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Chapter 1

Introduction

In the last decade, micro- and nanoscale mechanical resonators have gained in importance.

Coupling mechanical degrees of freedom to optical ones allows to measure mechanical

displacement from macroscale gravitational wave detectors [1] along microscale cantilevers

used in scanning probe microscopy [2, 3] to nanoscale mechanical beams coupled to

superconducting µ-wave resonators [4, 5]. Mechanical resonators can also be used for

measuring minuscule forces and masses [6, 7] and are widely used in commercial applications

such as acceleration sensors in smartphones, cars and other every day electronic equipment

(c.f. [8]). The read out mechanisms are different though similar for these systems. Typical

readout schemes for the displacement and the motion of the mechanical system are based

on optical [1] and electrical techniques. In circuit-based nanoscale systems the readout

and therefore the coupling is intrinsically electrical. For microscale systems optical and

electrical variants have been implemented [8, 9]. In circuit-based systems the mechanical

resonator changes either the capacitance or the inductance of the µ-wave circuit which

impacts the eigenfrequency of the electromagnetic resonator and hereby mediates a mutual

interaction between the two [6]. To date, nanoscale mechanical resonators coupled to

superconducting µ-wave resonators are well understood [5, 9–13] and therefore merging

the circuit nano-mechanical system with circuit quantum electro-dynamical systems seems

the logical next step.

In quantum computing the classical bits are replaced with quantum bits (qubits) which

enable that not only two states, as classical ones, but due to being a quantum two-level

system, any superpositions of two eigenstates can be used for computation. This field of

science is called quantum information processing (QIP). QIP is predicted to outperform

[14] classical information processing for tasks like the travelling salesman problem or

database searches. The most known example is Shor's algorithm for factoring integers

[15, 16], other problems are not solvable by classical computation at all, but can be

accessed by quantum simulation [17].

Circuit quantum electrodynamics (QED) uses the photons inside superconducting

transmission lines and resonators to interact with artificial two-level systems or atoms that

act as qubits [18, 19]. Circuit QED combines the advantages of large coupling strengths

[20, 21] and good scalability by established fabrication techniques like optical or electron

1



2 Chapter 1 Introduction

beam lithography [22, 23]. However, the disadvantage of these superconducting qubits is

a much smaller coherence time than the one of e.g. isolated atoms in cavities [24] which

in turn have small coupling strengths. Nevertheless recent advancements show increasing

qubit coherence times [25], especially for so called transmon qubits [19, 26].

Merging the fields of circuit electromechanics and circuit QED offers a set of opportuni-

ties. Among the most imperative is that the combination of a superconducting qubit and

a mechanical resonator has shown a strengthening of the electromechanical coupling of

several orders of magnitude [27, 28]. Combining the large coupling strength of a super-

conducting qubit (acting as a two-level system) with two resonators, a µ-wave electrical

resonator on one side and a nanobeam mechanical resonator at the other, promises access

to new physics via enhanced nonlinearities [29, 30]. Recent experiments demonstrated

such three body interactions as e.g. coherent conversion of qubit excitations to phonons

as sideband Rabi oscillations in the qubit-resonator spectrum [28]. This allows using the

long coherence times of mechanical resonators in combination with the large coupling

strengths of circuit qubits e.g. using the mechanical resonator as storage for the quantum

information.

Theory proposes that by integrating the mechanical nanobeam resonator into the shunt

capacitance of a transmon qubit quantum mechanical three body interactions between

photons, phonons and qubit excitations can be realized [31]. One of the basic predicted

interactions is the ground state cooling of the mechanical resonator. When realized,

quantum states prepared in the qubit can be transferred to the mechanical resonator [32]

and hereby mechanical Fock states can be realized [31].

In current hybrid systems, consisting of a µ-wave resonator, a transmon qubit and a

mechanical resonator [27, 28], only a mechanical resonator which is coupling the transmon

capacitance to the ground plane has been implemented. In this thesis the feasibility

of integrating a mechanical nanobeam resonator into the transmon shunt capacitance

is studied. The fabrication of the individual subsystems has been demonstrated and

optimized at the WMI during the last years [33–35]. But a study investigating the

combination of the circuit QED and nano-electromechanics fabrication steps in one and

the same device has not been pursued so far. This thesis is dedicated to this task and

demonstrates the successful fabrication of a hybrid device containing a transmon qubit,

a nano-mechanical resonator and a µ-wave resonator. Additionally, the characterization

of the individual systems after the changes in fabrication is presented and the feasibility

of uniting the individual systems (transmon qubit, µ-wave resonator and mechanical

nanobeam resonator) on a single chip is discussed.

The structure of this thesis is as follows: First the theoretical background of the

individual subsystems and hybrid systems will be explained in chapter 2. In chapter 3 the

fabrication steps and techniques as well as the sample layouts and measurement devices

are presented. Chapter 4 shows the characterization of a mechanical nanobeam resonator

at room temperature and at millikelvin temperatures. Spectroscopy data of a transmon
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qubit coupled to a µ-wave resonator is presented. Finally the results of this thesis are

summarized in chapter 6 and an outlook on future measurements and progress towards

three body interaction devices is given.





Chapter 2

Theory

In this chapter the mechanical beams, transmon qubits and µ-wave resonators are intro-

duced theoretically. Starting with the tensile stressed aluminum beam used as mechanical

oscillating capacitor, discussing then the transmon qubit acting as a two level system

and finally the µ-wave resonator used for coupling those systems to enable experimental

access.

After these individual components the coupling mechanisms will be investigated. These

are the electromechanical coupling between the nano beam and the µ-wave resonator

and the capacitive coupling between the transmon qubit and the µ-wave resonator. The

theoretical approaches will be motivated briefly and the important relations are shown.

2.1 Tensile stressed nanobeam resonators

This section introduces the nanomechanical beam which will be used as mechanical

oscillator. The focus lies on the intrinsic properties of the nanomechanical beam. The

theoretical equations describing the mechanical vibration will be presented, showing that

it is sufficient to consider the center of mass amplitude motion with an effective mass.

A picture of the mechanical motion will be given, taking into account damping and

driving forces. The derivation and solution of these equations is found in textbooks about

continuous classical mechanics and Euler-Bernoulli beam theory, e.g. [36]. Here only the

main results are highlighted.

2.1.1 Mechanical mode frequencies and displacement

The dynamics of an ideal undamped doubly clamped beam with a length l extending in

z-direction and vibrating in x-direction (see Fig. (2.1)) for the n-th vibrational mode is

given by [10]:

Ω(n)
m = nπ

l

√
σ

ρ
.

Where σ is the tensile stress and ρ is the density. Due to the high tensile stress, and

the high aspect ratio between length and cross-section of the beam it can be considered

5
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Figure 2.1: Schematic picture of the nanobeam used in this thesis. Only the aluminum beam is shown,

with characterizing structural parameters.

one dimensional for this calculations. The simplification of only considering the center of

mass motion is sufficient to describe the behaviour of the beams amplitude, however to

accurately describe further important parameters like the energy it has to be considered

more thoroughly which parts of the beam's mass contribute to the center of mass motion.

To do this an effective mass is introduced, this effective mass depends on the structural

layout and boundary conditions of the beam. For a highly tensile stressed beam the

effective mass is given by [37] meff = 1
2m with m = ρAl. With the density of aluminium

ρAl = 2700 kg
m3 [38] the effective mass of a beam with length 50µm used in this thesis is

about 1.8× 10−15 kg = 1.8 pg.

2.1.2 Resonance frequency and dissipation

To describe the nanomechanical beam in a more realistic way after introducing the effective

mass also damping has to be added to the ideal harmonic resonator. The damping force

in harmonic oscillators is proportional to the velocity with a damping constant Γm [3]. In

the equation of motion also a force driving the oscillator F (t) is taken into account [33]:

ẍ(t) + Γmẋ(t) + Ω2
mx(t) = F (t)/meff.

Here Ωm is the resonance frequency of the first vibrational mode of the nanomechanical

beam. The mechanical damping rate Γm can be understood as the energy dissipation rate

of the mechanical oscillator and can have various sources. The damping rate is the sum

of all damping contributions Γm = ∑
i Γi which have been studied in literature [39, 40].

The most important damping channels for typical tensile stressed beams are dissipation

into the clamps holding the beam [39] and intrinsic losses due to the coupling of acoustic
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excitations to two level systems inside the material (material defects) [40].

In an experiment the the mechanical resonator is always connected to a substrate of

some kind, therefore the displacement spectral density of mechanical fluctuations of the

vibrational mode in contact with a thermal bath at temperature T and high mechanical

occupation n̄m = kBT/~Ωm � 1 has to be considered because it describes the actual

physical system. To do this the mode temperature of an oscillations is defined. The

fluctuation dissipation theore [41] allows to approximate the spectral density [33, 42]:

Sxx(Ω) ≈ 1
2meff

· 2ΓmkBT

(Ω2 − Ω2
m)2 + Γ2

mΩ2

with the Boltzmann constant kB. For high Q resonators this can be simplified to a

Lorentzian [33]:

Sxx(Ω) ≈ kBT

2meffΩ2
m

· Γm

(Ω− Ωm) +
(

Γm

2

)2 . (2.1)

Often the factor Γm

(Ω−Ωm)+(Γm
2 )2 The mean square amplitude of the mechanical resonator

can be calculated from this mechanical displacement spectrum [33]:

〈δx2〉 =
∫ ∞

0

dΩ
2π Sxx ≈

kBT

meffΩ2
m

(2.2)

and thus a temperature can be assigned to the mechanical mode:

Tm = meffΩ2
m

kB

〈δx2〉. (2.3)

For the undisturbed mechanical resonator this temperature is the bath(fridge)-temperature

Tm = Tfridge.

2.2 Superconducting coplanar waveguide µ-wave

resonators

This part is dedicated to the superconducting coplanar wave-guide µ-wave resonator used

as coupling and readout element in this thesis. The use of superconducting materials such

as aluminum allows for realizing devices with negligible Ohmic losses and permits high

quality factors. In this thesis the µ-wave resonators will be coupled to superconducting

transmon qubits as well as to nanomechanical oscillators inparticular for the readout

of their states. Two types of resonators were used, for the investigation of the coupling

between nanomechanical beam, λ/4 wavelength coplanar wave guide (CPW) µ-wave

resonators were employed, for the coupling to the transmon qubit and for coupling to

both devices (qubit and nanobeam) λ/2 wavelength µ-wave resonators were utilized. Both
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behave the same way from a physics point of view. The λ/2 wavelength resonator has the

advantage of being shorter, and it is read out by coupling it to a transmission line.

L C

Cext
Sin Sout

L C

Sin Sout

Cext Cext

a) b)

Figure 2.2: Equivalent circuit diagrams for λ/4 and λ/2 wavelength µ-wave resonators. The resonator is

represented by a LC equivalent circuit respectively. The λ/4 wavelength resonator is coupled

to a feedline by a capacitance Cex(a). The λ/2 wavelength resonator is coupled to µ-wave

ports by two capacitances Cex (b).

Characteristics of a coplanar wave guide µ-wave resonator

Coplanar waveguides consist of a center conductor separated from ground planes by a gap

as schematically shown in Fig. (3.2,f)). Due to the structure consisting of a thin metal

layer the impedance is defined by the dielectric parameters of the substrate and the ratio

between the width of the central conductor and the width of the gaps to the ground

planes. This enables impedance matching the CPW structures to external µ-wave cables.

The resonance frequency of such a µ-wave resonator is given by ωr = 1/
√
LC [43]. The

overall inductance L and overall capacitance C are proportional to the length l of the

CPW structure [44] and thus can be designed accordingly.

The voltage transmission spectrum of a CPW µ-wave resonator, coupled to a microwave

transmission line as shown in Fig. (2.2,a)), corresponds to the one of an absorptive harmonic

oscillator is given by [45]:

T (ω) =
∣∣∣∣∣1− κext,r/2

κges,r/2 + i(ω − ωr)

∣∣∣∣∣
2

=
∣∣∣∣∣κint,r/2 + i(ω − ωr)
κges,r/2 + i(ω − ωr)

∣∣∣∣∣
2

with internal and internal loss rates κint,r + κext,r = κges,r. For a λ/2 resonator, coupled to

an input and output microwave line as shown in Fig. (2.2,b)), the transmission spectrum

is given by [33]:

T (ω) =
∣∣∣∣∣ κext,r/2
κges,r/2 + i(ω − ωr)

∣∣∣∣∣
2
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The external loss is mainly dictated by the layout of the coupling capacitance between

transmission line and µ-wave resonator, whereas the internal loss dominantly depends

on radiation leakage to the environment and absorption, thus it depends on the inter-

face between µ-wave resonator and the quality of the coplanar waveguide structure the

resonator consist of, there dissipation to two level systems (TLS) is the most influential

powerdependent loss mechanism, coupling to quasi particles and radiation and dielectric

losses are power independent and scale with the temperature [46]. The loss rates allow

to define a quality factor Q comparing the energy stored in the resonator to the energy

dissipated per period, mathematically given as:

Q = ωr

Γr

(2.4)

The ratio between internal and external loss rate η = κext,r

κint,r
allows to distinguish between an

undercoupled resonator (η < 1/2) where the internal loss rate dominates, an overcoupled

resonator (η > 1/2) where the external loss rate dominates and the critically coupled case

η = 1/2 where the losses are in balance.

2.3 Electromechanical coupling between a

nanomechanical beam and a superconducting

µ-wave resonator

To experimentally investigate the nanomechanical beam at mK temperatures, it is coupled

capacitively to a µ-wave resonator. In this section, the physical origin of this coupling

and its effect on the µ-wave resonator is discussed.

The nanomechanical beam integrated into the centerline of the µ-wave resonator and the

groundplane of the resonator act as a capacitor with capacitance Cg,m. This capacitance os-

cillates, as the mechanical beam vibrates, around its equilibrium position Cg,m(0) ≡ Cg,m,0.

As depicted in the equivalent circuit diagram in Fig. (2.3), this capacitance is connected

parallel to the overall capacitance of the µ-wave resonator. For small displacements the

resonance frequency of the µ-wave resonator with coupled nanobeam is given as:

ωr(x) = 2π
4
√
L(C + Cg,m(x))

≈ ωr

(
1− Cg,m(x)

2C

)
. (2.5)

Here, the coupling capacitance to the transmission line Cext is assumed to be small

compared to the overall capacitance and therefore neglected. The same holds for the beam

capacitance Cg,m � C. With this the electromechanical coupling can be estimated to [5]:

Gm = −∂ωr

∂x
= ωr

2C
∂Cg,m

∂x
= 2Zω2

r

2π
∂Cg,m

∂x
,
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with Z =
√
L/C. With this, an estimation of the coupling is possible for known values

of the impedance Z = 50 Ω and resonance frequency ωr. To compare different systems it

L C Cgm

x(t)

Figure 2.3: Equivalent circuit diagram of the electromechanical system. The LC oscillator depicting the

µ-wave resonator is connected parallel to a vibrating capacitance Cg,m (green).

is advantageous to define the electromechanical vacuum coupling gm,0 = Gm/xzpf, where

xzpf =
√
~/2meffΩm is the square amplitude of the mechanical zero point fluctuation. The

vacuum coupling allows comparison of different systems.

2.3.1 Electromechanical interaction

Classically the mutual coupling between optical and mechanical degrees of freedom can be

described as counteracting forces. The microwave mode changes the mechanical oscillator

with a force similar to the radiation pressure. The mechanical mode further influences

the resonator by the means of a back-action force by changing the resonators resonance

frequency. To describe the physics of a system consisting of an µ-wave resonator and a

mechanical mode, the following set of equations of motion is used. these equations are

written in a rotating frame with frequency ωd, the frequency used to drive the resonator

[47]:

ȧ = (i(∆−Gmx(t)− κges,r/2)a(t) +
√
κext,r

2 s̄in(t),

ẍ(t) + Γmẋ(t) + Ω2
mx(t) = −~Gm

|a(t)|2

meff

.

(2.6)

Here κges,r and κext,r are the total and external loss rates of the µ-wave resonator. Ωm

and Γm are the resonance frequency and linewidth of the mechanical motion and meff is

the effective mass of the nanobeam. Gm = (∂Cg,m/∂x) 2Zω2
r /2π is the electromechanical

coupling. s̄in(t) is the mean drive amplitude.

These coupled equations describe a driven optical resonator, parametrically coupled to a

mechanical displacement and a mechanical harmonic oscillator coupled to the photons

inside the optical cavity. Here a(t) is the field amplitude normalised to the photon flux

in the optical resonator |a(t)|2 = nr(t). The detuning is defined as ∆ = ωd − ωr. The

solution of the system of equations (2.6) can be decomposed in a static and a dynamic

part: a(t) = ā+δa(t) and x(t) = x̄+δx. The static solution for a constant drive amplitude
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s̄in, is given by [33]:

ā =

√
κext,r/2

−i(∆−Gmx̄) s̄in

x̄ = − ~Gmā
2

meffΩ2
m

.

(2.7)

Substituting Eq. (2.7) into Eq. (2.6) and transferring the resulting, linearised system of

equations to the frequency domain leads to the dynamic solutions [33]:

δa(Ω) = −iGmā

−i(∆ + Ω) + κges,r/2
δx(Ω)

δa∗(Ω) = +iGmā

+i(∆− Ω) + κges,r/2
δx(Ω)

(2.8)

which correspond to the Stokes and anti-Stokes sideband for a non-zero displacement

δx(Ω) rotating at the frequency Ω. Since the mechanical amplitude is maximal at the

resonance frequency Ω = Ωm, the sidebands are centered around ωr ± Ωm. An other way

to describe this is by considering the Stokes and anti-Stokes scattering processes shown in

Fig. (2.4,a). By defining rates A+ and A− for the Stokes/anti-Stokes scattering events, it

is possible to get values for annihilated(A−) and created (A+) phonons in the mechanical

beam dependent on the detuning of the drive tone [48]:

A± =
g2

m,0n̄rκges,r

(∆∓ Ω)2 + (κges,r/2)2 . (2.9)

From this it is possible to calculate the change in linewidth and resonance frequency of the

nanomechanical resonator due to detuned drive fields [33],[49]. Here the natural linewidth

and resonance frequency are modified and effective values are given by [33]:

Γm,eff ≈ Γm + 2g2
m,0n̄r

(
κges,r/2

(∆ + Ωm)2 + (κges,r/2)2 −
κges,r/2

(∆− Ωm)2 + (κges,r/2)2

)

andΩm,eff ≈ Ωm + g2
m,0n̄r

(
∆ + Ωm

(∆ + Ωm)2 + (κges,r/2)2 + ∆− Ωm

(∆− Ωm)2 + (κges,r/2)2

)
.

(2.10)

Up to now, the classical perspective has been discussed, which is well satisfied for small

coupling rates and large side-band driving fields. Next, a quantum mechanical picture will

be considered. To describe the interaction between a µ-wave resonator and a mechanical

oscillator the corresponding Hamiltonian introduced by Law [50] is used:

Ĥ = ~ωr

(
n̂r + 1

2

)
+ ~Ωm

(
n̂r + 1

2

)
+ ~Gmn̂rx̂+ Ĥd. (2.11)
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Here n̂r = â†â and n̂m = b̂†b̂ = 1
2

[
meffΩm

~
x̂2 + p̂2

meffΩm~

]
are the intra-resonator (photon) and

mechanical (phonon) excitation number operators. Creation (annihilation) operators are

given by â† (â) and b̂† (b̂) respectively. The operator x̂ = xzpf(b̂† + b̂) is the mechanical

displacement operator and p̂ the corresponding mechanical momentum. The external drive

field is represented by:

Ĥd = i~

√
κext,r

2
(
s̄inâ

†e−iωdt − s̄inâe
+iωdt

)
.

The drive amplitude s̄in is normalised to the phonon flux resulting from the drive fields

intensity |s̄in|2 = Pd/~ωd. The interaction Hamiltonian is given by Ĥint = ~Gmn̂rx̂ [33]. A

factorised and linearised interaction Hamiltonian can be derived [33],[4, 51]:

Ĥint = ~gm,0ā(δâb̂+ δâ†b̂†) + ~gm,0ā(δâb̂† + δâ†b̂) (2.12)

Here ā is the static part of the drive field amplitude given in Eq. (2.7), δâ and δâ† are

the quantum mechanic analogon to the classical dynamic solutions shown in Eq. (2.8).

The first term of Eq. (2.12) enables joint excitations of both degrees of freedom. In the

∆ > 0 regime (blue detuned drive tone) this term dominates. The second part of Eq. (2.12)

describes the transfer of excitations and is dominant in the red detuned regime ∆ < 0. For

the zero detuning case ∆ = 0 a drive tone has the same contributions of both terms, this

leads to a quantum non-demolition (QND) interaction Hamiltonian [52], schematically

shown in Fig. (2.4). Here the mechanical mode can be probed without being disturbed by

the measurement (see Eq. (2.10) for ∆ = 0) and the natural mechanical parameters can

be extracted, experimentally this is done in sec. (4.1.4).

2.3.2 Transfer function

The mechanical motion of the nanobeam is, as shown in Eq. (2.5), changes the resonance

frequency ωr of the µ-wave resonator dependent on the mechanical displacement x. The

mechanical displacement spectrum is thus connected to the resonance frequency spectrum

of the µ-wave resonator [33]:

Sωω = G2
mSxx ≈ g2

m,0

kBT

~Ωm

· Γm

(Ω− Ωm)2 +
(

Γm

2

)2

Here Sωω describes µ-wave resonator's resonance frequency fluctuations and Sxx (see

Eq. (2.1)) is the mechanical displacement spectrum. Integrating over the frequency fluctu-

ation spectrum gives:

〈δω2
r 〉 =

∫ ∞
0

2Sωω(Ω)dΩ
2π = 1

2Sωω(Ωm)Γm = 2g2
m,0n̄m, (2.13)
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Γm~ Hz Γm~ Hz

Stokes anti-Stokes
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ω

T

|nr,nm-1〉

|nr,nm+1〉

|nr,nm〉

|nr+1,nm+1〉|nr+1,nm〉|nr+1,nm-1〉
Ωm Γr

 drive tone
ωd=ωrωd+Ωm

ωd-Ωm

ωr

a)

b)

Figure 2.4: Schematic picture showing the correlations of a drive tone at zero detuning and the Stokes

and anti-Stokes fields. a) By applying a strong drive tone at the resonator resonance frequency

the Stokes(red) and anti-Stokes(blue) fields build up in the respective sidebands (∓Ωm),

characteristic values for the parameters are given. The x-axis is not linear. b)The same

effect as in a) is shown in a level scheme. Along the y-axis the number of µ-wave resonator

excitations increases. The x-axis shows changes in the phonon occupation of the mechanical

oscillator. By applying a strong drive tone at ωr Stokes (red) and anti-Stokes (blue) scattering

processes up(down)-convert the drive field by coupling to mechanical phonons. Both processes

have the same probability, the mechanical resonator is undisturbed.

with the mean phonon number in the mechanical resonator n̄m = kBT/~Ωm. In experiment

however the power spectral density SPP is typically recorded by a spectrum analyser, not

the resonance frequency fluctuations. Therefore a transfer function K(Ω) has to be found

to transduce the spectra [53]:

SPP(Ω) = K(Ω)
Ω2 Sωω(Ω) ≈ K(Ω)

Ω2
m

Sωω(Ω). (2.14)
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This transfer function is determined experimentally by frequency noise calibration [53] in

Sec. (4.1.4), and with a known transfer function equation (2.13) can be rewritten to:

g2
m,0 = 1

4ΓmS
meas
PP

Ω2
m

K(Ω) . (2.15)

2.3.3 EMIT & EMIA

In this section the theoretical background for electromechanically induced transparency

(EMIT) and electromechanically induced absorption (EMIA) will be given. Staring with

the Hamiltonian for the coupled system of µ-wave resonator and mechanical nanobeam

given in Eq. (2.11) the system is discussed. To observe the interference effect EMIT a

strong drive tone on the red sideband ∆ = ωd − ωr = Ωm is injected into the system.

In addition a second weaker probe tone is used to scan the µ-wave resonator frequency

ωp ' ωd + Ω schematically shown in Fig. (2.5). If this difference frequency matches the

mechanical resonance frequency Ω = Ωm the interference of anti-Stokes photons at the

frequency ωd + Ωm with the probe tone lead's to the generation of a transmission window

around ωd + Ωm. The linewidth of this transmission window is given by the effective

mechanical linewidth Γm,eff. Stokes and anti-Stokes fields (shown in Fig.(2.5,b)) are induced

at ωd ± Ωm around the driving tone. The Stokes line at ωd − Ωm is strongly suppressed

in this case due to the system being in the resolved sideband regime Ωm > κges,r, which

implies it is off resonant with the µ-wave resonator. The anti-Stokes line ωd + Ωm ' ωr

however is enhanced because of an increase in anti-Stokes scattering events Eq. (2.9). The

EMIT effect can be visualized by the level scheme shown in Fig. (2.5,a). In this scheme

electromechanical states are shown as simplified product states |nr,nm〉 characterized

by nr resonator excitations (photons) and nm mechanical excitations (phonons). A pure

resonator excitation is depicted by a vertical arrow. By optimal red detuning the drive

tone ωd = ωr − Ωm the photon number is increased while decreasing the phonon number,

this is represented with a (blue) diagonal arrow. The photons from the drive field are

upconverted by consuming a mechanical phonon and scatter into the anti-Stokes line

ωd + Ωm matching the resonance frequency of the probe tone closely. Now the upconverted

drive field interferes with the probe field. Depending on the relative powers of the probe

and drive field the interference can lead to a partial or complete extinction of the probe

field inside the µ-wave resonator. This is detected as enhanced resonator transmission in

experiments (see Sec. (4.1.5)).

The EMIA effect is observed in the case of blue detuning the drive tone optimal

(∆ = ωd − ωr = +Ωm). This leads to similar interference effects as the EMIT with some

differences. Similarly to EMIT, also for EMIA a strong drive tone at ωd = ωr + Ωm is send

to the resonator while it is probed with a weaker probe tone at ωp = Ω− ωd. Contrary

to EMIT here the anti-Stokes is suppressed and the Stokes field is enhanced and similar

to EMIA the downconverted drive field and the probe field interfere. This results in a
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|nr+1,nm〉

|nr+1,nm-1〉

Ωm

 drive ωd+Ωm
ωd-Ωm
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anti-Stokes

Figure 2.5: Schematic picture showing the coherences of a drive tone at optimal red detuning and the

Stokes and anti-Stokes fields. b) By applying a strong drivetone at optimal red detuning

ωd = ωr − Ωm the Stokes(red) and anti-Stokes(blue) fields build up. The Stokes field is

strongly suppressed because it is far detuned from the resonator, the anti-Stokes field is at the

resonator frequency and thus enhanced. a) The same effect as in a) is shown in a level scheme.

Along the y-axis the number of µ-wave resonator excitations increases. The x-axis shows

changes in the phonon occupation of the mechanical oscillator. By applying a strong drive

tone at ωr − Ωm Stokes (red) and anti-Stokes (blue) scattering processes up(down)-convert

the drive field by coupling to mechanical phonons. The anti-Stokes is enhanced and the Stokes

suppressed, a nonequilibrium between the processes leads to phonon reduction inside the

mechanical oscillator.

partially or complete extinction of the probe field outside the µ-wave resonator. The

interference between the now downconverted drive field and the probe field is constructive

instead of destructive. In experiment this is observed as an enhanced absorption (see

Sec. (4.1.5)). Also, due to the decreasing linewidth, the usable frequency window decreases

for higher drive powers opposite to what happens in the case of EMIT (Eq. (2.10)).

The power transmission for such a system in the resolved sideband regime is given similarly

to the undisturbed µ-wave resonator but now with modulations due to the coupling to

the mechanical motion as [33]:

T =

∣∣∣∣∣∣∣1−
κext,r/2

−i (∆ + Ω) + κges,r/2 + g2
m,0n̄r

−(Ω+Ωm)−Γm/2

∣∣∣∣∣∣∣
2

. (2.16)

For optimal detuning (∆ = −Ωm and Ω = Ωm) this simplifies to:

T =
∣∣∣∣∣1− (κext,r/κges,r)− C

1− C

∣∣∣∣∣
2

. (2.17)
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Here C = 4g2
m,0n̄r/κges,rΓm is the cooperativity defined in Eq. (2.10) simplified for optimal

detuning:

Γm,eff = Γm + 4g2
m,0n̄r/κges,r = Γm(1 + C).

a) b)

|nr,nm-1〉
|nr,nm+1〉

|nr,nm〉

|nr+1,nm+1〉|nr+1,nm〉|nr+1,nm-1〉 Ωm

 d
riv

e

ωd+Ωm ωd-Ωm

Stokes anti-Stokes

driveprobe

ωc

Ωm Ωm

ωd

Figure 2.6: Schematic picture showing the coherences of a drive tone at optimal blue detuning and the

Stokes and anti-Stokes fields. b) By applying a strong drive-tone at optimal blue detuning

ωd = ωr + Ωm the Stokes(red) and anti-Stokes(blue) fields build up. The anti-Stokes field is

strongly suppressed because it is far detuned from the resonator, the Stokes field is at the

resonator frequency and thus enhanced. a) The same effect as in b) is shown in a level scheme.

Along the y-axis the number of µ-wave resonator excitations increases. The x-axis shows

changes in the phonon occupation of the mechanical oscillator. By applying a strong drive

tone at ωr + Ωm Stokes (red) and anti-Stokes (blue) scattering processes up(down)-convert

the drive field by coupling to mechanical phonons. The Stokes is enhanced and the anti-Stokes

suppressed, a nonequilibrium between the processes leads to a phonon increase inside the

mechanical oscillator.

2.4 Josephson physics

The transmon qubit investigated in this thesis consist of a dc SQUID (superconducting

quantum interference device) which is shunted by an additional capacitor, sketched in

Fig. (3.5,b)). Because the understanding of the transmon qubit depends strongly on the

understanding of the dc SQUID and hence the physics of Josephson junctions, this section

contains a short introduction to these two systems. Afterwards the transmon qubit itself

is discussed.

2.4.1 Josephson junctions

A Josephson junction is defined as a tunnel junction of superconducting materials, sep-

arated by a thin insulating barrier [54–56]. The materials used for Josephson junctions
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in this work are aluminium as superconductor and aluminiumoxide as insulating barrier.

In quantum mechanics the tunnelling through the insulating barrier is possible due to

the finite overlap of the wave functions of the superconductors on both sides of the

insulating layer. The coupling of the condensate states on either side of the junction was

first described by Brian D. Josephson in 1962 [54]:

I = Ic sinϕ (2.18)

dϕ

dt
= 2πV

Φ0
. (2.19)

Here Ic is the critical current of the junction and ϕ = Θs,2 −Θs,1 is the phase difference

between the macroscopic wave functions in the superconductors on either side of the

junction. φ0 is the magnetic flux quantum. I and V describe the phase dependent current

and voltage in the system. The next step is to derive the Josephson inductance by inserting

the time derivative of Eq. (2.18) into Eq. (2.19)1:

LJ = V

(
dI

dt

)−1

= Φ0

2πIc cosϕ = LJ0
1

cosϕ,

where LJ0 = Φ0/2πIc has been defined. Thus, the inductance of a Josephson junction is

nonlinearly dependent on ϕ, wgich is of fundamental importance for building nonlinear

oscillators, e.g. transmon qubits.

The energy stored in the Josephson inductance is the Josephson coupling energy [56]:

EJ(ϕ) = EJ0(1− cos(ϕ)) (2.20)

with the maximal Josephson coupling energy EJ0 = Φ0Ic/2π. The energy stored in the

junction (EJ) is usually regarded as a potential energy because it depends on the junction

variable ϕ. The other energy present is dependent on ϕ̇ and is therefore treated as a

kinetic energy related to the capacitance of the junction. The two superconductors on

either side of the insulating barrier can be imagined as two capacitor plates. The junction

capacitance CJ and a corresponding energy stored in the electric field of the junction is

given as:

Efield = 1
2CJV

2 = 1
2CJ

(
Φ0

2π

)2

ϕ̇2.

The characteristic scale for this energy is the charge energy needed to move one elementary

charge between the capacitor plates:

EC = e2

2CJ

1L = V · (dI/dt)−1 ; dI/dt = d(Ic sinϕ)dt = Ic cosϕdϕ/dt; V = (dϕ/dt) (Φ0/2π)
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The overall energy of the system is the sum of Josephson coupling energy and the electric

field energy:

E = Efield + EJ = 1
2CJ

(
Φ0

2π

)2

ϕ̇2 + EJ0(1− cos(ϕ)) (2.21)

In this form the junction Hamiltonian can be identified equivalent to the Hamiltonian of

a phase particle with a position ϕ and an effective mass mϕ = CJ(Φ0/2π)2.

2.4.2 dc SQUID

In the section above it is shown that the energy of a Josephson junction is dependent on the

phase difference ϕ between the two superconductors forming the junction. In experiment

it is desirable to be able to tune this junction in situ [57]. This is possible by manipulating

the phase difference externally. This is done by interrupting a superconducting loop with

two Josephson junctions, this device is known as a direct current superconducting quantum

interference device (dc-SQUID). Due to fluxoid quantisation the phase drop across the

closed superconducting ring depends on the flux Φ threading the loop. By using SQUID

loops with small areas and small critical currents a regime is chosen were the externally

applied flux dominates over the self induced flux due to circulating currents. The phase

difference across a Josephson junction depends on the phases of the macroscopic wave

functions in the superconductors on each side and the potential wall due to the isolating

barrier. This phase difference ϕi is assumed to be equal both Josephson junctions. The

phase differences of the two junctions are coupled by the applied external flux and the

overall phase quantisation simplifies using Kirchhoffs equations to [3]:

ϕ1 − ϕ2 = 2πΦ
Φ0

,

the difference between the individual phase quantisations. For an ideal equal Josephson

junction also Ic,1 = Ic,2 = Ic is assumed and the current-phase relation of the dc-SQUID

simplifies to [3]:

IS = I1 + I2 = 2Ic

∣∣∣∣∣cos
(
π

Φ
Φ0

)∣∣∣∣∣ .
Here, IS is the current in the SQUID loop consisting of the currents across the Josephson

junctions 1 and 2 with I1 and I2, respectively. This is similar to the current phase relation of

a single Josephson junction and indeed the dc-SQUID behaves like a flux tunable Josephson

junction. Its energy-phase relation is therefore given by Eq. (2.20) when replacing Ic by IS.

2.4.3 Transmon qubit

The transmission line shunted plasma oscillation (transmon) qubit consists of a dc-SQUID

shunted by a large capacitance CS as depicted in Fig. (2.7). With this the Hamiltonian of
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EJ

CS

Figure 2.7: Equivalent circuit diagram of a transmon qubit. The transmon is described by an LC oscillator

with a nonlinear inductance introduced by a SQUID loop with two Josephson junctions.

the qubit is similar to the one of the Josephson junction (Eq. (2.21)):

HT = 1
2CΣ

(
Φ0

2π

)2

ϕ̇2 + EJ0(1− cos(ϕ)) (2.22)

with the modified capacitance CΣ = CS +CJ. In Eq. (2.22) it is possible to identify a phase

particle mass mphis = CΣ
(

Φ0
2π

)2
in a cosine potential. The momentum of this particle is

defined as pϕ = CΣ
(

Φ0
2π

)2
ϕ̇. With this, ϕ and pϕ are conjugate variables. The large shunt

capacitance effectively confines the phase particle to one specific minimum of the cosine

function. This is possible by reducing the characteristic kinetic energy EC, which depends

inversely on the capacitance, relative to the characteristic potential energy EJ0 which

depends on the critical current of the single junctions. the tunneling across the walls of

the potential wells scales with exp
(
−
√
EJ/EC

)
, this implies only small deviations from

zero for the phase ϕ if EJ � EC. These requirements are fulfilled for the transmon used in

this thesis (EJ/EC ≈ 75 Sec. 4.2.3). Therefore the cosine potential can be approximated

by the terms of its Taylor expansion up to fourth order and the Hamiltonian simplified to:

HT = 1
2mϕp

2
ϕ + 1

2EJ0ϕ
2 − EJ0

ϕ4

24 +O(ϕ6). (2.23)

Neglecting the O(ϕ4) and O(ϕ)6 terms in Eq. (2.23), the transition frequency can be

calculated [19]:

ωp = 1
~

√
8EJ0EC, (2.24)

which is equivalent to the plasma frequency of a single junction. Due to the dc-SQUID in

the transmon qubit, EJ0 depends on the external magnetic flux penetrating the SQUID

loop and is therefore tunable. By quantising the variables in Eq. (2.23) according to [35]:

ϕ̂ = 1√
2

(8EC

EJ0

)1/4
(ĉ+ ĉ†) , p̂ϕ = i

~√
2

(
EJ0

8EC

)1/4
(ĉ− ĉ†), (2.25)
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the Hamiltonian of the transmon resembles the one of a quantised duffing oscillator [35]:

HT = ~ωp

(
ĉ†ĉ+ 1

2

)
− EC

12 (ĉ+ ĉ†)4.

From this the energy levels of the qubit can be computed to [35]:

Ek = ~ωp(k + 1
2)− EC

4 (2k2 + 2k + 1)

where k denotes the qubit state (0 = |g〉 ,1 = |e〉 ...), as well as the corresponding transition

frequencies between neighbouring levels [35]:

ωk,k+1 = (Ek+1 − Ek)/~ = ωp − EC/~(k + 1).

2.4.4 Two level approximation of the transmon qubit

It is possible to treat a transmon qubit as an effective two level system if the anharmonicity

between the two lowest levels α = ω12 − ω01 = −EC/~ is much larger than the linewidth

of the qubit. This is true for the transmon used in this thesis (see Sec. (4.2)). In this case

the qubit can be described similar to an artificial atom or spin 1/2 particle. The two levels

chosen as eigenstates are the ground state |g〉 and the first excited state |e〉 of the qubit.

Using this, the qubit Hamiltonian of Eq. (2.23) can be rewritten as [58]:

HT =
∑
m=g,e

Em |m〉 〈m| =
∑
m=g,e

Emσ̂mm.

By defining the qubit frequency ωq = (Ee − Eg)/~, normalizing the energy and the Pauli

matrix identities σ̂gg + σ̂ee = I2 and σ̂z = σ̂gg − σ̂ee = |g〉 〈g| − |e〉 〈e| the Hamiltonian

simplifies to that of an isolated spin 1/2 term:

HT = 1
2~ωqσ̂z. (2.26)

This simple form of Eq. (2.26) allows describing the physics of the transmon qubit coupled

to a µ-wave resonator intuitively in terms of quantum electrodynamics.

2.5 Coupling between a transmon qubit and a

superconducting µ-wave resonator

2.5.1 Jaynes-Cummings model

By integrating a transmon qubit into a µ-wave resonator an interaction between a

photonic light field and a two level system is achieved. The dynamics of this system are
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Figure 2.8: Circuit equivalent for the transmon qubit coupled to a µ-wave resonator. The harmonic

(µ-wave) and nonlinear (transmon) LC oscillators are coupled by a gate capacitance Cgq.

usually described by the Jaynes-Cummings model. The coupling between the two can be

understood by considering the transmon as an anharmonic LC-oscillator which can be

driven by an AC electric field. This is enhanced by placing the qubit close to a voltage

antinode of the µ-wave resonator, where the qubit can couple capacitively. The transmon

and the resonator are coupled by an effective gate capacitance Cg,q also shown in the

equivalent circuit diagram in Fig. (2.8). With the Eq. (2.25) and (2.26) the coupling term

can be written to [35]:

Ĥint = Cg,q

√
~ωr

2Cr

~Φ2π√
2CΣ,gΦ0

(
EJ0

8EC

)2
(â− â†)(σ̂− − σ̂+).

By using ~ωq =
√

8EJ0EC and transforming the Hamiltonian is simplified to [35]:

Ĥint = ~ √ωrωq
Cg,q√
CrCΣ,g︸                   ︷︷                   ︸

gq

(â− â†)(σ̂− − σ̂+). (2.27)

Here gq is the capacitive coupling constant. Equation (2.27) describes the general dipole

interaction Hamiltonian for coupling a microwave field and a two level system. For a more

intuitive view the coupling is often written as [35]:

gq = 2eVrms√
2~

β
(
EJ0

8EC

)1/4
,

with e the electron charge, Vrms =
√
~ωr/(2Cr) the root mean square value of the resonator

voltage and β = Cg,q/CΣ the ratio of gate and transmon capacitance. The full Hamiltonian

of the system is given as [35]:

Ĥ = ~ωr

(
â†â+ 1

2

)
+ ~2ωqσ̂z + ~gq(â− â†)(σ̂− − σ̂+).
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Here the first two terms describe the µ-wave resonator and qubit energies, the third

term represents the interaction between qubit and resonator, allowing photon exchanges

between them. The mixed terms like âσ̂− and â†σ̂+ can be eliminated by using a rotating

wave approximation. These terms are fast rotating (ωq + ωr) compared to the interaction

rate gq and are averaged out over one interaction period 1/gq. With this the result is the

Jaynes-Cummings-Hamiltonian [59]:

Ĥ = ~ωr

(
â†â+ 1

2

)
+ ~2ωqσ̂z − ~gq(σ̂+â+ σ̂−â†).

Here only a coherent exchange of photons is possible. Because of this interaction the

qubit states (|g〉 and |e〉) and µ-wave resonator states (|n〉) are no longer eigenstates of

the Hamiltonian (2.5.1). The states mix to new eigenstates depending on the detuning

∆ = ωq − ωr [60]:

|n,−〉 = cos(θn) |n,g〉 − sin(θn) |n− 1,e〉
|n,+〉 = sin(θn) |n,g〉+ cos(θn) |n− 1,e〉

θn = 1
2 arctan

(
2gq

√
n

∆

) (2.28)

2.5.2 Resonant regime

The case of ∆� gq is called the resonant regime of the Jaynes-Cummings-Hamiltonian.

Here the transition energies of the transmon qubit and the µ-wave resonator are matched

and excitations can be exchanged. The eigenstates (Eq. (2.28)) form doublets, which depict

symmetric and antisymmetric superpositions of the states:

|±,n〉 = |n+ 1,g〉 ± |n,e〉√
2

.

For n = 0 this corresponds to a single photon being exchanged coherently at the vacuum

Rabi frequency 2g, the energy levels are shown in Fig. (2.9). In experiment avoided

crossings in the flux dependent spectrum of qubit and resonator are expected due to

the formation of Jaynes-Cummings doublets. Due to interaction the doublets have an

energy splitting of 2gq

√
n. The qubit and the resonator exchange a photon with a rate of

2gq

√
n/2π, this is usually called vacuum Rabi oscillation. Because the qubit frequency is

tunable for a transmon qubit the resonant regime can be reached by tuning the external

magnetic flux. This is experimentally shown in Sec. (4.2.1).

2.5.3 Dispersive regime

By tuning the transmon qubit far from the resonator ∆� gq the dispersive regime of the

Jaynes-Cummings-Hamiltonian is reached. The energy difference is much larger than the
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Figure 2.9: Level schema of the Jaynes-Cummings ladder in the resonant(a) and dispersive(b) regime. a)

The transmon qubit and µ-wave resonator transition frequencies match, due to the strong

coupling the degeneracy of the states is lifted by 2gq

√
n+ 1, the resulting dressed states are

observed as avoided crossings in measurements. b) In the dispersive regime of the Jaynes-

Cummings-Hamiltonian no direct excitation exchanges between the respective eigenstates

are possible, however they are still shifted due to the presence of the respective other system.

interaction energies and the eigenstates are nearly undisturbed resonator and qubit-like

excitations. This suppresses the photon exchange strongly. Here, the Jaynes-Cummings-

Hamiltonian can be expanded in gq/∆ and approximated in first order [60]:

Ĥ = ~
[
ωr +

g2
q

∆σ̂z

] (
â†â+ 1

2

)
+ ~2ωqσ̂z.

Thus, if the transmon qubit is in its excited state, the resonators eigenfrequency shifts by

2g2
q/∆ [35]. This is known as ac-Stark shift [61].





Chapter 3

Sample Fabrication and Experimental

Techniques

3.1 Sample Fabrication

The fabrication of a hybrid sample with a transmon qubit and a nanomechanical beam

coupled to one and only one micro-wave (µ-wave) resonator is, even though the fabrication

of the individual parts is established and optimized at the WMI for several years, not a

simple endeavor. Combining and altering fabrication steps up to the point of the feasibility

of hybrid samples were a big part of this thesis.

The strategy to achieve this is as following: In a first step the single fabrication steps

necessary for each individual part (transmon qubit, nanomechanical beam and µ-wave

resonator) were investigated and possible interferences with the fabrication or existence

of other parts searched. After identifying such steps, a main task was to change this

fabrication step in a way that it would not interfere with the other systems any-more, but

nevertheless perform the task it was designated. If a possible solution was found, it was

tested experimentally. The final fabrication sequence and the methods used are described

in this chapter. Furthermore, the used sample layouts and the experimental setups are

presented.

3.1.1 Fabrication

The fabrication of all samples startswith a cleaned 6 × 10 mm2 highly resistive silicon

chip shown in Fig. (3.1,a)). In a first step the sample is coated with negative resist, see

Fig. (3.2,b)). The desired design is written into the resist using a NanoBeam Limited

nB5 Electron Beam Lithography System (e-Lithography) Fig. (3.2,c)). After exposure

the resist was developed, see Fig. (3.2,d)). Using electron-beam evaporation (EVAP) a

100 nm aluminum film was deposited on the sample with orthogonal incidence to the

sample surface as displayed in Fig. (3.2,e)). After a lift-off process, the sample consists of

a aluminum µ-wave resonator and a nanomechanical beam surrounded by an Al ground

plane Fig. (3.2,f)) and Fig. (3.1,b)). The nanomechanical beam is integrated into the

25
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Silicon

Aluminum

a)

b)

d)

f )

c)

e)

g)

Figure 3.1: Overview of the fabrication sequence. a) Cleaned silicon substrate. b) Substrate with added

µ-wave resonator and pocket for the transmon. c) Close up of nanobeam integrated into the

µ-wave resonator. d) Substrate with µ-wave resonator, nanobeam and included transmon

qubit. e) Close up of the transmon qubit in its pocket next to the resonator. f) Finished

sample with released mechanical beam. g) Close up of the released nanobeam. The steps

are divided into three parts: Patterning of the µ-wave resonator and nanobeam (red frame),

Adding the transmon qubit (blue frame) and releasing the nanobeam (green frame).

µ-wave resonator on one end Fig. (3.1,c)), at the other end, a pocket is patterned in the

ground plane. This is were the transmon qubit will be added later. The sample is annealed

to generate a tensile stress in the aluminum thinfilm. For exact fabrication sequences

and further information about used methods and devices please see the Appendix A. In

the second step a transmon qubit was added to the sample. To this end, the sample was

coated with a double layer of positive resist with different sensitivities to electron exposure

shown in Fig. (3.3,b)). Next the transmon qubit is patterned using ebeam lithography,

Fig. (3.3,c)). After development Fig. (3.3 ,d),e) and f)), the upper resist layer is used as a

mask for the evaporation whereas the lower resist layer has a higher sensitivity and acts as

a spacer between mask and substrate. This spacing is needed for the shadow-evaporation

process. In this process the sample is tilted during a first aluminum EVAP step to project

the resist pattern onto the substrate (Fig. (3.3,g))). After an insulating aluminumoxide

layer has been grown by exposure to oxygen Fig. (3.3,h)), a second layer of aluminum is
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a) b) c)

d) f )e)

Silicon Negative resist Aluminum

Figure 3.2: Schematic picture of the electron beam lithography and evaporation sequence used to

fabricate the µ-wave resonator and nanobeam. a) Cleaned silicon substrate. b) Substrate

coated with negative resist. c) Exposure to the electron beam for patterning µ-wave resonator

and nanobeam. d) Substrate with developed resist. e) Evaporation of aluminum on top of the

substrate and resist. f) Finished aluminum µ-wave resonator and nanobeam after lift-off.

deposited via EVAP, this time however tilted by the opposite angle Fig. (3.3,i)). With this

technique localized sandwich structures of aluminum, aluminum-oxide and aluminum are

patterned Fig. (3.3,j)), which form the Josephson Junctions within the transmon qubit

Fig. (3.1,d),e)). In the final step the nanomechanical beam has to be released. For this

the sample is coated with a single layer of positive resist to define an etching window

by e-Litho. After development, the silicon substrate below the nanomechanical beam

is removed via reactive ion etching (RIE) in a Oxford Instruments Plasmalab 80 Plus.

Next, the electron beam resist is removed using critical point drying (CPD) to avoid the

destruction of the nanomechanical beam due to capillary forces during the evaporation of

the solvent.

3.1.2 Yield improvements for nanomechanical beams

For the final layout, as proposed theoretically, only one nanomechanical beam on each

sample is planned. At the beginning of this thesis project the fabrication process of those

only had a yield of about 50% for the proposed layout. This is attributed to capillary forces

during the last resist removal step, as mentioned before. This fabrication step becomes

especially problematic, when the gap between nanomechanical beam and groundplane is

small. Initially, when trying to combine the nanobeam fabrication steps with the one for

transmon qubits the yield dropped to 18% − 30% if the structuring of the transmon was

done last. When the nanomechanical beam is released in the last step the yield is 50%
as before. As this impracticable, different methods to increase the beam yield were tried.

The biggest impact was achieved by using a CPD process for the final drying. By this

the yield for the used layouts, was improved to > 80% and thus in the range where single

nanobeam samples become in reach. If the CPD process would be done automated, unlike
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oxygen exposure

Josephson Junction
Silicon

Aluminum

Positive resist

Positive resist
         (sensitive)

d) e) f )

g) h) i)

a) b) c)

j)

Figure 3.3: Schematic picture of the shadow-evaporation sequence used to pattern the transmon qubit

including Josephson Junctions. a) Cleaned silicon substrate. b) Substrate coated with a double

layer of positive resist with different sensitivity (low sensitivity above high sensitivity).

c) Exposure to the electron beam for patterning. d) Substrate with developed resist. e) Change

of perspective, the view on the substrate is turned by 90◦ to allow better understanding of the

process of structuring Josephson Junctions. f) Substrate with resist bridge. g) Evaporation of

aluminum at an angle of 17◦. h) Oxidation of the Al film surface. i) Evaporation of aluminum

at an opposite angle of (−17◦). j) Finished aluminum structure with embedded JJ after

lift-off.

the manual process used for these samples App. (A.2.2), a further yield improvement is

likely.

3.2 Layout and Simulation

Within the scope of this thesis, different sample layouts have been realized. First, samples

for understanding and measuring nanomechanical beams were fabricated and the impact

of changes in different fabrication steps was determined. As a second line of approach

samples for understanding and measuring transmon qubits were fabricated and their

compatibility with the methods used for fabricating nanomechanical beams were tested.

Finally samples with both, nanomechanical resonators and a transmon qubit on one and

only one chip were fabricated. In this section a presentation of the used samples will be
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given and layout choices will be commented.

3.2.1 Sample layout #1 (µ-wave resonator & nanobeam)

The first sample layout to be discussed is the one designed for measuring and understanding

the fabrication processes of mechanical beams integrated in a superconducting coplanar

wave-guide µ-wave resonator. It consists of eight λ/4µ-wave resonators capacitively coupled

10 μm

2 μm

c)

a)

b)

200 μm

1 mm

Figure 3.4: Graphic of the sample layout for layout # samples with different magnifications. a) Pattern of

the whole sample chip with λ/4 wavelengthµ-wave resonators coupled to a central transmission

line. b) Micrograph of a single µ-wave resonator (colored in red) with embedded mechanical

resonator. c) SEM pictures of the nanomechanical beam(colored in green),as whole (upper

picture) and a tilted close up of the clamping area (lower picture).

to a central transmission line shown in Fig. (3.4 ,a)). The transmission line is designed

to match the impedance Z0 = 50 Ω of standard µ-wave cables. The µ-wave resonators

are positioned alternating on either side of the transmission line and have different

eigenfrequencies ωr ranging from 6− 8 GHz Fig. (3.4,a)). Into six of them, nanomechanical

beams are embedded. The µ-wave resonators are coupled to the transmission line on one

end, and shorted to the ground on the other Fig. (3.4,b)). Embedded into the resonator

on one end, close to the voltage-antinode, is a nanomechanical beam, see Fig. (3.4,c)). The

nanomechanical beam length varies between 40 − 60µm on the sample. Depending on

the beamlength the width of the beam varies between 100− 150 nm as does the gap to
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the ground plane, from 100− 120 nm. The height of the nanomechanical beam is100 nm,

defined by the thickness of the evaporated Al layer. The lower SEM picture in Fig. (3.4,c))

shows that the beam is under-etched by at least double of its own height and can move

freely.

This sample layout was used to measure the nanomechanical beam at room temperature

as well as at mK temperatures in a dilution refrigerator.

3.2.2 Sample layout #2 (transmon qubit & µ-wave resonator)

This sample type was designed for measuring transmon qubits and understanding their

fabrication process. The transmon-layout is composed of a λ/2µ-wave resonator capac-

400 nm

80 µm

c)

b)

1 mma)

Figure 3.5: Graphic of the sample layout # 2 with different magnifications. a) Pattern of the whole

sample chip with transmon coupled to λ/2µ-wave resonator and separate µ-wave antenna

leading to the transmon. b) Micrograph of the a transmon qubit (colored in blue). c) SEM

picture of a JJ embedded in the transmon.

itively coupled to a µ-wave input and output line, as illustrated in Fig. (3.5,a)). The

resonator and input/output lines are designed to match 50 Ω µ-wave cables. On one end

of the µ-wave resonator a transmon qubit is coupled to the resonator capacitively by

placing its capacitor plates parallel to the resonator. The transmon qubit Fig. (3.5,b))

consists of two capacitor plates forming a interdigital capacitor. The capacitor plates are

shunted by a loop containing two Josephson Junctions Fig. (3.5,c)), the junction area is
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200× 400µm2 each. The distance between the capacitor planes and their width define the

charging energy EC of the transmon qubit whereas the length of the capacitor planes and

the distance between the transmon qubit and the resonator determine the coupling g/π

between the two of them. The area of the Josephson Junctions is essential for their critical

current IC and therefore for the Josephson Energy EJ of the qubit. Various values for

design parameters where investigated with CST Studio Suite (App. (A.3)) to determine

the different impact on physical properties like EC and g.
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3.2.3 Sample layout #3 (µ-wave resonator & transmon qubit &

nanobeam)

This sample layout was used to fabricate a device with a transmon qubit and a nanome-

chanical resonator coupled to one and the same µ-wave resonator Fig. (3.6,a)). For a

proof of principle, a transmon qubit Fig. (3.6,b)) and a nanomechanical beam Fig. (3.6,c))

are located on opposite ends of the λ/2 resonator. The transmon qubit has the same

layout as the one used in layout # 2 to enable direct comparison of the samples. Two

nanomechanical beams with lengths of 50µm and 60µm are embedded into the µ-wave

resonator. This also allows direct comparison to the beam samples which have the same

beam lengths.

80 µm
b)

c) 1 μm

10 μm

1 mma)

Figure 3.6: Graphic of the sample layout # 3 at different magnifications. a) Pattern of the whole sam-

ple chip with transmon and mechanical beam coupled to the same λ/2µ-wave resonator.

b) Micrograph of a the transmon qubit (colored in blue). c) SEM pictures of the the nanome-

chanical beam as whole (upper picture) and tilted close up of the clamping area (lower

picture).

3.3 Setups

In this section the experimental setups and their wiring will be introduced. This includes

the room temperature optical interferometer and the two used dilution refrigerators
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TritonTM and Kermit.

3.3.1 Optical Interferometer

HeNe laser
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Figure 3.7: Schematic picture of the optical interferometer used for room temperature measurements of

the mechanical beams. The sample is located in a vacuum chamber. Mechanical motion is

excited by a piezoactuator, on to which the sample is mounted. To monitor the motion of the

nanobeam, the laser spot is focused on the sample and the reflected laser light is detected

with a photodiode. Optical access to the sample is given by a white light source and a CCD

camera.

To characterize the nanomechanical beams at room temperature an optical interferometer

is used. This has the advantage of fast measurements to quickly check if the beams are

working and determine their eigenfrequencies.The optical interferometer Fig. (3.7) consists

of a vacuum chamber integrated in an optical table because the air would damp the

mechanical oscillation. A laser beam is guided from its source to the sample by different

mirrors, beam splitters and polarizing plates. This allows to decouple the laser beam

entering the vacuum chamber from the one exiting it after being reflected from the sample.

The reflected laser beam is guided to a detector.

The main components are a polarizing beam splitter to enable the readout via detector

and the objective that focuses the beam onto the sample. To position and move the

sample relative to the laser beam a piezo-stage is used, this also allows for changes in the

focal length between sample and objective.The correct positioning of the sample can be
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observed via a CCD camera supported by a white light source. A filter wheel the laser

and path allows control of the intensity on the sample, while a notch filter in the white

light path is used to avoid damage of the CCD camera by the laser beam. A piezoactuator

mounted below the sample can excite it mechanically via a µ-wave signal.

3.3.2 Triton dilution fridge

40 K

4 K

1.2 K

50 mK

MW-in MW-out

6 d
B

10
 d

B

6 d
B

6 d
B

6 d
B

50
 Ω

D.U.T.
-20 dB

Figure 3.8: Schematic picture of the Oxford Instruments TritonTM fridge with µ-wave paths and devices.

The sample is mounted at the mixing chamber stage, which is operated at temperatures

between 40− 400 mK.

One of the used dilution refrigerators is a Oxford Instruments TritonTM fridge (Triton)

Fig. (3.8). It is a dry dilution fridge and its used at temperatures from 40 mK to 400 mK.

The µ-wave input signal is attenuated at each temperature stage to suppress thermal

noise. Together with losses in the µ-wave cables, the total attenuation along the input line

is about 55dB (See Sec. (4.1.5)). On the outgoing path three circulators and a DC-block

reduce the backscattering of noise photons. A bandpass filter and a cold high-electron-

mobility-transistor (HEMT) amplifier at the 4 K stage are used to amplify the signal by

28 dB to the output port. Within the thesis this fridge is referred to as ”Fridge #1 ”.
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Figure 3.9: Schematic picture of the Kermit fridge with µ-wave paths and devices. The sample is mounted

at the mixing chamber ( ≈ 40 mK).

3.3.3 Kermit dilution fridge

The other used dilution refrigerator is the home-made fridge called Kermit, which is

schematically shown in Fig. (3.9). This is a LHe pre-cooled dilution fridge, with a base

temperature of about 40 mK. On the input µ-wave path 70 dB of attenuation are inte-

grated, the µ-wave cables generate another 15 dB of attenuation. On the output path two

circulators reduce backscattering of photons and a HEMT amplifier amplifies the signal

by 28 dB. In addition to the µ-wave paths a DC line leads to the sample stage, where it is

connected to a superconducting coil attached to the sample box. This allows to apply an

external magnetic field to the sample. To reduce field noise from the environment, the

whole sample stage is shielded by an aluminum cylinder. Within the thesis this fridge is

referred to as ”Fridge #2 ”
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Experimental results

This chapter discusses the experimental findings of this thesis. The measurements study

the different samples with the layouts introduced in Sec. (3.2). At first characterization

measurements of the mechanical nanobeam and the µ-wave resonator are shown. The

nanobeam was characterized at room temperature with optical interferometry (Sec. (4.1.1)),

for this the samples nBAl1.1 and nBSi3.3 were used. The µ-wave resonator was character-

ized inside fridge # 1 with microwave spectroscopy (Sec. (4.1.2)), here the sample nBSi3.7

was used. The same sample was also used to investigate the coupled nanobeam/µ-wave

resonator hybrid system, this will be discussed in Sec. (4.1.3). The last part of this chapter

is dedicated to the measurements on the transmon qubit coupled to a µ-wave resonator. In

this section, the transmon qubit was characterized using transmon spectroscopy techniques.

The sample was measured three times with intermediate fabrication process steps, this

was done to investigate the impact of specific fabrication processes on the transmon qubit,

here only one sample, nbSiAl2.4, was used.

4.1 Sample layout #1 (µ-wave resonator &

nanomechanical beam )

Before measurements on hybrid devices were performed, the isolated constituents were

characterized. The mechanical beam can be investigated at room temperatures, without

it being coupled to a µ-wave resonator. The µ-wave resonator, which is measured at

mK temperatures is characterized using a measurement scheme, where the impact of the

nanobeam can be neglected.

Room temperature optical interferometry is a quick method to check the functionality

if a mechanical nanobeam resonator and to determine its resonance frequency Ωm. This

allows to predict Ωm at low temperatures .

Pre-Characterization of the µ-wave resonator is necessary to identify its core parameters

like its resonance frequency ωr, the linewidth κges,r, and the drive amplitude when it

becomes non-linear. These parameters are necessary for certain calibrations used later on.

Here fore, also the internal and external loss rates (κext,r,κint,r) have to be known.

37
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After the pre-characterization, the coupled nanomechanical beam and µ-wave resonator

system was investigated at mK temperatures. Within the section concerning the mea-

surements performed in the millikelvin temperature range, the nanobeam's mechanical

resonance frequency Ωm and linewidth Γm as well as the electromechanical vacuum cou-

pling gm,0 between nanomechanical beam and µ-wave resonator are investigated.

In the last part of this section, the effects of electromechanically induced transparency

(EMIT) and electromechanically induced absorption (EMIT) generated by coupling mecha-

nisms between a detuned drive tone and a weak probe tone mediated by electromechanical

coupling to the nanobeam are studied.

4.1.1 Characterisation of the nanomechanical beam at room

temperature

The parameters characterising the nanomechanical beam are known from fabrication and

literature. The length l can be measured by SEM microscopy and the density for the

used aluminium ρAl = 2700 kg
m3 [38] is also known. According to Sec. (2.1.2), the resonance

frequency of the fundamental vibrational mode of a tensile stressed nanomechanical beam

is given by:

Ωm = π

l

√
σAl,eff

ρAl

. (4.1)

The one parameter to be determined is the tensile stress σAl,eff in the nanomechanical beam.

The latter depends on the deposition and the annealing steps during the fabrication. Thus

if σAl,eff can be determined and demonstrated to be constant for the chosen fabrication

parameters, nanomechanical beams with specific Ωm can be designed and built. Goal of the

measurements presented in this section is to determine the mechanical resonance frequency

at room temperature and calculate the tensile stress in the nanomechanical beam. Further

the Q-factor, as defined in Eq. (2.4), of a nanomechanical beam will be determined at

room temperature. It directly depends on the tensile stress, because higher tensile stress

results in a higher resonance frequency and smaller linewidth for an unchanged beam

length and thus gives a possibility to increase the Q-factor. High tensile stresses of the

nanomechanical beam result in a higher electromechanical vacuum coupling to the µ-wave

resonator gm,0 Sec. (4.1.4). This is due to the fact, that with higher Q-factors, it is possible

to increase the beam length and still remain within the resolved sideband regime. The

longer the mechanical beam the bigger the beam capacitance Cg,m and respectively the

impact on the electromagnetic µ-wave resonator and thus the electromechanical vacuum

coupling gm,0.
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Setup

To characterize the nanomechanical beam at room temperatures the optical interferometer

described in Sec. (3.3.1) is used. The piezoactuator on which the sample is mounted is

driven by a RF (radio frequency) signal from a vector network analyzer (VNA). The

photodiode, detecting the reflected laser light, is read out by the same VNA.

During the measurements the VNA sweeps the drive tone frequency applied to the

piezoactuator while monitoring the intensity of the laser light via the optical detector. If

the eigenfrequency Ωm is resonant with the drive frequency, the motion of the nanobeam

will be excited resulting in the modulation of the reflected laser light (again Ωm). This is

caused by interfering parts of the laser beam. One part of the laser beam is, due to its

diameter, reflected by the substrate surrounding the mechanical beam, the other part is

reflected by the mechanical beam itself. When not in resonance, the mechanical beam

moves with the same frequency and amplitude like the whole sample, because it is driven

by the piezoactuator. If Ωm is met by the drive frequency applied to the piezoactuator,

the motional amplitude of the nanomechanical beam will change and thus the laser light

reflected as it will have a different pathlength than the part of the laser light reflected

by the substrate. The laser light of both paths combines and interferes. The change in

intensity caused by this interference is observed via the detector. With this technique,

both, the in-plane and the out-of-plane movement of the nanomechanical beam can be

detected, however the out-of-plane motion is easier to detect because its modulation

amplitude is larger.

Measurements

In the experiment data like Fig. (4.1,a)) is acquired. Both mechanical modes are visible

and for a beamlength of l1 = 60µm shown in Fig. (4.1). From the measurements presented

in Fig. (4.1,b),c)) the resonance frequencies and linewidths of the mechanical resonance

are extracted by a Lorentzian fit:

T =
[
iA+ Γm

i (ω − Ωm) + Γm

2

]
×B + C.

The out-of-plane motion has a resonance frequency of Ωm,oop = 1.59 MHz. The in plane

motion has a higher frequency due to geometric reasons Ωm,ip = 1.62 MHz. A second

measured beam with a length of l2 = 36µm shows resonance at Ωm,oop = 2.87 MHz

and Ωm,ip = 2.95 MHz. Both beams have been fabricated the same way, thus the tensile

stress should be equal. Using Eq. (4.1) the tensile stress for the out-of-plane motion is

σAl,eff,oop = (105±8) MPa. For the in plane motion σAl,eff,oop = (110±8) MPa is calculated.

The measured linewidths are Γm = 1900 Hz for the out-of-plane mode and Γm = 656 Hz

for the in-plane mode. The discrepancy between the two values can be accounted to
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Figure 4.1: Data acquired by interferometric measurements of a nanomechanical beam. a) Spectrum

showing in plane (green frame) and out of plane (red frame) motion of the nanobeam. b)

Zoom to the out-of-plane vibrational mode (red frame) and Lorentzian fit (red line). c)

In-plane vibrational mode of the nanobeam (green frame) and Lorentzian fit (red line). All

measurements were made with an drive tone amplitude of −8 dBm at the VNA output and a

measurement bandwidth of 1 Hz.

asymmetries in the beams cross-section, these are not considered in Eq. (4.1) but can be

explained by more explicit formulas [36, 62]. Because of this and because of the fact that

in later cold measurements mainly the in-plane motion will be important the quality factor

of the nanomechanical beam is calculated with the linewidth and resonance frequency of

the in plane mode. The quality factor is calculated as Q = Ωm

Γm
≈ 2500.

These values (Q ≈ 2500 and σAl,eff,oop = (105 ± 8) MPa) are small compared to other

material systems like pre-stressed silicone nitride beams, which are known to have tensile

stresses of 830 MPa and quality factors of Q ≈ 160.000 at room temperature [63] for

comparable beam lengths. Double layer systems which combine pre-stressed silicon nitride

with an aluminium layer show a quality factor of Q ≈ 13.000 [34], in this particular

system the tensile stress in the aluminium was calculated as σAl = (306 MPa [34]. This

shows that the tensile stress inside the aluminum can be increased by using double layer

systems, however this uses more complex fabrication techniques, as not only the mechanical



4.1 Sample layout #1 (µ-wave resonator & nanomechanical beam ) 41

nanobeam is concerned within this thesis but also adding a superconducting qubit to the

system. Enhancing the tensile stress via a double layer system is therefore not considered

as it would lead to further complications with the fabrication of the superconducting

qubit. Nevertheless the ratio Ωm/Γr ≥ 2 and thus well in the resolved-sideband regime,

not considering that the tensile stress is even larger at low temperatures.

4.1.2 Characterisation of the superconducting µ-wave resonator

The goal of this section is to characterize the µ-wave resonator. The basic properties of a

µ-wave resonator are its resonance frequency ωr and its linewidth κges,r = κint,r + κext,r

which depends on the internal and external photon loss rates gammaresint and Γr,ext,

respectively. With the loss rates known it is possible to calculate the quality factor Q

(Eq. (2.4)) of the µ-wave resonator which allows comparison between resonators with

different resonance frequencies. Similar to the quality factor Q also internal (Qint) and

external quality factor (Qext) can be defined. An important parameter used to quantify

the relation between the different loss rates is ηr = Γr,ext

Γr,int
. The optimal value is ηr = 1/2,

here the µ-wave resonator is critically coupled and the highest contrast in measurements

is achieved.

Setup

The measurements on the λ/4µ-wave resonator are performed in fridge # 1 Sec. (3.3.2).

For the single tone measurements the setup consist of a VNA (Rohde& Schwarz ZVB8 )

which is connected to the in and output lines of the fridge. A schematic picture of the setup

is shown in Fig. (4.2). The frequency (ω) send to the sample is varied over a frequency

interval and the transmitted amplitude is monitored by the same VNA. If the probe

frequency is resonant with the eigenfrequency of the µ-wave resonator frequency (ωp = ωr)

the transmission through the central transmission line decreases because the signal is

coupled into the µ-wave resonator and partially dissipated to the ground plane (Eq. 2.2)).

For this the ratio between external and internal loss rate is important, as it describes

which parts of the signal are dissipated to the environment and the transmission line

respectively.

Measurements

Experimentally obtained data is shown in Fig. (4.3) for different probe-tone powers Pd.

This was done to investigate the power dependence of resonance frequency (ωr) and

linewidth (Γr). The data in Fig. (App. B.2) shows the power dependence of the resonance

frequency. For a probe power between −20 dBm and −60 dBm the resonance frequency

remains constant within the accuracy of the measurement. For lower probe powers the

signal to noise ratio decreases and for higher probe powers Fig. (App. B.3) shows that
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Figure 4.2: Schematic picture of the measurement setup for single tone measurements. The VNA output

port is connected with the input line of the fridge and the output line of the fridge is connected

to the input port of the VNA. The fridge schema shown here is simplified for exact internal

fridge paths and setup please see Sec. (3.3.2).

the linewidth is increased. Therefore, the parameters are extracted at a probe power of

−20 dBm. Deng et al. [64] showed that the data obtained by a transmission measurement

with the setup used can be described by:

T =

∣∣∣∣∣∣
1 + 2i(ω−ωr)

κint,r

1 + κext,r

κint,r
+ 2i(ω−ωr)

κint,r
+ iωr

Aκint,r

∣∣∣∣∣∣
2

Here A is a parameter used to characterize the asymmetry of the transmission with

respect to the resonance frequency, this asymmetry can be explained by impedance

mismatches along the transmission line or at the connectors. The fit gives the values

ωr/2π = 6.1578 GHz and a linewidth of Γr/2π = 925 MHz consisting of an internal loss

rate Γr,int/2π = 674 MHz and and external loss rate of Γr,ext/2π = 251 MHz. The quality

factor is Q = 6655.
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Figure 4.3: In this graph the single tone measurement is plotted for different probe powers for sample

layout # 1. The measurements show that the signal to noise ration decreases for lower probe

power, the eigenfrequency of the resonator ωr and its linewidth Γr however do not change

significantly. The data is normalized to the undisturbed transmission through the probed

transmission line.

4.1.3 The coupled nanomechanical beam/µ-wave resonator system

In this part, the measurements of the nanomechanical beam coupled to the superconducting

µ-wave resonator are discussed. The goal of these measurements is to characterize the

nanomechanical beam at millikelvin temperatures and to investigate the interactions

between the nanomechanical beam and the µ-wave resonator. In the first section the

relevant parameters of the nanomechanical beam are determined with a homodyne

detection setup. These are the mechanical resonance frequency Ωm and linewidth Γm.

Further, the electromechanical vacuum coupling gm,0, between the nanomechanical beam

and the µ-wave resonator is extracted.

In the second part, two tone spectroscopy will be used to access an other class of

physical phenomena such as electromechanically induced transparency (EMIT) and the

electromechanically induced absorption (EMIA). All measurements in this part were

conducted using fridge # 1.

4.1.4 Determination of the electromechanical vacuum coupling gm,0

In this section a homodyne detection setup is used to determine the mechanical resonance

frequency Ωm and the undisturbed natural linewidth Γm of the nanobeam. The elec-

tromechanical vacuum coupling gm,0 is determined by spectral analysis of the mechanical

displacement spectrum.

Setup

To determine the resonance frequency and natural linewidth of the nanomechanical beam,

the µ-wave resonator is driven at its resonance frequency or zero detuning ∆ = 0, while

measuring the sidebands of the mechanical motion of the nanobeam using a homodyne

setup. This allows to observe the Brownian motion of the nanobeam without it being
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actively driven or suppressed by the interaction with the µ-wave resonator (Sec. (2.3.1)).

The setup is shown schematically in Fig. (4.4). It consist of a Rohde&Schwarz SMF 100A

µ-wave source (SMF) which provides the microwave signal. This signal is split up into

a measurement and reference signal. The measurement signal is fed into the microwave

input line of the fridge # 1 described in Sec. (3.3.2). The signal is guided to the sample

via the internal wiring and attenuation. The signal is modulated by interactions with the

sample and exits the fridge via the output line. The signal is then guided to the rf-port of

an IQ-mixer. The reference path leads from the power divider to the local oscillator (LO)

port of the IQ-mixer, the used microwave cables have the same electrical length as the

signal line, including the wiring inside the fridge. A phase shifter in this path is used to

phase-match the signals arriving at the LO and RF ports of the IQ mixer. To ensure the

correct signal amplitude at the LO port the signal from the SMF is set to the according

value, the signal towards the input line of the fridge is attenuated accordingly for the

measurements. The IQ-mixer downconverts the measured signal with the original drive

signal, thus the sidebands of the mechanical motion in the microwave transmission are

mapped to the frequency Ωm. This signal is amplified and detected with a Rohde&Schwarz

FSV30 Signal Analyzer (SA).

For further theoretical explanations please see Sec. (2.3.1).

Measurements

Figure (4.5,a)), shows the recorded homodyne detection spectrum for a drive frequency

of ωd = ωr + Ωm with a drive power of 1.15 nW (at the sample input). Here, the probe

tone with a carrier frequency ωd = ωr is frequency modulated for calibration purposes

explained later. A Lorentzian fit to the sideband of the mechanical motion Fig. (4.5,b))

allows extraction of the resonance frequency Ωm/2π = 4.87 MHz and a linewidth of

Γm/2π = 32 Hz at 400 mK. This temperature was chosen, because here the signal due

to Brownian motion is bigger and because the thermalisation of the sample is ensured.

Measurements at 70 mK show a linewidth of Γm/2π = 13 Hz. Figure (4.6) shows the

mechanical linewidth versus the fridge temperature. In the higher temperature range

(400 − 100 mK) the expected linear dependence is visible. Below 100 mK the linewidth

seems to stay constant this also is true for the spectral intensity namely the area below

the peak. This behaviour is presently attributed to the absence of thermalization of

the nanobeam with the sample, this is often reported in literature. In the part of the

temperature range where the linewidth and spectral intensity behave linear a extrapolation

to lower temperatures can be made. This predicts what happens if the phonon number

in the resonator decreases linearly with decreasing temperature and predicts a natural

linewidth of Γm/2π = 8 Hz for temperatures close to 0 K. Corresponding to a Q factor of

Q = Ωm

Γm
= 608× 103. The last value to be extracted from these homodyne measurements

is the electromechanical vacuum coupling gm,0 between the µ-wave resonator and the

nanobeam. One way to do this is via frequency noise calibration. The approach is to send
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Figure 4.4: Schematic picture of the setup used for homodyne measurements. A microwave signal is

generated by a µ-wave source and split between the microwave input line of the fridge and

a µ-wave cable leading to the local oscillator (LO) port of an IQ-mixer. The signal from

the microwave output line of the fridge is connected to the radio frequency (RF) port of

the IQ-mixer. The output of the IQ-mixer is monitored with a spectrum analyzer. The

fridge schema shown here is simplified, for exact internal fridge paths and setup please see

Sec. (3.3.2).

a well defined signal to the sample, this signal experiences the same phase shift inside the

µ-wave resonator as the signal resulting from mechanical motion. This allows to cancel

the resonator response function extract the transfer function K(Ωmod). This is realized

experimentally by applying a frequency modulation to the microwave signal used for the

homodyne detection, the resulting frequency peak is visible in Fig. (4.5,a)). The transfer

function of the µ-wave resonator can be determined [53]:

K(Ωmod) ≈ 2ENBWSmeas
PP (Ωmod)
φ2

0
= 0.052 W/s.

With the modulation tone close to the mechanical sideband and both within the linewidth

of the µ-wave resonator the respective transfer functions can be assumed to be similar
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Figure 4.5: Experimental data from the homodyne detection setup of the mechanical sideband centered

around the mechanical resonance frequency Ωm = 4.87 MHz of the nanobeam (l = 50µm).

a) Shows the complete measurement with modulation tone at Ω = Ωm − 50 Hz. b) Shows a

zoom in to the mechanical sideband with a Lorentzian fit(red) which was used to extract the

relevant parameters.

50 100 150 200 250 300 350 400

10

15

20

25

30

35

Γ m
 /2

π 
﴾H

z﴿

Tfridge (mK)

Figure 4.6: Extracted natural linewidths depending on the fridge temperature, above 100 mK a linear

dependence is visible. Below 100 mK the linewidth remains constant, this may be due to

discrepancies between measured and actual temperature at the nanobeam.

K(Ωmod) ≈ K(ωr) ≈ K(Ωm)[53]. Now the vacuum coupling can be calculated as shown in

Eq. (2.15):

g2
m,0 = 1

2n̄m

φ2
0Ω2

mod

2
Smeas

PP (Ωm)Γm/4
Smeas

PP (Ωmod)ENBW
.

Here the modulation frequency was set as Ωmod/2π = Ωm/2π − 50 Hz (see Fig. (4.5,a)))

and a modulation depth of Ωmd/2π = 80 Hz, equivalent to a phase modulation with a

modulation index φ0 = Ωmd/Ωmod ≈ 16,4× 10−6. ENBW = 1 Hz describes the detection

bandwidth and the mean phonon occupation of the nanomechanical beam n̄m = kBT
~Ωm

is

calculated from the fridge temperature. The spectra Smeas
PP (Ωmod) and Smeas

PP (Ωm) can be
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extracted from the measurement Fig. (4.5,a),b)). With this the electromechanical vacuum

coupling is calculated as gm,0/2π = 0.699 Hz. In this measurement no back-action of the

drive field onto the mechanical mode is possible, however such back-action might be

caused by a mocrowave field of the right spectrum. Such a noise signal would influence the

temperature used to calculate the mean phonon number (T = Tfridge + TBA). The offset

temperature TBA could result in an error for the determination of gm,0, as the sample is

assumed to be in thermal equilibrium with Tfridge. In other words n̄m would be affected by

such an offset temperature and therefore also gm,0 would be underestimated. To eliminate

this source of uncertainty an other approach to extract gm,0 is chosen to verify the data.

According to Eq. (2.13) with T = Tfridge + TBA:

δω2
r =

2g2
m,0kB

~
× (Tfridge + TBA) .

This frequency shift (δω2
r ) can be calculated from the measured Smeas

PP (Ωm) by using

Eq. (2.14)and Eq. (2.13). Here the transfer function K(Ωm) derived from the frequency

noise calibration measurements is used. A plot showing the integrated mechanical beam

fluctuations in units of the shift of the µ-wave resonator frequency δω2
r is shown in

Fig. (4.7). The red line is a linear fit to the data points and gives a electromechanical

vacuum coupling of gm,0/2π = 0.67 Hz in agreement with the previous measurements.

The spread in the data points in this graph can be explained by uncertainties in the

determination of the temperature. The temperature measurement inside the fridge an

uncertainty due to measurement methods, also there is the uncertainty in how exact the

temperature of the nanomechanical beam can be determined with a temperature sensor

outside the sample box. It is possible, especially for lower temperatures, that the local

temperature of the nanomechanical beam differs from the temperature measured outside

the sample box.
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Figure 4.7: Frequency fluctuation spectrum of the µ-wave resonator, induced by thermal nanobeam

motion at different fridge temperatures. The red line is a linear fit to the data points. An

electromechanical vacuum coupling of gm,0/2π = 0.67 Hz is extracted.
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4.1.5 EMIT & EMIA

In this section the results of investigating the sample with two tone spectroscopy will be

studied. Goal of this measurements was to show that EMIA and EMIT could be performed

with the sample and to which extend this is possible. The probe and drive signals were

detuned to the red (EMIT) and blue (EMIA) sidebands by the mechanical resonance

frequency. The interference between probe and drive signals via the electromechanical

coupling to the nanomechanical beam inside the µ-wave resonator were investigated and

discussed.

Setup

The setup used for two-tone measurements on the mechanical beam consists of a Ro-

hde&Schwarz SMF 100A µ-wave source (SMF) and a Rohde& Schwarz ZVB8 vector

network analyzer (VNA). A simplified schematic picture of the setup is given in Fig. (4.8).

The output signals from the SMF and VNA are combined and guided to the sample via the

microwave input line of fridge # 1. The microwave output line of the fridge is connected

to the VNA. This allows to probe the transmission of the µ-wave resonator around its

resonance frequency with the VNA while applying a strong red- or blue-detuned drive tone.

Measurements

Fig. (4.9) shows the transmission spectrum of the µ-wave resonator in EMIT configuration

i.e. with a strong (0.1µW) ideally red-detuned drive tone with a frequency ω = ωr − Ωm

or ∆ = −Ωm. Within the broad microwave absorption dip attributed to the µ-wave

resonator, a narrow transmission window located at a probe frequency ωp/2π = 6.158 GHz

with a linewidth given by the effective mechanical damping rate Γm,eff is observed. This

transmission window (Eq. (2.3.3)) is a result of the interference of the anti-Stokes photons

with the weak probe tone explained in Sec. (2.3.3). for this detuning, only the anti-Stokes

process is is visible due to the spectra selectivity of the µ-wave resonator. The anti-Stokes is

amplified (Eq. (2.9)). As a consequence of this the the effective linewidth of the nanobeam

changes to:

Γm,eff = Γm + Γba

with the backaction-induced linewidth broadening Γba. This results in an increased

linewidth that depends on the detuning. The visibility of the anti-Stokes field is limited

by the envelope of the µ-wave resonator response function. Equation (2.9) indicates a

dependence of the anti-Stokes process of the mean resonator population n̄r. Thus the

changes in the linewidth and transmission amplitude should be stronger for optimal

mechanical detuning (∆ = −Ωm). The changes linewidth and transmission amplitude are

described by Eq. (2.10) and Eq. (2.16), thus close to unity transmission is expected for
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Figure 4.8: Schematic picture of the measurement setup for single tone measurements. The VNA output

port is connected with the input line of the fridge and the output line of the fridge is connected

to the input port of the VNA. The fridge schema shown here is simplified for exact internal

fridge paths and setup please see Sec. (3.3.2).

large drive-tone intensities and only the bare resonator transmission characteristics for

Pd → 0
By varying the detuning accordingly the anti-Stokes peak is tuned through the resonator

dip. Figure (4.10,a)) shows the extracted maximum transmission and the effective me-

chanical linewidth for interference of the anti-Stokes field with the probe tone. The peak

transmission is at its maximum for optimal detuning and decreases when moving away

from optimal detuning. For detunings ∆− ωr > Γm/2 the transmission of the EMIT peak

vanishes. Also the linewidth increases towards optimal detuning and decreases towards

the natural linewidth for large deviations (|∆− Ωm| > Γr) (see Fig. (4.10,b))).

In the next measurement the drive power is varied for a fixed detuning at the optimal
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Figure 4.9: Example measurement data for the EMIT configuration. a) Full EMIT spectrum with red-

detuned drive tone (0.1µW) and resonator dip with transmission window (probe power

282 fW). b) Zoom in to the transmission window with indicated effective mechanical linewidth

Γm,eff.
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Figure 4.10: a) Measured microwave transmission at different positions within the µ-wave resonator

range in presence of a strong red-detuned drive tone (28 nW), as a function of the drive

detuning ∆ = ω− omegadrive. The local peak maximum Tmax is normalized to the value of

the µ-wave resonator transmission at the respective point without a drive-tone being present

Tnorm: δTmax = Tmax/Tnorm. The value increases towards ∆ = Ωm. b) Effective linewidth

Γm,eff of the transmission window for the same frequency sweep. Here the linewidth too

increases towards optimal detuning. Shaded in grey is the spectral response of the µ-wave

resonator response function.

red-detuned value of ∆ = −Ωm (Fig. (4.12)). For high drive powers the rate at which

phonons are converted to photons is increased and the linewidth widens as shown in

Fig. (4.11). Additionally the resulting peak inside the resonator dip gains in amplitude

(Fig. (4.12)) :

Γm,eff = Γm + 4g2

κges,r

. (4.2)

Using g = gm,0

√
n̄r the photon number inside the µ-wave resonator can be calculated.

Together with the theoretical photon number inside the µ-wave resonator calculated from

the drive tone power

n̄r(Pd) = Pd

~ωd

κext,r/2
(κges,r/2)2 + ∆2 (4.3)
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Figure 4.11: Effective linewidth of the mechanical resonance versus SMF drive power. From the linear

part indicated ba the red line the attenuation in the system is calculated by using Eq. (4.2).

At low drive powers the linewidth approaches the natural linewidth gm,0/2π ≈ 8 Hz.

the total attenuation of the input line in the system can be determined to 55.5± 0.4 dB.

The power transmission at ωp = ωd + Ωm = ωr in this case is

T =
∣∣∣∣∣1− κext,r/κges,r + C

1 + C

∣∣∣∣∣
2

(4.4)

with the cooperativity C = 4g2
m,0n̄r/κges,rΓm [65]. Figure (4.12) shows the measured data

in combination with the theoretical curve from Eq. (4.4) demonstrating a maximal EMIT

transmission of about 94%.

For EMIA measurements the drive tone was detuned to the blue sideband (∆ = +Ωm).

Here the inverse happens, the anti-Stokes is suppressed and the Stokes process is visible

see Eq. (2.9). This implicates a decrease of the linewidth close to optimal detuning and an

decrease in the amplitude of the µ-wave resonator transmission. The complementary drive

frequency sweep compared to Fig. (4.10) (red sideband) is shown in Fig. (4.13) and thus

the Stokes dip is tuned through the resonator transmission function. Fig. (4.13,a)) shows

that the amplitude of the interference dip is minimal for optimal detuning and increases

for deviations. Again, the EMIA signature vanishes, if its frequency leaves the vicinity of

the µ-wave resonator eigenfrequency ωr.
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Figure 4.12: Microwave transmission in EMIT configuration as a function of the µ-wave resonator photon

number. The photon number is calculated from the drive power using the determined

attenuation (55.5 dB) and Eq. (4.3). The green line is a theory plot of Eq. (4.4) using the

parameters κges,r,κext,r,gm,0 and Γm as determined independently above.
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Figure 4.13: a) Measured microwave transmission at different positions within the µ-wave resonator

range in presence of a strong blue-detuned drive tone (28 nW), as a function of the drive

detuning ∆ = ω− omegadrive. The local peak maximum Tmax is normalized to the value of

the µ-wave resonator transmission at the respective point without a drive-tone being present

Tnorm: δTmax = Tmax/Tnorm. The value decreases towards ∆ = Ωm. b) Effective linewidth

Γm,eff of the transmission window for the same frequency sweep. Due to the large uncertainty

in the data points the expected behaviour can not be observed. This uncertainty is due

to large noise contributions in the measurements caused by the high drive tone amplitude.

Theory predicts a decreasing linewidth towards optimal detuning (see Eq. 2.10)). Shaded in

grey is the spectral response of the µ-wave resonator response function.

4.1.6 Summary & Conclusions

Summarizing the goal of coupling an aluminum nanobeam to a µ-wave resonator was

achieved. The mechanical resonance frequency of Ωm/2π = 4.87 MHz and the linewidth
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of the µ-wave resonator of κges,r = 927 kHz put the system in the resolved sideband

regime and enable the effects of EMIT and EMIA which both have been observed and

quantitatively discussed. Even more, this was accomplished with a beam layout that

allows integration into a hybrid, nanobeam/transmon qubit sample, which is one of the

main objectives of this thesis.
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4.2 Sample layout #2 (µ-wave resonator & transmon

qubit )

In this section, the measurements on a transmon qubit, coupled to a µ-wave resonator

(sample # 2) will be discussed. The sample used for these measurements is described

in Sec. (3.2.2). The goal of these measurements was to check if the fabrication process

of the qubit, particularly the Josephson junctions, is compatible with the fabrication

process of the nanobeam introduced in Sec. (3.1). Due to the fact that the releasing of

the nanomechanical beam has to be the last fabrication step, it is important to confirm

and ensure that the transmon qubit is not damaged by this step. The fabrication step

resulting in the free suspension of the nanobeam contains electron beam lithography,

isotropic reactive ion etching and a final critical point drying step. Single and two-tone

measurements allow to extract relevant qubit parameters: the coupling gq between the

qubit and the µ-wave resonator, the anharmonicity, which for transmon qubit equals the

charge energy −EC and the linewidth of the qubit Γq, which is directly related to the

coherence time of the qubit T2. To investigate the impact of these critical fabrication steps

concerned with the releasing of the nanobeam on the transmon qubit the identical sample

was measured three times. The first time after its initial fabrications (A)(Fig. 3.3,f)). The

second time after a fabrication sequence containing coating the sample in resist and baking

it at high temperatures (B)(Fig. 3.2,b)) and the third time after the fabrication sequence

containing coating the sample with resist, baking the resist and the RIE etching process

(C)(Fig. 3.1g)) The sample nBSi2.4 was used for these measurements.
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4.2.1 Single Tone spectroscopy

This section contains the single-tone microwave spectroscopy of the transmon qubit.

Single-tone spectroscopy enables experimental access to the coupling constant gq between

the transmon qubit and the λ/2µ-wave resonator it is coupled to. The used measurement

setup and techniques are described and the extracted coupling gq is presented for the

three measurements described above.

Setup

INOUT

VNA

OUT

40 mK
Hext

D.U.T.

Current Source

Figure 4.14: Schematic picture of the setup used for spectroscopy of the transmon. The sample is inside

the fridge and connected to the in and output-port of a vector network analyzer. The

magnetic flux through the sample is controlled by a current source connected to a coil

next to the samplebox. This schema shows a simplified picture of the fridge. For further

information please see Fig. (3.9)

For all measurements on the transmon qubit fridge # 1 (Fig. (3.9)) is used. The sample

is mounted on the mixing chamber stage of the cryostat and operated at about 40 mK.

The sample is connected to the output port of a Rhode& Schwarz ZVB8 VNA by the

attenuated microwave input line of the fridge described in Sec. (3.3.3). On the exit port

the sample is connected to the input port of the same VNA by the microwave output line.

The coil next to the sample box was connected to a YOKOGAWA GS200 current source

by a dc-line. This allows to create a variable external magnetic field perpendicular to the
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squid loop of the transmon qubit and hereby tune its resonance frequency.

Measurements

The coupling gq between the transmon and the µ-wave resonator is one of the impor-

tant system parameters, because it determines the rate at which the two can exchange

excitations. To access gq, the transmission through the µ-wave resonator is measured

continuously, while varying the magnetic flux (Φ) applied to the sample. The externally

applied flux Φ tunes the resonance frequency of the transmon qubit between 0 and its

maximum value ωq,max according to Eq. (2.24). When sweeping Φ over several flux quanta

Φ0 the qubit frequency ωq will therefore periodically match the resonance frequency of the

µ-wave resonator. In the transmission spectra of the resonator this manifests as avoided

crossings as shown in Fig. (4.15) (see Sec. (2.5.1)). In this graph the evolution of the

resonator frequency depends on the transmon frequency. Three different domains can be

distinguished: The transmon frequency is close to zero (ωq → 0) at Φ = 0.5 Φ0, here the

nearly undisturbed µ-wave resonator can be observed also the coupling gq has a negligible

small impact on the µ-wave resonator at this point. By increasing the magnetic flux, the

transmon frequency increases and becomes resonant with the resonator frequency around

Φ = 0.76 Φ0 where an avoided crossing is observed. This is due to the mixing of qubit

and resonator states which happens because both subsystems exchange excitations as

detailed in Sec. (2.5.2). The transmon frequency keeps increasing with increasing magnetic

flux until Φ = Φ0, where it reaches its maximum. Further increasing the magnetic flux

causes the transmon frequency to decrease again and match the resonator frequency at

Φ = 1.24 Φ0, where the next avoided crossing appears. These avoided crossings indicate

the range where transmon qubit and µ-resonator are close enough to exchange excitations.

The resulting mixed states visible are split by
√
n 2g

2π (Sec. (2.5.2)) with n being the number

of photons exchanged in one excitation swap, this is n = 1 for the used probe powers.

A measurement of the avoided crossing around Φ = 1.24 Φ0 with higher resolution is

shown in Fig. (4.16). Here the avoided crossing is clearly visible as two separated resonance

lines and the range where both resonances coexist is distinguishable. In the center of this

avoided crossing, at Φ ≈ 0.74 Φ0 both resonances have an equal amplitude indicating an

equal superposition of states. A frequency sweep at this point is shown in Fig. (4.17) The

distance between the two peaks equals 2g/2π and a coupling of gAq /2π = 140 MHz was

determined for measurement (A). In the other measurements the values gBq /2π = 138 MHz

(B) and gCq /2π = 140 MHz (C) were obtained. All those values are in accord with the

simulated value (App. (A.3)) of gsimuq /2π = 160 MHz. Deviations between the two can

mainly be explained by simplifications in the simulation, the design values for gaps and

distances. In reality the shadow evaporation causes non rectangular shapes which are not

taken into account in the simulation.
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Figure 4.15: Transmission spectroscopy of the coupled µ-wave resonator - qubit system (Sample # 2)

as a function of the applied magnetic flux Φ. Several avoided crossings can be observed.

Here a VNA probe power of 1 nW was used. The two black lines mark a range to be further

investigated in Fig. (4.16). Further explanations are given in the text.
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Figure 4.16: Avoided crossing between µ-wave resonator and qubit around Φ ≈ 1.24Φ0. Two resonance

peaks, corresponding to the mixed states can be seen clearly and also the range were they

both coexist is visible. Here a VNA Probe power of 0.19 nW was used, this corresponds

to ≈ 4500 photons (see Eq. (4.3)). The black dashed line marks a single frequency sweep

further investigated in Fig. (4.17).

4.2.2 Two Tone spectroscopy

While single-tone spectroscopy allowed to extract the coupling (gq), two-tone spectroscopy

is used to determine the other relevant qubit parameters ωq,max (the maximal qubit
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Figure 4.17: Transmission spectrum of sample # 2 at a fixed magnetic flux Φ ≈ 1.24 Φ0. Here both reso-

nances can be seen in coexistence and their equal amplitude indicates an equal superposition

of qubit and resonator states. The separation of the two resonances equals gq/π.

frequency), EC (the anharmonicity of the qubit) and Γq (the qubits linewidth).

Setup

To perform the two-tone measurements the setup shown in Sec. (4.2.1) is expanded by

a µ-wave source (Rhode&Schwarz SMF 100A) (SMF) as sketched in Fig. (4.18). The

output paths from VNA and SMF are combined with a power combiner before sending

the sum signal into the fridge by the microwave input line and to the sample mounted

on the mixing chamber stage. The microwave output line is still connected to the input

port of the VNA and the coil at the sample-box is still connected to the current source

by a dc-line. The internal attenuation of the fridge was not changed, however external

attenuators between the measurement devices (VNA and SMF) and the power combiner

as well as attenuators between the power combiner and the microwave input port of the

fridge were used, this attenuation will be taken into account when probe (VNA) or drive

(SMF) powers are given.



4.2 Sample layout #2 (µ-wave resonator & transmon qubit ) 59

INOUT

VNA

OUT

Current Source µ-wave source
OUT

40 mK
Hext

D.U.T.

Figure 4.18: Schematic picture of the setup used for two-tone spectroscopy of the transmon. The sample

is inside the fridge and connected to the output ports of the vector network analyzer and

the µ-wave source. The microwave output line is connected to the vector network analyzer.

The magnetic flux trough the sample is controlled by a current source connected to a coil

next to the sample-box. This schema shows a simplified picture of the fridge a complete

schematic of the microwave circuitry inside the cryostat is given in Fig. (3.9).

Measurements

In the dispersive regime the transmon frequency has a linear dependency on the resonator

population and vice versa. In particular, when the transmon changes its excitation, as

example from the ground state |g〉 to the first excited stage |e〉, the resonator frequency

will shift. This is known as AC-Stark shift. This behaviour is used to determine the

maximum qubit frequency (at Φ = 0.5 Φ0 ,1.5 Φ0,etc.) via spectroscopy of the µ-wave

resonator. To this end the resonator is probed at its resonance frequency ωr with the VNA

while the qubit is in its ground state (|g〉). With an additional drive tone ωd (generated by

the SMF) the qubit is excited. As the qubit frequency is initially unknown, the frequency

of the drive tone is varied while monitoring the µ-wave resonator transmission. If the

drive tone frequency (ωd) matches the qubit transition frequency, the qubit is excited and

the resonator frequency shifts. For a fixed probe frequency ωp = const., which is initially

tuned to the bare resonator frequency ωr, this resonator frequency shift manifests as

change in the transmitted phanse and change in the microwave transmisison. Figure (4.19)
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shows the µ-wave resonator transmission for a fixed frequency of ωp = ωr ≈ 5.9 GHz and

a drive power Pd = 1 fW and an applied flux of Φ = 1 Φ0. When varying ωd a reduction

in the transmission of ωp is found for a drive tone frequency of 7.14 GHz corresponding to

the maximal transmon transition frequency of ωq/2π = 7.14 GHz. The linewidth of the

qubit depends on the population of both the µ-wave resonator and drive power used to

excite the qubit. Therefore, to obtain the natural qubit linewidth, both the probe and

the drive power have to be decreased as far as possible [35]. This was done for Fig. (4.19)

were the probe power was 0.5 fW and the drive power 1 fW. Each data point is composed

of 200 averages due to the low signal to noise ratio. The qubit linewidth was extracted

as Γq

2π = 648 kHz in measurement (A) . This translates into T1 = 2
Γq

= 491 ns, which is

comparable with other transmon qubits build at the WMI up to date [35] [66] and it is also

comparable to initial transmon experiments [67] [68]. For the measurements (B) and (C)

the linewidth could not be extracted due to fluctuations in the fridge temperature which

influence the µ-wave resonators resonance frequency ωr(T ). The averaging necessary for

linewidth measurements was not possible any more and thus Γq could not be extracted.
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Figure 4.19: This Graph shows a measurement for the process step configuration (A) of the qubit in the

dispersive regime. To extract the natural qubit linewidth, both the drive (−50 dBm) and

the probe(−53 dBm) power are decreased as far as possible. A Lorentzian fit (red) is used

to extract the linewidth
Γq

2π = 648 kHz. Every data point is composed of 200 averages and

measured with a bandwidth of 10 Hz. The date is normalized to the transmission with the

drive tone far detuned from the qubit frequency. The external applied magnetic flux was set

to Φ = 1 Φ0.

The qubit anharmonicity is an additional important parameter. For the transmon it equals

the negative charge energy −EC (Sec. (2.4.3)). It is easily calculated from the design and

a comparison between measured and simulated value can give information on the quality

of the simulation (App. (A.3)). From a physical point of view the anharmonicity limits

the minimal pulse-length the qubit can react to. This is explained by the uncertainty

equation ∆E∆t ≥ ~
2 . This implies that a narrow wave packet (equivalent to a short pulse)

has a broad frequency/energy spectrum. Therefore the pulse length is limited by the

EC, τ ≥
(
~

2EC

)
, as a shorter pulse could excite more than one qubit level and thus the

assumption of a two level system would no longer be valid.



4.2 Sample layout #2 (µ-wave resonator & transmon qubit ) 61

To measure the anharmonicity the frequency difference between the excitation frequencies

for the first excited state ωge and the second excited state ωgf has to be determined

(Sec. (2.5.1)). Due to parity reasons [69] it is not possible to excite the second excited qubit

state |f〉 with a single photon from the ground-state |g〉 directly. Instead, a two-photon

excitation process with half the transition frequency 1
2ωgf as shown in Fig. (4.20,c)) is possi-

ble. Experimentally, this is achieved by increasing the drive power. This is possible because

the transition matrix elements for the one and two-photon processes scale differently with

excitation amplitude (linear for single photon and quadratic for two-photon processes). At

first (drive power −20 dBm probe power −47 dBm) the one photon process for exciting

the |e〉-state is clearly visible: In Fig. (4.20,a)), the |f〉 state excitation is present, but just

slightly. If the drive power is increased (drive power −15 dBm, probe power −53 dBm) the

|f〉-state becomes excited, see Fig. (4.20,b)). From these measurements the anharmonicity

is extracted. In the data shown in Fig. (4.20) this is EC/h = 290 MHz for measurement

(B). In measurement (A) the value was EC/h = 204 MHz, in measurement (C) the

value could not be determined due to massive instabilities in the fridge temperature

(involuntary warm up). All of the measured values are in accord with the simulated value

EC/h = 225 MHz (App. (A.3)). The deviations between measured and simulated values

can be accounted to simplifications in the simulation, e.g. the interleaved aluminum-oxide

layer is not considered. With the maximal transition frequency of ωq

2π = 7.14 GHz this

allows to calculate EJ0/h = 21.9 GHz and a ratio EJ0

EC
= 75 with the EC value gained in

measurement (B).

4.2.3 Comparison of measured transmon parameters

As mentioned before this sample was measured three times with intermediate fabrication

procedures. Therefore here a compilation of the measured data for each step is given:

Property measurement (A) measurement (B) measurement (C)

gq/2π 140 MHz 138 MHz 140 MHz

EC/h 204 MHz 290 MHz —

Γq/2π 648 kHz — —

ωq/2π 7.14 GHz 6.84 GHz 6.43 GHz

This shows clearly that the transmon qubit is still functional after performing the fab-

rication steps necessary for releasing the nanobeam. Measurement (B) shows that the

transmon survives the coating process with positive resist and the bake at 170℃. Mea-

surement (C) shows that the transmon qubit survives this coating process twice and the

RIE process used for releasing the nanobeam does not destroy the Josephson junctions.

Due to temperature instabilities during the measurement runs for the configurations

(B) and (C) some parameters could not be determined during those cooldowns. The

main reason is that the eigenfrequency of the µ-wave resonator sensitively reacts on the
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Figure 4.20: Measurement (B) of the qubit anharmonicity EC via two-tone spectroscopy. a) Measurement

in the dispersive regime using the AC-Stark shift, due to low drive power (−25 dBm) the |f〉-
state is very weak, the |g〉-state however is clearly visible. b) By increasing the drive power

(−15 dBm) also the |f〉 gets excited. c) Schematic picture of the three relevant transmon

states |g〉 , |e〉 and |f〉 and their respective transition frequencies. The anharmonicity in form

of α = −EC

2h is also noted. The data was measured with a bandwidth of 100 Hz. Each data

point consists of 10 averages.

temperature fluctuations rendering an AC-Stark shift based measurement impossible.

In the data presented a discrepancy not accountable to measurement uncertainties shows

up in the EC values. This discrepancy between the measured values of EC for measure-

ments (A) and (B) physically can be explained by a change in the capacitance C of

the transmon qubit. Calculations show that the presence of a dielectric between the

capacitor fingers during the measurement (A) could lead to the observed difference. More

precisely a resist layer of about 25 nm would have this effect. This could be a possibility

due to the small gaps between the inter-digital structures which are between 1− 2µm.

Records of the fabrication process show that the lift off and cleaning process used at this

stage differs from the ones used before measurements (B) and (C) where notably longer

and deliberate cleansing processes were used. Apart from the charging energy EC = e2

2C ,

also the qubit-resonator coupling and the maximal qubit frequency depend on C. This

dependence, however is much weaker (gq = 2eVrms√
2~ β

(
EJ

8EC

) 1
4 , ωq = 1

~

√
8EJ0EC), so that no

effect of the residual resist is expected in the measurements of gq and ωq.
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4.2.4 Summary & Conclusions

In summary the goal of structuring a transmon qubit and coupling it to a µ-wave

resonator was achieved. The ratio of EJ0

EC
= 75 confirms the qubit is well within the

transmon regime. Measured parameters like coupling and anharmonicity are in good

agreement with simulated values. Altogether, this enables parameter control for future

samples already in the design-stage (App. (A.3)). The different measurements ((A),(B)

and (C)) coupled with respective fabrication sequences show that the transmon qubit

does not only survive these processes but also its basic parameters (EC ,gq andωq) do not

change significantly. This evens the ground for hybrid samples where the transmon qubit

is combined with a nanomechanical beam on one chip.
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Summary and Outlook

The main goal of this thesis was to check the feasibility of fabricating a hybrid three-body

system consisting of a superconducting µ-wave resonator, a superconducting transmon

qubit and a mechanical nanobeam resonator. To achieve this, first, the individual systems

were fabricated and characterized. In a second step the fabrication procedures necessary

for the individual systems were combined in a compatible way by optimizing each of them.

Finally, a device with a transmon qubit and a mechanical nanobeam resonator coupled

to a single µ-wave resonator on one and only one chip was fabricated and tested on its

functionality.

Within this thesis the fabrication of mechanical nanobeam resonators was altered to be

compatible with the one for transmon qubits. The main part here was to increase the yield

of nanobeam samples and to optimize the reactive ion etching process, used to release

the nanobeam from the silicon substrate. Also this goal was achieved. The optimized

etching process was confirmed to be compatible with the transmon qubit by trying it on a

functional transmon qubit sample and verifying the functionality afterwards.

The mechanical nanobeam resonator was first characterized at room temperatures us-

ing optical interferometry. For millikelvin measurements of the nanobeam, microwave

spectroscopy was employed. This enabled extraction of important parameters like the

mechanical resonance frequency, the linewidth and the electromechanical vacuum coupling.

By using two-tone microwave spectroscopy, electromechanically induced transparency

(EMIT) and electromechanically induced absorption (EMIA) could be observed and shown

to match the theoretical predictions quantitatively. A characterization of the employed

µ-wave resonator was made.

Single and two-tone spectroscopy of the transmon qubit allowed to determine the relevant

parameters such as the maximal qubit frequency, the qubit linewidth and the qubit anhar-

monicity. The experimentally observed values are corroborated by numerical simulations,

which allow to design qubits according to experimental demands in future experiments.

In conclusion, the feasibility of a hybrid three-body system consisting of a superconduct-

ing µ-wave resonator, a superconducting transmon qubit and a mechanical nanobeam

resonator could be confirmed and the necessary fabrication techniques propelled to a point

where success is plausible and achievable.

65
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The next steps is to measure and understand the mechanical beam coupled to a λ/2
microwave resonator on the existing samples. When successful, the transfer of qubit

excitations to the mechanical resonator using the µ-wave resonator as a microwave bus

system has to follow. This however is expected to be ineffective due to the intrinsically

small electromechanical vacuum coupling between mechanical and microwave resonator.

For future endeavors, the main focus therefore lays on integrating the mechanical nanobeam

resonator into the shunt capacitance of the transmon qubit. With this the electromechani-

cal vacuum coupling should be enhanced and the way paved for experiments on three body

interactions in the quantum regime [27]. This device layout is predicted to enable cooling

of the mechanical resonator to its ground state and the exchange of excitations between

all three systems on a single excitation. The interactions of a nonlinear two level system

(transmon qubit) coupled to two harmonic oscillators (µ-wave and mechanical resonator)

in the strong coupling regime will then be within experimentally accessible. This includes

the possibility of observing a “phonon-Stark shift“ where the qubit transistion frequencies

depend on the number of mechanical oscillations [28]. This should be measurable by

determining the e.g. |e〉 − |f〉 transition frequency with and without sideband cooling of

the mechanical resonator or even at different fridge temperatures. Similar to this also

dressed electromechanical states consisting of qubit states and mechanical Fock states

[31] should be present and observable in the system.

All this leads to the possibility of controlling the hybrid qubit mechanical resonator

system and storing qubit information in the mechanical resonator. This enhances the

coherence time of the hybrid qubit mechanical resonator system which would be a huge

step towards better control in quantum information processing.



Appendix A

Fabrication sequences and Simulations

A.1 Fabrication sequences

A.1.1 Sample layout #1

1. Cleaning the silicon chip

Cleaning the silicon chip with acetone(70℃) and ultrasonicate for 20 s rinse with

acetone and isopropyl alcohol (IPA), dry with N2.

2. Coating with negative photo-resist

Coating the sample with ma-N 2403. Use spin-coater with program MP 2000RPM

and one drop from a disposable pipette. Bake at 90℃ for 1 min .

3. Write resonator and nanomechanical beam

Assemble into nB5 and run Jobfile: 01 6Beam2noBeam layout03 with appropriate

layer selection (no etching windows and frame layers). Exposure dose: 2.2 C
m2 .

4. Developing the photo resist

Develop resist with ma-D 525 for 45 s rinse with water two times and dry with N2.

5. Evaporation of aluminum film

Assemble into
”
nanomechanics” sample holder and into Alu-EVAP and evaporate

100 nm aluminum perpendicular to sample surface.

6. Lift–off process

Lift off the surplus aluminum by soaking the sample in acetone(70℃) for 15 min

while creating liquid flow above sample surface with a pipette regularly. When the

structure is visible transfer the sample from the lift–off beaker to a new acetone

filled one under a continuous acetone jet. Then rinse in acetone and IPA and dry

with N2.

7. Annealing

Anneal the sample in the annealing furnace at 300℃ for 30 min using the program:

28:AlAnnealPernpeinter

67
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8. Coating with positive photo-resist

Coating the sample with Ar 617.08 (PMMA MA33%). Use the spin-coater with

program MP 2000RPM and two drops from a disposable pipette. Bake at 170℃ for

2 min.

9. Write etching windows

Assemble into nB5 and run Jobfile: 01 6Beam2noBeam layout03 with appropriate

layer selection (etching windows).Exposure dose: 6 C
m2

10. Developing the photo-resist

Develop the resist with Ar 600-56 for 2 min rinse with IPA two times and dry with

N2.

11. RIE etching

Assemble into Oxford Instruments Plasmalab 80 Plus and run the program: Beametch-

ingdaniel :

12. Remove the photo-resist

Remove the resist used as etching mask by soaking the sample in acetone(70℃)

for 15 min while creating liquid flow above sample surface with a pipette regularly.

Then transfer the sample from the lift–off beaker to a new acetone filled one under

a continuous acetone jet. Rinse with acetone and IPA. Assemble the sample into

the CPD-sample holder under ethanol. Store sample in sample-holder in ethanol.

13. CPD process

Transfer the sample inside the sample-holder into the CPD process chamber without

drying. Run the CPD process Sec. A.2.2.

A.1.2 Sample layout #2

1. Cleaning the silicon chip

Cleaning the silicon chip with acetone(70℃) and ultrasonicate for 20 s rinse with

acetone and isopropyl alcohol (IPA), dry with N2.

2. Coating with negative photo-resist

Coating the sample with ma-N 2403. Use spin-coater with program MP 2000RPM

and one drop from a disposable pipette. Bake at 90℃ for 1 min .

3. Write resonator and nanomechanical beam

Assemble into nB5 and run Jobfile: 04 2Transmon 2Beam 6GHz with appropriate

layer selection (no transmon layers). Exposure dose: 2.2 C
m2 .

4. Lift–off process

Lift off the surplus aluminum by soaking the sample in acetone(70℃) for 15 min
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while creating liquid flow above sample surface with a pipette regularly. When the

structure is visible transfer the sample from the lift–off beaker to a new acetone

filled one under a continuous acetone jet. Then rinse in acetone and IPA and dry

with N2.

5. Coating with double resist

Coating the sample with Ar 617.08(PMMA MA33%). Use the spin coater with

program PMMA2000RPM and two drops from a disposable pipette. Bake at 160
℃ for 10 min. Coating the sample with Ar 679.02(950k). Use the spin coater with

program PMMA2000RPM and two drops from a disposable pipette. Bake at 160℃
for 10min.

6. Write transmon qubit Assemble into nB5 and run Jobfile: 04 2Transmon 2Beam 6GHz

with appropriate layer selection (transmon layers). Exposure dose: 8 C
m2 .

7. Developing the photo-resist

Develop the resist with Ar 600-56(4℃) for 3 min rinse with water and dry with N2.

8. Shadow-Evaporation

Assemble into
”
nanomechanics” sample holder and into Alu-EVAP. Evaporate 70 nm

aluminum at an angle of −17◦. Oxidize for 6000 s with set flow-rate of 8 and the

valve at 15%. Evaporate 50 nm aluminum at an angle of +17◦.

9. Lift–off process

Lift off the surplus aluminum by soaking the sample in acetone(70℃) for 15 min

while creating liquid flow above sample surface with a pipette regularly. When the

structure is visible transfer the sample from the lift–off beaker to a new acetone

filled one under a continuous acetone jet. Then rinse in acetone and IPA and dry

with N2.

A.1.3 Sample layout #3

1. Cleaning the silicon chip

Cleaning the silicon chip with acetone(70℃) and ultrasonicate for 20 s rinse with

acetone and isopropyl alcohol (IPA), dry with N2.

2. Coating with negative photo-resist

Coating the sample with ma-N 2403. Use spin-coater with program MP 2000RPM

and one drop from a disposable pipette. Bake at 90℃ for 1 min .

3. Write resonator and nanomechanical beam

Assemble into nB5 and run Jobfile: 01 6Beam2noBeam layout03 with appropriate

layer selection (no etching windows and frame layers). Exposure dose: 2.2 C
m2 .
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4. Developing the photo resist

Develop resist with ma-D 525 for 45 s rinse with water two times and dry with N2.

5. Evaporation of aluminum film

Assemble into
”
nanomechanics” sample holder and into Alu-EVAP and evaporate

100 nm aluminum perpendicular to sample surface.

6. Lift–off process

Lift off the surplus aluminum by soaking the sample in acetone(70℃) for 15 min

while creating liquid flow above sample surface with a pipette regularly. When the

structure is visible transfer the sample from the lift–off beaker to a new acetone

filled one under a continuous acetone jet. Then rinse in acetone and IPA and dry

with N2.

7. Annealing

Anneal the sample in the annealing furnace at 300℃ for 30 min using the program:

28:AlAnnealPernpeinter.

8. Coating with double resist

Coating the sample with Ar 617.08(PMMA MA33%). Use the spin coater with

program PMMA2000RPM and two drops from a disposable pipette. Bake at 160℃
for 10 min. Coating the sample with Ar 679.02(950k). Use the spin coater with

program PMMA2000RPM and two drops from a disposable pipette. Bake at 160℃
for 10min.

9. Write transmon qubit Assemble into nB5 and run Jobfile: 04 2Transmon 2Beam 6GHz

with appropriate layer selection (transmon layers). Exposure dose: 8 C
m2 .

10. Developing the photo-resist

Develop the resist with Ar 600-56(4℃) for 3 min rinse with water and dry with N2.

11. Shadow-Evaporation

Assemble into
”
nanomechanics” sample holder and into Alu-EVAP. Evaporate 70 nm

aluminum at an angle of −17◦. Oxidize for 6000 s with set flow-rate of 8 and the

valve at 15%. Evaporate 50 nm aluminum at an angle of +17◦.

12. Lift–off process

Lift off the surplus aluminum by soaking the sample in acetone(70℃) for 15 min

while creating liquid flow above sample surface with a pipette regularly. When the

structure is visible transfer the sample from the lift–off beaker to a new acetone

filled one under a continuous acetone jet. Then rinse in acetone and IPA and dry

with N2.
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13. Coating with positive photo-resist

Coating the sample with Ar 617.08 (PMMA MA33%). Use the spin-coater with

program MP 2000RPM and two drops from a disposable pipette. Bake at 170℃ for

2 min.

14. Write etching windows

Assemble into nB5 and run Jobfile: 01 6Beam2noBeam layout03 with appropriate

layer selection (etching windows).Exposure dose: 6 C
m2

15. Developing the photo-resist

Develop the resist with Ar 600-56 for 2 min rinse with IPA two times and dry with

N2.

16. RIE etching

Assemble into Oxford Instruments Plasmalab 80 Plus and run the program: beametch-

ingdaniel:

17. Remove the photo-resist

Remove the resist used as etching mask by soaking the sample in acetone(70℃)

for 15 min while creating liquid flow above sample surface with a pipette regularly.

Then transfer the sample from the lift–off beaker to a new acetone filled one under

a continuous acetone jet. Rinse with acetone and IPA. Assemble the sample into

the CPD-sample holder under ethanol. Store sample in sample-holder in ethanol.

18. CPD process

Transfer the sample inside the sample-holder into the CPD process chamber without

drying. Run the CPD process Sec. A.2.2.

A.2 Fabrication processes

A.2.1 Electron beam lithography (Example Jobfile)

Here an example for a jobfile used in the NanoBeam Limited nB5 Electron Beam Lithog-

raphy System is given:

# run nbwrite DS/20150622 02 BeamsOnly etching nbAl1p6 -1=daniel:mbl -2=daniel:mbr

# .global

# marktype mp1

# registration (0,0)
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# focus auto

focus 0.069

.end

.block

# marktype mp1

# registration (0,0)

focus 0.069

stepsize (0,0)

grid (1,1)

base dose 6.0

pattern pureAlNanoelectromechanicswindows (-1 000 000, -1 000 000)

.end

.pattern

id pureAlNanoelectromechanicswindows

filename DS/2015-06-22/2015-06-22 02 BeamsOnly etching w.npf

dose 9 1

.end

.write

current 3.99

mf trim (1.0005, 1.0005, 0, 0)

sf trim (1.0005, 1.0005, 0, 0)

.end
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A.2.2 Critical Point Drying Process

The CPD process consist of several main and several repeating steps. First the process

chamber is cooled to 4℃. This is necessary for filling it with liquid CO2 which is at room

temperature. The sample is then transferred to the process chamber and the chamber

filled with ethanol. Here special attention has to be paid on how to position the sample,

if the sample–surface looks upward inside the process chamber a heavy contamination

with metallic dust can be observed after the process. This does not occur if the sample is

downward facing. After closing the process chamber the exchange process begins. Here

the ethanol in the chamber is gradually replaced with liquid CO2. To reassure the sample

is never outside the liquid this is done by quick flushing interrupted by soaking phases of

about 10 min. How often this process has to be repeated depends every time and is checked

by examining the exhaust gas for ethanol residues. When no more ethanol is detected in

the exhaust gas the CPD process can start. The chamber is sealed and the temperature

increased above the critical temperature of CO2 to ca. 40℃ there it is stabilized. When

all the CO2 is in the supercritical fluid state the pressure inside the chamber is gradually

lowered by venting. When the chamber pressure is equal to environment pressure the

chamber can be opened and the sample extracted.

A.3 Transmon qubit simulations

In the course of fabricating transmon qubit samples. Simulations with CST Studio Suite®

2015 were made. With the known transmon layout used in sample layout # 2 and #

3 simple electrostatic simulations of the shunt capacitance CS and the gate capacitance

Cg,q were made. With this the charge energy EC and the coupling strength gq can be

estimated. For the transmon used in this thesis the simulations predicted a charge energy

of EC,simu/h = 225 MHz and a coupling of gq/2π = 160 MHz.

When these values were verified by measurements further simulations investigating the

impact of different transmon layout measures on these parameters were made. For this a

slightly changed layout shown in Fig. (A.1)was used. Here the SQUID loop was neglected

and therefore is not present in the layout, this is appropriate for CS � CJJ, where CJJ

is the capacitance from the Josephson junctions. The results of these simulations are

following:

• The shunt capacitance is mainly influenced by the overall length of the bulks

(≈ 2e+ f) and the gap i between them, but also the width of the capacitor plates d

has to be considered, especially for small i.

• The gate capacitance is, as formulas suggest, mainly dependent on the shunt capaci-

tance and the distance to the upmu-wave resonator (gap), however for large distances

also the other gaps to the groundplane (gap2 and gap3) have to be considered. The
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gap
gap2

d

e

i

h

g

f

gap3

Figure A.1: Transmon qubit layout used for simulations investigating the impact of structural changes.

Only the transmon inside its pocket is shown. The different distances are denoted.

gap to the groundplane opposite to the resonator (gap2) should be small to enable

access with a microwave antenna at this position, this complicates the process of

finding the right gap3.

• The distances e and f are interchangeable, the length of f is dictated only by the

measures of the used SQUID loop, which is not considered in this simulation.



Appendix B

Measurement setups and circuitry

B.1 Detailed measurement setup for homodyne

detection

D.U.T.

Phase shifter

IQ #1

Cable Coil

Fridge

Amp #1

Amp #2

R&S SMF 100A R&S ZVB 8 R&S FSV30

Amp #1: Kuhne Amp. LNA BB 202A 

Amp #2 : PHPVA Amp. AC 50dB 

PC #1 : Miteq (CD-402-802-205)

PC #1

PC #2

PC #3

PC #2 : Marki (PD-0220)

PC #2 : Marki (C10-0226)
IQ #1: Marki IQ (0307LXP) 

20dB

6dB
20dB

Figure B.1: Exact wiring and device layout for the homodyne measurement setup.
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B.2 Additional measurement data
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Figure B.2: Dependency of the µ-wave resonator resonance frequency on the probe power. The resonance

frequency stays constant from −20 dBm to −60 dBm. The attenuation for this measurement

was −78,5 dB for the whole input path.
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Figure B.3: Dependency of the µ-wave resonator linewidth on the probe power. The effective linewidth

has a minimum at a probe power of −20 dBm (1.41×10−13 W at the sample). The attenuation

for this measurement was −78,5 dB for the whole input path.
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