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Abstract

This thesis presents experimental work towards the design and measurement of a transmon
longitudinally coupled to a lumped element resonator. First, the performance and char-
acteristics of lumped element resonators with a Josephson junction array inductor were
tested. Second, a circuit realization recently proposed by N.Didier et al. was experimen-
tally examined. This realization was found not to provide the desired longitudinal coupling,
but showed strong transversal coupling instead. The failure of the circuit realization could
be attributed to the asymmetric shunting of the qubit Josephson junctions. Furthermore,
the experiments revealed the problem of the resonator tunability which is closely related to
the inductance ratio of the resonator to the qubit and raised the question of how and where
the ground has to be placed in order to enable a longitudinal qubit-resonator coupling.
These results have lead to a new insights for a design which is expected to exhibit the
desired strong longitudinal properties.
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1.Introduction and Motivation

Circuit Quantum Electro Dynamics (cQED) is currently one of the most promising ways
to realize a scalable quantum computer. Since its theoretical proposition in 1980 [1] col-
lective degree of freedom tunneling in Josephson junctions [2] has been observed as well as
coherent single qubit oscillations [3]. This led to the demonstration of artificial atoms with
larger decoherence times [4-7] and subsequent entanglement of two or more of them [8-10].
These artificial atoms, serving as qubits, were subsequently used to demonstrate quantum
algorithms [11-13] and quantum error correction [14].

All the recent results in cQED towards a scalable quantum computer relied on dispersive
qubit readout. Dispersive qubit readout utilizes a qubit state dependent frequency shift of
a transversally coupled resonator. This qubit state dependent frequency shift can be re-
solved by homodyne detection [15,16]. Although widely used, this readout method is only
quantum non demolition (QND) in a perturbative sense and is thus afflicted with several
disadvantages such as photon lifetime dependent qubit relaxation times, known as Purcell
decay [17].

If the qubit is coupled longitudinally to the resonator, instead of transversally with respect
to its quantization direction, a fundamentally different situation arises. This approach was
first applied to trapped ions [18-22] and was recently proposed for cQED [23]24]. This
thesis provides experimental work towards a realization of longitudinal qubit readout, pro-
posed by N.Didier et al. [25], which avoids most of the disadvantages of dispersive readout
and has several advantages. For example, this type of coupling does not cause Purcell decay
of the qubit through the resonator, nor is the measurement a perturbatively QND. Thus
large measurement power can be used. Also, the measurement operator leads to a more
ideal separation of the quibt state dependent field allowing for faster measurement speeds.
Finally, this type of readout could see an exponential improvement of the SNR, by using
squeezed input states, a feature unobtainable for dispersive readout.



2. Theoretic fundamentals

2.1. Transversal and longitudinal coupling

2.1.1. Introduction

Some general considerations about the difference between longitudinal and transversal cou-
pling are discussed below.

Transversal and longitudinal coupling refer to the degrees of freedom through which the
qubit couples to the resonator. Transversal refers to interactions of the qubit perpen-
dicular to its quantization axis, while longitudinal is parallel to this axis. Typically, the
quantization axis is denoted the z-axis, making transversal an x or y and longitudinal a
z, interaction. The difference can not be seen directly by considering an electric circuit
diagram, although ref. [23] demonstrates some intuition for how electrical circuits can be
rotated by 90° to change the coupling from a transversal to a longitudinal nature. For gen-
eral cases a thorough circuit quantization following [26] and Hamiltonian diagonalization
has to be done in order to determine the kind of coupling terms present in a circuit. There
is always a transversal and a longitudinal coupling present and the question of which one
dominates the system crucially depends not only on the circuit topology, but also on the
circuit parameters. A profound discussion of the differences of transversal and longitudinal
coupling and its (dis)advantages can be found in reference [24].

In a nutshell, the fundamental difference between the transversal and longitudinal coupling
consists of the qubit degree of freedom to which the resonator couples.

2.1.2. Transversal coupling Hamiltonian

This section briefly treats the Hamiltonian of a transversal qubit-resonator coupling and
its diagonalization.
The Hamiltonian describing the transversal interaction of a resonator and a qubit (two-
level system) is called the Jaynes-Cummings Hamiltonian [27] and reads in the interaction
picture as follows

H=w (aTa) + %UZ + geox(al +a) (2.1)

where w; denotes the resonator frequency, wq the qubit energy gap between the |0) and
the |1) state and gy the transversal coupling between the qubit and the resonator. If the
detuning A of the resonator to the qubit is much larger than the coupling gy, i.e.|w; —wq| =
A > gy the Hamiltonian in Eq. can be approximately diagonalized to

w
H=w (aTa> + ?qaz + xo,(al + a) (2.2)

where x denotes the dispersive shift exploited by the dispersive qubit readout. However the
Hamiltonian of Eq. (2.1)) was just approximately diagonalized, the derived energies are not



2.1. Transversal and longitudinal coupling

the true eigenenergies of the Hamiltonians eigenstates. Thus, the dispersive readout is not
a QND measurement. This non-QNDness negatively impacts the qubit coherence time and
leads to qubit state measurement errors due to mixing of the computational states [23].
The problems of transversal coupling are a direct consequence that the Hamiltonian can
only be approximately diagonalized which therefore leads to several disadvantages.

2.1.3. Longitudinal coupling Hamiltonian

In contrast to the transversal coupling Hamiltonian, a longitudinal coupling Hamiltonian
is briefly studied in this section.
The Hamiltonian coupling a qubit longitudinally to a resonator is given by

H=wala+ %UZ + 9,0, (a + aT> (2.3)

with the resonator frequency wy, the qubit resonance frequency wq and the qubit-oscillator
coupling strength g,. Contrary to the transversal case shown in Eq. , the Hamiltonian
for the longitudinal coupling in Eq. exhibits a o, operator instead of a oy operator
in the coupling term. Following [24], Eq. can be diagonalized using a Lang-Firsov
transformation. The transformation matrix U reads

U =exp [—gzaz (aT - a)] (2.4)
Wr
and maps the Hamiltonian of Eq. (2.3)) into

H = wala+ ﬁoz + g—ZQIl (2.5)
2 Wy
. Two important observations can be made: First, the Lang-Firsov transformation is exact
and did not renormalize the resonator or qubit frequency, but only the zero point energy.
Second, whether the qubit is in the ground state or not, there is no interaction with the
resonator and thus no dispersive shift of the resonator frequency due to the absence of a
0,(a’ + a) term. The pure QND nature of the longitudinal coupling is the reason why this
type of coupling avoids Purcell decay [23,24].

The benefit of longitudinal coupling derives from this: The exact diagonalization which
avoids the admixture of non-eigenstates when the system is measured since the Hamilto-
nian truly commutes with the ¢, measurement operator. The absence of the o,(a’ + a)
term avoids a constant qubit-resonator interaction and therefore entanglement between the
two subsystems. However, the constant qubit-resonator interaction in the transversal case
is useful for qubit state readout whereas in the longitudinal case a different approach has
to be applied.

In summary the longitudinal coupling provides a few advantages over the transversal cou-
pling due to its QND nature although the absence of a dispersive shift complicates the
qubit readout.
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Fig. 2.1.: Circuit of a longitudinal qubit-resonator coupling (Image taken from )

2.2. Longitudinal qubit readout

This section addresses the difference in longitudinal qubit readout and discusses a theoretic
proposal how to realize it.

2.2.1. Introduction

The circuit on which the theoretical proposal relies is quickly presented. Reference
discusses how to read out a qubit in the longitudinal case. They propose a layout in which
a transmon qubit is longitudinally coupled to, and phase-biased by a classical resonator.
Fig. depicts a lumped-element schematic of such a circuit. The resonator (colored in

blue) with frequency w, = —~— is coupled to the SQUID loop (colored in green) by the

two Josephson junctions of eggy FE751 and Ejo, which are shunted by the capacitance Cyg.
The junctions’ capacitances will be denoted by Cq1 2. This circuit will realize a longitudinal
readout as demonstrated below. From now on the loop containing the two qubit Josephson
junctions and the linear (or Josephson junction array) inductor will be called the SQUID
loop due to its similarities to a superconducting quantum interference device (SQUID).

To continue, a brief discussion of the circuit realizing the longitudinal coupling and its
Hamiltonian shall be given in subsection This discussion heavily relies on the sup-
plemental material of ref. . Subsequently the longitudinal qubit readout itself is treated

in subsection [2.2.3

2.2.2. Proposed circuit realization and Hamiltonian

Now a discussion of an experimental realization of the theoretical proposal from section[2:2.7]
is treated. The Hamiltonian and the coupling terms will be derived and discussed.

Reference proposes to realize the circuit shown in Fig. with a coplanar waveguide
version depicted in Fig. The dark green shaded squares indicate Josephson junctions
and the dark blue square stands for a Josephson junction array. The Josephson junction
array replaces the linear inductor of Fig. to increase the coupling inductance. The

10



2.2. Longitudinal qubit readout

following discussion of the Hamiltonian follows the supplementary part of ref. .

The Lagrangian consisting of the resonator, resonator-qubit-interaction and qubit part £ =
Ly + Ly + Ly of the circuit of interest depicted in Fig. is derived by standard circuit
theory [26]. The resonator part reads

S0 (26

L, = o . 1/1 (x,t) — 370 (Ox(z,t))* | dx + Ejqcos (¢(0)) +
where () is the position-dependent field amplitude inside the resonator, L the resonator
length with capacitance per unit length C° and inductance per unit length L°. Cj, denotes
the capacitance of the coupling Josephson junction array, Ej, its energy and (0) the
discontinuity of the resonator wave function due to the coupling junction which finally
provides the longitudinal interaction. The resonator-qubit coupling plus the qubit term of
L is

20 Cs

o 20| + Ey,cos(¢1) + Ej,cos(¢2) (2.7)

2
C.- C.o -
Lq+ Ly = ( ) [Tq1¢%+7q2¢%+
where ¢ 2 denote the phase drop over the junction 1 and 2. Using flux quantization
condition around the loop allows one to define a new set of variables ¢; = 6/2 — 6 and

¢2 = 6/2 + 6. This leads to

2
@O) |:Cq1+Cq282+CS+Cq1+Cq20'2+(Cq2_Cq1)6'9'

+ Ej,cos (g - 9) + Ej,cos (g - 9)

with 6 the phase drop across the shunt capacitance. If we assume the resonator phase-
bias to be small (i.e. 9(0) < 1), the Lagrangian becomes in zeroth-order in (0) after
application of trigonometric addition theorems

2
o= (?) Cs + 031 + Cq292 + Ejs (cos ((}; ) cos(f) — d - sin ((}; ) s1n(9)) (2.9)
T

Fig. 2.2.: Coplanar waveguide realization of the circuit shown in Flg 2 1| proposed by Didier et al. (Image
taken from ref. .

(2.8)

11



2. Theoretic fundamentals

with
Ejs+ En

Eys,

where d is the junction asymmetry. Now a Legendre transformation from 6 to it’s conjugate

E;xy=FEj+FEp and d= (2.10)

charge n can be performed to obtain
A ~9 ¢X A . (I)x . A
Hy =4Ecn® — Egyy, |cos 5 cos(f) — d - sin 5 sin () (2.11)

with E¢ the charging energy

e2

Ee —
© 7 2Cs+ Cq1 + C)

(2.12)

slightly modified compared to the Cooper pair box charging energy [28] since the coupling
is not capacitively realized by C,, but inductively over (0). Projecting Eq. (2.11)) into the
qubit subspace {]0),|1)} leads to

H=wala+ K(a'a)? + %wqaz + ga(a +a)é, + ge(a + al)oy (2.13)
with
By (2E\? [nZy . (7
CEENEG
gx = dEj <2EE:]C>4 Ter(OCOS (W(I()I;X> n
where Zy = é—g, Ryi = e% the resistance quantum, K the Kerr non-linearity and d the

Josephson energy asymmetry. The participation ratio 7 is defined as

Ui L.

(2.15)

with Lj denoting the coupling inductance and L, the total inductance of the resonator
modes. For the lumped element limit where the only inductance of the resonator consists
of the coupling inductor,  — 1 since Ly — Lj. Important to note:

As ref. [29] points out in detail, for a CPWG realization L, is not equal to the total in-
ductance based on the characteristic inductance per unit length L° of the resonator. L,
strongly depends on the location of the Josephson junction inside the coplanar waveguide
resonator and on the change of inductance of the resonator modes across the Josephson
junction and may thus differ largely from mode to mode.

Aside from the quadratic term, the Hamiltonian of Eq. resembles the result obtained
in Eq. , but with an additional transversal coupling. The quadratic term in (aTa)
originates from the use of a Josephson junction array to couple the resonator to the qubit
instead of a classical inductor. In experiments this is done to achieve larger inductance of
the coupling inductor in smaller spacial scales compared to classical inductors realized with

12



2.2. Longitudinal qubit readout

relatively long meandering lines. However this quadratic term is almost negligible since
K « N72 for N the number of junctions in the array. For more detailed discussion of this
term see ref. [25].

Concerning the coupling terms, as already pointed out in section the Hamiltonian ex-
hibits transversal gy (a+a')é, and longitudinal g,(a+a')é, terms. However the transversal
term has a factor d in front which for perfect junction symmetry vanishes as Eq.
suggests. For almost perfectly symmetric junctions the longitudinal coupling is thus domi-
nating the qubit-resonator interaction.

Conclusion

The realization proposed by ref. [25] can produce a dominating longitudinal coupling. The
longitudinal coupling can be enlarged if instead of a coplanar waveguide resonator a lumped
element resonator is used.

2.2.3. Longitudinal qubit readout

Now that an experimental realization with a dominating loingitudinal coupling is proposed,
the actual qubit readout is addressed.

Reference [25] derives for the longitudinal coupling a minor qubit-state dependent resonator
frequency shift of

+ 92 (2.16)
wr+ %

with x the cavity leakage rate. The qubit state can thus not be detected by resonator
spectroscopy like the transversal coupling case. Instead they propose to modulate the
coupling at the resonator frequency wy:

92(t) = gz + gacos(w:t) (2.17)

This modulation causes the Hamiltonian in the interaction picture to look like

|
H = 2g,62(a+ al) (2.18)

which causes a large qubit-state dependent shift of the resonator frequency by +g,/k.
Compared to the dispersive readout, this would correspond to

92\ 2
7= <7> ~ 100 (2.19)
K

photons for g, =~ 10k which is far away from the dispersive limit. The modulation of g,
with amplitude g, is directly related to the flux modulation between ® and ® + Ad:

1
N Ey (2E.\2 |nZ, e oM . [ 7(DPx + AD)
o T\ _gip (M ®x T2 2.2
g Z(EJ) VRK”[SID<%> Sm< %o (2.20)

13
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Fig. 2.3.: Flux dependent qubit frequency for Ec = 0.3 GHz, Fyx = 20 GHz and d = 0.02

since Eq. (2.14]) shows that the coupling is proportional to the flux. The modulation of the
flux modifies also the Josephson energy of the qubit:

o o
E3(®) = Eyscos [ = 1+ d2tan ( — (2.21)
Ty Ty

and thus its frequency
wq = V8EcE) (2.22)

But as can be seen in Fig. for small modulations A® < 0.1®g around the sweet spot
where ® = 0, the qubit frequency changes are minor. Furthermore the qubit frequency has
no influence on the coupling between the resonator and the qubit as Eq. shows.

The qubit state readout can be summarized as follows: If the flux & through the SQUID
loop is modulated at the frequency of the resonator wy, the coupling between the resonator
and the qubit is enabled and the resonator experiences a qubit state dependent phase shift.

2.3. Signal to noise ratio (SNR)

The different coupling mechanisms have different SNR characteristics. These are briefly
compared below.

The difference of the transversal to the longitudinal coupling mechanisms manifests itself
not only in the properties described in section but also in the SNR. As derived in
ref. [25,30] the transversal signal-to-noise ratio is given by

SNR,, = vErr i [1 _Z (1 — e~ 3" cos (m>>] (2.23)

e
K KT 2

14
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Fig. 2.4.: SNR comparison for g, = € = 175 MHz, /27 = 15 MHz

with measurement time 7, coupling rate x and e the coherent drive amplitude. For the
longitudinal coupling the SNR reads

SNR, = v/8rr 2 [1 _Z (1 - eém)] (2.24)
K KT

where §, is the modulation amplitude of the longitudinal coupling (cf. section .

The longitudinal coupling and the resulting SNR,, has a few advantages over the SNR,.. The
first one is shown in Fig. [2.4] where for short measurement times 7 the SNR,, increases faster
than the SNR,. Analytically this originates from the cos ("‘2—7) factor in the SNR, which
is a less efficient pointer state trajectory for a state measurement. The second advantage
is that the SNR can be exponentially improved by a single-mode squeezing of the input
state on the resonator. For the full derivation of SNR, and details about the pointer state
separation look at ref. [25] and its supplemental materials.

It can be concluded that the longitudinal SNR, has an advantage over the transversal SNR.,
for short measurement times and therefore can be utilized for fast and accurate qubit state
readout.

2.4. Resonance circle fit for notch type geometries

All the experiments described in the present thesis were performed in a so called ”"notch
type geometry”, schematically depicted in Fig. In the notch type geometry a resonator
is probed in reflection, but the the chip on which the resonator is embedded as a whole
is measured in transmission. The crucial advantage of a transmission measurement is the
option of determining the internal quality factor in case of a small resonator coupling
capacitance.

Reference [31] offers a detailed discussion of how to robustly and efficiently fit a circle to
complex scattering data. This fitting method was applied to every complex scattering data
fit performed in this thesis. Below a brief overview of the fitting method is given.
According to the paper from Probst et al. a general model for the complex scattering

15
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O,

Fig. 2.5.: Schematic circuit of a notch type experiment.

FPGA

coefficients is given by

| is
SHN(f) = ael eI 1 —‘r(QQZlCél(Qf/Dfe 5 (2.25)

where the prefactor takes the environment into account and the rest the ideal resonator

in dependence of the probing frequency f. The resonance frequency is denoted by f,
the loaded quality factor by @) and the coupling capacitor by Q.. The environment is
described by the impedance mismatch ¢, the phase shift a and the electric length 7. The
environment may come along with an additional amplitude a. First the environment is
treated by removing the optical length which rotates the resonance circle in its canonical
position. In a second step a rough circle is fitted to the complex scattering data. Afterwards
the distance of the circle fit to the origin is used to translate the circle to the origin. Then
the angle between the real axis and the circle aperture is determined and the data is rotated
in the complex plane. After this procedure a phase versus frequency fit is performed with
the fit function s

0(f) = 0 + 2arctan (2@1 [1 - f]) (2.26)

which yields the loaded quality factor @), the resonance frequency f, and the offset phase
fo. The offset phase 0y =  — m where § is the rotation angle of the complex circle with
respect to the real axis. From this fit all the parameters of the complex circle are known
and the remaining parameters can be reconstructed.

16



3.Sample design and fabrication

3.1. Determination of circuit parameters

How the circuit parameters were extracted from the realization proposal shown in Fig.
is described in this section.

In a first step, the circuit of the realization proposal shown in Fig. was modeled in
Microwave Office, a circuit analyzer program. The circuit is displayed in Fig. and
shows a lumped element (LE) realization of the resonator instead of a coplanar waveguide
(CPWG) version. The two Josephson junctions forming the qubit degree of freedom were
modeled as LC-resonators.

The circuit parameters for the simulation were chosen such that the resonator frequency
was approximately at 4.5 GHz and the qubit frequency at 7 GHz since the output line of
the cryostat has a tunable parametric amplifier between 4 and 8 GHz. The qubit resonance

CAP
ID=Cres
C=200 fF .
: . CAP CIND ..
PORT
P=1 ID=Ckappa ID=L-Coup1

Z=50 Ohm - CC=30fF o . . . L=46nH

CAP - —— D - ﬁCﬁ;ﬁﬁﬁtNDﬁﬁQjﬁCﬁAﬁp L
1D=CJJ1 - - SAD=LJJ1 - ... Ib=LJJ2 . .

- |b=CJJ2

CAP
" ID=Cshunt?
" C=36.34'fF

Fig. 3.1.: Cuircuit schematic of the lumped element realization modeled in Microwave Office from NI AWR
design environment® version 11.0r. Ckappa is the coupling capacitor, Cres, L-Coupl capacitance and
inductance of the resonator, CJJ1 = 6 fF, LJJ1 = 16.3 nH capacitance and inductance of the first (second)
Josephson junction and C'shunt the shunt capacitance to ground.

17



3. Sample design and fabrication
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Fig. 3.2.: Simulated Arg[s21] of the LE version. The resonator resonance lies at 4.91 GHz and the qubit
frequency at 7.09 GHz

frequency was adopted from the proposal in ref. [25] with Fc ~ 0.3 GHz and Ejx, ~ 20 GHz.
The coupling capacitance Cy and thus the coupling rate x was set such that the proposed
relation of g, =~ 10k was fulfilled. Fig. [3.2] shows the simulation result for the parameters
as shown in Fig. [3.I] The resonator resonance lies at 4.91 GHz and the qubit frequency at
7.09 GHz.

The decision to realize the resonator in a LE version was based on the comparison of the
different SNRs and thus the quibt-resonator coupling strengths. For an optimal SNR of
the qubit-state readout, a large longitudinal coupling g, of the qubit to the resonator is
required (cf. eq . The longitudinal coupling strength g, however depends for given
qubit properties Ec, Ej linearly on the participation ratio n (cf. eq . Thus an 7 close
to 1 is preferable. If the participation ratio nyg for the lumped element version is assumed
to be ca. 1 and ncpwg is adopted from ref. [25] to be ca. 0.53, the longitudinal coupling g,
for the LE version is almost two times larger than for the CPWG version. For this reason
it was decided to realize the lumped element version.

The circuit parameter extraction yielded that the resonator capacitances need to be between
100 fF and 250 fF and the Josephson junction inductance ca. 4.5 nH to produce a resonance
in the observable frequency range. Furthermore the qubit frequency with F¢ =~ 0.3 GHz
and Ejy ~ 20 GHz lies in the frequency window as well.

3.2. Translation of the circuit to a physical sample geometry

The process which leads from the circuit schematic with known parameters to the sample
design is shown below. Furthermore different considerations and constraints which influ-
enced the sample design are discussed in detail.

Figure shows a rendered image of a sample realizing the lumped element circuit de-
picted in Fig. The resonator is colored in red, the island in blue, the SQUID loop with
the white Josephson junctions in orange, the flux-line in pale blue, the ground in gray, the
charge-line in pale red and the transmission line in green. The flux-line and the charge-line

18



3.2. Translation of the circuit to a physical sample geometry

|

Fig. 3.3.: Design for the grounded version

were not modeled in the Microwave Office model since they couple weakly to the rest of

the structure. The red square on the resonator is for the connection of the layer deposited

in the photo lithography step to layers evaporated by the electron beam lithography step.

The aforementioned elements of the sample design (resonator, island, ...) are discussed in

the paragraphs below including the reasons and simulations results from Ansoft Maxwell® V14.0
leading to the final element shape and location.

Coupling capacitor

The coupling capacitor to the transmission (green) to the resonator (red) line was realized
as a standard finger capacitor with a finger length of 100 yum and thickness of 2 ym in order
to reduce overall capacitor size.

Resonator capacitor
The resonator capacitance was chosen to have standard finger length of 200 ym and thick-
ness of 3 ym. For ca. 200 fF the width of such a finger capacitor is ca. 120 pym.

Charge-line

The charge-line was impedance matched to 50 €2 and exhibits a capacitive coupling of
ca. 1 fF to the island. The small capacitive coupling reduces qubit decay into the charge-
line and therefore increases the coherence time.

SQUID loop

The SQUID loop size and shape is the result of a minimization of the area to reduce flux
noise and a maximization of the number of Josephson junctions to reduce the nonlinearity.
The SQUID loop is a rectangle of ca. 4um x 50 um size with a total of 18 Josephson
junctions. The rectangular shape is due to the Josephson junction deposition process which
allows deposition either in x or y direction on the sample.A closeup of Fig. [3.3| around the

19



3. Sample design and fabrication

-/

Fig. 3.4.: Closeup of SQUID loop, resonator-island connection and flux-line

SQUID loop is shown in Fig.

The SQUID loop is located at a maximum distance d, to the lower edge of the ground
plane. This position minimizes the capacitive coupling of the resonator and the distance
dy; to the flux line.

Flux-line

The parallel flux line length denoted as Iy in Fig. was optimized to ca. 90 um for a
4pum x50 um SQUIDIloop size with simulations and analytical calculations. The termination
of the fluxline to ground was chosen to minimize the length of the fluxline and to increase
the standing wave frequencies.

Island

The island size exhibits a size of 193um x 153 pum and symmetric distance to ground of
50 pm. The aforementioned parameters lead to a simulated renormalized qubit charging
energy Fcoy of 0.3 GHz. The island-ground distance was not increased above 50 ym due to

20



3.3. Introduction of the floating version

ref. [32] and the island size was realized as a large pad due to the results of ref. [33].

3.3. Introduction of the floating version

The quality of the sample can be improved by choosing an appropriate sample design.
These considerations lead to a second, slightly modified design which is described below.
The sample fabrication process consists of two different steps. In a first step the niobium
is deposited on a sapphire wafer with photo lithography and in a second step smaller
structures made out of aluminum, such as Josephson junctions, are added with an electron
beam lithography step. At points where a galvanic connection between the niobium and
aluminum occur, oxide layers of unknown properties may form on the surface and thus
increase the resistance of the galvanic connection. The increased resistance damps qubit
excitations and reduces its coherence time.

To avoid these resistive interfaces a design with a floating ground was introduced as shown
in Fig. The fabrication of the floating version includes the deposition of the ground
plane (grey), the transmission line (green), the charge line (pale red) and the flux line (pale
blue) withing the photo lithography step and the deposition of the resonator (red), teh
SQUID loop with Josephson junctions (orange), the island (blue) and the floating ground
(yellow) in the electron beam lithography step.

L

Fig. 3.5.: Ansoft Maxwell simulation design for the floating version. The floating ground to ground capacitor
is not distributed over the whole length due to the fact that the island finger design was discarded after the
mask creation.
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3. Sample design and fabrication
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Fig. 3.6.: Cuircuit schematic of the floating version. The capacitances and inductances are as in Fig. 3]
except the the large capacitance C fltgnd of the floating ground to the real ground. The fltgnd inductance
accounts for the additional inductance of the floating ground structure.

The circuit schematic of the floating version is shown in Fig. A comparison with
Fig. [3.1] reveals that the only difference consists in the additional capacitance to gound in
the floating version. The circuit schematic accounts for the additional inductance of the
floating ground. The results of the simulations show negligible differences in the resonance
frequencies of less than 1.5% as Fig. [3.7| points out in comparison with Fig. (3.2

3.4. Peculiarities of the floating version

Island design

The island shape and size of the floating version was determined by the minimization of
the spurious capacitive coupling to the other structures, the maximization of the island size
(cf. ref. [33]) and the avoidance of edges (cf. ref. [34]) under the constraints of the qubit
charging energy amounting to ca. 0.3 GHz and the capacitive coupling of the island-charge
line being < 1 fF. The island radius is 58.5 ym and the distance to the charge line 12 pym
as depicted in Fig. |3.8

Floating ground
Maxwell simulations performed for the floating version showed capacitances of the floating
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3.4. Peculiarities of the floating version

ground to ground Chignd—gnd > 1900 fF.

Capacitance of resonator to floating ground and resonance frequency

The introduction of a floating ground modifies the estimation of the resonance frequency.
Although spurious capacitances renormalize the resonances frequency in the grounded ver-
sion, in the floating version the spurious capacitance of the resonator to direct ground
Chres—gnd is the major contribution to the renormalization. A schematic of the situation is
shown in Fig. [3.9] The total equivalent capacitance of the structure is given by

Cresfﬂtgnd : Cﬂtgndf gnd

C’tot =
Cres—ﬂtgnd + Cﬂtgnd—gnd

+ Ores—gnd (31)

1 _
4 R

-3E . . . . . . A

40 45 50 55 60 65 70 75
f[GHz]

Phase [rad]

Fig. 3.7.: Simulated frequency dependence of the phase of the floating version. The resonator resonance is
at 4.58 GHz and the qubit at 7.0 GHz.

Fig. 3.8.: Distance of 12 ym of the bomb handle (blue) to the charge-line (light red). Grey is the enclosing
ground plane and yellow the floating ground (cf. Fig.
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3. Sample design and fabrication
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Fig. 3.9.: Circuit schematic of the spurious capacitance Cres—gna in the floating version

which for Cﬂtgnd_gnd > Cres_ﬂtgnd is
Ctot ~ Cres—ﬂtgnd + C’res—gnd (32)

Since this condition is satisfied for Chigna—gna > 19000 fF and Cres—qitgna ~ 200 fF, the
resonance frequency estimation has to be based on Eq. . This is the reason why the
resonator capacitances in Fig. and Fig. differ by 40 fF and still exhibt the same
resonance frequencies.

3.5. Sample Fabrication

For the samples for measurement rounds 1 to 3 a different wafer was used than for sample
4. The first wafer was created by niobium deposition on a sapphire wafer with photo-
lithography. For the second wafer aluminum instead of niobium was used. On both wafers
size 1 chips with 7 x 2mm size were written.

In a second step the rest of the structures were added with electron beam lithography.
Large structures such as island pads or finger capacitors were written with a different write
field than small structures such as Josephson junctions. However, every structure deposited
by electron beam lithography consists of two layers with a thin insulating layer in between.
This originates from the fact that the same deposition process as for Josephson junctions
is applied and for Josephson junctions the two layers with the insulating sheet in between
is desired. All structures written by electron beam lithography are double-layered. But the
capacitance between the two layers is so large that it can be considered connected and the
Josephson inductances decreases with interface size.

It should be noted, that a new Josephson junction fabrication recipe had to be developed
in order to create Josephson junctions of different scales at the same time. This work was
done by Simone Gasparinetti and represents a milestone for the longitudinal coupling to be
realizable.
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4.Experimental Setup

This section describes the experimental setup of the four performed measurement rounds.
The cabeling configuration accessing the chip inside the cryostat are shown.

All experiments were performed in a BlueFors cryogen-free dilution refrigerator system@®).
In a nutshell, five shields at different temperature stages, where the outermost serves as a
vacuum can, protect the sample against thermal radiation. Inside the cryostat two layers
of p—metal shields provide protection against magnetic fields. The sample chip is mounted
on a PCB (printed circuit board) which itself is enclosed in a sample holder of oxygen-free
copper.

4.1. Measurement rounds 1 and 2

Fig. depicts the experimental setup of the first measurement round. The colored dashed
horizontal lines represent the different temperature shields and stages inside the cryostat.
The chip is indicated by the grey dashed box. The radio frequency(RF) signal of the
measurement passes a direct current(DC) block and is attenuated three times by -20 dB.
Afterwards the signal enters the sample chip. After the chip, the signal passes two circu-
lators and is filtered by a bandpass filter of 4 — 10 GHz and amplified by a high electron
mobility transistor (HEMT) at the 4K stage. At room temperature the signal passes a DC-
block and is further amplified before it is analog downconverted to intermediate frequency
by mixture with the local oscillator (LO). After a subsequent digital down conversion the
signal is recorded by a field programmable gate array (FPGA). The FPGA memory is fi-
nally read out by the measurement computer (PC).

The dashed box schematically depicts the configuration of resonators which were placed on
the sample chips for the first two measurement rounds.

4.2. Measurement round 3

The experimental setup of measurement round 3 is shown in Fig. In addition to the
setup shown in Fig. the setup for measurement round 3 includes a coil to apply external
magnetic field and a second input line for a second chip. The output signals of the chip
are routed on the same circulator and then connected to the output line. The advantage
of this setup is to use the same output line for both chips. The disadvantage is that the
output of one chip is attenuated by 20 dB.
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4. Experimental Setup

4.3. Measurement round 4

The experimental setup of measurement round 4 is shown in Fig. [£.3] The experimental
setup of measurement round 4 includes one measurement line labeled with RF and for each
of the two resonators on the sample chip a flux (FL) and a charge line (CL). This setup

[DC]

Chip

56660

Fig. 4.1.: Schematic of experimental setup of measurement round 1 and 2. The temperature stages are
indicated by the colored dashed lines and the thermalization of the attenuators by dotted lines. RF stands
for radio frequency, DC for the direct current block and PC for the measurement computer.
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4.3. Measurement round 4
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Fig. 4.2.: Schematic of experimental setup of measurement round 3. Both chips, indicated by the grey
dashed boxes, are mounted in the same sample holder on the same PCB but can be separately addressed
with RF signals and are readout via the same output line. The temperature stages are indicated by the
colored dashed lines and the thermalization of the attenuators by dotted lines. RF stands for radio frequency,
DC for the direct current block and PC for the measurement computer.

allows to measure both resonators on the chip with just one input and one output line.
However an individual measurement of the two resonators is not possible.
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4. Experimental Setup

LPF

coil

Fig. 4.3.: Schematic of experimental setup of measurement round 4. The temperature stages are indicated
by the colored dashed lines and the thermalization of the attenuators by black dotted lines. RF stands for
radio frequency, DC for the direct current block and PC for the measurement computer. CL is the charge
line and FL the flux line which is grounded on the chip (grey dashed box).
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5.Results and Discussion

5.1. Measurement rounds 1 and 2

This section briefly discusses samples 1 and 2, the important outcomes of the first two
measurement rounds and insights for the sample fabrication.

Samples 1 and 2 consist of a 2 x 7 mm chip with 5 resonators arranged in a notch type
geometry (cf. Fig. section. The only difference is the coupling rate of the resonators
to the transmission line which was designed to be ca. 40 KHz for sample 1 and ca. 1 MHz
for sample 2.

The optical image examination of sample 1 showed that all structures deposited by electron
beam lithography were 1.2 pm thicker in z—direction than designed. This effect originates
from the fact that during the electron beam lithography two layers of aluminum are de-
posited with two different angles of £45°. This causes the structures to be larger in one
dimension by twice the thickness of the deposited layer which is ca. 600 nm. The fabrication
of the sample 2 included the correction for this effect.

The RF measurement of sample 1 and 2 during the first two measurement rounds did
however not show the designed resonances although indications for a working measure-
ment setup were given such as the power transition depending on the HEMT power or
the characteristics of the 4 — 10 GHz bandbass filter. Therefore a detailed discussion and
documentation of the samples, the measurement results and the conclusions can be found
in section and of the appendix. The possible reasons for the failure are discussed
there as well.

Although measurement round 1 and 2 failed, the double layer effect when writing finger ca-
pacitors and other structures with electron beam lithography was illuminated and corrected
for in the subsequent designs.

5.2. Measurement round 3

The design and predicted characteristics of sample 3a and 3b for the third measurement
round are discussed below. The results of the optical image examination after the fabrica-
tion are given together with the measurement results. This section closes by a discussion
of the results and a subsequent conclusion.

5.2.1. Samples for measurement round 3

Purpose

For the third measurement round two sample versions were prepared, a floating (sample
3a) and a grounded (sample 3b). On both samples two inductors were realized with a
meandering line and others with a SQUID array or a Josephson junction array. The aim
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5. Results and Discussion

was to investigate whether the fabrication process is yielding functioning Josephson junc-
tions. The meander inductor would serve as a confirmation for a functioning readout setup.
The SQUID introduces a tunablity of the resonance frequency which facilitates its unique

identification from spurious resonances.

Description of floating version design (sample 3a)

The resonators are arranged as shown in fig[5.1] They are capacitively coupled in a notch
type geometry to the transmission line (green). Table presents an overview of the
capacitors and inductor types of the different resonators on sample 3a which are numerated
from left to right. None of the resonators contained the Josephson junctions for the qubit.
Except for resonator 3, the island was removed in resonator 1 and 4 for spatial reasons and
in 2 and 5 to possibly detect a difference compared to resonator 3.

The meander inductor was designed according to Stojanovic et al. [35] to exhibit a total
inductance of 4.12 nH. The Josephson junction array and the SQUID array for resonator 2,

3 and 5 were designed by Simone Gasparinetti and expected to exhibit a total inductance
of 4 — 5 nH.

For the floating version, the coupling of the resonators to the transmission line was increased
to ca. 10 MHz compared to ca. 0.1 — 1.3 MHz for the resonators on sample 2. The floating
version coupling capacitors were realized by a finger capacitor designed for ca. 23 fF with
4 fingers as depicted in Fig. [5.2] Table shows an overview of the simulated resonance
frequencies and coupling rates  of the resonators placed on sample chip 3a. The simulation
was performed with Sonnet high frequency electromagnetic software version 14.52®). The

§EENE

Fig. 5.1.: Schematic of sample 3a. The five resonators (cf. Fig. ?7?) are capacitively coupled to the trans-
mission line (green) in a notch type geometry. The resonators are numerated from left to right. Resonator
1 and 4 have a meander inductor, resonator 2 and 5 a Josephson junction array inductor and resonator 3 a
SQUID array inductor.

Resonator | #fingers | Inductor type | Island
1 21 meander No
2 17.1 Junction array No
3 21 SQUID array Yes
4 11.7 meander No
5 10 Junction array No

Table 5.1.: Resonator overview of sample 3a.
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5.2. Measurement round 3

Resonator | Inductor type | f; [GHz] | /27 [MHz]
1 meander 5.382 3.7
2 Junction array 5.203 4.4
3 SQUID array 4.663 5.7
4 meander 6.473 7.4
5 Junction array 5.956 8.5

Table 5.2.: Overview of resonator resonance frequencies f; and coupling rates x of the 5 resonators imple-
mented on sample chip 3a. Resonator 3 is tunable due to the SQUID array inductor and the table thus
displays the aimed sweet spot values.

Fig. 5.2.: Rendered closeup of the coupling capacitor for sample chip 3a with 4 fingers corresponding to a
capacitance of ca. 23 fF.

geometry was set up in a notch type as proposed by ref. . The coupling rates x were
extracted with a complex Lorentzian fit of the simulated response. A screen shot of the
Sonnet geometry is shown in Fig. in the appendix together an extended table of the
simulation results.

Description of grounded version design (sample 3b)

A schematic of the grounded version sample (sample 3b) is depicted in Fig. [5.3] The
resonators are arranged in the same manner as for sample 3a. Table shows an overview
of the capacitances and inductor types of the 5 resonators on chip 3b. Similar to sample

Resonator | #fingers | Inductor type
1 21 meander
2 17.1 meander
3 14.1 SQUID array
4 11.7 SQUID array
) 10 SQUID array

Table 5.3.: Overview of the grounded version of sample 3 with finger number and inductor type.
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TR

Fig. 5.3.: Schematic of sample 3b. Resonator 1 and 2 (from left to right) have a meander inductor and
resonator 3 to 5 a SQUID array inductor. The resonators are capacitively coupled to the transmission line
(green) in a notch type geometry.

3a, sample 3b contains 2 meander inductors and three SQUID array inductors for the
resonators. The SQUID arrays were designed identical to the SQUID array on the floating
version by Simone Gasparinetti. The meander inductor is identical to the one on sample
3a and exhibits an inductance of 4.12 nH. The resonance frequency of the resonators is
varied with the number of capacitor fingers. Table shows an overview of the simulated
coupling rates k and the resonance frequencies. Detailed simulation results are shown in
section in the appendix.

Res. | Inductor type | f; [GHz| | x/2m [MHz]
1 meander 5.474 4.8
2 meander 5.899 6.6
3 SQUID array 5.543 8.1
4 Junction array 5.969 10.6
5 Junction array 6.318 13.3

Table 5.4.: Overview of finger number, inductor type, simulated resonance frequency f, and coupling rate
kK of sample 3b.

5.2.2. Sample examination after fabrication

The dose for the electron beam lithography for samples 3a and 3b was slightly increased.
The sample is cleaner, but slightly overexposed which causes the capacitor fingers to be
600 nm larger than designed, which can be observed in Fig. by comparing the fingers
written with electron beam lithography to the ones written in the photo lithography step.
The Josephson Junction array is again misaligned by an angle of ca. 3° with respect to the
other structures written in the electron beam lithography step which is due to the different
writing window sizes used in the deposition process. No shorts or other type of further
defects were observed.

On sample chip 3b the overexposure affects only the Josephson Junctions since the capaci-
tors were written in the photo-lithography step.

To sum up, sample 3a is cleaner than samples 1 and 2 but exhibits a slight overexposure
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5.2. Measurement round 3

Fig. 5.4.: Optical image of resonator 1 of the floating version of sample 3.

and a misalignment of the Josephson junction array with respect to the rest of the chip.

5.2.3. Measurement results for sample 3a (floating version)

A vector analyzer network (VNA) measurement of sample 3a showed 5 distinct resonances.
All resonances are well expressed in both quadratures. Figures and show as an
example the phase data of the resonances of the second and third resonator of sample 3a
for -117 dBm sample power. The meander inductor resonators (first and fourth) are more
clearly expressed (cf. Fig. in the appendix). Table shows an overview of the fit
parameters of the observed resonances on the sample 3a. All values are extracted with a
notch type model fit (cf. section to the data measured with approx. -117 dBm power
at the sample and no magnetic field applied. The resonator with the Josephson junction
array and the resonance frequency at 5.079 GHz showed strong power dependence so that
the resonance disappeared in the noise for powers > —75 dBm at the sample. The proximity
to the meander inductor resonance at 5.103 GHz contributed to the reduced visibility of this
resonance too. The power dependence of the other four resonances is shown in Fig.
This figure shows that the linear meander inductors show no power dependence over 5
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Fig. 5.5.: Phase data and fit of the second resonator on sample 3a with a Josephson junction array inductor.
The data was taken for B =0 V and -117 dBm sample power.
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Fig. 5.6.: Phase data and fit of the third resonator on the sample 3a with a SQUID array inductor. The
data was taken for B =0 V and -117 dBm sample power.

Resonator | Inductor type | fres [GHz] | Qi | x/27 [MHz]
1 meander 5.103 722 7.1
2 Junction array 4.251 611 7.0
3 SQUID array 6.319 567 11.1
4 meander 6.132 396 15.5
5 Junction array 5.079 848 6.0

Table 5.5.: Fit parameter overview of the resonances from the sample 3a at B = 0 V and ca. -117 dBm
sample power.

orders of magnitude whereas the non-linear inductors show a frequency red-shift.

Figures [5.8 and [5.9] show the dependence of the internal Qi and external quality factor
Qext on the sample power. While the external quality factor is not power dependent, the
internal quality factor of the resonators with a Josephson junction array or SQUID array
inductor decreases with increasing power. This behavior is in contrast to the the resonators
with the meander inductors where the quality factor increases. Concerning the external
quality factors of the resonators with the Josephson junction or SQUID array inductors,
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Fig. 5.7.: Power dependence of the resonance frequencies on sample 3a. Plotted is the resonance frequency
at a specific VNA output power v divided by the maximal resonance frequency vimaez. 7JJarr.” labels
the resonator with the Josephson junction array, ”Meand.” the resonators with meander inductors and
”SQUIDarr.” the resonator with the SQUID array inductor.

the fits become unreliable due to increased non-linear effects with increasing power.
Except for the resonator with the SQUID array inductor, the resonance frequency and the
quality factor are not expected to change with applied magnetic field. This is indeed the
case (cf. figures and in the appendix). Finally, Fig. shows the resonance
frequency dependence of the resonator with the SQUID array inductor. This dependence
coincides with the tunability of the Josephson energy [6] as the fitted black line indicates.
For ¢/®y > 1 the deviation to the fit increases.

The obtained result follows the expectation.

5.2.4. Discussion of the floating version results (sample 3a)

A comparison of the predicted and measured frequencies and « is shown in table The
simulated values for the coupling rate x are simulated with Sonnet. Table reveals that
the prediction of the resonance frequencies for resonators 1 and 4 are ca. 300 MHz too low.
This deviation matches the expected difference due to the thicker fingers and corresponds
to an increased effective resonator capacitance of ca. 20 fF. Resonators 2 and 5 with the
Josephson Junction array exhibit a ca. 900 MHz lower resonance frequency which partly
is explained by the thicker capacitor finger and partly by an increased Josephson junction
inductance due to the increased oxidation time in the fabrication process. Taking the 20 fF
increased capacitance into account, the inductance of the Josephson junction array was
simulated to be 5.8 nH. The increased inductance is consistent with the longer oxidation
between fabrication and cooldown. The deviation of the resonator with the SQUID array
stems from the fact that total inductance of the SQUID array was designed roughly to
be ca. 4 nH. The extracted inductance from the fit shown in Fig. is 2.8 nH. If the
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Fig. 5.8.: Power dependence of the internal quality factor Qint of the resonators on sample 3a. ”JJarr.”
labels the resonator with the Josephson junction array, ”Meand.” the resonators with meander inductors
and ”SQUIDarr.” the resonator with the SQUID array inductor.
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Fig. 5.9.: Power dependence of the external quality factor Qext of the resonators on sample 3a. ”JJarr.”
labels the resonator with the Josephson junction array, ”Meand.” the resonators with meander inductors
and "SQUIDarr.” the resonator with the SQUID array inductor.

additional 20 fF are taken into account, the SQUID array inductance is 2.6 nH.

The differences in « can partly be explained by the deviation in frequency. More investiga-
tion would be needed to evaluate why the Sonnet simulation tends to underestimate and the
Microwave Office simulation to overestimate the coupling (cf. table in the appendix).
For the purpose of the present thesis, the coupling accuracy however is not crucial and
therefore no further study was conducted.

In a nutshell, the dependence of the resonance frequencies as a function of power or mag-
netic field is as expected for all resonators on the sample 3a. No inexplicable results were
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(a) Resonance frequency of the third resonator (b) Bfield dependence of the resonance frequencies
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Fig. 5.10.: Magnetic field dependence of the resonance frequencies of sample 3a

Res. | Ind. type | fp [GHz] | fm [GHz] | |Af| [MHz] | 52 [MHz] | %= [MHz] % [MHz]
1 meand. 5.382 5.103 279 3.7 7.4 3.7
2 JJ arr. 5.203 4.256 947 4.4 7.2 2.8
3 SQUID arr. 4.663 6.322 1659 5.7 16.9 11.2
4 meand. 6.473 6.136 337 7.4 14.8 7.5
) JJ arr. 5.956 5.079 877 8.5 6.0 2.5

Table 5.6.: Comparison of prediction (fp, kp) and measurement (fm,%m) of the resonators on the sample
3a of the third cooldown. The deviations from the measurement to the prediction is denoted as Af for the
resonance frequency and as Ak for the coupling.

found although some quantitative deviations were measured. For the realization of a lon-
gitudinal coupling the circuit parameters have to be in the right order of magnitude which
was the case.

5.2.5. Results of the grounded version

Table [5.7|shows an overview of the fit parameters of the visible resonances at zero magnetic
field and -117 dBm power at the sample 3b. The resonators with the SQUID arrays were
not visible at zero magnetic field and are thus not shown in table The resonances of the
resonators with the linear meander inductor were well expressed and showed comparable
behavior for power and magnetic field dependence as the resonators with the meander
inductor on the sample 3a. The only difference consists in a significantly smaller internal
quality factor for resonators with meander inductors compared to the floating version as
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Resonator | Inductor type | fres [GHz] | Qr | x/27 [MHz]
1 meander 5.402 1356 4.0
2 meander 5.822 1701 3.4

Table 5.7.: Fit parameter overview of the resonances from sample 3b at B = 0 V and -117 dBm sample
power.

shown in Fig. 5.8 While Qj,t is between 40’000 and 60’000 for the floating version, the
internal quality factor Qi is ca. 5’000 for the grounded version. The measurement value
for the resonator at -10 dBm was omitted because the fit failed due to low data quality.
The extracted internal quality factor as a function of different applied powers is shown in
Fig. for sample 3b.

The three resonators with the SQUID array inductors exhibited a lower than expected
inductances, but could be tuned into the visible range between 4 and 8 GHz by applying a
static magnetic field. The result is shown in Fig. 5.1

Concluding it can be stated that the grounded version results are consistent with the
results from the floating version as well as the expectations from theory and the extracted
parameters are reliable.
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Fig. 5.11.: Fitted internal quality factors for the two resonators with the meander inductors at different
sample powers for the grounded version 3b.

Res. | Ind. type | fp [GHz] | fu [GHz] | |Af] [MHz] | 52 [MHz] | 52 [MHz] %—7': [MHz]

1 meander 5.474 5.402 72 1.8 3.4 1.5
meander 5.899 5.822 77 2.7 3.3 0.6

Table 5.8.: Comparison of prediction (fp,kp) and measurement (fm,xm) of the resonators on sample chip
3b
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Fig. 5.12.: Resonance frequencies of the three resonators with the SQUID array inductors on sample chip
3b as a function of applied magnetic field. The full lines are the fits to 1/(27vLC)+/|cos[m(¢ — orr)/Po]]
which describes the tunability of the SQUID array inductance as a function of magnetic flux [6].

5.2.6. Discussion of the grounded version results (sample 3b)

The prediction and the measurement values for the resonance frequencies and the coupling
rate x is shown in table The prediction of the resonance frequency exhibits a consistent
difference of +70 MHz which can be explained by an underestimation of the inductance of
the meander inductor. In contrast to sample 3a, the resonance frequency prediction was
more accurate due to the absence of the overexposure since the finger capacitor of sample
3b was written with photo lithography.

As for sample 3a, k was again underestimated with the Sonnet simulation displayed in
table but overestimated with the Microwave Office simulation (cf. table

The extracted maximal inductance of the resonators with the SQUID array from the fit
shown in Fig. yielded 2.4 nH for resonator 3, 2.1 nH for resonator 4 and 2.5 nH for
resonator 5. These results coincide with the identical SQUID array from the sample 3a.
For the results of sample 3b the same conclusion can be drawn as for the floating version re-
sults. The dependence of the resonance frequencies as a function of power or magnetic field
is as expected for all resonators and no inexplicable results were found although 70 MHz
deviation for the frequency and ca.l MHz deviation for the coupling rates were measured.
For the realization of a longitudinal coupling the circuit parameters have to be in the right
order of magnitude which was the case.

5.2.7. Conclusion for measurement round 3

The measurement results for the floating and the grounded version are consistent. The ca-
pacitances do coincide and if the additional finger thickness due to the overexposure is taken
into account, the results agree better. This observation also holds for the SQUID arrays
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5. Results and Discussion

on sample 3a and 3b. The parameters of the lumped element resonators with Josephson
junction inductors were extracted, as well as, their behavior as a function of magnetic field
and measurement power characterized. They exhibit lower quality factors than lumped
element resonators with meander inductors. Further experiments have to show whether
this will adversely affect a qubit measurement.

Although all the lumped element resonators with Josephson junction array inductors worked,
their reliability and inductance accuracy is poor, since measurement round 3 was the first
round showing functioning Josephson junction arrays.

Therefore it can be concluded, that the sample design is suitable for a microwave frequency
experiment and that Josephson junction arrays can be implemented as inductors for lumped
element resonators. However, these resonator exhibit lower performance and reliability than
resonators with meander inductors.

5.3. Measurement round 4

This section delivers a description of the sample designed for measurement round 4 and its
purposes. Furthermore it is compared to the previous samples. The findings of an optical
image examination after fabrication are given afterwards. Furthermore the deduction from
a performed resistance measurement is discussed. The section is closed by a discussion
of the results of measurement round 4 which are provided with a focus on the resonator
tunability. Finally the question of the presence of longitudinal coupling is addressed and a
theoretical explanation is given.

5.3.1. Sample for measurement round 4

Purpose

After the successful test of the lumped element resonators with Josephson Junction arrays
in measurement round 3 (cf. section , a test of the sample as a whole with a qubit was
fabricated. Therefore the two Josephson junction connecting the island with the Josephson
junction array were added with the electron beam lithography. Recently, before measure-
ment round 4 was started, experiments with qubits were conducted by QUDEV group
members where aluminum instead of niobium is used for the photo lithography step. The
T1 times they extracted where the highest measured up to then. Therefore it was decided
to fabricate sample 4 also completely out of aluminum. The grounded version was chosen
since the galvanic connection of unknown property between the niobium and the aluminum
was no longer a problem.

Description of sample

A rendered image of the resonator arrangement on the chip is shown in Fig. [5.13] Two
resonators with different capacitors, but otherwise identical properties are placed at the two
ends of the chip, rotated by 180° with respect to each other. The capacitances of the finger
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5.3. Measurement round 4

Fig. 5.13.: Rendered image of sample 4.

capacitors are 144 fF /14 fingers (left) and 119 fF/11.7 fingers (right). The right qubit island
(blue) is accessed by a charge-line from below (pale red) and the SQUID loop (orange) can
be tuned through a flux-line accessing from above which is closely terminated to ground.
The capacitors and coupling rates  are identical to those of resonator 3 (left) and 4 (right)
of sample 3b. A closeup of the left side of the chip is depicted in figure [5.14] The white
boxes on the squid loop symbolize the Josephson junctions. The Josephson junction array
was designed to be identical to the last cooldowns with an inductance of 5.8 nH.

The pale green parts are deposited in the same electron beam lithography step as the blue
island. The large green extension in z—direction in the bottom right corner of the sample
is because the +45° deposition angle of the electron beam is in the z—direction and will
thus not make a proper connection over the edge in y—direction of the sapphire substrate
(brown) and the aluminum (grey). The thick bar allows for a possible earlier connection in
y—direction, which reduces the additional inductance from the longer distance to ground.
The coupling of the resonator (red) to the transmission line (green) is the same as for
measurement round 3.

Sample 4 has two resonators with a qubit coupled to them addressable with a flux and a
charge line.

5.3.2. Sample examination after fabrication

The optical image of the left side of sample 4 is shown in Fig. The photo shows
scratches on the aluminum layer deposited in the electron beam lithography step on the
island and the connection part of the SQUID loop to the ground in the lower right corner.
This damage stems from a resistance measurement of the junctions yielding 3.32 k2. Since
the Josephson array is identical to the one used for measurement round 3 with 5.8 nH and
this resistance measurement measured one qubit junction in series with the array and these
two in parallel with the other qubit junction, the resistance of a single qubit junction can
be calculated to be 5.1 k2. This corresponds to an inductance of 5.9 nH. The junction
inductance is so low due to a Junction size correction in the wrong direction. Originally an
inductance of 16.3 nH was planned. Figure [5.16] shows a closeup of Fig. around the
SQUID loop and the flux-line. Fig. depicts the location of the Josephson junctions.
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5. Results and Discussion

Fig. 5.14.: Closeup of the left side of the sample 4.

Table shows the simulation results for the right and the left resonator of sample 4 for
no applied magnetic field of B = 0 V. The simulation included the measurement result of
5.9 nH for the qubit junction inductance.

To conclude, the simulation based on the resistance measurement predicts the resonator
resonance to be at ca. 5.5 GHz and the qubit at ca. 11 GHz.

5.3.3. Results from measurement round 4

A VNA measurement of the sample revealed that the left resonator on the chip was working,
contrary to the right one which showed no identifiable or tunable resonance. This section

Resonator | fresonator (GHz| | fqubit [GHZ]
Left 5.275 11.06
Right 5.594 11.57

Table 5.9.: Resonator and qubit resonance frequencies for B = 0 V of sample 4

Fig. 5.15.: Optical image of the right part of sample 4
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5.3. Measurement round 4

Fig. 5.16.: Closeup of the SQUIDloop with the Josephson junction array and the two qubit junctions of the
right part of sample 4

therefore shows the experimental findings of the left resonator.
Figure [5.17] shows a summary of measurement round 4 as a function of applied magnetic
field. The three different resonances are treated individually below.

Resonator

The resonator showed a SQUID like dependence on the applied magnetic field with a max-
imum frequency of 5.416 GHz, a minimum measurable frequency of 4.299 GHz and a flux
offset of -0.41 flux quanta. Similar to a SQUID the slope of the resonator frequency di-
verged at the resonance frequency minimum. As expected from the previous cooldown, the
resonator showed a red shift for increasing probing powers which is shown in Fig. for

appl. flux [¢/Po]

-1. -0.6 -0.2 0.2 0.6 1.
10 ]
9 - 4
¥ o8l :
9
$ 7F |— resonator ]
£ — qubit
6L I — gf/2 trans. 1
5 _m_

-1. -0.5 0. 0.5 1. 1.5
appl. voltage [V]
Fig. 5.17.: Summary of the frequencies as a function of magnetic field on sample 4. The resonance identified
as the resonator is shown in blue, the qubit resonance in red and the higher order ”gf-half transition” is

depicted in green. The measurement resolution for the resonator is 0.002 V ,0.05 V for the qubit and
ca. 0.2 V for the gf-half transition (cf. Fig. |5.22a)).
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Fig. 5.18.: Resonance frequency and Qins of sample 4.

B = 0 V. The error bars for the resonance frequency fit are larger for low powers due to
the noise and for high powers due to the nonlinear resonance contributions. The internal
quality factor for B = 0 V shows a similar behavior as for measurement round 3 (Fig. [5.18b

in the appendix).

Qubit

The second resonance identified as the ”qubit” and colored red in Fig. [5.17]is the second
degree of freedom, but can not be tuned individually as the figure shows. The periodicity
as a function of magnetic field is equivalent to the periodicity of the resonator and so
is the sweet spot at B = —0.592 V. The maximum frequency lies at 10.468 GHz and
the minimum at 5.843 GHz. The qubit resonance was detected with dispersive resonator
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Fig. 5.19.: Dispersive resonator readout as a function of charge-line frequency at B = —0.592 V. The

resonator was driven with -45 dBm generator power and the charge-line with -50 dBm. The red line is a
two-peak Lorentzian fit.
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Fig. 5.20.: Relative peak height A1/A2 and position as a function of resonator drive power.

readout although it was also observable with resonator spectroscopy if its frequency was
tuned below 8 GHz (inside the observable window of the setup). However the visibility
with the dispersive resonator readout was better. Figure shows the imaginary part
of the complex scattering data of the dispersive resonator readout at the sweet spot. The
sweet spot is at -0.592 V coil voltage, corresponding to -0.41 flux quanta. Fig. shows
that the qubit exhibits a splitting already for -50 dBm charge line and -50 dBm resonator
power which stays constant up to -35 dBm resonator power(Fig. in the appendix). The
right peak which is higher in frequency is called peak 1 and the left peak which is lower
in frequency is called peak 2. Both peaks show the magnetic field dependence of Fig.
and keep a constant splitting.

According to ref. |36] the relative peak height of peak 1 and 2 should change if they originate
from a number state due to photons in the resonator. Figure [5.20a] shows the ratio of the
peak heights A1/A2 as a function of resonator power which fluctuates between 1.6 and 2.2,
but does not decrease with increasing resonator power drive. The peaks are therefore not
from number states in the resonator. The splitting of the Qubit can not be attributed to
an AC Stark shift as ref. [37] suggests in combination with Fig.|5.20bl The peak splitting
stays approximately constant for different resonator drive powers.

Furthermore the attempt to drive Rabi oscillations on the qubit failed. This was expected,
since extracted line width of the qubit from Fig. [5.19is ca. 20 MHz which corresponds to
a coherence time of 1/(2720 MHz) < 10 ns.

gf-half transition
If the charge line drive power is increased, higher order transitions can be driven. Fig.
and Fig. were both measured for -45 dBm resonator drive power. As a comparison
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power.

Fig. 5.21.: Dispersive resonator readout (two tone spectroscopy) as a function of charge-line frequency at
B = —0.592 V. The resonator was driven with -45 dBm generator power. The power at the sample was
-87dBm lower.

of both figures reveals, a split peak is appearing for larger charge line drive power. This
two photon transition which was assigned to the gf-half transition is 118 MHz below the
qubit for B = —0.592 V. This split gf-half transition shows the same dependence on the
magnetic field as the qubit itself which is shown in figure The splitting of the qubit
to the gf-half transition is called the anharmonicity « which is measured as a function of
applied magnetic field and shown in Fig. At the qubit sweet spot « is minimal and
increases symmetrically for both sides of the sweet spot by approximately a factor of two.
Assuming « = E¢, the Josephson energy Ej can be calculated to be 24 — 50 GHz compared
to Ec of 0.27 — 0.41 GHz. According to ref. [6] charge dispersion scales exponentially with
Ej/Ec which leads to dispersion values < 1 KHz. Therefore it can be concluded that the
qubit splitting does not originate from charge dispersion.

The results of measurement round 4 can be summed up as a resonator-qubit system where
the qubit is split and exhibits short lifetimes. But, two photon transitions can be driven
although neither photon number states nor AC Stark shift nor charge dispersion were
observed.

5.3.4. Discussion of the measurement results of round 4

Table [5.10| shows the comparison of the predicted and measured resonance frequencies at
the sweet spot. The resonator frequency differs by 140 MHz while the qubit differs by
590 MHz. This shows that the Josephson junction array for measurement round 4 exhibits
similar properties as for round 3. Measurement round 4 was the first round in the course
of this thesis where qubit Josephson junctions were tested. Therefore no experimental
data is available for direct comparison which manifests itself in the larger deviation of the
prediction.

The resonator frequency dependence on the magnetic field is due to the SQUID loop which
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a function of applied magnetic field. charge line power drive.

Fig. 5.22.: Qubit and gf-half transition frequency and their difference a

fored. [GHZ] | fmeas. [GHz] | Af [MHz]
Resonator 5.275 5.416 141
Qubit 11.060 10.468 592

Table 5.10.: Comparison of predicted (fpreda.) and measured (fmeas.) resonance frequencies for resonator and
qubit for measurement round 4 at B =0 V.

is in parallel with the Josephson junction array. A simple model is given below. The total
inductance determining the resonator frequency is given by

LArray : 2LQubit

Lioy =
vt LArray + 2LQubit

(5.1)

where Laray is the inductance of the Josephson junction array and Lqupit the inductance
of one Josephson junction. At the minimum resonance frequency where Lqupit — 00 the
approximation Liot & LArray holds true. Indeed the results for the Josephson junction array
resonators in table are consistent with the minimum resonance frequency of 4.299 GHz
with a deviation of ca. 150 MHz. A large tunability of the resonator can be avoided by
keeping the ratio Lasay/Lqubit < 1.

Extensive measurements on the qubit have shown that the peak splitting is not explainable
with photon number states of the resonator, nor with an AC Stark shift nor with charge
dispersion. This leads to the conclusion that the splitting is an intrinsic feature of this
qubit. However the gf-half transition for higher charge line powers and its dependence on
the magnetic field together with the behavior of o shows that the qubit resonance is indeed
a higher level system. Furthermore the gf-half transition is robust for all applied magnetic
fields.

The visibility of the qubit with resonator spectroscopy indicates a hybridization of the two
resonances which would partly explain the short qubit lifetime.

47



5. Results and Discussion

Where is the longitudinal coupling?

Since the qubit measurements were all performed with dispersive readout, a strong transver-
sal coupling was present and thus a weak longitudinal one as ref. demonstrates. The
reason why the realization proposed by ref. shows no dominating longitudinal coupling
lies in the way the longitudinal circuit shown in Fig. is embedded into the experimental
environment. The discussion below relies on private communications with Arne L. Grimsmo
et al. [39].

Figure (taken from [39]) shows two different ways of embedding the ideal longitudinal
circuit of Fig. into an experiment. As reference points out the Lagrangian of circuit
a) is given by

C.y 1,
£_2¢r_2L¢r
C h—o\ b — b\
S1 A r T ¥x S2 A r T ¥x
1 (1uBsh) G (5 bg)

. 2 . . 2
+C<0+¢ (I)X+¢51—Va> L G <9—¢r_q)x+g'bl—vb> (5-2)

2 2
+g(q31 )2

+ Ej1cos Ej{: <9+ ¢r_2q> >] + Ejocos [(21) (0— O _2(1)")]

where ¢, = ¢, — ¢}, denotes the resonator degree of freedom and 6 = (¢, + d’b — ¢1)/2 the
qubit degree of freedom. The capacitances Cgi, Cso, Cy and C}, introduce 9¢)r terms which

.
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Fig. 5.23.: Two different ways of connecting the circuit of Fig. [2.I] to an experimental setup, proposed by

ref. .
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5.3. Measurement round 4

to first order is oy (a + a'), a transversal coupling. To cancel this coupling, the relation
Cs1+Cy=Cso+CY (5.3)

has to be fulfilled.
The Lagrangian of circuit b) is obtained by grounding the flux node ¢y, which leads to:

_0'2 1 2
£_2¢r_2L¢r
c be— b\ C be— by )
S1 A r T ¥x S2 ) T T ¥x
+2<”+2> +2<9 2>

C > ¢ o — b ’ >4
a ] < 1 A r T ¥x
+?(¢r_q)x_‘/a) +2<9—+V1>

2

27 Qbr — (I'X 2 (br - q)x
+ Ej1cos [‘I)o (0 + 2)] + Ejoc0s |:CI)O (9 — 2)]

The potential energy terms in Eq. are equivalent to Eq. but the kinetic terms
containing the capacitances Cg1, Cgo and C play a different role. To cancel the transversal
coupling, the condition

Cs1 = Cs2 + Cy (5.5)

needs to be satisfied.

Comparison of the two Lagrangians and application to the experiment

Circuit b) of Fig. corresponds to the experimental setup of measurement round 4
(cf. Figs. which is the lumped element realization of the proposal depicted in Fig.
The capacitance Cgsg is equivalent to the shunt capacitance of ca. 50 {F, Cq; = 7.2 fF
consists of the Josephson junction capacitance including spurious capacitances and C'1 is
the capacitance of the charge line to the island of ca. 1 fF. Thus the condition of Eq.
is clearly not satisfied and the circuit exhibits a strong transversal coupling. Nevertheless
the realized circuit topology is in principle suitable for a strong longitudinal coupling if the
circuit parameters are chosen adequately.

The question of which circuits of Fig. [5.23| is to be preferred can not be answered yet
because there are ongoing discussions. Circuit a) seems to exhibit the disadvantage of not
protecting the qubit against direct decay into the readout line. On the other hand circuit b)
has one degree of freedom less due to the grounding of ¢1,. The influence of the grounding
and the protection of the qubit decay are not yet well understood.

5.3.5. Conclusion
The experiment showed two flux tunable degrees of freedom. They are distinguishable and

can be identified as a resonator and a qubit. The resonator frequency is flux tunable and
matches the predicted values. The qubit is already split for low powers and exhibits a
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5. Results and Discussion

lifetime of < 10 ns, but higher order transitions can be driven. The circuit as a whole
exhibits the expected qualitative behavior such as the resonator-qubit tunability with a
prediction accuracy of ca. 500 MHz. However, the origin of the qubit splitting is unknown.
Furthermore the analysis has shown that the realized circuit exhibits strong transversal
coupling instead of longitudinal. It revealed that the circuit parameters sensitively depend
on the embedding of the circuit into the experiment.
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6.Conclusion and Outlook

6.1. Conclusion

The experimental work underlying this thesis has shown that lumped element resonators
with Josephson junction array inductors can be realized, however with a lower quality fac-
tors than lumped element resonators with meander inductors.

The realization proposal of ref. [25] was fabricated with a lumped element resonator and no
longitudinal coupling was found. Instead a strong transversal coupling was found. The ob-
served properties of the sample could however be qualitatively and quantitatively explained.
Deeper analysis revealed the reason for the lack of longitudinal coupling. The embedding
of the circuit changes the required symmetry conditions for the transversal coupling to be
canceled out.

From the fabrication point of view, a process was developed which allows to produce Joseph-
son junctions of different scales during the same electron beam lithography step.

6.2. Outlook

The next step includes the understanding of different embeddings of the longitudinal circuit
into the experiment and the clarification of the question concerning the protection of the
qubit against decay into the readout line.

In a second step the tunability of the resonator should be reduced by minimizing L Ayray/LQubit
which will be a challenge from the fabrication side since the Josephson junctions will then
further differ in size.

As a side project the low quality factors of lumped element resonators with Josephson
junction array inductors could be improved.
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A.Detailed discussion of measurement round 1 and 2

A.1. Cooldown 1

A.1.1. Sample for measurement round 1 (sample 1)

Purpose

The purpose of sample 1 was to investigate the influence of the floating ground and the
other components of the floating version for five different resonators and to measure @iy of
these resonators with a weak external coupling of 40 KHz. The resonators are arranged on
the chip such that they can be read out as a notch type circuit (cf. ref. [31]) which allows
for the extraction of the external and internal quality factor. A schematic of sample 1 is
shown in Fig. This sample was aimed to be a resonator test and did thus not contain
any qubit junctions.

Description of the sample design

The five resonators shown in Fig. have five different resonance frequencies. The in-
ductance given by the Josephson junction array was kept constant at L = 4.6 nH, while
the capacitance was varied. Figure shows the result of 5 different finger capacitor sim-
ulations with a linear fit. These are the non-renormalized capacitances Cres—fitgnd- The
following table summarizes the simulated results and compares them to experimentally
predetermined values for finger capacitors from [40]. The capacitance simulations were
performed with Maxwell and the resonance frequencies were determined with Microwave
Office based on the model shown in Fig. with the decoupled qubit circuit. According
to the simulations, the properties of the resonators were chosen as shown in table [A71] The
fourth column lists the spurious capacitance Cgpy, of the resonator to ground and the fifth
column the renormalized capacitances Cie, as discussed in section

The coupling of the resonators to the transmission line was realized capacitively with a gap
of 100 um as schematically depicted in Fig. The oscillator damping rate x not only

‘N

Fig. A.1.: Schematic of sample 1. The five resonators are coupled capacitively to the transmission line
(green). No charge and no flux-line were added.
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A.1. Cooldown 1
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Fig. A.2.: Simulated capacitances Cres—fitend as a function of number of capacitor fingers with linear regres-
sion line

Resonator | # fingers | Crer [fF] [40] | Csim [fF] | Cspur [fF] | Cren [fF] | fres [GHz]
1 21 218 201 43 230 4.884
2 17.1 177 163 42 201 5.225
3 14 144 133 42 174 5.614
4 11.7 119 111 38 149 6.063
) 10 101 94 41 135 6.368

Table A.1.: Resonator number (from left to right) with corresponding finger number, reference capacitance
from previous measurements Ci.f, capacitance to floating ground Csim, spurious capacitance to ground
Cspur and renormalized capacitance Cren for Lyes = 4.6 nH and 100 pm coupling capacitor gap size. The
last column shows the expected resonance frequencies for Cien, determined with Microwave Office.

depends on the coupling capacitor Ceoupl, but also on the resonator capacitor. Table
shows an overview of the coupling rate x for different resonator capacitors Cles and coupling
capacitor gap sizes.

k/2m [MHz| for Cies = ... [fF]

Gap [pm] | Ceoupr [fF] | 230 | 201 174 | 149 135
100 0.77 0.019 | 0.025 | 0.034 | 0.046 | 0.056
60 1.44 0.067 | 0.088 | 0.117 | 0.159 | 0.193
50 1.53 0.076 | 0.099 | 0.132 | 0.179 | 0.218
30 1.74 0.098 | 0.128 | 0.170 | 0.231 | 0.281
10 4.34 0.595 | 0.807 | 1.070 | 1.392 | 1.686
5 6.95 1.494 | 1.941 | 2.566 | 3.458 | 4.176

Table A.2.: Different k as a function of capacitor gap size and resonator capacitor.

For table k was determined by fitting a Lorentzian to the simulated response function
of the model shown in Fig. which for the present sample is between r/27m = 19 KHz
and k/2m = 56 KHz.
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A. Detailed discussion of measurement round 1 and 2

100um

Fig. A.3.: Coupling capacitor of sample 1

Peculiarities of the first sample

Since this sample was aimed for a test of the resonance frequencies and Qins of the resonators,
no qubit and thus no charge and flux-line were added. This was realized by not writhing the
two Josephson junctions connecting the junction array with the island. An optical image
of this situation is shown in Fig. (cf. Fig. [3.4). The island is therefore unconnected
and floating.

A.1.2. Sample examination after fabrication

Finger thickness

An antecedent sample examination revealed that all structures written by electron beam
lithography were 1.2 pm thicker in z—direction than expected as shown in Fig. [A’5] This
effect originated from the fact that during the electron beam lithography two layers of
aluminum are deposited with two different angles of £45°. This causes the structures in
one direction to be larger by twice the thickness of the deposited layer which is ca. 600 nm.
The increased finger thickness caused a larger capacitance. Microwave Office simulations
were performed to estimate the new resonance frequencies.

In addition the resistance of one Josephson junction array was measured to be ca. 4.2k

Fig. A.4.: Optical image of the Josephson junction array



A.1. Cooldown 1

Fig. A.5.: Optical image of resonator 1 of sample 1.

which allows one to determine the inductance of 4.9 nH. Table [A.3] shows the modified
capacitances and the expected resonance frequencies. The measurement of the resistance
most likely destroyed one resonator by shorting the resonator capacitor.

Resonator C'res,thick [fF] Lyes [HH] fres
1 306 4.9 4.105
2 260 4.9 4.453
3 223 4.9 4.806
4 195 4.9 5.139
) 175 4.9 5.423

Table A.3.: Resonance frequency expectation stemming from the modified resonator capacitor due to the
thicker fingers and the increased junction array inductance.
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A. Detailed discussion of measurement round 1 and 2

Quality factor
Furthermore the optical examination of Fig. shows that the sample is very dirty which
most likely will lead to a low Qint/QL.

A.1.3. Results and discussion

The resonators themselves were measured in reflection, but the whole chip (cf. e.g. fig|A.1])
was measured in transmission with a vector network analyzer (VNA). The sample was
probed for different VNA output powers in the range of 3.8 —8.5 GHz with an IF bandwidth
of 30 KHz, but no distinct resonances were observed. The measurement setup appeared to
be working, for example the power transition depended on the HEMT power and the signal
shape showed the characteristics of the 4 — 10 GHz bandpass filter.

The phase measurement revealed for small resonances which could not be observed in
amplitude or in the complex plane. The phase fit yielded the parameters shown in table
These four spurious resonances are discussed in more detail in section about cooldown 2
since they were observed there as well.

fros [GHZ] Ql Qc
Resonance 1 4.00649 3000 | 165’000

Resonance 2 4.35020 3900 | 233’000
Resonance 3 4.66444 4000 | 181’000
Resonance 4 4.94789 4700 | 161°000

Table A.4.: Phase fit parameters for the four observed resonances.

The results of measurement round 3 (section [5.2)) suggest that the coupling of the resonators
to the transmission line was overestimated which impeded together with the low sample
quality the observation of the resonances.

A.2. Cooldown 2

A.2.1. Sample for measurement round 2 (sample 2)

Purpose
The purpose of the second sample was identical with the first one described in section
Changes comprised an increase of k for a better resonance visibility and thinned capacitor
fingers.

Description of the sample design

For the second sample the coupling of the resonators to the transmission line was changed.
This was realized through a variation of the coupling capacitor gap size schematically
depicted in Fig. The results shown in table[A-2]lead to the choice displayed in table
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A.2. Cooldown 2

Resonator Nr. | Cies [fF] | Gap [pm] | /27 [KHz] | fres [GHZ]
1 230 30 98 4.874
2 201 10 807 5.179
3 174 30 170 5.597
4 149 10 1392 5.993
5) 135 30 281 6.345

Table A.5.: Resonator number (from left to right as in Fig. [A.1]) and corresponding coupling/gap size and
expected resonance frequency fres for the resonators on the chip for the second cooldown. The different
coupling capacitors lead to slightly different resonance frequencies compared to sample 1.

Thinned capacitor fingers

The analysis of the first sample revealed that all structures written with electron beam
lithography were in x—direction 1.2 pm thicker than expected. A detailed description of
this is found in section To compensate for this effect, the finger thickness of the
finger capacitor was reduced to 1.8 pm.

A.2.2. Sample examination after fabrication

Optical examination of the sample

An optical examination of the second sample shows, that the compensation for the finger
thickness was successful. Figure shows resonator 1 of sample 2. The sample is still not
very clean, but the fingers of the capacitors are regularly spaced. The Josephson junction
array is misaligned with respect to the rest of the structure due to the different writing field
for the Josephson junctions. The island is still not connected as desired and for this reason
it was not compensated for the thickening in x—direction.

Resistance measurement

The Josephson junction arrays for sample 2 were fabricated with exactly the same param-
eters as for the first sample. Therefore the resistance of the junction arrays was expected
to be again 4.2 k) which corresponds to an inductance of 4.9 nH. Table shows the
adjusted expectation for the resonance frequencies of sample 2.

Resonator | Cres | Gap [pm] | k/27 [MHz] | fres [GHz]
1 230 30 98 4.723
2 201 10 807 5.018
3 174 30 170 5.424
4 149 10 1392 5.806
) 135 30 281 6.148

Table A.6.: Adjusted resonance frequency expectation for sample 2 with Lyes = 4.9 nH.
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A. Detailed discussion of measurement round 1 and 2

Fig. A.6.: Optical image of resonator 1 of sample 2.

A.2.3. Results from measurement round 2

Sample 2 was measured in an analogous way to sample 1 in transmission between 3.7
and 8.7 GHz. The amplitude did not reveal any resonances. In the phase quadrature 4
resonances were observed. A phase fit of the notch geometry of Eq. (2.25) yielded the

following parameters shown in table [A.7]

Jres [GHZ] Q1 Qe
Resonance 1 3.969 3121 | 124071
Resonance 2 4.324 2175 | 146408
Resonance 3 4.652 1856 | 164398
Resonance 4 4.964 3249 | 362629

Table A.7.: Fit parameters for sample 2 measurement.
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A.2. Cooldown 2

A.2.4. Discussion

An examination of the fitted resonance frequencies reveals the striking fact that they do
heavily differ from the expected values shown in table but are almost equivalent to the
results of the previous measurement of sample 1.

fres,l [GHZ] fres,2 [GHZ] A12 fres [MHZ]
4.006 3.969 36.6
4.352 4.324 27.8
4.664 4.652 11.8
4.948 4.964 -16.4

Table A.8.: Comparison of the results of the first and second measurement round and their difference.

Sample examination after warm up
A resistance measurement performed on all resonators after the sample was removed from
the cryostat showed resistances of ca. 4.2k € for all junction arrays. The resistance matches
the expected resistance for the desired inductance of the junctions. The images of the
resonators were checked carefully for shorts or irregularities which may have affected the
resonators, but none were found.

A.2.5. Conclusion

With only a small differences same resonances were measured in samples 1 and 2, although
the capacitors of the resonator were changed by a capacitance of ca. 40 fF. This leads to
the conclusion that these resonances are not the designed ones and were just spurious res-
onances. A careful examination of all coplanar waveguide distances on the chip did not
show any coincidence with the observed resonances. Additionally a subsequent dipstick
measurement of the sample showed no resonances which implies that the resonances do
not stem from standing waves in the coplanar waveguide lines of the chip. During mea-
surement round 3 these four resonances were not observed which suggest that they are a
peculiar property of the first two samples, since they could not be observed, neither for the
floating nor for the grounded version. Thus it may be concluded that the occurrence of
these resonances correlates with the non-observability of the resonator resonances. Further
investigations on this topic are needed to fully explain the results.
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B. Supplementary graphs and tables

B.1. Simulations for sample 3a
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Fig. B.1.: Sonnet simulation geometry. Resonator 5 of the floating version of sample 3 is shown.

Res. | C [fF] | L [nH] | fom|GHZ] | frs[GHZ] | 2 [MHZ] | 55 [MHZ] | Af,[MHz]
1 230 4.12 4.932 5.382 15.5 3.7 450
2 201 4.6 4.961 5.203 17.7 4.4 242
3 230 4.6 4.669 4.663 13.9 5.7 -6
4 149 4.12 5.982 6.473 33.8 7.4 491
5} 135 4.6 5.909 5.956 35.9 8.5 47

Table B.1.: Overview of resonator capacitances, inductances, resonance frequencies and coupling rates s
of the 5 resonators implemented on the sample 3a. The resonance frequencies and coupling rates xk were
simulated with Microwave Office (fi,m,kam) and with Sonnet ( fr,s,ks). Resonator 3 is tunable due to the
SQUID array inductor and the table thus displays the aimed sweet spot values.

The two simulations coincide for the resonance frequencies prediction for resonator 3 and
5 and differ by ca. 0.5 GHz for resonators 1 and 4. This deviation can be explained by
an overestimation of the inductance of the meandering line. Indeed reference reports
an error of maximally 12% for the equation they deliver to calculate the inductance. This
would explain ca. 300 MHz of the deviation. The origin of deviation of the two simulations
for resonator 2 could not be elicited. However a deviation of the two types of simulation
is expected since pure lumped element model does not account for geometrical effects in
the microwave regime. However it is striking that the simulations for  differ that much.
The experiment (measurement round 3) described in section shows that the Sonnet
simulations are much closer which again is expected due to neglected geometrical effects of
in Microwave Office.
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B.2. Simulations for sample 3b

B.2. Simulations for sample 3b

Figure [B.2]shows the simulated capacitances of the resonator to ground for 5 different finger
numbers. It is interesting that the capacitances are indeed larger than for the floating ver-
sion shown in Fig. But if the renormalized capacitance (e.g. cf. table is compared
to these results, they do match what is expected (cf. section .

Table shows an overview of the expected resonance frequencies and coupling rates s
based on the finger capacitor capacitance Cgy, and inductors L;,q. The resonance frequen-
cies were simulated once with the lumped element model depicted in Fig. and with
Sonnet based on the actual sample geometry shown in Fig. [5.3] The coupling rates x
were extracted by fitting a Lorentzian to the response function in both cases. As for the
grounded version, the Sonnet simulations were also performed in a notch type geometry (cf.
Fig. |B.1). The Microwave Office and Sonnet simulations deviate by ca. 150 MHz for the
SQUID array inductor type and by ca. 580 MHz for the meander inductor type. An overall
deviation between the two models is expected and the large deviation in case of the me-
ander inductor originates from an overestimate of the inductance of the meander inductor.
Again, as for the floating version, a significant deviation in x is exhibited however smaller.
Interestingly the experiments seems to support the Microwave Office simulation in this case
(cf. section [5.2)).
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Fig. B.2.: Simulated capacitances Cres—gna as a function of number of capacitor fingers with linear regression
line for the grounded version

Res. | L [nH] | C [fF] | fim[GHz] | f.s[GHz] | 5 [MHz] | 55 [MHz] | Af.[MHz]
1 4.12 244 4.893 5.474 4.8 1.8 081
2 4.12 205 5.313 5.899 6.6 2.7 586
3 4.6 174 5.430 5.543 8.1 2.2 113
4 4.6 150 5.816 5.969 10.6 8.7 153
) 4.6 133 6.146 6.318 13.3 1.3 172

Table B.2.: Overview of the grounded version of sample 3 with finger number, capacitance C, inductance
L, simulated resonance frequency f; v and fr s and the coupling rate xas,s where the subscript M denotes
the Microwave Office Simulation and S the Sonnet simulation.
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B. Supplementary graphs and tables

B.3. Supplementary results of measurement round 3
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Fig. B.3.: Phase data and fit of the fourth resonator on the sample 3a with a meander inductor. The data
was taken for B =0 V and -77 dBm sample power.
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Fig. B.4.: Bfield dependence of the loaded quality factors of the resonators on sample 3a
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B.4. Supplementary results of measurement round 4
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Fig. B.5.: Splitting of the qubit resonance for B = 0 V and -32 dBm charge-line power as a function of
resonator drive power
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