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Abstract

Applications of van der Waals Materials for Superconducting Quantum Devices

Abhinandan Antony

Quantum computing and two dimensional van der Waals materials research have
been two of the fastest growing fields of condensed matter physics research for the better
part of the last two decades. In that time, advances in superconducting qubit design,
materials and fabrication have improved their relaxation and coherence times by about 5
orders of magnitude. One of the key components that quantum devices such as qubits
require are ultra low loss capacitance elements. Conventional parallel plate capacitors have
been unable to fulfill this need due to bulk and inter-facial losses, necessitating the use of
coplanar capacitors with extremely large footprints. In fact one of the driving forces behind
increase coherence times has been the ever growing footprint of these coplanar capacitor
pads, and the reduced electric field density and thus reduced surface losses that they
provide. However, this style of capacitor creates a number of challenges when it comes to
scaling the number of qubits in a system. First, the large geometric footprint of these pads
limits the number of qubits that can be placed on a chip. Second, the dispersion of the
electric field, above and below the plane of the capacitor pads can cause unwanted
crosstalk between neighbouring qubits, again limiting the number of qubits that can be put
on a chip without compromising coherence.

Since the isolation of a single atomic layer of graphene in 2004 and the ability to create

heterostructures of a variety of two dimensional materials, the field of van der Waals



materials research has exploded at a similar rate. Single crystals of van der Waals
materials, can be grown with extremely low defect densities, and then be stacked to create
heterostructures with ultra-clean laminated interfaces. This work explores how van der
Waals materials may be used to create low loss parallel plate capacitors. The parallel plate
geometry confines the electric field between the crystalline materials and low loss interfaces
of a van der Waals heterostructure, limiting both losses at the surfaces as well as undesired
cross talk between qubits. We begin by studying the microwave losses in hexagonal boron
nitride (hBN). Next we report a method to make low loss microwave contacts to air
sensitive superconducting van der Waals materials like niobium diselinde (NbSe,). Finally,
we demostrate coherence in a transmon where the primary shunt capacitor is an all van der
Waals parallel plate capacitor, achieving a 1000% reduction in geometric footprint, when

compared to a conventional coplanar capacitor.
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Introduction

The last two decades have been periods of massive growth for the elds of quantum
computing and two dimensional van der Waals materials research. In that time, supercon-
ducting qubit technology has emerged as one of the front runners in race to manufacture
large scale quantum processors. Advances in superconducting qubit design, materials and
fabrication have improved their relaxation and coherence times by about 5 orders of mag-
nitude[1]. Over the same period, the isolation of graphene in a single atomic layer and
the ability to create heterostructures of these materials, gave birth to a eld rich in exotic
physics and materials, with everything from superconductors, to high quality dielectrics,
exible electronics to twist angle dependant physics. The focus of this work, is to explore
how the unique properties of van der Waals materials may be exploited to create high quality
guantum information devices. An important lesson that | learned over and over again dur-
ing the course of this work was that the conventional fabrication processes used for van der
Waals materials did not always mesh well with those conventionally used in the manufacture
of superconducting qubits. Chapters 2-4 each contain a section detailing these challenges

and the techniques we developed to solve them.

To begin, Chapter 1 will discuss brie y some of the basics of transmon qubit design and
operation. We will delve into some of the di erent types of loss/decoherence a qubit can
experience such as relaxation and dephasing. Next, a non-exhaustive survey of role of the

microscopic origins of these loss channels, speci cally that of two level systems (TLSs). At



this point, it becomes important to understand the design and geometry of the state of the
art transmons and the virtues and drawbacks of the same. We will also take a quick look at
some other unconventional/prototypical geometries and nally explore why van der Waals

materials might be well suited to the challenge of miniaturising the transmon qubit.

Chapter 2 will tell the story of our e orts to fabricate high quality parallel plate capacitors
using van der Waals materials. In this section, | will take you through four iterations on a
recipe to make a parallel plate capacitor using a single crystal, two dimensional material,
hexagonal boron nitride (hBN) as the dielectric. We will discuss the performance and loss
properties of each of these generations of capacitors. The challenges section of this chapter
contains details of how our metal deposition recipe was optimized along with the trials and

tribulations we faced in our attempt to fabricate Al-hBN-AI capacitors.

Next, in Chapter 3 we will look at the development of a new method to make low
loss microwave frequency contacts to niobium diselenide (Nk$eand the importance of
conducting performance validation at gigahertz frequencies. This step was crucial in enabling
the fabrication of the all van der Waals parallel plate capacitor, which is the main result
presented later in this text. This chapter contains details about the fabrication recipe as
well as the various methods of characterisation conducted to ensure the utility of van der

Waals materials for high quality quantum devices.

Finally, Chapter 4 tells the story of how we were able to shrink the geometric footprint
of conventional transmon by three order of magnitude using an all van der Waals capacitor.
Crucial to making this possible was the new stacking techniques | developed to overcome the
lack of adhesion between hBN and Nb$ea description of which is provided in the challenges
section of this chapter. | also display experimental data to showcase the rst demonstration
of coherence in a device with an all van der Waals capacitor as it's primary shunt capacitance

as well as avenues for further research.



Chapter 1: Background

This work attempts to bring together the two vastly di erent elds of two dimensional

van der Waals materials and circuit quantum electrodynamics. Through this chapter, |
hope to give the reader a avour of what makes these worlds interesting, and why their
intersection could hold the path to new and exciting science. | will begin by providing a
brief explanation of transmon qubit physics, followed by a look at the di erent kinds of loss

a qubit experiences. I'd then like to give you an overview about the two level systems that
play the primary role in causing qubit decoherence and nally how and why we believe the
unique properties of van der Waals materials are an exciting avenue to addressing some of

the challenges of fabricating and scaling the number of qubits on a chip.

1.1 Transmon Qubits

If we rst consider a linearLC circuit whereL is the inductance andC is the capacitance.
The Hamiltonian then, is the sum of the kinetic energy (in this case represented by charge

Q) and the potential energy (in this case represendted by the ux).

QZ 2
H= or* o0 (1.1)

The quantized version of this expression, gives us the Hamiltonian for a quantum har-
monic oscillator (QHO). We can thus propose our variables to their operators, such that the

guantized Hamiltonian is



2 N2

c + o (1.2)

ﬁQHO =
We can write the above equation is a more digestible form by replacirfg= @=2e and
"=2 "= ;where o isthe ux gquanta and h and " are the operators for the number of
cooper pairs and the phase across the Josephson Junction respectively. The Hamiltonian

then becomes

1
Hono = 4Ech?+ JEL™ (1.3)

where Ec = €*=2C is the charging energy (the factor of 4 is to account for the fact that
we are dealing with Cooper pairs and not individual electrons) an&, = ( (=2 )?=L is
the inductive energy. This Hamiltonian of a quantum harmonic oscillator shows a quadratic
potential energy, with eigentstates that are spaced apart equally in energy, i.Ex+1 Eg =

h! where

q _
| = 8E Ecch=1= IC (1.4)

However, to make an e ective qubit, we need to de ne two states (for eg. a ground and

rst excited state) that are uniquely addressable, and thus require that! 5, 6 h! 1, 6 h!l ,3:::

We introduce this anharmonicity by replacing the linear inductorL with the non-linear
inductance of a Josephson junction. A Josephson junction is a device consisting of two
superconductors separated by a weak link such as an insulator or a non-superconducting

normal metal. The current and voltage relations for a Josephson junction are given by

I = l.sin' (t) (1.5)



v=_2" (1.6)

Using the de nion of inductanceV = L(dl=dt), we can write the Josephson inductance

as

0
LJ =
2.Ccos'

(1.7)
which we can see is non-linear with respect to the phase We can then modify our Hamil-
tonian for the QHO, including the Josephson Energy to write the Hamiltonian for a Cooper

Pair Box

H = 4E.n?+ E; cos / (1.8)

whereE; = lg o=2 is the Josephson energy. It is worth noting again that the function
form of the potential energy has changed from quadratic to sinusoidal due to the addition of
the Josephson Junction. This provides us with the unevenly spaced energy levels such that
the transition between thejOi and j1i states is uniquely addressable by a microwave pulse

at frequencyf =2 ! 41, without exciting the higher level energy states.

We can modify this Cooper pair box by operating it in two regimes; the charge qubit
regime whereEc >> E ; and the transmon regime wher&c << E ;. Our interest here is in
the transmon regime which can be achieved by shunting the Josephson Junction by a large
capacitor. In this limit, we can expand the cosine term in the Josephson potential energy

using Taylor's expansion

1 1
E; cos ® = EEJ'A2 ﬂwu O("% (1.9)

We should note here that the rst term is quadratic in nature, reminiscent of the quan-
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Figure 1.1: Comparison of a Quantum Harmonic Oscillator with a Transmon (a)

Circuit for a parallel LC-oscillator (quantum harmonic oscillator, QHO), with inductance L

in parallel with capacitance, C. The superconducting phase on the island is denoted as
referencing the ground as zero(b) Energy potential for the QHO, where energy levels are
equidistantly spacednh! , apart. (c) Josephson qubit circuit, where the nonlinear inductance

L ; (represented by the Josephson subcircuit in the dashed orange box) is shunted by a capac-
itance, Cs. (d) The Josephson inductance reshapes the quadratic energy potential (dashed
red) into sinusoidal (solid blue), which yields nonequidistant energy levels. This allows us to
isolate the two lowest energy levelfi and jli, forming a computational subspace with an
energy separatiorh! o1, which is di erent than h! ;. The above gure was reproduced from

[2]



tum harmonic oscillator with a resonant frequency! = P 8E_ Ec=h. We can then use

perturbation theory to account for the 4th order term such that

q

h! 01 — 8E|_ EC EC (110)
q

h! 02 — 8E|_ EC ZEC (111)
q

h! 03 — 8E|_ EC 3EC (112)

and so on. The anharmonicity in this case, or the di erence between energy gaps is given
by = E;;, Epi= Ec. Thus when designing a transmon qubit, it becomes imperative

to compromise between increasingc or the anharmonicty while maintainingE; >> E .

1.2 Losses in A Qubit

Figure 1.2.(a) shows a "Bloch Sphere", a unit sphere, commonly used to depict the quan-
tum state of a qubit. Astatej i = jOi+ j1li canbe represented as a unit vector connecting
the center of this sphere to a point on it's surface, with the state®i and jli taking on the
positions of the north and south poles respectively. This vector is written in terms of the

polar angle0 and the azimuthal angle0O ' 2 as shown in Fig.1.2.(a)

ji= j0i+ jli=cos;j0i+ e sinajli (1.13)

According to the Bloch-Red eld [3, 4] theory of the dynamics of two-level systems, when
weakly coupled noise sources have short correlation times with respect to the qubit, the

relaxation processes are characterized by two rates



Figure 1.2: Transverse and longitudinal noise represented on the Bloch sphere. (a)
Bloch sphere representation of the quantum state i = jOi + jli. The qubit quantization
axis the z axis is longitudinal in the qubit frame, corresponding to z terms in the qubit
Hamiltonian. The x-y plane is transverse in the qubit frame, corresponding to x and

vy terms in the qubit Hamiltonian. (b) Longitudinal relaxation results from the energy
exchange between the qubit and its environment, due to transverse noise that couples to the
qubit in the x y plane and drives transitions jOi ( j  1i. A qubit in-state j1i emits energy
to the environment and relaxes tgOi with a rate 14 (blue arched arrow). Similarly, a qubit
in-state jOi absorbs energy from the environment, exciting it tgli with a rate ;- (orange
arched arrow). In the typical operating regimekg T << h! g, the up-rate is suppressed,
leading to the overall decay rate ; 1#. (€¢) Pure dephasing in the transverse plane
arises from longitudinal noise along the z axis that uctuates the qubit frequency. A Bloch
vector along the x-axis will di use clockwise or counterclockwise around the equator due
to the stochastic frequency uctuations, depolarizing the azimuthal phase with a rate: .
(d) Transverse relaxation results in a loss of coherence at aratg= =2+ ., dueto a
combination of energy redaxation and pure dephasing. Pure dephasing leads to decoherence
of the quantum state (1= 2)(jOi + j1i, initially pointed along the x-axis. Additionally, the
excited state component of the superposition state may relax to the ground state, a phase-
breaking process that loses the orientation of the vector in the x-y plane. The above gure
was reproduced from [2]



Longitudinal Relaxation Rate: . (1.14a)
1
. 1

Transverse Relaxation Rate 2 T = =2+ . (1.14b)
2

which contains -, the pure dephasing rate.

The longitudinal relaxation rate ; (Fig.1.2.(b)), or energy decay/relaxation rate, refers
to depolarization along the Z axis of the Bloch sphere, i.e. a qubit is fully polarized if its
state point vertically up or down along the Z axis corresponding to th@i andjli states, and
depolarized when it points along the equator of the equator of the sphere. This depolarization
takes place due to the exchange of energy between the qubit and its environment where a
qubit in the excited state loses energy to the environment at the rate;» and a qubit in the
ground state is absorbs energy from the environment at the rate,-. Since qubits are often
desgined to run 5 GHz and are operated in dilution fridges at temperatures 20 mK the

up-rate - is exponentially suppressed and, 14

The pure dephasing rate - (Fig.1.2.(c)), refers to depolazation in the x-y plane due to
noise that causes the qubit frequencly, to uctuate. This causes the Bloch vector to precess

along the equator causing a depolarization of the azimuthal angle

The transverse relaxation rate , (Fig.1.2.(d)) refers to the depolarization of a qubit that
is a in a superposition state such gs i = j0i + jli. Here, decoherence is caused by both
uctuations in the qubit frequency, causing pure dephasing, and the enchange of energy with

the environment, causing relaxation.



1.3 Two Level Systems

While there are a multitude of di erent physical origins for two level systems (TLSSs),
they all share some fundamental properties of the standard tunneling model (STM)[5]. The
STM assumes that the TLS can reside in one of two energetically similar con gurations,
often visualised as a particle that can sit in one of two parabolic potential wells (as show
in g.1.4.(a)). Once the temperature is su ciently low, thermal acvtivation over the barrier
is suppressed and the dynamics are controlled by tunneling through the barrier. We can
label the energy asymmetry of the ground state in the two wells &sand can ascribe this
asymmtery to di erence in shape, width or minimum energy level of the two wells. The en-
ergy associated with the tunneling is denoted by . Due to tunneling between the two wells,

the lowest eigenstate of each the left and right wells will hybridise to form superpositions

] +1 =sin éjL| +COS§jRIJ I =sin éle coséle (1.15a)

where the mixing angle is de ned by tanh = (=" and the energy di erence between the

eigenstates is given by

E=E, E = "2+ 2 (1.16)

While all reported experiments to date are largely consistent with the understanding
the TLSs in superconducting circuits are equivalent to those known to exist in amorphous
dilectrics such as glass[8], the microscopic nature of these TLSs yet remains unclear. There
exist a number of di erent proposals explaining the origins of TLSs within superconducting
circuits. The physical movement of an atom or small group of atoms between two potential

minima is one of the most popular models. Figure 1.4.(b) depicts a few possible mechanisms
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Figure 1.3: Microscopic Origin of Two Level Systems (a) Double-well potential mod-
elling a TLS. The energy di erenceE between the TLS eigenstates .i andj i is deter-
mined by the asymmetry energy' and the inter-well tunneling rate . (b) Some example
mechanisms of TLS formation in an amorphous materials: tunneling of single atoms and
collective motion of small atomic groups, dangling bonds, and hydrogen defects. (a) and (b)
are reproduced from [6].(c) A cross-section of the qubit electrode and its native aluminium
oxide which hosts structural TLS (not to scale). In addition, adsorbates such as hydrogen (H)
and molecular oxygen (0O2) provide surface spins. Fabrication residuals such as photoresist,
atmospheric contaminants, and substrate surface amorphization due to circuit patterning
are further sources of surface defects. (c) is reproduced from [7].

of TLS formation including the rotation of hydrogen atoms, the movement of dangling bonds,
single atoms and the collective motion of a number of atoms. Figure 1.4.(c) shows a cross
section of a superconducting qubit electrode and displays how and where some of these
TLSs would live in a real system. This picture also makes it clear the important role of

ultra-clean fabrication techniques to limit the exposure to photoresist residuals, atmospheric

contaminants and surface adsorbates.
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1.4 State of the Art Transmon

In 2020, a paper[9] from the Princeton group replaced Niobium with Tantalum as the
primary superconductor used for the ground plane, resonator and capacitor structures, and
showed a massive increase in coherence times up to 0.3 ms. This work was further built
upon by a paper[10] from the Yu group from the Beijing Academy of Quantum Information
Sciences, who developed recipes to conduct dry plasma etches using both &ttl SK;:CH3
compared to the Princeton group who conducted wet etches using HF:HMN®,O. In this

work, they showed coherence times of up to 0.5 ms.

Figure 1.4: State of the art Tantalum Transmon (a) An optical micrograph of a pack-
aged transmon sample with Ta Im. (b) Relaxation time of one such Tantalum transmon
measured over 14 hours. The inset is the corresponding histogram, and the yellow star indi-
cates the best relaxation time values during each time interval. (a) and (b) are reproduced
from [10]

To obtain longer coherence times, a single-junction design was adopted, as this reduces the
impact of ux noise. Next, to reduce coupling to and noise from the environment individual
control lines were removed and only a single feed line was used for both readout and control.
Lastly, large co-planar capacitor pads were employed to decrease the electric eld density and
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thus try to reduce the impact of surface loss. To fabricate these devices a superconducting
Im with a thickness of about 120 nm was deposited onto a chemically cleaned and annealed
sapphire substrate. The Ta Ims were prepared by dc magnetron sputtering. The work from
the Princeton group notes that the substrate must be kept at 50C during sputtering to
ensure that the alpha (BCC) phase of Ta is formed. Photolithography was then used to
pattern the transmon pads, resonators, and the transmission line. As mentioned earlier the
Yu group developed recipes to use inductively coupled plasma (ICP) or reactive ion etching
(RIE) systems to remove the unwanted Ims. Finally, Josephson junctions were fabricated
using Dolan bridges prepared by electron beam lithography. Before the deposition of Al, a
radio frequency ion source was used to remove oxides from the surface of the ground metal

to achieve a superconducting connection.

It it thought that this increase in coherence times comes from di erence in the surface
oxides of Nb and Ta. These oxides contain various defects that may couple to the qubits
and cause decoherence. While Nb has shown to have three oxides NbO, Nafd Nb,Os,

Ta only shows the formation of TaOs. The reduced complexity in stochiometry of the Ta
oxides, could result in fewer defects and the metal-air interface, thus facilitating these higher

coherence times.

1.5 Why van der Waals

Van der Waals materials are a class of layered materials where atoms are bonded to neigh-
bouring atoms in plane through extremely strong covalent bonds, and these layers are held
together by weakly attractive van der Waals forces. Within this class of materials is every-
thing from high band gap insultators like hexagonal boron nitride (hBN), to semiconductors
such as tungsten diselenide (WSgand molybdenum disulphide (M0$), to superconductors
such as niobium diselside (NbSgand molyndenum diteluride (MoTe). These materials can

be grown in extremely high quality single crystals[11], which can then be exfoliated down to
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a single atomic layer using scotch tape. Using techniques developed here at Columbia [12],
laminated heterostructures of these materials can be fabricated without the layers themselves
ever coming into contact with polymers or resists, reducing greatly the impact of inter-facial
TLSs created during the fabrication processes. The crystalline nature of these materials and
that they form atomically sharp interfaces with no dangling bonds, makes these materials

prime candidates to be environments with few TLSs in the bulk of the material as well.

There have been massive advances in the performance of superconducting qubits over
the past two decades, with coherence times increasing by orders of magnitude[1].While im-
provements in qubit architecture and materials have played their role, this improvement has
been driven in large part by pushing to reduce electric eld density by using ever larger
coplanar capacitors [13, 14]. While this has been successful in increasing coherence times
up to the 100's of microseconds, this tactic does not fundamentally address the origin of the
loss at interfaces and in materials, and is not sustainable as circuit complexity continues to
increase. Recently, groups have taken a di erent approach by increasing the participation
of the Josehospon junction (JJ) capacitance to greater than 99by removing the external
shunt capacitance and creating a merged element transmon (MET)[15, 16]. However, the
oxidation of aluminum or other amorphous barriers will continue to have problems, causing
the lack of precise control of the qubit frequency. Moreover, the capacitive coupling to the
resonator relies on a 10@m-long antenna wire[16], defeating the purpose of miniaturizing
the transmon qubit. Our plan entails using van der Waals materials to move from a coplanar
to a parallel plate style capacitor with hexagonal boron nitride (hBN) as the dielectric. This

qubit design approach is motivated by:

Con ned electric eld . The parallel plate geometery enabled by van der Waals
materials con nes the electric eld within the plates, and eliminates losses at the

metal-air, substrate-air, and substrate-metal interfaces.

Size. Parallel plate capacitors can be orders of magnitude smaller than their coplanar
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counterparts for an equivalent capacitance and reduce the chance of crosstalk between
neighbouring qubits, which will be increasingly important as the number of qubits on

a chip is scaled up.

Clean interfaces . Using the van der Waals dry stacking techniques we can create
laminated capacitor plates that do not su er from any of the damage that tradition
metal deposition causes, which would create a disordered interface that can harbor

lossy TLSs.
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Chapter 2: All van der Waals Capacitors for Quantum Devices

Van der Waals (vdW) heterostructure is a promising platform for qubit systems because
they o er pristine, low-impurity density materials and clean interfaces. We choose hexagonal-
boron nitride (hBN) as the dielectric material to make PPC because hBN is a large band
gap dielectric, i.e." 6 eV. It is a weak piezoelectric material due to its inversion symmetry
and does not absorb microwave. The strong chemical bonding between the boron and nitride
atoms makes hBN not only one of the hardest materials after diamond [17], but also lack
of dangling bonds in the out-of-plane direction, thus suppressing defects and impurities
to form on its surface. Its pristine interface has been proven and utilized in many vdwW
heterostructures to produce high-electronic-mobility devices [cite]. We have fabricated hBN-
based PPC using both aluminum (Al) and niobium diselenide (Nb$gas the superconductor.
The low-loss PPC has a footprint of about 100 m?, representing a size reduction of about
three orders of magnitude from the typical interdigital capacitor used in superconducting
qubits. Using the superconducting resonator as a sensitive probe, we nd that the loss
tangent measurement of our PPC reaches as low 2¢ 10 °. When using it as the shunt
capacitor for a qubit, this would correspond to a limit onT; relaxation time at about 1.0 s.
Since theQ-factor of resonators, including the control and reference without connected with
the PPCs, degrade after the fabrication of vdW materials, we conclude that the dielectric
loss is limited by the fabrication, rather than the intrinsic material properties of hBN. This
suggests that there is a lot of room for improvement in applying vdW heterostructure for

high-quality capacitors and qubit systems [18].
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2.1 Fabrication

We have explored four di erent recipes to fabricate parallel plate capacitors (PPC) as
shown in Fig. 1 a-d. Since the TLSs are located at the interfaces between the metal and
dielectric, between the metal and air, and between the dielectric and air [cite], we focus on
developing a procedure with the least chance in trapping polymers, air bubbles, or impurities
between the interfaces the PPC heterostructure. All recipes presented in this report can

achieve high-quality capacitor with loss tangent on the order of 16.

Figure 2.1: Van der Waals parallel plate capacitor and loss tangent measurement.

(a-d) Parallel plate capacitor that we fabricated and tested in this report, each with an
illustration of schematic (left), optical micrograph (middle), and completed device (right).
Scale bars in a-d are 20m long. (a) Two Al-hBN-Al capacitors in series and then connected
to an Al resonator. (b) Two Al-hBN-NbSe, capacitors in series and then connected to an Al
resonator. (c) Two Al-hBN-NbSe, capacitor in series and then connected to a Nb resonator
(d) A NbSe-hBN-NbSecapacitor connected to a Nb resonator(e-f) Optical micrographs
of the completed device shown in panel c(g) Schematic of the circuit diagram of the
superconducting half-wave resonator terminated to the ground via a parallel plate capacitor.

We begin with an Al-hBN-AI capacitor (Fig. 1a). Firstly, we exfoliate hBN on silicon
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(Si) substrates with 285 nm thick SiQ epilayers and select akes of hBN with thickness in
the range of 30 to 40 nm thick based on optical contrast. Then, a layer of aluminium is
deposited on top of the hBN before being etched to de ne the one side of PPC. The Al-hBN
stack is picked up using a polypropylene carbonate/Polydimethylsiloxane based dry pick-up
technique [19] Next, we ipped the polymer and Al-hBN stack, such that the polymer was
underneath the hBN-AIl and placed it on a high resistivity Si substrate. The sample was
then heated in vacuum at 250°C to remove the polymer (Fig. 1a, middle). A second layer
of aluminum is deposited over the entire chip. Finally, we completed the devices by etching
to de ne the top of part of the PPC alongside the coplanar waveguide (CPW) resonator
(Fig. 1a, right). The completed device consists of two PPCs in series placed in between the
CPW and ground. This fabrication works reasonably well except the ipping process of the
Al/hBN stack could cause cracks to form in the hBN. Additionally, while heating in vacuum
removes the bulk of the supporting polymer, large amounts of polymer residue remain on

the surface of the substrate.

To avoid the aforementioned pitfalls, we utilize the vdW-superconducting NbSas one of
the parallel plate capacitor pads (Fig. 1b). Since Nb$es air sensitive [cite], the mechanical
exfoliation was performed inside a nitrogen lled glovebox. Using the same polypropylene
carbonate/Polydimethylsiloxane based dry pick-up and transfer process [19], we picked up
and stacked akes of hBN and NbSgsequentially before placing the heterostructure on a
high resistivity Si substrate (Fig. 1b middle). Similar to the fabrication procedure in Fig.
la, we patterned the top part of the PPC alongside the CPW resonator by etching after a

blanket aluminium deposition (Fig. 1b, right).

Previous studies have shown that polymer residue between the CPW resonator and the
substrate can reduce th&) factor. We augment the fabrication process by placing the stacked
PPC heterostructure into high resistivity Si substrates with prepatterned niobium resonators

[18]. After transferring the vdW heterostructure in the middle of a 400 m 400 m sized

18



bare Si landing site on these substrates, we complete the device by de ning the top part
of the PPC and connecting it to the CPW resonator with electron beam lithography and

aluminum deposition after in-situ ion milling (Fig. 1c).

Lastly, we further improve the fabrication procedures using the superconducting NbSe
for both the top and the bottom layer of the PPC (Fig. 1d). In principle, this method
should minimize the number of impurities trapped between the hBN and the Nbgen the
top part of the PPC. This is a PPC made out of all crystalline vdW heterostructure, which
is connected to a CPW resonator to quantify its loss tangent. By staggering the positioning
of the NbSe akes, we make it possible to make low loss electrical contact [18] to both the
top and bottom plates of the PPC. This enables fabrication of devices with a single all vdW

PPC, rather than two in series, as in earlier designs.

Figure 2.2: Resonator loss measurements Internal quality factor vs number of photons
from the applied power for di erent recipes of parallel plate capacitor. Solid points refer
to resonators terminated with a parallel plate capacitor while hollow marks correspond to a
control/reference resonator on the same chip. Solid line are ts to Egn. 2.2.
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2.2 Results

We use superconducting resonators as a sensitive probe to measure the loss tangent,
tan , of the PPC [20]. Fig. 1f shows the optical images of our device. Three meandered
coplanar-waveguide (CPW) resonators are capacitively coupled to a feedline running through
the center. These CPW resonators are made out of niobium and measured to reach a high-
internal Q-factor, Q; of about 1P before the substrate goes through the fabrication process
involving the vdW heterostructure. The leftmost resonator is the reference resonator for
benchmarking the fabrication process of each chip. It is a half-wave resonator as the end of
the meandered CPW is not shorted to the ground plane. The resonators to the right are two
identical resonators with a di erent resonance frequency from the reference. We connect the
PPC at the end of the middle resonator. Since the capacitance of our PPCygy , is much
smaller than the equivalent capacitance of the resonator in the resistor-inductor-capacitor
(RLC) circuit model (Fig. 1g), it is still an open-ended CPW so that the resonator is also a
half-wave resonator. The unmodi ed resonator on the right-hand side serves as the control

resonator.

We can model the dielectric loss of the PPC using an equivalent series resistor (ESR)
of resistance,r. The dielectric loss can be quanti ed by the loss tangenttan , given by
r=! oCnen With ! g=2 being the resonant frequency. Fig. 1g shows the schematic of the
CPW resonator as a coaxial-cable, and the vdwW PPC. The PPC in the hBN resonator can
shift the resonant frequency, gy =2 , from the one of the control resonator] . =2 , by
I o and is given by:

1

! arl = —! (ZJZOChBN (2.1)

! ! hen

0= !

whereZ, is the characteristic impedance of the CPW resonator. The negative sign denotes
the decrease of resonance frequency after connecting the PPC to the half-wave resonator.

Fig. 2.3 plots Cgy estimated using Eqn. 2.1 versué\e; =d where d is the thickness of
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Figure 2.3: Measured hBN capacitance versus the ratio of e ective area to thick-

ness. The linear t shows that, at about 6.7 GHz, the dielectric constant of hBN is4:4 1:1.

the hBN measured using atomic force microscope ady; is the total e ective area of the
capacitor such thatAf = P <At with A, being the area of thek™ capacitor connected

in series. The tted line shows that the dielectric constant of hBN, gy , at about 6.7 GHz
equals to4:4 1:1. Itis larger than, but within the range of, the values from the ab initio
calculation [21]. While the capacitance lowers the resonance frequency, the dielectric loss of

the PPC will reduce the overallQ-factor of the resonator,Qngn :

1 1 2
" — 4+ —1,4Z,C tan 2.2
Oren Q% 0ZoCheN (2.2)
1 2!
= —+ tan 2.3
Qo Mo (2:3)

where Qq is the original Q-factor of the half-wave resonator without the PPC. We can
mesaure theQ-factor of the control resonator to estimateQ,. The qubit relaxation rate can

be written as

X
I=Ti=14 pctan (2.4)
k
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where! (=2 is the qubit frequency, andp, andtan y are the energy-participation ratio and
loss tangent of each of th&™ component in a qubit system, respectively. Comparison of
Eqgn. 2.2 with Eqn. 2.4 indicates that2] ! ¢=!j is the energy-participation ratio of the PPC

in the entire half-wave resonator.

Fig. 3 shows the measure@ngn as function of the number of photons Q-factors of all
resonance increase with photon numbers could be due to the saturation of two-level systems
or the activation of quasiparticles. The lines in the plot are the best t of the data to the

eqguation: |

1 1 !

Q= Qris (1 + n=n¢) * Qup

(2.5)

wheren, is the crossover photon number, an®+ s and Qup are the Q-factors due to the
TLS and at high input power. This equation describes the interna-factor, Q;, approaches

a high photon numberQ-factor, Qup , as the photon saturates the TLSs when the photon
energy is much larger than the thermal energy as the data is taken at about 20 mK. The
tted Q; for hBN, control, and reference resonators are listed in Table 2.1. We note that
the measurement shown in Fig. 2.2 alone is not su cient to decide the loss mechanism, i.e.
TLSs or quasiparticles. It will require more experiments d@; dependence on the temperature
[cite] and on the size of capacitors [cite] to determine whether the TLSs or the quasipatrticles
dominate the loss, or a combination of the two. Nevertheless, ttings to the quasiparticle
loss will arrive values of single-photor@; within the range of the error in Table 2.1. Our
measurement of the dielectric loss of our hBN PPC is independent of the microscopic details

of the loss mechanism.

We apply Eqn. 2.2 to infer the loss tangent of the PPC by taking the di erence between
1=Qgn and 1=Qqy. The results are listed in Table 2.1. Since there is a statistical variation
in the quality factor of resonators despite that they are identical and fabricated on the
same substrate Qngn May be larger thanQ, especially when the second term in Eqn. 2.2

containing the loss tangent is negligibly smaller tharl=Q,. The resultant negative loss
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tangent is unphysical and hence we can only estimate the upper bound of the loss tangent
by assuming1=Q, = 0. In single-photon regime Qnsn are on the order ofl0* and the loss
tangent of the hBN capacitor could be as small a&86 10 °. If we use this capacitor as
the shunt capacitor in transmon, it would correspond to a qubifl; time of 1.01 s. The
measuredQy in single-photon regime ranges from 1.3 to 10.110* and is considerably
smaller than 10° that we measured from the resonators on some of the substrates without
going through the fabrication process of hBN capacitor. Therefore, we speculate that the
measured dielectric loss is limited by the impurities or polymer residues introduced from the

fabrication, rather than the intrinsic material properties of hBN crystals.

2.3 Challenges

The previous two sections detail the overarching results collected over a few years of e orts
to integrate the fabrication processes of two dimensional materials with circuit quantum
electronics. To achieve these results however, there were many fabrication challenges that
had to be solved at every level. This section will delve into some of the details of those
challenges and the approach to testing and process development that was employed to solve

them.

2.3.1 Metal Deposition

The rst step to creating parallel plate capacitors with hBN as the dielectric involved
using deposited superconducting metal for the two capacitor plates. To achieve this, hBN
akes were exfoliated onto a SiQ substrate and akes 20-40 nm thick were selected based
on optical contrast. Then a blanket Im of aluminum 20 nm thick was deposited onto the
chip without any lithography. Already, we were faced with the rst unexpected obstacle.

Fig. 2.4.a shows the formation of large bubbles in areas above the ake of hBN whereas
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aluminium deposited on the SiQ substrate appears uniform and smooth. When compared
to aluminium deposited through e-beam assisted deposition (Fig. 2.4.b), it is clear that the
bubbles are now absent, but the aluminium Im shows some unevenness near the edges of
the ake of hBN. We posit that the these bubbles aren't in fact due to impurities at the
interfaces but rather delamination caused by thermal strain induced in the metal Im during
and after the metal deposition process. This would also explain the di erence between the
two types of deposition, with the Im deposited using e-beam evaporation showing fewer

signs of the compressive stress.

To begin to understand these Ims, cross-sectional transmission electron microscopy
(TEM) and energy dispersive spectroscopy (EDS) was performed on both kinds of sam-
ples (Fig. 2.4. From these images, it becomes clear that there is indeed no evidence of
polymer or other forms of residue at the Al-hBN interface and that this is true even under-
neath the bubbles. This provides some more credence to the idea that the quality of the Im
is being a ected by thermal stresses. While the Im deposited using e-beam deposition is
clearly superior, the unevenness near the edges of the ake would remain problematic while

trying to fabricate high quality quantum devices.

To address the roughness, we tested the e ect of a low voltage ion milling of the hBN
akes in the deposition chamber, prior to metal deposition. The goal here, was not to mill
into the surface of the hBN, but rather to remove any last vestiges of polymer/water residue
on the surface of the hBN. Fig. 2.5 shows optical micrographs of two akes where aluminium
was deposited after a 2 minute long argon ion mill carried out at 30 V and 7 mA. From these
images it became clear that this recipe provided a uniform coating of aluminium without
any bubbles or roughness near the edges of the hBN. To con rm that the milling wasn't
damaging the hBN, we conducted tests running process up at 500 V and 30 mA for 10

minutes and saw no change in the thickness or surface roughness of the hBN akes.
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