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Abstract

The project focuses on characterizing the growth of oxides on top of Niobium samples,
and the effects of adding an additional layer of a different superconductor on top of them.
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1 Introduction

In recent years, superconducting materials have been used extensively for both
fundamental and technological research. Superconducting radio-frequency (SRF) cavities
with photon lifetime of tens of seconds and quality factor Q > 101° — 10! are currently
used in particle accelerators. At the same time, superconducting thin films are used in the
fabrication of transmon qubits, where coherence times up to hundreds of pus have been
achieved.

To increase further the performance of such devices, one needs to eliminate the various
sources of losses in the system. At present, one of the major problems that the quantum
community is facing is mitigating the effects of two-level systems (TLS) usually residing at
dielectric/metal interfaces.

The origin of such TLSs may be multiple, but it is clear that tunneling systems in
amorphous materials can lead to such losses. These are formed by defects that can be in
two different configurations connected by a finite tunneling amplitude (Fig. In the next
section we will outline the theoretical framework that has been developed to model such
systems.

1.1 The Standard Tunneling Model

Given the amorphous nature of the host material, the parameters of such systems span a
wide range of values, and one needs to assume a specific form of the distribution of such
parameters. The theory that is usually used to describe such ensembles is called the
Standard Tunneling Model (STM) . This theory only needs two parameters € and Ag
that we are now going to define, the distribution of such parameters over the ensemble of
TLS and the TLS response to external perturbations.

The Hamiltonian for such a system is:
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Figure 1: (a) Energy diagram and (b) physical origins of two-level systems

Hris = % (ASO ég) = %so?’) + %Aoo)((p) (1)
where the upper letter (p) indicates that these are Pauli matrices in the position basis
{ILCJRE! For simplicity, we are imagining a TLS formed by an atom that can be in two
different spatial configurations. For other types of TLSs, the position variable can be
substituted with the relevant configuration variable. The graphical interpretation of € and
Ag can be seen in (Fig . Due to the finite tunneling amplitude Ag, the states in the
left and right well hybridise, forming the two eigenstates:

|+ &= sin(8/2) |LF- cos(8/2) |R (2)

|— &= cos(8/2) |LFsin(8/2) IR (3)
where tan 0 = Ag/€. The energy splitting between the two is:

E=E,—E_=,/e2+ A2 (4)

To proceed, one needs to choose the relevant pair of variables and specify the distribution
of such variables. Different distributions lead to different kinds of noise, and it was
demonstrated that the typically observed noise spectra can be described using such
ensembles [2].

1.2 Probing individual TLSs

In the last decade, it also became possible to use qubits strongly coupled to individual
TLSs residing in the Josephson Junction’s oxide layer as a probe to measure the physical
properties of the TLS itself [3] and to observe TLS-TLS interactions [4]. These
measurements rely on the possibility to tune both the frequency of the phase qubit and
the € parameter of the TLS. This is tipically done by bending the qubit chip with a piezo
actuator to create a strain field S at the TLS position (inset Fig . The field couples
with the TLS in such a way that:

de=2v-S (5)

where ~ is the analogous of the dipole moment p in the case of electric coupling.



Electric coupling would give a similar contribution to 6€. Anyway that is not used for
frequency tuning because it would be more difficult to prevent the qubit from coupling
directly to the field.

Whenever a TLS and a qubit come into resonance, exchange of energy between the two
systems become possible, and this results in a swapping of the states of the two. Wide
ranges of frequency are spanned for both TLS and qubit, and a change in the qubit’s
excited state population is observed whenever its frequency is equal to the one of a TLS.
In this way one can map the energies of all the TLSs that couple to the qubit and observe
their dependence on the applied strain field (Fig .

frequency (GHz)

relative mechanical strain (10°7)

Figure 2: Variation 6P (color-coded) of the qubit population as a function of both qubit’s and
TLS’ frequency. The darker traces correspond to the energy of each TLS. The hyperbolic
dependence on € predicted by is clearly seen. TLS-TLS interactions cause (i)telegraphic
switching, (ii)non-hyperbolic traces and (circle)avoided level crossings. [1]

These experiments allowed to measure properties like the TLS relaxation time Ty or the
coupling factor y (found to be 01 — 1 eV). The relaxation times were found to vary
from approximately 10 to 1000 ns depending on the coupling strength to the qubit .

1.3 Dielectric losses in qubits and SRF cavities

Dielectric losses arise from the coupling of the TLSs to the external electric field via their
dipole moment p. The relevant parameter used to characterize such losses is the loss
tangent tan 0 = Im{J¥Re{[FHwhere [k the dielectric constant of the insulator. To obtain
longer coherence times, smaller loss tangents tand << 107° are required.

In 2005, @ measured the loss tangent of an LC oscillator where a 300nm thick CVD SiO»
capacitor was used. The results are shown in (Fig.

The losses are inversely proportional to the driving amplitude and saturate at & 1073,
A similar value was measured in the case of an AlOx capacitor. Also, the losses are seen
to be a lot smaller for CVD Silicon Nitride. This reflects in a longer coherence time for
phase qubits built using SiN as the dielectric (Fig. [3b)).

In the paper, they suggest that the dominant source of losses in CVD SiO, and AlOyx are
OH defects. This means that a fundamental role in qubit’s performance is played by the
quality of the materials used, and hence by the fabrication method.

In recent years, the study of SRF cavities has become relevant also for the quantum
computing community. This is due to the advent of the Transmon qubit, which needs
such resonators to work.

The cavity working regime required by such architectures is different from the one used in
typical high energy physics experiments. As a matter of fact the low temperature and low
power (few photons) limit is needed.
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Figure 3. (a) Loss tangents measurements as a function of the driving amplitude for di erent samples.
(b) Rabi oscillations for two phase qubits with di erent dielectrics used in the fabrication.
(6l

Measurements of the Q factor of some cavities as a function of the temperature|[7] are
shown in Fig. [43.
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Figure 4: (a)Cavity quality factor Q of the 1.3, 2.6 and 5 GHz cavities as a function of the temperature.
Data from the same cavities after heat treatment are also shown. (b)Average photon
population decay in the 5 GHz cavities before and after heat treatment at 450C. [7]

For every cavity a decrease in performances below 1K is clearly seen. Since the typical
energy splitting of the TLSs is GHz, above 1K the Boltzmann factor exp( E=kT) 1
and the TLSs are saturated. This results in a decrease in dielectric losses at high
temperature.

How can one reduce such losses? In Fifj. J4a are shown the data from two cavities, before
and after being heated in vacuum at or above 350C. The heat treatment result in an
improvement of an order of magnitude in the performance.

The reduction in dielectric losses is associated with the removal of the amorphous oxide
layer (Nb,Os) growth on top of the Niobium used to build the cavity. This was con rmed
by a TOF-SIMS study of the cavity (in Chapter 2 we will talk a bit more in depth about
this method). Such improvements directly re ect in a much bigger photon lifetime (see
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Fig. 4b).

1.4 Secondary lon Mass Spectrometry

Secondary lon Mass Spectrometry (SIMS) is a useful method to obtain information about
the oxides that grow on top of superconductors. Out of all the things that SIMS can do,
we are mostly interested in its "dynamic" mode, which allows to measure the chemical
composition of a sample as a function of the depth. This is done using two ion guns. The
sputter gunis a high intensity beam that erodes the sample to allow depth pro ling. The
primary gun on the other hand is a 30kev ion gun that allows the ionization of a fraction
of the atom in the material, which are then captured by an electric eld that takes them
in a mass spectrometer where they are identi ed.

The ionization process is very complicated and quantitative results are di cult to obtain
using SIMS. The ionization rate for example can depend on the ion beam current, the
pressure in the chamber, the atomic species and other factors. In addition, the counts of
some molecules may be a ected by the decomposition of higher stoichiometry ones (for
example Nl Os into NbO or NbO ;) and also by the environment they are in. An example
of such misreading can be seen in Fig. 6. These data are taken from Niobium coated with
Aluminum and Titanium respectively, and represent the depth pro le (from left to right)

of the samples. In Fig. 5a the Nb counts are higher in the Al region than they are in the
bulk of the Nb sample, while in Fig. 5b the Nb,Os counts are higher at the Ti-vacuum
interface than they are at the Ti-Nb interface. This suggest that care must be taken
before interpreting quantitatively a SIMS result.

(&) Al-Nb interface (b) Nb,Os counts at the Ti-Nb interface

Figure 5

1.5 SIMS analysis of Niobium samples

SIMS analysis of Nb samples have been performed in the past, observing the e ects of
various heating cycles or chemical treatments [8]. It has been observed that a NbQOlayer
of approximately 5nm forms when the sample is put in contact with air. This layer
disappears after being heated above 35C for at least 2 hours. This decrease is
accompanied by an increase in NbC counts at the surface (Fig. 6a). Other e ects include
the reduction in the Hydrogen bulk concentration (Fig. 6b).

In this project, SIMS measurements have been made on Niobium samples coated with an
additional layer of a di erent metal to check if the coating can prevent the formation of
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Figure 6: (a)NbC and (b)NbH counts for various heat treatments. Data taken from [8]

oxides. A schematic of the structure is shown in Fig. 7. The results of the measurements
are shown in the next section.

Figure 7. Schematic of the structure of the samples

2 Results

2.1 Main result of the analysis

The primary goal of this fabrication technique is to prevent the formation of Nb-oxides on
the Nb surface. We can readily see that such result is obtained. In Figs. 8, 9 and 10 are
shown the Nb,Os counts for, respectively: a reference Nb sample, a Ti on Nb sample and
a TiN on Nb sample. The oxide counts at the Nb surface are reduced by more than three
orders of magnitude.



Figure 8: Nb,Os counts on reference Nb sample

Figure 9: Nb,Os counts on Ti/Nb sample

Figure 10: Nb,Os counts on TiN/Nb sample

In the next sections, time studies and heating studies on the two investigated systems are
presented.



2.2 Tion Nb system
2.2.1 Time study

SIMS measurements of a Ti/Nb/Si sample were taken at three di erent times: (A) right
after the deposition, (B) 4 weeks later and (C) 7 weeks later.For the B and C samples,
two independent measurements were made at di erent positions to account for possible
impurities present in small regions of the samples. The results from C did not show any
di erence with the one from B and so in what follows they are not shown for clarity.

The Ti and Nb counts at the Ti/Nb interface are shown in Fig. 11. A distinct separation
of the two layer is observed. For example, this can be confronted with the Al/Nb interface
in Fig. 5a which is an example of bad separation. The actual width of the interface is

di cult to estimate. This is because the sputtering rate (i.e. the rate at which the surface
layer is removed) depends for example on the composition of the layer and the intensity of
the ion gun. Estimates are possible by measuring the width of a known layer with other
methods, and then using this as a reference standard.

Anyway the distinct separation is a good feature of the Ti coating, since we expect the
properties of the bulk Niobium to be preserved. Measuring the superconducting
properties of these samples could be an interesting analysis. Unfortunately this was not
possible due to some problems with the measuring devices.

Figure 11: Titanium and Niobium counts at the Ti/Nb interface. Distinct separation of the two
layers is observed.



Figure 12: Oxygen counts at the Ti/Nb interface. No Oxygen di usion over time into the Niobium
layer is observed

In Fig. 12 are shown the Oxygen counts at the Ti/Nb interface. Due to the oxidization of
the materials, the intensity is very high in the Ti region and starts to decay entering in
the Nb bulk. Since, as explained in Section 1.3, the presence of O might be associated
with TLS losses, we want the bulk Niobium to be as much as possible isolated from the
Oxygen. For this reason, another good feature of this coating is that the O signal is stable
during the 7 weeks and does not show di usion into the Niobium.

As mentioned in Section 2.1, the biggest hope of this fabrication method is that by coating
the Nb Im right after the deposition (before being put in contact with air) we will

prevent the formation of Niobium oxides. The counts of such oxides at the Ti/Nb interface
are shown in Figs. 13, 14, 15. The NpOs integrated signal is also shown in Fig. 16.



Figure 13: Nb»Os counts at the Ti/Nb interface

Figure 14. NbO counts at the Ti/Nb interface
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Figure 15: NbO; counts at the Ti/Nb interface

Figure 16: Nb,Os integrated signal as a function of the sputtering time

These Figures show that no NbQ growth is observed over the 7 weeks, con rming the

e ectiveness of the method over time.

As suggested by Fig. 12, a big amount of Oxygen is still present at the very surface of the
sample. This is due to the oxidization of the Ti layer, and the formation of TiO, on top of
it.

The TiO , will introduce losses in the system just like the NbQ,. Anyway, further
measurements are needed to check if the combined e ect of the additional Ti/Nb interface
and the oxide layer make the performance worse with respect to pure Niobium. In any
case, this method might provide a way to trade a given oxide layer for a better one.
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2.2.2 Heating study

A di erent sample fabricated with the same method was used to test the e ects of heating
cycles. Six measurements in total were made: (A) two as a reference before any heating,
(B) two after 2.5 hours at 400 C and (C) two after 2 hours at 600 C. The pressure in the
chamber during the heating was around 1E-8 torr. For clarity only one measurement for
each treatment is shown since no di erences were seen in any pair.

The e ects of the heating cycles on the Ti/Nb interface are shown in Fig. 17. The distinct

separation at the interface already observed is not a ected by the heating. No change is
observed after the 400C treatment. On the other hand, after the 600C treatment a shift of
the interface position is seen as well as a change in the shape of the Ti signal.

Figure 17: Titanium and Niobium counts at the Ti/Nb interface.
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Figure 18: Oxygen counts at the Ti/Nb interface.

After the 600 C treatment, a similar shift is observed in the Oxygen signal at the Ti/Nb
interface (Fig. 18). This may be due to di usion of Oxygen into the bulk Niobium.
Actually, it's not easy to con rm this assertion. Figs. 19 and 20 show the Carbon and
TiO, counts at the surface of the sample, respectively. What is clearly seen after the
600 C treatment is an increase in Carbon and a reduction in oxide counts. This suggests
that a fraction of the TiO » has absorbed Carbon forming a TiC layer on top of the
sample. An analogous e ect was observed in the case of a pure Nb sample, with the
reduction of NbOy in favor of NbC [8]. The formation of a layer with di erent chemical
composition can also explain the change in the shape of the Ti signal seen in Fig. 17.

In principle the observed shifts may be due to a smaller sputtering rate of the TiC with

respect to the TiO, one. This fact does not allow to conclude that there is Oxygen
di usion into Niobium.
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Figure 19: Carbon counts at the surface of the Ti/Nb sample.

Figure 20: TiO, counts at the surface of the Ti/Nb sample.

Finally, a progressive reduction of Hydrogen counts with increasing temperature is
observed (Fig. 21) while no clear changes were observed in the NBs counts (Fig. 22).
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