmonicty to
our system, allowing for a two state system with selectable and tunable quantum states. Trans-
mon qubits, essentially junctions in parallel with a capacitor, operate in this slightly anharmonic
regime. In this paper we utilize low temperature characterization techniques to characterize various
Josephson junctions each tackling current qubit design and material challenges in the field. Merged-
element transmon qubits (METs) utilizing a single crystalline barrier are a promising avenue to
potentially reduce losses while also merging the external capacitor and Josephson junction into a
single element. Such can be realized with Al/Si/Al junctions where the Si layer is on the order of
∼ 10 nm. Specifically, we probe tunneling properties of these junctions. On the other hand, gate
tunable transmon qubits known as gatemons allow for frequency tunable qubits which is desirable
for certain computational tasks. Josephson junctions with a semiconducting barrier material are
a unique superconductor-semiconductor system with applications to these gatemons, where an ap-
plied gate voltage alters the conductivity in the semiconductor region, and allows for control over
the frequency of the qubit. Here, we study such a junction composed of Ta/InAs and investigate
tunability. Additionally, we analyze the quality of our Ta/InAs junction, using the product of the
critical current (Ic) and the normal state resistance (RN), of 4.4 mV, along with the observation of
multiple Andreev reflections to confirm high sample quality which is imperative for practical devices.

I. INTRODUCTION

The first successful implementation of a quantum al-
gorithm by Shor et al. [1] highlight a promising future of
quantum computers outperforming their classical coun-
terparts in certain areas. Particularly interesting areas
include combinatorics [2], cryptography [1], and quan-
tum simulation [3]. Quantum simulation is of particular
interest to quantum chemists, possibly providing solu-
tions to unanswered questions in quantum chemistry [4],
perhaps aiding in drug discovery.

Quantum computers operate according to the rules of
quantum physics, a drastic change from classical com-
puters obeying classical physics. Rather then operating
on the classical bit of either 0 or 1, these computers make
use of the quantum bit (qubit) represented by some two
state system with eigenstates |0⟩ and |1⟩, allowing for a
superposition of both states. Exploitation of quantum
principles for quantum computing applications presents
a formidable scientific and technological challenge. How
can we construct a qubit system isolated from the envi-
ronment, but inter-coupled allowing for computation?

An approach to this is the use of quantum integrated
circuits, where qubits are constructed from circuit like
electrical elements, promising for their large electromag-
netic cross sections, allowing for easier qubit coupling
[5]. To behave quantum mechanically, absence of dissi-
pation is a requirement, and can be achieved by cooling
to superconducting temperatures. Ordinary supercon-
ducting quantum LC circuits shown in figure 1(a) creates
energy eigenstates seen in figure 1(b) where the energy
levels are equally spaced. This poses problems for poten-
tial qubit applications as there is no tunability between
specific quantum states, creating difficulties in quantum
state preparation.

Quantum circuits shown in figure 1(c) are promising
superconducting qubit candidates as they provide essen-
tial nonlinearity in the form of a nonlinear inductor, a
Josephson junction (JJ). Josephson junctions are essen-
tial components of superconducting qubits as they intro-
duce anharmonicity as shown in figure 1(d) where the en-
ergy levels are unequally spaced, allowing for the creation
of a distinct computational subspace and selectability
over specific states. Here, we characterize various types of



2

FIG. 1. Superconducting circuits and their corresponding en-
ergy diagrams. (a) Superconducting quantum LC circuit with
superconducting phase, ϕ, inductance Lr, and capacitance
Cr. (b) Energy potential for figure 1(a). Closely resembles
that of a QHO with equal energy spacing. (c) Superconduct-
ing quantum circuit with a nonlinear inductor (a JJ) with a
superconducting phase, ϕ, inductance Lj , and capacitances
Cj and Cs. (d) Energy potential for figure 1(c) where the
JJ has introduced anharmonicity to the potential resulting in
energy levels with unequal spacing. Figure taken from Ref.
[6].

JJs leveraging a single crystalline barrier, promising for
potentially decreasing qubit loss, rather than the com-
monly used amorphous barrier. A mechanism for loss
with amorphous materials stems from two-level systems
where certain energy states absorb energy close to qubit
LC resonance, often times in the microwave regime. The
single crystal dielectric is expected to have fewer defects
that can absorb microwave radiation, will therefore have
fewer states for microwave absorption and hence less loss.
On another note, both junctions also exhibit unique,
emergent properties tackling current challenges in qubit
design and material with applications to different classes
of superconducting qubits.

Transmon qubits, a class of superconducting qubits op-
erating in the anharmonic regime, are promising, but dif-
ficult to scale towards multi-qubit processors for a multi-
tude of reasons. For example, the interfaces, surfaces,
and bulk of both the junction and capacitor of these
qubits can contribute to loss, and while these losses can
be diluted with larger external capacitors, they greatly
increase the qubits physical footprint [7, 8]. Efforts by
Ref. [9] have shown a viable alternative qubit, dubbed
MET (merged element transmon), where the external ca-
pacitor and JJ are merged into a single device.

Merged element transmon (MET) qubits employing a
single crystalline barrier are particularly intriguing for
their low loss nature while also merging the external ca-
pacitor and JJ into a single device. Additionally, this
device drastically reduces the qubits footprint. A MET
device could be realized with a single crystalline Si fin
fabricated from floatzone Si on the order of ∼ 10 nm act-
ing as the barrier, with superconducting Al on both sides
of the fin.

Gowswami et al. [10] developed a process to create a
thin vertical Si fin, allowing for angled deposition of Al
on both sides, and showed capacitive properties for a fin
thickness of approximately 50 nm; however further thin-
ning of the Si fin, not done by Goswami et al., before
Al deposition is essential to enter the tunneling regime.
Due to its shape and function, it was dubbed the Fin-
MET. In this paper, we probe tunneling characteristics
of Al/Si/Al junctions with promising application towards
FinMET devices.

While Al/Si/Al junctions are promising, they are fixed
frequency qubits, and it is often desirable to tune the
qubits frequency. Such an example could be fast gate im-
plementation with high fidelity [6]. An approach to the
fixed frequency problem is to replace the barrier material
of a Josephson junction within a superconducting quan-
tum LC circuit with a semiconductor, creating a Joseph-
son junction field effect transistor (JJ-FET). The cou-
pling of a superconductor and semiconductor allows for
a unique system where superconducting properties can
be harnessed in tandem with the tunability offered by a
semiconductor [11]. This provides the means to control
the conductivity in the semiconductor region via an ap-
plied gate voltage [12], allowing for the manipulation of
the critical current, Ic.

The critical current is the maximum amount of super-
current that can flow through the junction and is a pa-
rameter playing a role in the determination of the qubits
frequency. A Ta/InAs Josephson junction could play the
role of a JJ-FET, with potential applications to these
gate tunable transmon qubits, known as gatemons. Pre-
vious work has been done on Al/InAs junctions [12, 13],
but Ta is a promising superconducting material gaining
traction in other superconducting applications for its crit-
ical temperature of approximately 4.4 K. Moreover, the
native oxide of Ta is known to be less lossy then other
superconducting materials like Al, Nb, and TiN [14, 15].

Specifically, we utilize low temperature transport char-
acterization in an effort to examine tunability in our
Ta/InAs junctions while also characterizing sample qual-
ity using the product of the critical current and nor-
mal state resistance, IcRN, along with the observation
of multiple Andreev reflections. Andreev reflection in-
volves the conversion of an electron into a hole with oppo-
site spin upon reflecting from a superconductor interface
[16], with multiple instances of this process classified as
multiple Andreev reflections (MAR). Such a process aids
in the characterization of superconductor-semiconductor
(S-Sm) interfaces, crucial for determining superconduc-
tor properties bestowed upon the semiconductor [17–
19]. Ultimately, we conclude high sample quality, crucial
for practical superconducting heterostructures discussed
here.
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FIG. 2. Illustration of junctions studied in this paper. (a) Schematic of the silicon FinMET with superconducting Al on both
sides, where the external capacitor and junction have been merged into a single element. Figure taken from Ref. [10]. (b)
Schematic of Ta/InAs JJ grown on InP (001) substrate.

FIG. 3. Optical microscopy images of the samples measured in this paper. (a) Al/Si/Al Josephson junctions with four Ti/Au
contacts (white squares) The dark blue horizontal lines are Si fins of approximately uniform thickness across all samples.
Vertical white lines represent Al leads, with various thickness indicating various junction area (b) Ta/InAs Josephson junction
with five Ti/Au gold contacts. The horizontal strip is our Ta lead, with a fifth contact bring placed over the semiconductor.

II. METHODS

A. Al/Si/Al Josephson Junction

Figure 2(a) shows a 3D schematic of our Al/Si/Al JJ.
The fabrication process first begins with a commercially
available, low loss Si (110) substrate, with a low stress
SiNx layer being deposited on top with a low pressure
chemical vapor deposition (LPCVD) technique. A mask
is lithographically defined using electron beam lithogra-
phy (EBL), followed by a dry etch of the SiNx. Subse-
quent anisotropic wet etches of the Si preferentially etch
the ⟨110⟩ direction over the ⟨111⟩ direction, and creates

a Si fin with a SiNx overhang at the top of the fin. The
full fin fabrication recipe can be found in Goswami et al.
[10] and creates fin thickness of 50-100 nm.

In order to reduce the fin thickness to 10 nm, nesce-
sarry for capacitive and tunneling properties, we use ad-
ditional techniques. Specifically, we enable oxidation on
the Si (111) surface on the order of a few nanometers,
and subsequently wet etch the oxidized layer. Such a
process allows for the desirable 10 nm thickness, but re-
quires many cycles of etching to achieve. There are other
possible techniques, such as a rapid thermal annealer, al-
lowing for a thicker oxidized layer, drastically reducing
the total number of etching cycles. Once the Si fin is of
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the desired thickness, we use an angled molecular beam
epitaxy (MBE) deposition technique to deposit Al onto
the sides of the silicon fin. Due to the undercut of the
SiNx, a shadow is formed that prevents the junction from
shorting over the top.

B. Ta/InAs Josephson Junction

Figure 2(b) shows the schematic of our Ta/InAs JJ.
All samples were grown on semi-insulating InP (001)
substrate via MBE. The Ta top layer was grown with
a shadow mask technique to avoid etching, and serves
as the two superconducting islands of our JJ. Islands are
separated by ∼ 300 nm gap. The subsequent trilayer con-
stitutes a quantum well, where a smaller bandgap mate-
rial, InAs, is sandwiched between a material of a larger
bandgap, InGaAs. In one dimension, charge carriers are
trapped via this quantum well, while the other two di-
mensions can be treated as a free electron gas (2DEG).
Strong coupling between the 2DEG and the Ta is a re-
quirement for the fabrication of a JJ-FET, as JJ-FETs
make use of the proximity effect where superconducting
Cooper pairs tunnel through the semiconductor region
[12].

Electron mobility is also an important consideration
when fabricating JJ-FETs. While a thinner top layer
of InGaAs may induce stronger coupling it introduces a
scattering mechanism, diminishing electron mobility. It
has been well noted when taking these two elements into
consideration, a 10 nm top layer of InGaAs seems to lead
to sufficient mobility and coupling [12, 13, 20]. The layers
beneath the quantum well help to confine our potential,
minimize growth defects by gradually shifting the lattice
constant, and the silicon layer donates charge carriers to
the well. For detailed growth on tantalum thin films used
in this paper, consult Ref. [14].

C. Low Temperature Measurements

Measurements of all samples were taken below super-
conducting temperatures in an adiabatic demagnetiza-
tion refrigerator (ADR) enabling temperatures as low as
50 mK with DC electrical properties measured with a
4-point resistance to ensure only sample resistance was
measured. Figure 3(a) and figure 3(b) display our con-
tacts for our Al/Si/Al and Ta/InAs junction, respec-
tively. Ti/Au contact pads were deposited via ex-situ
electron beam evaporation. With this setup, a current
could be sourced through two electrodes whereas the
other two electrodes could be used to sustain a voltage
drop.

Ta/InAs junctions contained an additional Ti/Au con-
tact as seen in figure 3(b) allowing for a gate voltage, Vg,
to be applied over the semiconductor region for certain
measurements. Vg = 0 for those measurement not requir-
ing a gate voltage.

III. RESULTS AND DISCUSSION

A. Al/Si Josephson Junction

In our Al/Si/Al junctions, we utilized standard current
bias measurements to generate I-V plots as shown in fig-
ure 4 in an effort to show both capacitive and tunneling
properties. Specifically, we measured samples with vary-
ing junctions areas all corresponding to roughly the same
fin thickness as seen in figure 3(a).
In figure 4(a) we show a standard I-V plot for our

largest junction area of 22 µm2 for both an up and down
sweep of current. We note a hysteresis effect in our sam-
ple that is likely due to charge build up on the capacitor
due to current sweeping. Thus, our capacitor is likely
leaky, more closely resembling a capacitor with a parallel
resistor. More importantly, there is no flat region of this
graph; in other words, there is no current region corre-
sponding to a resistance value of zero. While there is
some current value corresponding to V = 0 in our down
sweep, there is no extended current range with zero volt-
age, which would preferably be around I = 0. Thus,
for our largest junction area, we do not see supercurrent
in our sample. On the other hand, a flat region of zero
resistance would be a strong indicator of tunneling.
In figure 4(b), we display the I-V plot for the various

junction areas measured. In this figure, we only display
the up sweep of current, but do note the presence of a
hysteresis affect for all samples. It appears that at nega-
tive current values the voltage measured decreases with
smaller junction area, but the pattern becomes somewhat
irregular at positive current values. Again, for all junc-
tion areas, there are no regions of zero resistance. Thus,
for all samples measured, we do not see any evidence of
supercurrent.
Overall, we believe our Si fin barrier was simply to

thick to support tunneling, and was at least 20 nm. As
mentioned in section IIA, part of the fabrication process
entails repeated oxidation and etching of the Si fin to
reduce thickness. With a estimate of the oxidized layer,
and the number of etching cycles used, we can calcu-
late a rough estimate of the thickness of the Si fin. It
is quite difficult to obtain more accurate thickness mea-
surements due to the scale of the fins. Tunneling electron
microscopy (TEM) provides accurate measurements of
the fin thickness, but destroys the sample in the process,
whereas scanning electron microscopy (SEM) leaves the
sample intact with quick feedback, but with less accu-
racy. With the samples measured here, it is likely more
etching cycles were necessary to achieve fins supporting
tunneling.
There are additional techniques that can be used to

achieve the thinnest possible Si fins, but are not the most
efficient. This involves staggered etching of Si fins until a
fin breaks, ensuring its neighbor fin that has undergone
one less etch is the thinnest possible. While this ensures
the fin is as thin as possible, it involves the destruction
of some samples.



5

FIG. 4. Current bias measurements for Al/Si/Al junctions of different areas taken at ∼ 120 mK. (a) Voltage plotted as a
function of current bias for thickest junction area of 22 µm2 for both an up (black) and down (blue) current sweep. (b) Voltage
plotted as a function of current bias for various junction areas, all in an up sweep of current.

FIG. 5. I-V characterization with current and voltage bias, and current bias with gate voltage of Ta/InAs JJ. (a) Voltage
characterization with current bias taken at ∼ 70 mK. (b) Differential resistance characterization with current bias taken at ∼
70 mK. (c) Differential conductance characterization with voltage bias taken at ∼ 60 mK. (d) Differential resistance plotted
against gate voltage and current bias in a 2D contour plot taken at 100-200 mK.

B. Ta/InAs Josephson Junction

All measurements pertaining to our Ta/InAs were done
with the sample setup as shown in figure 3(b). We start
with the standard figure of merit for a JJ, the product of
Ic and the normal state resistance, RN, which reveals the
quality of the 2DEG layer by determining its transport
regime.

Looking at figure 5(a), we plot voltage as a function of

current bias and notice a region of zero resistance extend-
ing from -1.5 µA to 1.5 µA indicating the superconduct-
ing regime. From this we can extract Ic of ∼ 1.5 µA. As
the current increases past Ic, we enter into a nonlinear
regime and finally into a linear, resistive regime where
extrapolation of the slope at these high current values
yields RN ∼ 2870 Ω.

We find IcRN = 4.4 mV which can be related to the su-
perconducting energy gap by the formula IcRN = α∆0/e
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where ∆0 is the superconducting energy gap and α takes
on the value of π and 1.32(π/2) for the ballistic and dif-
fusive regime, respectively [21, 22]. The superconducting
energy gap, ∆0, can be calculated according to BCS the-
ory by 2∆0 = 3.5kTc where Tc is the critical temperature
of Ta of approximately 4.4 K [23]. We find ∆0 = 0.6 meV.
Using these values presented, we find IcRN is 317% of the
diffusive limit, indicating ballistic transport is probable
and the 2DEG layer is of good quality.

Another useful product is IexRN where Iex is the excess
current flowing through the junction and is defined as
Iex = I−V/RN where I and V values are taken from the
high current, resistive regime [17]. This product informs
us of the quality of the S-Sm interface by determining
the transport regime of the region. We find Iex = 8 nA
and IexRN = 26 µV. The product IexRN is related to
a similar formula, that being IexRN = α′∆0/e where α′

takes on the value of 1.467 and 8/3 for a diffusive and
ballistic junction, respectively [17, 24]. Surprisingly, we
find IexRN is 2.5% of the diffusive limit indicating the
diffusive regime is probable. This would seem to suggest
our S-Sm interface is of bad (poor interface) quality, but
further analysis suggest otherwise.

As mentioned, there is a nonlinear region in figure 5(a)
that is better visualized in figure 5(b) with a plot of differ-
ential resistance versus current bias. There are a series
of smaller peaks and valleys followed by a large peak.
We attribute the large peak to the Ta transition, mean-
ing at this high current value, Ta is exiting the super-
conducting regime. Normally, at currents exceeding Ic,
superconducting Cooper pairs and single electrons tun-
nel through the junction [25], but we believe due the Ta
transition peak, only single electrons are tunneling. Such
would explain the extremely small value of Iex calculated
prior. We attribute the smaller peaks and dips in figure
5(b) to multiple Andreev reflections (MAR), a repeti-
tive process at S-Sm interfaces where incident electrons
at energies less then twice the superconducting gap form
Cooper pairs in the superconductor with a resultant hole
of opposite spin and momentum, and confirm our suspi-
cion in figure 5(c).

Specifically, figure 5(c) plots differential conductance
as a function of voltage bias. In this plot, we see a series
of evenly spaced peaks a dips, a typical indication of the
MAR process following V = 2∆0/en where n is an integer
corresponding to the Andreev reflection peak [11]. These
voltage peaks occur from 0-5 V, the same voltage range
corresponding to the nonlinear regime in figure 5(a). Us-
ing the values of the voltage peaks, and their correspond-
ing n value, we can calculate the expected value of the
superconducting energy gap to compare with BCS the-
ory. Doing so, yields an expected value of the gap of in
the range of 1-4 meV where the value according to BCS
theory was calculated prior and is about 0.6 meV. For de-
tailed analysis on the MAR process in similar JJ-FETs,
consult Ref. [11].

Crucially, the MAR process typically manifests itself
in high quality (transparent) junctions. We believe the

calculations involving the product of IexRN lead us to a
false conclusion of poor interface quality, whereas obser-
vation of the Ta transition peak and observation of the
MAR process start to reveal otherwise. This poses on an
interesting avenue to explore the current range in figure
5(a) of 2-2.5 µA corresponding to the Andreev reflection
regime, where Ta is superconducting. Thus, we define a
new quantity, I∗ex = I∗ − V ∗/RN, modified from Blonder
et al. [17], where I∗ and V ∗ are chosen from the cur-
rent range mentioned, allowing for the calculation of I∗ex
while Ta is superconducting. We speculate at this range
Cooper pairs and single electrons are tunneling through
the barrier, making the calculation of I∗ex more mean-
ingful than the calculation of Iex. Specifically, we find
I∗ex ∼ 2 µA, and the product I∗exRN = 5.7 mV. Follow-
ing the same methodology outlined prior, where now we
have I∗exRN = α′∆0/e, we find I∗exRN is 517% of the dif-
fusive limit. This is another clue, indicating that ballistic
transport is probable at the S-Sm interface.

While initial calculations involving IexRN may lead to
a false conclusion of poor interface quality, further anal-
ysis has revealed otherwise. The Ta transition peak, not
observed in similar Al junctions, sheds light on the small
value of Iex, while observation of the MAR process di-
rected us to infer high interface quality. Using the prod-
uct I∗exRN, we confirm our belief of high interface trans-
parency. Overall, this conclusion is noteworthy for simi-
lar devices utilizing superconducting Ta at a comparable
current ranges.

Lastly, in figure 5(d), we plot differential resistance
versus current and Vg in a 2D contour plot. The dark
region in the center indicates zero resistance and hence
the superconducting regime. As current increases, we can
see an area of high resistance indicated by the red color,
followed by a resistive regime indicated by a light blue
color, a pattern closely matching that observed in figure
5(a) and figure 5(b). We find Ic to be the same as the
value extrapolated from figure 5(a).

For a JJ-FET, we would expect at higher values of
Vg the resultant electric field would deplete the semi-
conductor region, eventually shutting off the junction.
This would manifest as a closure of the superconduct-
ing region, and continual smaller values of Ic as Vg is
increased. Figure 5(d) displays a constant Ic with no
closure of the superconducting regime. We postulate our
InAs top layer contains an In rich surface reconstruction
due to the samples overall preparation, which can effec-
tively screen the resultant electric field stemming from
the applied gate voltage. Reflection high energy electron
diffraction (RHEED) is a technique that uses high energy
electrons to study the morphology of growing thin films,
and confirms our suspicions. Specifically, it yields a (4x2)
surface reconstruction, consistent with the energetically
favorable In rich reconstruction [26]. Alternative sam-
ple preparations should yield the desired (2x4) surface
reconstruction, consistent with an As reconstruction.
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IV. CONCLUSION

In this paper, we present our findings measuring
Al/Si/Al and Ta/InAs Josephson junctions at low tem-
peratures. For our Al/Si/Al junctions we find that for
all junction areas, there is no evidence of tunneling (su-
percurrent) due to the fins thickness which can be ad-
dressed in the fabrication process. While we used stan-
dard techniques to indicate the quality of the 2DEG re-
gion in our Ta/InAs junction, determining S-Sm interface
quality required more in depth analysis through which we
ultimately conclude high interface quality. Furthermore,
our findings indicate no tunability over the semiconduc-
tor region due to an In rich InGaAs top layer.

Broadly, utilizing crystalline barrier materials are an
encouraging solution to tackling qubit loss and improving
coherence times. Tunneling properties with a crystalline
barrier has not been shown in a MET device. While our
Al/Si/Al MET does not illustrate tunneling, we briefly
mention alternative fabrication techniques promising in
further reducing Si fin thickness, crucial for successful re-
alization of such devices. Tunability is a key feature of
JJ-FETs, and while there is not evidence of tunability
in our Ta/InAs sample, alternative sample preparation
methods are promising. Moreover, we present detailed
analysis on Ta/InAs sample quality noticing phenomena
not observed in similar Al/InAs junctions, namely a tran-
sition peak. Characterization methods outlined here are
crucial for confirming sample quality, a necessary step for
creating low loss superconducting qubits.

V. OUTLOOK

While there are steps in place to work further towards
tunability in our Ta/InAs junction and tunnleing in our
Al/Si/Al junction, here we present the impact of our
work.

Our findings indicate a high quality Ta/InAs struc-
ture, grown with a shadow mask MBE technique. While
shadow mask technology is not a novel technology, such
high quality junctions have not been demonstrated with
the technique. Crucially, we demonstrate shadow mask
technology as a viable means to create high quality het-
erostructures. Shadow masking is an inherently in situ
technique, can aid in the fabrication of devices not feasi-
ble with ex situ techniques [27], and has even been em-
ployed in various areas such as quantum dot construction
[28]. For the purposes of JJ-FET fabrication, this poses
an interesting avenue to explore growth of other promis-
ing superconducting materials such as Nb and TiN on our
quantum well structure. Quality should not be impacted
by the use of a shadow mask deposition technique.

Tunneling is likely to be shown with thinner Si fins, and

will be a groundbreaking accomplishment in transmon
qubit technology. This would create a compelling oppor-
tunity to explore other single crystalline barrier materi-
als and other superconducting materials to further refine
the device and aid in fabrication. Ge is an interesting
candidate, gaining traction in CMOS applications for it
superior qualities compared to established Si technolo-
gies [29]. It is particularly exciting for FinMET applica-
tions due its small band gap, meaning Ge fins conducive
to tunneling could be thicker then their Si counterparts.
Alternative sample materials like Ta could be explored
for its superior native oxide properties [14, 15], aiding in
further qubit loss reduction.
The work done here paves the way for additional mate-

rial exploration to enhance the mentioned devices, with
the ultimate aim of achieving practical quantum compu-
tation
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Appendix A: Differential Measurements

All measurements, including differential measurements
utilized standard AC and DC lock in techniques.
To measure differential resistance, we sourced a DC

current accompanied with a slight AC current of 10 nA,
and measured the corresponding DC and AC voltage.
The 10 nA AC current is our differential current (dI),
wheras the measured AC voltage is our differential volt-
age (dV ). Thus, with dI, and dV , we obtain differential
resistance by dV/dI.
To measure differential conductance, we employed a

similar method. Using a voltage divider to sustain volt-
age drops as low as 0.1 mV, we sustained by a DC volt-
age accompanied by a small AC voltage (dV ). We then
measured the corresponding DC and AC (dI) current,
allowing us to obtain differential conductance, dI/dV .
In theory, one should obtain differential conductance by
inverting differential resistance, but to avoid unwanted
noise we leveraged voltage bias measurements.



8

[1] P. W. Shor, Polynomial-time algorithms for prime factor-
ization and discrete logarithms on a quantum computer,
SIAM review 41, 303 (1999).

[2] F. Bova, A. Goldfarb, and R. G. Melko, Commercial ap-
plications of quantum computing, EPJ quantum technol-
ogy 8, 2 (2021).

[3] R. P. Feynman, Simulating physics with computers, in
Feynman and computation (cRc Press, 2018) pp. 133–
153.

[4] Y. Cao, J. Romero, J. P. Olson, M. Degroote, P. D. John-
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