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Abstract

Here we report normal-state conductance measurements of three different types of
superconducting tunnel junctions that are being used or proposed for quantum computing
applications: p-Al/a-AlO/p-Al, e-Re/e-AlO/p-Al, and e-V/e-MgO/p-V, where p stands for
polycrystalline, e for epitaxial, and a for amorphous. All three junctions exhibited significant
deviations from the parabolic behavior predicted by the WKB approximation models. In the
p-Al/a-AlO/p-Al junction, we observed enhancement of tunneling conductances at voltages
matching harmonics of Al-O stretching modes. On the other hand, such Al-O vibration modes
were missing in the epitaxial e-Re/e-AlO/p-Al junction. This suggests that absence or existence
of the Al-O stretching mode might be related to the crystallinity of the AlO tunnel barrier and
the interface between the electrode and the barrier. In the e-V/e-MgO/p-V junction, which is
one of the candidate systems for future superconducting qubits, we observed suppression of the
density of states at zero bias. This implies that the interface is electronically disordered,
presumably due to oxidation of the vanadium surface underneath the MgO barrier, even if the
interface was structurally well ordered, suggesting that the e-V/e-MgO/p-V junction will not be
suitable for qubit applications in its present form. This also demonstrates that the normal-state
conductance measurement can be effectively used to screen out low quality samples in the

search for better superconducting tunnel junctions.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Metal-insulator—metal (MIM) tunneling junctions have been
the subject of intense investigation from the 1960s [1] to
the present search for optimal materials for superconducting
qubits [2—4] in quantum computing or for magnetoresistive
random-access-memory devices [5, 6].

The trapezoidal barrier model combined with Wentzel—
Kramers—Brillouin (WKB)-based approximations, like the
Simmons equation [7-9] or the Brinkman-Dynes—Rowell
(BDR) [10] approximation, have been a standard model for
the description of the tunneling phenomena in MIM junctions.

0953-2048/10/045002+07$30.00

These models predict a parabolic behavior for the differential
conductance of MIM junctions near zero bias, by assuming
perfectly sharp boundaries, rectangular or trapezoidal barriers,
and absolute-zero temperature for calculational simplicity.
They have been used extensively to obtain tunnel barrier
parameters such as effective thickness or potential barrier
height for tunnel junctions. However, parameters obtained by
these models sometimes can be physically unreasonable, which
can be attributed to the oversimplifications of the barrier. In
real junctions, factors such as interfacial roughness, thermal
smearing, existence of pinholes, and the crystalline structure of
the materials, result in deviations from the ideal model [11, 12].
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One of the well-known examples that demonstrate the
breakdown of WKB models is the zero bias anomaly (ZBA): a
narrow peak or dip that appears in the characteristic tunneling
conductance behavior as a function of voltage around zero
bias [13, 14]. This anomaly near zero bias has been known
for a long time [15-19]; it starts to develop at temperatures
significantly below room temperature and tends to get more
pronounced as absolute zero is approached. Such ZBAs can
result from electron—electron interactions [13, 20, 21] or from
suppression of the tunneling density of states [20, 22] in the
presence of disorder at the interface. None of these are taken
into account in the WKB-based models.

In this work we studied the normal-state properties
of superconducting tunnel junctions with magnesium and
aluminum oxide tunnel barriers: the two most important
tunnel barriers for the present and near-future superconducting
qubit circuits [23]. Epitaxial MgO and AIO tunnel barriers
are expected to overcome the limitations of amorphous AlO
tunnel barriers [2, 3, 24] in quantum computation applications.
Although the most popular system for superconducting qubits
is still p-Al/a-AlO/p-Al tunnel junctions, they suffer from
a strong decoherence mechanism, two-level fluctuators [4],
originating from the amorphous tunnel barrier and its interface
with the electrodes. This observation previously led to
the development of a new tunnel junction system, e-Re/e-
AlO/p-Al, which demonstrated significant improvement in
qubit performance compared to the conventional p-Al/a-
AlO/p-Al qubit [2, 3, 24]. Even after this proof-of-concept
demonstration, however, the search for new and better
superconducting tunnel junctions has been almost dormant,
partly due to the big gap between the qubit and the materials
research communities. Among other things, while testing
qubits requires sophisticated protocols at dilution refrigerator
temperatures, most materials research groups do not have
easy access to such capabilities. In this work, we show that
simple normal-state conductance measurement above liquid
helium temperatures can still provide important information
for superconducting tunnel junctions. Utilizing such a simple
characterizing scheme for pre-screening purposes will also
help reduce the turnaround time in the materials search for new
superconducting qubits.

In order to see if we can correlate the normal-state
properties of superconducting tunnel junctions with their qubit
and superconducting properties, we examined three different
types of tunnel junctions: p-Al/a-AlO/p-Al, e-Re/e-AlO/p-
Al, and e-V/e-MgO/p-V. Each of these three systems holds
a unique standing in recent qubit investigations. The first
one is, as we discussed above, still the most popular system
in the present qubit community, and the second is so far
the only system that showed enhanced coherence properties
compared to the first [2, 23]. Accordingly, comparing the
normal-state properties of these two types will provide a good
starting place for future studies of new materials. Although
the e-Re/e-AlO/p-Al system demonstrated enhanced coherence
properties by significantly reducing the number of two-level
fluctuators in the tunnel barrier, it still has a number of other
issues that need to be improved. First of all, as reported
previously [3, 23], it suffers from significant non-uniformity

of junction resistance values, which makes it difficult to adapt
to a multi-qubit environment that requires uniform junction
resistance for many junctions. Second, the top layer is still
non-epitaxial, and we believe that the interface between the
top layer and the tunnel barrier probably is responsible for
the residual two-level fluctuators [3]. Any attempt to replace
the top layer by Re, whether epitaxial or not, resulted in a
high subgap leakage current. This observation motivated us
to investigate a new type of tunnel junction composed of V
and MgO layers. MgO tunnel barriers were recently found
to significantly enhance the performance of magnetic tunnel
junctions compared to an amorphous AlO barrier [5, 6]. MgO
and V have good lattice matching (1.4% mismatch), even better
than the magnetic counterparts [6]. These observations make
V/MgO/V an attractive candidate for next-generation qubit
applications. Below, however, we show that the normal-state
conductance measurement suggests that this new system is
prone to an interfacial electronic disorder and thus not suitable
for qubit applications.

We took detailed four-point differential conductance mea-
surements of these three systems above their superconducting
transition temperatures, utilizing the differential conductance
mode of a Keithley 6221 AC-current source and a Keithley
2182A nanovoltmeter. Interestingly, all three (even the most
mundane p-Al/a-AlO/p-Al system) clearly showed non-trivial
deviation from the standard WKB approximation. We found
that analysis of these deviations from the WKB-like approx-
imations reveals material-specific information related to the
crystallinity of the tunnel barriers and the electronic quality of
the interfaces.

2. Fabrication and processing

All three types of junctions were fabricated from trilayers
grown without breaking vacuum. Standard optical lithography
was then used to process them into tunnel junctions (area
70 um?) with four-point contacts as reported previously [3].
For p-Al/a-AlO/p-Al trilayers, the polycrystalline Al base layer
was DC-sputtered at a rate of ~50 nm min~! in a high vacuum
chamber (base pressure: low 107% Pa) at room temperature
on sapphire substrates. Then the amorphous aluminum oxide
layer was thermally grown at room temperature in 1500 Pa
of ultrahigh purity oxygen in an oxidation chamber (base
pressure: low 107> Pa) connected to the sputtering chamber.
Finally, the top Al layer was DC-sputtered, again in the
high vacuum sputtering chamber. These Al trilayer tunnel
junctions are nominally identical to those used for previous
qubit demonstrations [2]. The second system, e-Re/e-AlO/p-
Al, was grown in an ultrahigh vacuum (UHV) (base pressure:
1 x 10~® Pa) multi-chamber sputtering system equipped with
a reflection high energy electron diffraction (RHEED) tool
for in situ growth monitoring. Both the Re base layer and
the AlO tunneling barrier were epitaxially grown on lattice-
matched Al,O5 (0001) substrates at elevated temperatures, and
the top Al layer was thermally evaporated from an effusion
cell in a polycrystalline form at room temperature. The
crystallinity of each layer was checked in siru by RHEED.
The details of the vacuum system and the growth can be
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found in earlier publications [3, 24]. This e-Re/e-AlO/p-
Al system is also nominally identical to those previously
used for demonstrating enhanced qubit performance [2, 23].
The third system, e-V/e-MgO/p-V, was grown in the same
UHV chamber. The base V layer was DC-sputtered on
lattice-matched MgO(001) substrates at ~800°C at a rate
of ~2 nm min~!, and this condition led to single-crystalline
epitaxial structures as confirmed by RHEED. After the film
was cooled to room temperature, Mg was evaporated in 1.5 x
10~* Pa of molecular oxygen to form the MgO tunnel barrier
with a nominal thickness of 1.2 nm at a rate of ~0.01 nm s~ !,
and this MgO layer was fully epitaxial as grown. Such epitaxial
growth of MgO at room temperature is quite different from
that of the AlO tunnel barrier, which grows amorphous near
the room temperature and requires high temperature annealing
to form an epitaxial layer [3]. The strong tendency of the
MgO layer toward epitaxy must be related to its simple crystal
structure: the cubic rock-salt type. Then the top V layer was
deposited by use of DC sputtering at room temperature in order
to prevent thermal diffusion from happening through the tunnel
barrier. Because of the room-temperature deposition, the top V
layer turned out to be polycrystalline, as revealed by RHEED.

3. Junction: p-Al/a-AlO/p-Al

In figure 1(a) we show the differential conductance (d//dV)
measurements for a p-Al/a-AlO/p-Al junction taken at
temperatures ranging from 170 to 4.2 K (above the T of
Al). Overall, it exhibits a typical parabolic behavior in the
broader bias range. However, as temperature decreases, a clear
‘dimple’ around zero bias develops for temperatures 106 K and
below, within the +0.12 V region. A closer measurement of
that region is shown in the top inset; note that for temperatures
106 K and below, the region around zero bias widens and
flattens.

Another feature, shown more clearly in figures 1(b)
and (c), is the oscillation in the differential conductance on
top of the featureless parabolic background. Oscillations
in conductance in aluminum tunnel junctions have been
experimentally observed since the sixties [25-27]. Tunneling
electrons can interact with the vibrational states of the
ions, either at the interface between the metal and the
oxide or in the tunnel barrier, showing increases in the
differential conductance at specific voltages [1, 26, 28]. An
effective phonon spectrum can be extracted from the d?7,/dV?
curves [28], shown in figure 1(b), which clearly exhibit this
oscillatory behavior.

To separate and enhance the oscillatory behavior, we
used an arm fitting method [29]. In figure 1(c), graphs were
normalized and divided by our highest available temperature
(170 K) data that did not exhibit the oscillatory behavior.
Here, three peaks can be identified on each side; if the peak
voltage is plotted versus peak number, a near linear relation is
obtained, as in figure 1(d), and this suggests harmonics of a
single oscillator mechanism as its origin. Another noticeable
feature is the dip around zero bias. At first, this feature may be
reminiscent of the commonly observed ZBA, the suppression

of density of states at zero bias due to disorder or electron—
electron interactions [20, 21]. However, there is a clear
difference; unlike other common ZBAs, which tend to develop
further at lower temperatures, this dip feature does not get
sharper at lower temperatures. Instead, as shown in the inset of
figure 1(a), the conductance tends to flatten as the temperature
drops toward the lowest temperature (4.2 K). This suggests that
its origin must be something different from the common ZBA
mechanism—the disorder or electron—electron interactions—
and needs to be answered in future studies.

The main peak occurring at ~0.10 V in d*7 /dV? has been
observed before by other researchers and was interpreted as
the Al-O stretching mode inside the aluminum oxide tunnel
barriers [26, 30]. Surprisingly, however, both the higher
harmonics and the zero bias feature have never been reported in
p-Al/a-AlO/p-Al junctions, which are one of the most widely
investigated superconducting tunnel junctions. The high
quality of our trilayer junctions may have allowed observation
of these elusive features; we generally find that the trilayer
processed junctions exhibit better superconducting properties
than other more conventionally processed junctions with ex situ
steps between layers, which are prone to contamination at the
interfaces.

Resistance measurements for this junction are shown in
figure 1(e); the zero bias resistance versus temperature plot in
this figure shows a saturation behavior at low temperatures,
evidencing the absence of disorder-driven density-of-state
suppression [14], as will be further discussed in section 5.

4. Junction: e-Re/e-AlO0/p-Al

Figures 2(a) and (b) show the measurements for an e-Re/e-
AlO/p-Al junction.

Conductance measurements in figure 2(a) were taken at
4.2 K. Unfortunately, all the junctions at higher temperatures
became shorted, and therefore only 4.2 K data are available.
Even partially crystalline AlO tunnel barriers were previously
reported to be sensitive to high temperatures [30] and so this
observation with our fully epitaxial AlO tunnel junctions may
have been unavoidable. However, because measurements at
high temperature are normally featureless, the lack of higher
temperature data would not affect our main conclusions here.

The differential conductance plot, figure 2(a), clearly
deviates from the parabolic behaviors expected from WKB
models. Moreover, it differs significantly from that of the p-
Al/a-AlO/p-Al system in multiple aspects. The most obvious
difference is that the shape is very asymmetric, and this can
be easily understood from the fact that the two electrodes (Re
on one side and Al on the other) are different in this system.
The second difference is the existence of kinks: two broad
kinks at around 0.35 and —0.25 V, and sharper ones at around
40.01 V. Considering that these kinks are observed only in
the epitaxial tunnel barrier system, they may be related to
the crystallinity of the AlO tunnel barrier. Another subtle
but critical difference from the p-Al/a-AlO/p-Al system is the
absence of the Al-O vibration mode and its harmonics in
this e-Re/e-AlO/p-Al system, although their tunnel barriers
are different only in their crystallinity. This suggests two
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Figure 1. Measurements for the p-Al/a-AlO/p-Al junction. (a) Differential conductance (d//dV or G) versus bias voltage measured at
various temperatures from 170 K (top) to 4.2 K (bottom). Background near-parabolic shape is practically unchanged at all temperatures.
However for temperatures 106 K and below, a ‘dimple region’ (around +0.12 V) around zero bias and small oscillations at higher biases, not
clearly seen in these curves, develop. Inset: high-resolution d//dV measurements of the ‘dimple’ region around zero bias; note that at the
bottom of the dimple, a flat region develops below 20 K; 106 K (top) to 4.2 K (bottom). (b) Second derivative curves (d*>7/dV?) of the
conductance data from part (a). Maxima can be observed at ~0.10, 0.22, and 0.30 V for both positive and negative bias. (c) Normalized
conductance divided by the best parabolic arm fit of the 170 K graph; oscillatory behaviors are clearly visible. (d) Peak voltage versus peak
order number. Peak voltages are almost linear, suggesting a common mechanism of harmonics. (e) Resistance at zero bias versus temperature;
a saturation point is reached at low temperatures, indicating standard tunneling as the main mechanism.

possibilities. The first is that the presumed AI-O vibration
mode may in fact be related to some other resonance channel
such as an O-H vibration, considering that the O-H mode
also has matching energy scales at values similar to the Al-O
mode [1, 28, 30, 31]. In such a case, the enhanced conductance
at the characteristic voltages might not be intrinsic to the
AlO tunnel barrier but more due to impurities. However, it
is hard to believe that the only vibration mode in the AlO
tunnel junctions created without breaking high vacuum is not

the Al-O channel but some other impurity channel. The
second and more likely scenario is that the Al-O vibration
mode is related to the amorphous structure of the tunnel
barrier and thus is missing in the epitaxial AlO barrier. A
similar observation was also made previously even in partially
crystalline AlO tunnel barriers [30]. Finally, it will be an
interesting question for future studies whether the absence of
Al-O vibration mode in the epitaxial AlO tunnel barrier is
also related to the suppression of two-level fluctuators in the
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Figure 2. Measurements for the e-Re/e-AlO/p-Al junction. (a) d//dV versus bias voltage at 4.2 K (blue graph); asymmetry and a number of
kinks are evident. d*7/dV? plot (red graph); unlike that of the p-Al/a-AlO/p-Al junction, oscillatory behaviors are absent here. Inset:

additional detailed d/ /dV measurement taken at 4.2 K within +0.05 V region; the sharp kinks at £0.01 V and the asymmetric flat at around
zero bias are noticeable. (b) Resistance at zero bias versus temperature measurement; the resistance saturates at low temperatures, indicating

standard tunneling as the dominant mechanism.

epitaxial barrier compared to its amorphous counterpart, as
observed in previous studies [2, 23].

The resistance measurement in figure 2(b) reaches a
saturation level at low temperatures, and this is consistent with
the flattening of the differential conductance around zero bias,
indicating electronically clean interfaces similar to the p-Al/a-
AlO/p-Al system.

5. Junction: e-V/e-MgO/p-V

In figure 3(a), we plot the differential conductance measured at
temperatures ranging from 270 to 6.4 K (above the vanadium
Tc of 5.4 K) for the e-V/e-MgO/p-V junction. At 270 K,
our highest measurement temperature for this junction, the
behavior is clearly parabolic, with a very good fit (not shown)
with the BDR model. However, as the temperature is
lowered, the parabolic behavior gradually transforms to V-
shaped curves, as depicted in the figure. The gradual transition
from parabolic to linear behavior, which is typical of the
common ZBA, can be seen more clearly in figure 3(b), where
the curves are all normalized to the values around £0.15 V.
Such a transition from parabolicity to sharp ZBA was obtained
previously in other systems [14, 32], and is regarded as a sign
of electronic disorder at the interface. In comparison, although
figure 2(a) might also give the impression of a similar ZBA,
even for the e-Re/e-AlO/p-Al junction, the inset of figure 2(a)
shows that there is in fact a flat, albeit asymmetric, region right
around zero voltage.

At high temperatures, because many of the interactions
are washed out by thermal smearing, the plot of conductance
versus voltage can be well fitted by the non-interacting WKB
model. However, once the temperature drops below the
energy scales of these interactions, the WKB approximation
breaks down and anomalous behaviors show up, as seen
in all of our three junction types. Although not all these
anomalies are fully understood, there exist a number of
theoretical models trying to explain some of these features. For
example, electron—electron interactions for low-dimensional

electron systems lead to logarithmically vanishing density-of-
states (DOS) near the Fermi level when impurities interfere
with the electron—electron interactions [20]. Because the
differential conductance is proportional to DOS, vanishing
DOS at zero bias will appear as suppression of the tunneling
conductance at low temperatures, deviating from the standard
parabolicity at higher temperatures. These predictions are
consistent with previous experiments where irradiated tunnel
junctions showed increasing ZBA effect as the irradiation
level increased, which is equivalent to increasing disorder in
the tunnel junctions [16]. G(V)/G (V)70 x (plot shown in
figure 3(c)) is consistent with this picture and is also similar to
the behavior predicted for the average DOS in a 2D electron gas
for a low disordered electron system, as proposed by Bartosch
and Kopietz [22]. The only slight difference is that instead of
logarithmic divergence near zero bias, our system shows linear
dependence, not only in figure 3(c) but also in the temperature
dependence of figure 3(d). This linear dependence is more
consistent with the model in [31].

Unlike the other two junctions, the zero bias resistance
of the e-V/e-MgO/p-V junction kept increasing down to
the lowest temperature in figure 3(d). This is consistent
with the electronic disorder picture described for the d//dV
measurements. The most likely origin of this electronic
disorder is the oxidation of vanadium at the interfaces. It is
well known that vanadium and many other transition metals
can easily form bad metals when exposed to oxygen, and
that is part of the reason why native oxides of these metals
cannot be used as reliable tunnel barriers. Even if we observed
sharp single-crystalline interfaces from RHEED during growth
between the bottom vanadium and the MgO tunnel barrier, we
cannot rule out the possibility of vanadium getting partially
oxidized at the interface. ~Such oxidation can lead to a
disordered electronic state as observed here. Although not
presented here, we also measured the current versus voltage
of these e-V/e-MgO/p-V junctions at 100 mK in a dilution
refrigerator, but no superconducting gap was observed even if
the vanadium electrodes were superconducting. This implies
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Figure 3. Measurements for the e-V/e-MgO/p-V junction. (a) Tunneling conductance (d//dV') versus bias voltage, measured at temperatures
ranging from 270 K (top) to 6.4 K (bottom). Parabolic behavior at high temperatures gradually changes to linear ZBA at low temperatures.
(b) Normalized d//dV curves for figure 3(a), showing the temperature evolution more clearly. (c) Conductance (G) curves of part (a),
normalized, and divided by the highest temperature (270 K) data; at the lowest temperatures, the linear suppression of the conductance below
the high temperature parabolic background is clear. (d) Resistance at zero bias versus temperature measurement; unlike the other two
junctions, resistance does not saturate at low temperatures. Instead, it increases almost linearly down to the lowest temperature, indicating that
some temperature-dependent interaction mechanism is active beyond standard tunneling.

that the interfacial electronic disorder, which is responsible
for the ZBA, also resulted in poor superconducting junction
properties. This is in stark contrast to the e-Re/e-AlO/p-Al
case, where the base Re layer remains electronically clean
even if it is exposed to molecular oxygen at a similar level
to the e-V/e-MgO/p-V case [2, 3, 23]. Based on these
observations, e-V/e-MgO/p-V junctions will not be suitable for
qubit applications, unless a new growth scheme is developed to
prevent the oxidation of the V layers.

6. Conclusions

We measured the normal-state conductance for three different
tunnel junctions: p-Al/a-AlO/p-Al, e-Re/e-AlO/p-Al, and e-
V/e-MgO/p-V. For the first and third junctions, measurements
taken near room temperature were well fitted to the standard
WKB model parabolic behavior. However, all three
junctions showed significant deviations from the parabolicity
at cryogenic temperatures. In the p-Al/a-AlO/p-Al junction
we found that the interaction between electrons and the Al—
O vibration modes leads to characteristic oscillations in the
voltage-dependent differential conductance. In the e-Re/e-
AlO/p-Al junction we found that the Al-O vibration mode
is absent, suggesting a close connection between the Al-O

vibration channel and the crystallinity of the AlO barrier. In
the e-V/e-MgO/p-V junction we observed suppression of the
DOS, and it can be accounted for by electronic disorder at
the interfaces due to oxidation of the vanadium layer. This
implies that preventing oxidation of the vanadium layer is an
essential step to make the e-V/e-MgO/p-V junction a viable
solution for qubit applications. This work shows that simple
normal-state measurements can provide ample information for
the development of new tunnel junctions in superconducting
qubit applications.
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