N,
7

S

ELSEVIER

Physica C 368 (2002) 337-342

PHYSICA (

www.elsevier.com/locate/physc

Tunnel barriers for an all-high-T7; single electron
tunneling transistor

F. Lombardi®®, A.Ya. Tzalenchuk®*, S.E. Kubatkin?®, F. Tafuri®®,
Z.G. Ivanov?®, P. Delsing®, T. Claeson®

& Department of Microelectronics and Nanoscience, MINA, Chalmers University of Technology and Goteborg University,
S-41296 Goteborg, Sweden
Y INFM—Department of Physics, University of Napoli “‘Federico IT”", 1-80125 Napoli, Italy
¢ Department of Information Engineering, Second University of Napoli, I-81031 Aversa (CE), Italy

Abstract

We have studied possible implementations of high-resistance tunnel barriers for an all-YBa,Cu;0;_; supercon-
ducting single-electron transistor (SSET). The step-edge and biepitaxial techniques have been employed to fabricate the
junctions. Both technologies appear very promising for the implementation of all-high-7. SSET. © 2001 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Recently there has been a great effort in
searching for new physical 7, systems suitable as
computational units in a quantum computer, qu-
bits. The quantum computers based on solid-state
qubits are probably the preferred choice. A large
class of the proposed realizations makes use of the
gapped quasiparticle-excitation spectrum of su-
perconducting structures to suppress decoherence.
One of the two implementations admitted by
the charge-phase (Cooper pair-vortex) duality in
Josephson devices are the phase qubits. Among
them particular attention is given to the systems
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based on high-T7; superconductors. The suggested
designs exploit the unique property of these su-
perconductors—the d-type symmetry of the wave
function. In the phase qubits the superconducting
single-electron transistor (SSET) can be used to
collapse the wave function into one of the two
basis states, which differ by the phase, and to per-
form the control entanglement of states of multiple
qubits [1,2]. We should emphasize that the high-T,
qubits require high-7; based SSET, as the tech-
nology that has been well established for fabrica-
tion of their low-7, (mainly Al) counterparts is not
compatible with the high-7, Josephson junction
technology in a straightforward way.

The requirements for the operation of the SSET
are small capacitance and high resistance of the
tunnel junctions between the superconducting
electrodes and the superconducting island. Sub-
micrometer structures with low capacitance in HTS
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have already been realized and it is of significant
interest to study the feasibility of high resistive
tunnel barriers.

Two types of HTS structures known to give
high values of the normal resistance were investi-
gated—the step-edge and the biepitaxial Joseph-
son junctions.

2. Fabrication procedure

The samples fabrication procedure has been
described in detail elsewhere [3,4] and is briefly
summarized in the following. E-beam lithography
was used to define in the (100) LaAlO; substrate
both the step and the alignment marks for the
subsequent processing stages. The pattern was
transferred into the substrate by argon ion beam
through a 150 nm thick carbon mask, producing
steps 270-450 nm high. A YBCO film 75-145 nm
thick was grown on the etched substrate by KrF
eximer laser ablation at 7 = 760 °C and oxygen
pressure of Pp, = 0.6 mbar. A 20 nm thick layer of
gold was deposited in situ on top of the YBCO at
room temperature. The second e-beam lithography
was made to fabricate 250 nm thick gold pads for
electrical connections. The third e-beam lithogra-
phy defined the carbon mask for the fabrication of
the bridges across the step. Making use of the
marks predefined in the substrate we were able
to align all microbridges to the steps with accu-
racy better than 200 nm. The YBCO was ion beam
etched through the carbon mask. Finally, the
in situ gold layer covering the YBCO was removed
by ion milling.

For the fabrication of the biepitaxial junctions
20-30 nm thick CeO, films were deposited by RF

Table 1

magnetron sputtering at 7 = 700 °C in mixed at-
mosphere of Ar and O, with partial pressure
Po, = Pa; = 6 Pa. The seed layers were then suit-
ably patterned using standard photolithography
and Ar ion milling etching. A 100-120 nm thick
YBCO film was then deposited by inverted cylin-
drical magnetron sputtering at 7 = 770 °C and
Po, = Py, =55 Pa. Finally, microbridges with
width ranging from 2 to 20 um were fabricated by
photolithography and Ar ion milling etching.

3. Experimental results and discussion
3.1. Wide step-edge Josephson junctions

It is well established that with the step-edge
junction (SEJ) technology the normal resistance
Ry can be tuned by several orders of magnitude by
reducing the ratio between the film thickness (7)
and the step height (s). We aimed at understanding
how high the value of the resistance could be and
how reproducible the submicrometer junctions can
be made with extreme values of ¢/s, namely less
than 0.3.

In this section we will present data from three
different sets of SEJs obtained by varying the step
height and the film thickness but keeping their
ratio ¢/s ~ 0.3 almost constant. All measurements
are done at 4.2 K. In Table 1 the characteristic
parameters of 4 um wide SEJs related to the three
chips are reported. For comparison the most sig-
nificant data related to the biepitaxial technology
is also included.

Fig. 1 shows the I-V characteristics of SEJ #2.
The curve is RSJ-like with 10% hysteresis and no
excess current. The I~V characteristic of SEJ #3

Fabrication parameters (film thickness (7), step height (s), and their ratio (¢/s)) and properties of 4 um wide Josephson junctions
(critical current (/.), normal resistance (Ry), and the McCumber parameter (f3.)) related to the three chips #1, 2, and 3 obtained by the
step-edge technique. For comparison representative data related to a 4 um biepitaxial junctions have also been included. All the data

refer to T =4.2 K

t (nm) h (nm) t/s 1. (nA) Rn (Q) I.Ry (mV) p.
SEJ #1 145 450 0.33 55 22 1.2 1.5
SEJ #2 120 450 0.27 13 60 0.78 2
SEJ #3 70 270 0.27 4 2000 8 5.5
NGbiep #1 100 - - 0.1 1000 0.1 1.2
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Fig. 1. I-V characteristics of SEJ #2 at T = 4.2 K. The dashed
line is the linear fit at high bias. The inset shows the micro-
structure of the grain boundaries formed at the top and bottom
parts of the step.
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Fig. 2. I-V characteristics of SEJ #3 at T = 4.2 K. The inset
shows the positive branch at higher voltages.

reported in Fig. 2 is quite different. The curve is
RSJ-like only at low voltages with a high degree of
hysteresis (almost 50%) corresponding to a value
of the McCumber parameter . = 5.5 suggesting
that tunneling is the dominant mechanism of
transport. The inset shows the positive branch of
the -V characteristic at high voltages. Distinct
hysteretic voltage steps of the order of 5 mV are
clearly observed. Moreover the resistance of the
junction increases by almost 500 Q after each

voltage step. We were able to detect more than 25
hysteretic voltage steps with similar characteristics
on the voltage scale up to 600 mV. Such kind of
features were also observed in SEJ #1 and #2
though the number of steps was much reduced,
about 2 or 3 on the scale of 100 mV.

In order to interpret this data let us make a
closer look at the microstructure of the SEJJs [5].
The grain boundary formed at the top of the
junction consists of two parts: a basal plane faced
grain boundary (BPGB), which nucleates on the
substrate up to a thickness of 10-20 nm of the
growing film and a symmetric grain boundary
(SGB) on top of it. For the BPGB the interface
plane is perpendicular to the substrate, while the
SGB is at 45° to it. The bottom GB consists instead
of an almost pure BPGB. In a previous work we
have established that normally the symmetric grain
boundary is responsible for the Josephson behavior
of the junctions, whereas the BPGB carries a high
critical current and can therefore be neglected [6].

When the ratio ¢/s is extremely reduced, the film
on the step becomes naturally oxygen depleted, in
contrast to the usual case. Oxygen out-diffusion,
which predominantly occurs along the a—b planes,
is facilitated by the reduced film thickness (23 nm
for SEJ #3) and the orientation of the film on the
step. Also, for the latter reason, BPGB is less af-
fected than SGB. In this situation, the weakest link
for the Josephson transport is the intrinsic tun-
neling in between the a—b planes in the step region,
first observed by Rapp et al. [7] in artificially
oxygen depleted YBCO films. The possibility of c-
axis tunneling in our samples is strongly supported
by the observation of the semiconducting behavior
of the temperature dependence of resistivity close
to the transition temperature (of the order of 50 K).
The regular voltage steps then correspond to the
serial switching of intrinsic junctions into the re-
sistive state. The high value of the IR, product
about 8 mV is in fact comparable with the voltage
steps observed at higher bias. For SEJ #1 and #2 a
thicker YBCO film on the step (40-50 nm) presents
less oxygen vacancies. Both the SGB and intrinsic
c-axis junctions act as weak links. In both samples,
the IR, value is in the usual range for SEJs
(compare Table 1), while the hysteretic voltage
steps are again of the order of 5 mV.
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3.2. Submicrometer step-edge Josephson junctions

The transport properties of the submicrometer-
wide SEJs were studied at the temperatures below
100 mK in the dilution refrigerator on two samples
#1 and #2.

At 20 mK two 0.3 um junctions on samples #1
and #2 showed I-V curves with a critical current
of 10 and 1 nA and a normal resistance of the
order of 10 and 60 kQ respectively. In the fol-
lowing we will refer to them as sub #1 and #2. Fig.
3a shows the /-V characteristic of sub #2 in cur-
rent bias mode. An interesting feature is the pres-
ence of regular steps up to a voltage of about
100 pV. Importantly, the steps were observed in
the same voltage range and with close periodicity
on sub #1, while the current scale was different by
a factor of 10. The picture becomes more dra-
matic, when the measurements are performed in
the voltage bias regime (Fig. 3b), and it becomes
evident that the periodic features correspond to
current peaks.

A magnetic field of up to 5 T does not change
the position of the current peaks on the I-V
curves, while suppressing the critical current
roughly by half (see Fig. 3a and b). The upper limit
of the range, where the peaks are present, gradu-
ally moves down wiping out the peaks at the
higher voltages as the magnetic field is increased.
The temperature up to 90 mK does not influence
the position of the peaks, their voltage range or the
critical current. Data for higher temperatures
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would be important for the understanding of the
transport mechanisms in these structures.

The current peaks on the I-V curves definitely
point to some resonant modes in the structure,
possibly suggesting that the tunneling current is
probing a spectrum of discrete energy levels. The
nature of these levels is not exactly known. We can
suggest a scenario based on the predictions of
Ingerman et al. [8]. The authors have analyzed
coherent multiple Andreev reflections (MAR) and
current resonances in long ballistic SNS junctions
and obtained a picture strikingly similar to that
observed in our experiment. In the framework of
the MAR scenario the spacing between the And-
reev bound states at the surface of the supercon-
ductor S is determined solely by the transverse size
of the normal region N. The current peaks corre-
spond to the bias eV equal to the difference in
energy between two bound states. Therefore the
position of these double resonances is determined
by geometry and is independent of the gap. The
upper voltage limit for such a process is however
24, which in our experiment we attribute to the
peak at 170 uV in zero magnetic field.

The major problem with this scenario stands in
the fact that the junction has to be ballistic on the
length scale Zvg/eV, while the YBCO junctions are
known to have a very short mean-free path. Tak-
ing the table value of 107 cm/s for the Fermi ve-
locity and 33 uV for the voltage position of the
resonant peaks we arrive at the unrealistic length
of the order of a few microns. However, as we have
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Fig. 3. I-V characteristics of sub #2 at H = 0 and 5 T in current bias mode (a) and voltage bias mode (b).
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shown above tunneling takes place in the c-direc-
tion of the film grown on the substrate step. Then
the length in question is the thickness of the film
on the step surface, about 20 nm. This length
corresponds to a significantly smaller Fermi ve-
locity of 10* ¢cm/s, which can be justified by the
oxygen depletion and anisotropy.

Another interesting point within the same sce-
nario is the origin of the double-gap feature at
170 puV in zero field. This can be attributed to ei-
ther the bulk subdominant s-wave gap or the d-
wave gap severely suppressed by disorder.

As can be seen, the Josephson coupling is not
completely suppressed even in the most resistive
junctions and even in the magnetic field of 5 T,
which emphasizes the necessity of alternative
techniques for junction fabrication.

3.3. Wide biepitaxial Josephson junctions

The biepitaxial technique has been employed to
obtain grain boundaries combining high resistive
interface, such as those characterized by a mis-
alignment of the c-axis, and low values of the
critical current density J. like 45° [00 1] tilt grain
boundary, where a Cooper pair tunnels into a node
of the superconducting d,._,» gap in one electrode
of the junction [9]. With this technique the grain
boundaries are obtained at the interface between a
(103) YBa,Cu307_; film grown on a (1 10) SrTiO;
substrate and a c-axis film deposited on a (110)
CeO,; seed layer. The ¢ and b axes of the (001)
YBCO grown on the CeOs are rotated by 45° with
respect to the two in-plane direction of the SrTiO;
substrate. By changing the angle ¥ between the
edge of the CeO, and the [00 1] in-plane direction
we were able to obtain grain boundaries with J; and
RN values varying by two orders of magnitude.

In Fig. 4 it is shown the I~V characteristic of a
4 um junction NGbiep #3 obtained with the bi-
epitaxial technique, by patterning the CeO, edge at
an angle ¢ = 79° with respect to the [00 1] direc-
tion of the SrTiOj; substrate. In this configuration
the Cooper pair tunneling is almost in the node of
the order parameter in one electrode of the junc-
tion (that is defined in the YBCO film grown on
the seed layer). We note that the value of the
Josephson current is extremely, more than 100
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Fig. 4. I-V characteristic of NGbiep #3 at 7 =4.2 K. The
straight line is the linear fit at high bias.

times, reduced compared to that for SEJ #3. The
value of Ry instead is comparable with the highest
value we have got with the step-edge technique.
This kind of grain boundaries therefore combines
a highly resistive interface with low J. values.
Measurements on the submicron biepitaxial junc-
tions at millikelvin temperatures are under way.

4. Conclusions

We have studied possible implementations
of high-resistance tunnel barriers for an all-
YBa,Cu;0;_s5 SSET. The step-edge and biepitaxial
techniques have been employed to fabricate the
junctions. We have been able to tune, by several
orders of magnitude, the resistance of the SEJs by
reducing the ratio between the film thickness (¢)
and the step height (s). With extreme values of the
ratio ¢/s the junction properties appear to be
dominated by the intrinsic tunneling. Resistance
values higher than 30 kQ have been obtained in
0.3 um wide junctions. At very low temperatures
below 100 mK /-V characteristic of submicron
junctions obtained in the voltage bias mode
showed pronounced current peaks probably re-
lated to the presence of localized Andreev levels at
energies less than the superconducting gap 4.
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Different grain boundaries based on a combi-
nation of (00 1) 45° tilt and (100) 45° tilt or twist
have been implemented by the biepitaxial tech-
nique. We have been able to get resistance value of
the order of 1 kQ in 4 um wide junctions. Both
technologies appear very promising for the im-
plementation of all-high-7, SSET.
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