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High Gain SrTiO3 Parametric Amplifier

Abstract

Parametric amplifiers are key components for low-noise signal amplification in quantum tech-
nologies, allowing the detection of extremely weak signals. Their applications span from quan-
tum optics experiments and the readout of spin-qubits to the search for axionic dark matter.
Ideally, such amplifiers should be resilient to magnetic fields, reach the quantum noise limit
over a broad frequency range, and maintain a high gain.
In this work, SrTiO3 (STO) based varactors are integrated into a quantum paraelectric paramet-
ric amplifier (QPPA) circuit and investigated at cryogenic temperatures. Specifically, the influ-
ence of electrode stack configurations, containing gold electrodes with and without chromium
or titanium adhesion layers over STO, were systematically investigated on the non-linear dy-
namics and amplification performance.
The results show that adhesion layers significantly affect capacitance tunability, hysteresis, and
achievable gain through interface-induced defects and interdiffusion. Devices without adhesion
layers suffer from poor reproducibility, poor amplifier performance and mechanical instabil-
ity. Although high parametric gain can be achieved, it requires relatively large pump powers,
leading to higher-order non-linear effects, increased noise, and dissipation. Furthermore, the
amplifier operates stably in magnetic fields up to 5T, confirming its potential for magnetic-
field-compatible applications. These findings highlight the importance of materials and interface
engineering for optimizing STO-based parametric amplifiers.
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1 Introduction

The detection of weak signals is a fundamental requirement across a wide range of physical
systems, from long-distance space communication [1] or gravitational wave detection [2], to
sensing the tiniest light axion-like particles, to even confirm the existence of dark matter [3].
In many modern experiments, the signal of interest is intrinsically small and often degraded by
noise, imposing strict requirements on the sensitivity of the measurement chain.
As an example, minute signals at radio frequencies are used to detect fragile qubit states in
semiconductor quantum dots (QDs), which are a promising platform for quantum computa-
tion. QDs are quantum bits (qubits) operating at cryogenic temperatures. What makes them
advantageous to a regular bit is the ability to exhibit superposition and entanglement [4, 5].
Furthermore, they are very scalable due to similar fabrication to classical transistors [6].
One key requirement for realising a functional quantum computer is the high-fidelity readout
of the qubit state. Consequently, the QD needs to maintain a stable spin-state at 4K or below
during measurement [7]. A major challenge in this context is to extract maximum information
from a naturally weak signal that is further diminished by external noise. To reliably detect
such weak signals, an amplifier is required that delivers high gain, exhibits extremely low noise,
supports a broad bandwidth, shows minimal fluctuation-dissipation, and is resistant to mag-
netic fields, as the qubit is operated in their presence [7]. Under these conditions, the amplifier
can maximise the signal-to-noise ratio across a wide frequency range [8].
Commonly, superconducting amplifiers are used because they provide super-low noise perfor-
mance, but they suffer from a very limited frequency range of operation, limited power handling,
and sensitivity to magnetic fields. Semiconductor amplifiers represent an alternative, offering
a much broader frequency range, though at the cost of increased noise and significantly higher
power dissipation [8–11]. A promising approach to overcome this trade-off is the use of a para-
metric amplifier, which demonstrates the potential for reduced power dissipation [8]. In such
devices, the signal is amplified by modulating an internal parameter with an external pump.
This allows transferring energy from the pump to the signal, producing gain [10, 12–14]. This
approach not only addresses the key challenges of achieving large bandwidth, high power han-
dling, and resilience against magnetic fields, but also is phase sensitive, and in theory, can reach
the standard quantum noise limit [11, 15].
Building on the concept of parametric amplification based on variable capacitance, this work
presents a quantum paraelectric parametric amplifier (QPPA) based on a strontium titanate
(STO) varactor. This thesis is motivated by earlier efforts on quantum capacitance parametric
amplifiers[8], which inspired the study of [16]. Later works expanded on similar device concepts
and realizations [16, 17], providing the foundation for the ongoing investigation reported in this
study.
This work first presents the theoretical foundations of parametric amplifiers, including their
behaviour and the role of STO in making the system paraelectric, which leads to the QPPA.
It then briefly discusses the material properties relevant for fabricating the varactors. Next,
the device and circuit models are introduced. Then, the device performance in both reflection
and transmission modes is analysed, and a systematic comparison of different electrode stacks
is provided. In addition, magnetic field dependence and anomalies are examined. Finally, a
conclusion and an outlook are presented.

1
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2 Theoretical Background

2.1 Parametric Amplification

Parametric amplification (PA) is a non-linear mechanism, in which energy is transferred between
different frequency components of a system through time dependent modulation of one of its
intrinsic parameters, such as the inductance or capacitance of a resonant tank circuit [10, 12–
14].
In electrical resonators, such as an LC circuit, this mechanism can be realised by introducing
a non-linear reactive element whose properties depend on the applied DC voltage [10]. In our
QPPA this element is an STO varactor. At cryogenic temperatures, STO exhibits a strongly
non-linear dielectric response to an external DC bias, enabling parametric interactions between
a pump and signal tone [18, 19].
The origin of these interactions can be understood from the non-linear polarisation response of
the medium. Since the capacitance is directly related to the dielectric constant, the polarisation
can be expressed as a Taylor expansion of the electric field E as [16, 20]:

P (E) = ϵ0(χ
(1)E + χ(2)E2 + χ(3)E3 + ...) (1)

Here ϵ0 represents the vacuum permittivity and χ the susceptibility. Each term in this
expansion corresponds to a different order of non-linear interaction. Especially, the second-
order term χ(2) is of interest, as it enables three-wave mixing (Fig. 1). This is one of the
fundamental principles of a parametric amplifier. Here a strong pump tone with frequency ωp

couples to a weaker signal tone ωs and creates an idler tone ωi, satisfying the energy conservation
condition [20]:

ωp = ωs + ωi (2)

Specifically, this interaction represents a parametric frequency down conversion of the pump
tone, where its energy is transferred to the signal and idler tones. The generated idler frequency
satisfies:

ωi = ωp − ωs, (3)

which corresponds to difference-frequency generation (DFG). This process can be differentiated
into the degenerate and non-degenerate case. In the degenerate case, where ωs = ωi = ωp/2,

Figure 1: Three-wave mixing. A strong pump (ωp) and weaker signal (ωs) tone interact in a non-linear (χ(2))
medium to generate an idler at ωi = ωp − ωs, transferring energy from the pump to the signal and idler.

2
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the amplification becomes phase-sensitive, due to interference. Thus, the gain depends on the
relative phase ϕ between the pump and signal fields and can be expressed as

G(ϕ) = G0 cos(ϕ), (4)

where G0 denotes the maximum achievable gain. Depending on the relative phase difference,
the signal can either be amplified or attenuated. For the non-degenerate case the gain is phase-
insensitive.
In practice, there are different definitions of gain. The parametric gain refers to the increase
of the signal amplitude due to the pump. The effective gain additionally accounts for system
losses and imperfections [21]. An example is given in Tab. 1.

Parametric Gain Effective Gain
Signal Input (1) -40 dBm -40 dBm

Amplified Signal Output (2) -10 dBm -10 dBm
Total Loses (3) 5 dBm 5dBm

Gain 35 dB (2-1+3) 30 dB (2-1)

Table 1: Example showing the difference between parametric and effective gain.

2.2 Duffing Non-Linearity

This section follows the discussion of Duffing non-linearity in [22, 23].
An ideal parametric amplifier reaches unlimited exponential growth via three-wave mixing in
the absence of sufficient damping. In practice, however, higher-order non-linear (HONL) terms
limit and stabilise the amplitude.
In the low-power regime, the second-order term χ(2) gives a good description of an ideal para-
metric amplification process, whereas for higher pump powers, HONL become more dominant.
In particular, the third-order term χ(3) gives rise to additional effects commonly known as
Duffing non-linearity. To describe the dynamical behaviour of the resonator, it is helpful to
map the LC circuit to an harmonic oscillator model. In this analogy, the charge in the circuit
corresponds to the displacement of a mechanical oscillator, while the non-linear capacitance
translates into a non-linear restoring force. As a result, considering HONL, Newton’s equation
of motion can be extended by adding a cubic term:

ẍ+ ω2
0x+ β3x

3 + Γẋ =
F0

m
cos(ωt), (5)

where ω0 is the resonance frequency, β3 the Duffing non-linearity coefficient, Γ the damping
rate, F0 the external driving force and m the effective mass of the resonator.
Using the Krylov-Bogolyubov averaging method the amplifier behaviour can be described by
slowly varying quadratures u and v in the rotating frame at a drive frequency ω[24–26]. The
first - order averaged solution is1:

u̇ = −uΓ

2
− 3u2vβ3

8ω
− 3v3β3

8ω
+

v(ω2 − ω2
0)

2ω
+

F0 sin(θ)

2mω
, (6)

v̇ = −vΓ

2
v +

3v2uβ3

8ω
+

3u3β3

8ω
− u(ω2 − ω2

0)

2ω
− F0 cos(θ)

2mω
. (7)

1For the detailed derivation, see [23].
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By numerically solving for the steady-state solution (u̇ = v̇ = 0) of Eq. 6,7 one obtains the
oscillating amplitude X(ω) given by:

X(ω) =
√
u2 + v2. (8)

Fig. 2 shows the oscillating amplitude X(ω) as function of the drive frequency ω for different
values of β3 = -50 (1), -1000 (2), and -4000 (3). The response shows a strong dependence on β3.
For a positive Duffing coefficient (β3 > 0), the X(ω) bends towards higher frequencies, while
for negative β3, it bends toward lower frequencies.
Below a threshold value of β3 the amplifier response shows a single stable solution. As β3

increases beyond this threshold the response becomes bistable, meaning two stable solutions
exist. The stable solutions are indicated by solid lines and the unstable solutions are indicated
by dotted lines. The point at which the solid and dotted line merge, represents bifurcation
points, which define the initiation of instability.
In regards to the parametric amplifier, the Duffing non-linearity does not directly contribute to
the amplification mechanism, but alters the performance and stability for high pump powers.
Its main impact is to introduce an amplitude dependent resonance frequency shift, which can
alter the parametric condition ωp = ωs+ωi, hence the resonance frequency has to be chosen as
a function of the pump power to optimize gain. Therefore controlling and understanding the
Duffing non-linearity is desired to optimize the amplifier performance.

90 95 100 1050.0

0.2

0.4

0.6

0.8

1.0

X(
)

123

Figure 2: The steady-state solution of a Duffing resonator (Eq. 6,7) in the rotating frame is calculated for
m = 1, ω = 100, Γ = 1, F0 = 80 and θ = 0. Trace (1) corresponds to β3 = -50, (2) to β3 = -1000, and (3) to
β = -4000. The dotted lines indicate the unstable branches. Fig. replicated and adapted from [23].

2.3 Non-Linear Damping

The following section builds on the discussion presented in [14, 23].
Damping has a significant impact on PA because it directly affects the resonators dissipation
response. A differentiation can be made between linear and non-linear damping. Linear damp-
ing can be understood as the competition between intrinsic losses and the parametric pump.
As the pump power increases, the effective damping decreases. When the damping approaches
zero the QPPA transitions into a region of instability and self-oscillates, even in the absence of

4
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a driving force [14, 27].
In reality, however, damping becomes non-linear (NL) for large enough amplitudes. This can
be integrated into Newton’s equation of motion, by extending the damping term. In the model
described in [14], the damping takes the form

2(Γ1 + Γ2x
2)ẋ (9)

where Γ1 is the linear and Γ2 the NL damping coefficient. Applying averaging methods
leads to quadrature equations, where the presence of Γ2 > 0 increasingly suppresses the growth
of the oscillation amplitude. As a result, both the achievable gain and oscillation amplitude
are limited. [14].
In addition, NL damping interacts with the Duffing non-linearity and further modifies the
QPPA response. In particular, for large drive amplitudes, if the NL damping is large enough,
the Duffing bistability can be suppressed. As a consequence, the QPPA response can transition
between different topologies (Fig. 3). For example, in the presence of a Duffing non-linearity
bigger than zero, the amplitude bends horizontally (Fig. 2, 3c). At higher pump powers more
complex structures such as isola (Fig. 3b,c)2 and/or double peaks with loops inbetween can
emerge (Fig. 3e,f). For a in-depth derivation and insight into the underlying mathematics, see
[14].

Figure 3: Frequency response as a function of the tuning parameter σ for different pump levels λ. The tuning
parameter σ = 3γr̄2/4ω2

0 describes the amplitude dependent frequency shift, where γ represents the non-linear
Duffing term, ω2

0 the resonance frequency and r̄ the steady-state amplitude. In a), b) the Duffing non-linearity
γ is set to zero (no bending) and for increasing pumping an isola emerges. In c) analogous to b) but with
γ = 0.03, bending occurs. In d), e), f) the Duffing NL is γ = 0, where increasing pumping leads to double
peaks and loops. The relative phase is set to ϕ = −π/4 in a), b), c) (minimal gain) and ϕ = +π/4 in d),
e), f) (maximal gain). For a relative phase −π/4 ≤ ϕ ≤ +π/4 the isola and loops can be off-centred. Figures
adapted from [14].

Overall, it is better to handle damping in PA as an amplitude dependent term rather
than a fixed dissipation value. Linear damping sets the threshold for where the parametric
instability starts, whereas the NL damping controls how the QPPA saturates and stays stable

2These isola were observed experimentally already in [28, 29].

5
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at higher pump levels and amplitudes. Together with the Duffing NL, this gives a more advanced
description of parametric amplifier dynamics, especially at higher pump powers.

2.4 1 dB Compression Point

Previously, it was discussed that non-linear terms can have a significant influence on the be-
haviour of a parametric amplifier. A common way to investigate the onset of non-linearity
is illustrated in Fig. 4. It presents the signal output power Pout as a function of the signal
input power Pin. This is an important plot used to characterise the non-linear behaviour of
RF amplifiers. In the ideal linear regime, at low Pin, an amplifier provides a constant gain
such that the output power increases linearly with the input power (slope = 1). For example,
an amplifier with a gain of 10 dB produces an output power of 11 dBm for an input power of
1 dBm.
In reality, amplifiers deviate from this ideal linear behaviour when the input power becomes
sufficiently large. As the input signal increases, physical limitations of the device cause the gain
to decrease and the amplifier enters the compression regime [30–33].

Figure 4: The signal output power Pout as a function of the signal input power Pin is shown for an RF amplifier.
In the low input power regime, the Pout is linear. As Pin increases, Pout starts to deviate from the ideal linear
output, which is the onset of the gain compression region. The point where the Pout deviates 1 dB from the
ideal linear output is called the 1 dB compression point [31].

The 1 dB compression point is defined as the output power at which the actual output is
1 dB below the ideal linear output of the amplifier (Fig. 4). This deviation is an indicator for
the beginning of significant non-linear behaviour. The compression point can be defined with
respect to the input power (Pin,1dB) or the output power (Pout,1dB), which are related through
the amplifier gain G according to [30, 31]

Pout,dB = Pin,dB +G− 1 dB. (10)

The physical origin of gain compression comes from the non-linear characteristics of the am-
plifier. For small signal powers, the linear term dominates the process. At higher signal powers,
non-linear terms become significant (damping, higher-order terms and intermodulation). As
Psig continues to increase, the amplifier eventually approaches its saturated Pout, where it no
longer increases significantly with increasing Psig [14, 30, 32, 33].

6
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2.5 Vvar vs Pp Correlation on Gain

Fig. 5 schematically visualises the operating principle by which the QPPA generates gain.
The red curve represents the simulated varactor capacitance voltage (C-V) characteristics,
calculated using Eq.11. By applying a DC bias, the operating point can be positioned at a
desired location along the curve. When a pump tone with pump power Pp is applied, the
varactor capacitance oscillates around the chosen DC bias point. For example, with zero DC
bias and a pump power of Pp = 10dBm, corresponding to approximately 2Vpp (peak to peak
voltage), the voltage swings symmetrically between -1V and 1V. As a result, the capacitance
travels both the positive and negative bias regions, which significantly reduces the achievable
gain, as the nonlinearity is effectively averaged over regions with different curvature.
In contrast, when a DC bias of 1V is applied with the same Pp , the voltage oscillation becomes
asymmetric and remains in the positive bias region. In this regime, the capacitance tunability
between 0 to 1V is much larger than between 1 to 2V for the same voltage swing, due to
different slopes. This asymmetry impacts the modulation of the capacitance and thus the
effective average resonance frequency of the QPPA.
For a fixed DC bias, increasing the pump power Pp leads to a larger capacitance modulation
and therefore higher gain, up to the point where the oscillation extends into the negative bias
region, or the region with a small slope dominates the C modulation, because the gain degrades
due to symmetric averaging effects. Therefore, most optimal PA is achieved if the capacitance
oscillation is big within a small voltage range and stays in the positive bias region.

Figure 5: The varactor capacitance is calculated with Eq.11 and is shown in red as a function of applied voltage.
The blue dot indicates the applied DC bias, which defines the operating position along the C-V curve. A pump
tone with power Pp , illustrated in green, is applied. As the pump power Pp increases, the amplitude of the
voltage oscillation grows, resulting in an expansion of the capacitance modulation range around the bias point.

2.6 Materials overview

In this work, the devices are fabricated from multilayer structures consisting of strontium ti-
tanate (SrTiO3, abbreviated as STO), gold (Au), titanium (Ti), and chromium (Cr). Each
element has distinct physical and electronic properties under cryogenic temperatures, which
have a big impact on the overall device performance. Since the goal of this thesis is to inves-
tigate the effect of the materials on the device performance, it is essential to understand how
these materials behave individually and especially in combination at temperatures around 4K
or below. Also, because all films are fabricated in the nanometer thickness regime, their electri-
cal, structural, and dielectric characteristics can be very different from those of bulk materials

7
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[19]. Such variations are strongly dependent on growth parameters including film thickness,
deposition rate, oxidation level, substrate temperature, surface adsorption, grain boundaries,
roughness and defects, all of which can substantially alter the final electronic and dielectric
behaviour [34, 35]. This chapter provides an overview of the relevant properties of the ele-
ments used to fabricate the devices, particularly those that may affect the non-linear dielectric
properties of the QPPA.

2.6.1 Strontium Titanate

Strontium Titanate (STO) is a versatile perovskite oxide (ABO3 structure) widely studied for
its wide range of structural, electrical, magnetic, thermoelectric, and quantum properties [36–
38]. At room temperature, STO behaves as an insulator with a cubic structure (Fig. 6a). Its
lattice constant is 3.9 Å [39]. It shows no ferroelectricity and has a bandgap of 3.15 eV (Fig.
6b). Upon cooling, it undergoes a structural phase transition from the cubic to a tetragonal
phase at ≈ 100-110K [19, 37, 40]. Around ≈ 65K it transitions to orthorhombic [18].

Figure 6: a) STO cubic structure with Sr at the cube corners, Ti at the body centre, and O at face-centres is
shown for room temperature.

As temperatures decrease below the Curie temperature Tc, usually a ferroelectric phase
transition characterized by a saturating dielectric constant (Fig. 7b) and phonon mode fre-
quency decrease to zero is observed (see Fig. 7a). For STO however at low temperature it gets
very close to a ferroelectric phase transition, but quantum fluctuation prevent the formation
of ferroelectric ordering, making it a quantum paraelectric material [19, 36, 37, 40–42]. Conse-
quently, STO exhibits a very large dielectric constant ϵ that increases strongly with decreasing
temperature and decreases under increasing DC bias, as experimentally determined in [18] and
shown in Fig. 7c). At 4K, where STO is close to transitioning to ferroelectric, the dielectric
constant saturates to ϵr ≈ 30’000. [19, 36, 37, 41, 43–45]. Under mechanical strain STO can
become ferroelectric and for chemical doping it can become a metal or superconductor [46].

The combination of quantum fluctuations and highly non-linear dielectric tunability makes
STO a very interesting material at low temperatures, with high potential for being used in
a broad spectrum of applications. Its remarkable dielectric properties, tunable polarisation,
and potential superconductivity establish STO as a popular system in modern condensed mat-
ter physics. Consequently, STO serves as an active platform for studying arising quantum
phenomena [47].

8
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Figure 7: a) Temperature dependence of the phonon mode is shown. TC denotes the transition temperature,
where the phonon mode of ferroelectric (blue) state decreases to zero or is aborted for quantum paraelectric
(red) state. b) Temperature dependence of the dielectric constant, which saturates for quantum paraelectric
and diverges for ferroelectric at TC [41]. c) The relative permittivity as function of temperature and DC bias
is shown for STO (orientation [001]) for different DC biases. Figure adapted from [18].

In this work, STO is used as a varactor. Its capacitance as a function of applied DC voltage,
at temperatures below 10K, can be approximated by Johnson’s relation [45, 48, 49]

Cvar(Vvar) =
C0(

1 + (Vvar−Voffset)2

V 2
0

)1/3
(11)

Here, Vvar denotes the electric field applied to the varactor, C0 is the capacitance at zero
field, and Voffset corresponds to the experimentally observed shift of the maximum capacitance
relative to V0. This tunable capacitance serves as the variable element in an LC resonator
used for parametric amplification. Such an approach could potentially be very attractive in
applications that require low-noise amplification and insensitivity to magnetic fields.[8, 49].

2.6.2 STO - Hysteresis and Defects

Hysteresis in the dielectric constant of STO appears at cryogenic temperatures when it ex-
perienced an external bias voltage. Consequently, the capacitance tunability depends on the
history of the applied electric field, which creates a hysteretic loop-like behaviour in capacitance-
voltage characteristics [45, 49–51]. The cause for this hysteresis is explained with trapped
charges, which reduce the number of conducting electrons in STO. The microscopic origin is
still unclear [51]. One proposed mechanism includes trapping of electrons via clustered oxygen
vacancies induced by an applied electric field [45, 49, 52]. The number of trapped charges is
strongly impacted by the extrinsic defects such as oxygen vacancies, doping and impurities
created during substrate preparation, interface defects [53] or crystal growth [45, 52]. These
defects generate internal electric fields, reducing the quantum paraelectricity of STO.
In addition, STO itself can provide intrinsic charge trapping sites. At ≈ 105K, STO transitions
from cubic to tetragonal [19, 37, 40], creating regions within the crystal, called domains, where
the lattice distorts in different directions. The boundaries between these domains are called
domain walls. Due to strain gradients and lattice coupling in the tetragonal phase transition
these walls become intrinsically polar [54–57]. This local polarity of the domain walls can act
as charge trapping sites and contribute to the reduced conduction electrons due to domain wall
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pinning [45, 51, 58]. The history dependence can be reset by thermally reheating STO to room
temperature [45, 49–51].

2.7 Dielectric losses

This chapter addresses the main loss mechanisms in a tunable paraelectric varactor in response
to microwave (MW) signals. In an ideal, defectless, single crystal paraelectric, losses are mini-
mal and arise only from intrinsic defects, characterised by the material’s minimum loss tangent
(see chapter 3.1) [59].
These intrinsic losses mainly result from the interactions between MW fields and phonons [59].
In this process, MW energy is absorbed by the crystal’s thermal phonons and dissipated as heat.
The absorption mainly occurs through three-wave mixing. Additional intrinsic losses may oc-
cur under external fields, for example, a DC bias that breaks the crystal lattice symmetry or
high-power microwave excitation, both of which can promote microwave-to-acoustic phonon
conversion through electrostriction and the inverse piezoelectric effect. In thin-film crystals,
further attenuation may occur at material interfaces , such as adhesion layers or electrodes [59].
In real crystals, extrinsic defects, most notably oxygen vacancies, often represent the dominant
source of loss. These defects can be uniformly distributed in bulk STO thin film or concen-
trated at the interface, where they create local electric fields, activating both electrostrictive
and converse piezoelectric effects. Consequently, MW energy is converted into acoustic waves
originating from these defect sites. These acoustic waves propagate through the crystal, carry-
ing away energy from the electromagnetic field and thereby attenuating the microwave signal
[59].
In high-quality crystals, intrinsic and extrinsic losses become comparable, with intrinsic mecha-
nisms potentially dominating [59]. In this work, single-crystal STO [001] was investigated using
radio-frequency (RF) signals. Although the energy (E = hf) of RF radiation is significantly
lower than that of microwave excitation, the STO samples may exhibit similar loss behaviour
for very strong pumping. This observation suggests that the density of extrinsic defects in the
investigated crystals is sufficiently high and dominates the loss mechanisms.

2.8 Gold - Electrode

Gold is among the most chemically stable elements. Its resistance to corrosion and environ-
mental degradation is one of its most desired properties. Its high chemical stability is strongly
associated to its ionization potential (9.2 eV), making the metal largely resistant to oxidation
and oxygen absorption at room temperature. Therefore Au is widely used in electronic devices,
where long-term integrity is required. [60–62].
When the thickness of Au films is reduced from bulk to nanometer scale, the electrical resis-
tivity ρ linearly increases. Precise control over the film thickness is therefore very important
to consistently reproduce identical layers. Differing layer thicknesses can affect the surface
roughness and activate the surface area, which will influence the device performance [63]. If
the thickness is reduced to below 10 nm it transitions from metal to insulator [64].
The increase in resistivity is explained with increased electron scattering due to surface inter-
actions, adsorption processes, impurities, grain boundaries, and film surfaces[63, 65].
In addition to electrical properties, surface morphology of Au plays a crucial role in determining
its chemical reactivity. Experimental studies have revealed a clear correlation between surface
roughness and surface interactions [61, 62]. Specifically, depositing gold nanoparticles onto an
otherwise smooth Au surface has been shown to increase its chemical reactivity. While oxygen
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molecules do not adsorb on flat Au(111) surfaces, they do bind to Au clusters on rough Au
surfaces. This enhanced roughness is accompanied by a reduction in workfunction (WF) from
5.18 to 3.942, as calculated via density functional theory, indicating that surface roughness
has a strong impact on the WF, which is a fundamental material parameter controlling sur-
face chemical processes. These findings demonstrate that surface morphology has a significant
impact on the electronic and chemical behaviour of Au [61, 62].

For 70 nm thick Au films a resistivity of 5 nΩ·m was measured at 4K [66]. This low ρ makes
Au a highly efficient conductor with low self heating and energy dissipation, very suitable for
capacitor electrodes integrated on STO for low voltage applications or other electronic nano
devices [67, 68].
Despite its excellent electrical conductivity and chemical stability, Au is generally avoided in
complementary metal-oxide-semiconductor (CMOS) due to its destructive diffusion, contamina-
tion and alloy properties [69–71]. It also exhibits high interdiffusivity into dielectric resonators
such as silicon and germanium [70, 72], or other metals like copper[71], aluminium [73] or Cr
and Ti [74]. As a consequence the interface defects and electric resistivity are often increased
due to formation of deep-level trap states within the bandgap, severely degrading carrier life-
time and device reliability. [75, 76]. Therefore, understanding what happens at the interface
between Au and STO is very important for specific application.
It was experimentally observed, that near and at Au/STO(001) interfaces the formation of oxy-
gen vacancies is significantly promoted and thermodynamically migrated to the interface [38].
This could potentially shield STO from being efficiently polarised, hence capacitance tunability
reduced, when DC biasing the Au electrodes. Additionally if ion beam is used in the fabrication
process it is reported to enhance Au interdiffusion even more [76]. This interdiffusion increases
interface defects and resistivity [76]. On top of all of that, Au has drawbacks like delamination,
peeling3 and time dependent device performance [74]. To tackle interdiffusion and peeling, dif-
fusion barriers or adhesion layers can be utilised, which may significantly influence the electrical
properties of the device. In this work,y Cr and Ti adhesion layers between STO and Au are
used and investigated.

2.9 Chromium And Titanium - Adhesionlayer

Cr and Ti are transition metals very commonly used as adhesion layer for Au thin films on
dielectric substrates. Their higher chemical reactivity compared to Au enables strong bonding
to the underlying substrate [74]. By contrast, when pure Au is deposited directly on a dielec-
tric, it exhibits poor spreading, forming discontinuous films at small thicknesses and rough,
continuous films only at larger thicknesses (around 20 nm) [74].
Adding a Ti or Cr adhesion layer significantly modifies film growth dynamics. Both metals
improve Au spreading, which raises the nucleation density, and leads to smaller grains with a
narrower size distribution. As a result, Au films become smoother [74]. In Ti/Au systems, a
thin Ti layer ( 2 nm) enables continuous Au growth and affects the grain size and texture. The
Ti layer is typically amorphous due to partial oxidation that enhances adhesion, whereas the
Au overlayer remains crystalline. At room temperature, no significant Ti/Au interdiffusion is
detected [74].
For Cr/Au films, similar surface improvements are seen compared to Ti/Au. However, Cr and
Au undergo pronounced interdiffusion. Particularly in thinner films, partial alloy formation is
more prominent [74].
These adhesion layers also affect the electrical properties. In polycrystalline thin films reduced

3Peeling is very bad, when wire-bonding onto Au and it does not stick due to insufficient adhesion.
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conductivity is observed due to surface and grain-boundary scattering. Nevertheless, Ti/Au
films have a lower sheet resistance than pure Au, which is credited to an effectively increased
conducting thickness. In contrast, Cr/Au exhibit interdiffusion, resulting in the alloy having
increased resistance [74].
The interactions between STO and the various materials are poorly characterised, even though
they would be among the most interesting aspects to study. What can be said is that STO
contains oxygen and titanium, which are very likely to interact with the adhesion layers. As
more defects are introduced into STO, its dielectric behaviour becomes increasingly difficult to
predict theoretically, because STO is an extremely versatile material that exhibits a wide range
of properties when doped.

3 Device

This chapter presents the device and circuit implementation of the quantum parametric am-
plifier (QPPA) used in this work. It first introduces the theoretical circuit model in the ideal
case and then discusses deviations arising from non-ideal effects such as parasitic elements and
material losses. Then the dielectric loss mechanisms are described through the loss tangent.
Finally, the practical realisation of the device is presented, including the PCB design, lumped
circuit components, and the overall resonator configuration.

3.1 Loss Tangent

A real capacitor deviates from the ideal behaviour due to energy losses in both the dielectric
and the conductive elements. These losses are accounted for by adding an equivalent series
resistance (ESR) in series with an ideal capacitor. The impedance of the varactor, therefore,
can be defined as:

Z =
1

i2πCvar

+Rvar (12)

Here i is the imaginary unit, Cvar the ideal capacitance and Rvar the equivalent series resistance.
While ESR provides a convenient circuit-level representation of losses, the loss tangent tan(δ)
characterises the intrinsic dielectric properties of the material. It is defined as the ratio of the
resistive (real) to reactive (imaginary) components of the total current, quantifying the energy
dissipated in a dielectric subjected to a non-ideal capacitor [16, 30]:

tan(δ) =
Rvar

|Xc|
⇔ tan(δ) = 2πfCvarRvar (13)

Here Xc represents the imaginary and Rvar the real part of the varactor resistance. The
tan(δ) experimentally obtained for STO ranges from 0.005 - 0.06 [45]

3.2 QPPA Circuit

The QPPA investigated in this work is an LC resonator circuit inspired by previous work [8]
and adapted to the present implementation [16]. The device can be operated in both reflection
(with red dashed box) and transmission (without it) configurations (Fig. 8). To enable DC
biasing of the varactor while preventing direct grounding of the bias line, an additional shunt
capacitor Cs is included in the circuit. An inductor LRFB prevents RF signals from propagating
into the DC bias line.
The ideal circuit representation, shown in Fig. 8, consists of a parallel LC resonator formed by
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an inductance L1 and a voltage-dependent varactor capacitance Cvar. In this simplified model,
all components are assumed to be lossless, and no parasitic elements are considered, such that
the resonance frequency determined solely by the inductance and capacitance.

Z0
Cc

Cvar

L1

Cs

LRFB

−
+DC

Cc Z0

Figure 8: The LC resonator circuit is depicted schematically. The elements enclosed by the red dashed box are
included for transmission measurements and absent for reflection measurements. The input load Z0 is coupled
to the resonator, which consists of an inductor L1 and a varactor Cvar. The capacitor Cs blocks DC from ground
while allowing biasing of the varactor, and the inductor LRFB prevents RF signals from propagating into the
DC bias line.

In reality however, non-ideal effects must be taken into account. Both L1 and the Cvar

exhibit finite series resistances that introduce dissipative losses and contribute to the real part
of the circuit impedance. Furthermore, parasitic capacitances Cpar arising from the device
structure, component packaging, and PCB layout modify the resonance characteristics and
limit the achievable performance of the QPPA. To obtain a more accurate description of the
device, a refined circuit model including the relevant resistive losses and parasitic elements is
considered:

Z0
Cc

Cpar

LRFB

−
+DC

Rvar

Cvar

R1

L1

Cs

Cc Z0

Figure 9: A refined circuit model, which considers series resistance of inductor L1 (R1) and varactor Cvar (Rvar),
and parasitic capacitance (Cpar) is shown.
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The circuit impedance Z of the refined circuit is calculated as:

ZL =
1

i2πfCc

+ (
1

i2πfLRFB

+
1

2πfCpar

+
1

Rvar +
1

i2πfCvar

+
1

R1 + i2πfL1 +
1

i2πfCs

)−1 + 1

i2πfCc

(14)
Knowing Z enables us to calculate the reflection (ΓR) and the transmission coefficient (ΓT )

with the following equation:

ΓR =
ZL(ω)− Z0

ZL(ω) + Z0

ΓT =
2ZL(ω)

2ZL(ω) + Z0

(15)

and convert them to dB

ΓRdB
= 10 · log

(∣∣∣∣ZL(ω)− Z0

ZL(ω) + Z0

∣∣∣∣) ΓTdB
= 10 · log

(∣∣∣∣ 2ZL(ω)

2ZL(ω) + Z0

∣∣∣∣) . (16)

Z0 is the standard 50Ω resistance.
Cpar and R1 was determined in prior work [16] by replacing the varactor with a fixed, known
capacitance. After knowing Cpar and R1, we determine Cvar and Rvar by applying the circuit
equation to the S11 and S12, because the capacitor C and R can not be determined with an
accuracy higher ≤ 1 pF before measuring. Example fits can be seen in Fig. 16.

3.3 PCB and circuit

Fig. 10 shows the QPPA circuit board with its lumped components. The STO varactor chip
is glued onto the PCB with PMMA. The lumped elements are soldered onto the board using
tin to reduce bond interface resistance. The circuit is an LC resonator, comprising an inductor
L1 in parallel to a varactor Cvar. A DC bias voltage adjusts the varactors’ capacitance. The
DC path to ground is blocked by a shunt capacitor Cs. An inductor LRFB prevents RF signals
from propagating into the resonator from the DC source. RF tones are injected into the LC
resonator via a coupling capacitor (Cc). Together with LRFB, the Cc capacitors form a bias tee
that enables simultaneous application of DC and RF (signal and pump) to the varactor.

Figure 10: The QPPA PCB is depicted together with its lumped-element components. In the configuration
shown, the device is characterized in transmission mode. If one of the two Cc is removed, the device operates
in reflection mode.

A schematic representation of the circuit is given in 11. The PCB can operate in reflection
mode (without the red dashed box) as well as in transmission mode (with it).
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Z0
Cc Cc Z0

LRFB

−
+DC

Cvar

Cs

L1

Figure 11: Schematic layout of the QPPA circuit is shown for transmission mode. When removing the compo-
nents in the red dashed box we are in reflection mode.

The circuit components values used in this project are summarized in the table below:

Capacitor Cpar = 4.085 pF Cc = 10pF Cs = 300 pF Cvar = from fit
Inductor L1 = 12.1 nH LRFB = 1000 nH
Resistor RL = 0.085Ω Rvar = from fit

Table 2: The circuit component values are summarized.

3.4 STO Varactor

The varactor structure is composed of STO (dielectric substrate)4, an optional adhesion layer,
and coplanar gold capacitor electrodes sputtered on top of the stack, as schematically depicted
in Fig. 12. A comprehensive description of the fabrication process can be found in the Appendix
6.5.

Figure 12: Schematic visualization of the varactor layering process. The substrate is the dielectric STO, the
adhesive layer is Ti and the overlayer is Au.

4STO [001] was patterned on the polished side.
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Figure 13a presents a top-view schematic of the coplanar ring varactor geometry. It consists
of two electrode plates. The illustrated geometry uses a circular layout. However, oval ring lay-
outs were also evaluated, since they can be bonded more easily without shorting the varactors.
The outer ring has a width of t = 50 µm, while the inner ring has a radius of r = 60µm. The
separation gap between the two electrodes is 0.5µm ≤d ≤ 5µm. A cross-sectional view of the
device is shown in Fig. 13b. The STO crystal has a thickness of 0.5mm. On top of the STO,
an optional 5 nm adhesion layer is deposited, followed by 65 nm thick gold electrodes.

(a) (b)

Figure 13: a) Top view of the STO varactor design. The structure consists of a circular outer ring with width
t, an inner ring with radius r and a separation gap d between the two electrodes. b) A side view of the
corresponding varactor.
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4 Results and Discussion

All measurements were conducted at liquid helium temperature at approximately 4.2K using
an RF dipstick, if not mentioned otherwise. All QPPAs were designed, as presented in Fig.
13a, apart from one Au/Cr device (see Appendix Fig. 45). The devices were first characterised
in reflection mode to get an understanding of what parameters are relevant in characterising
parametric amplification (PA) performance for the different materials. Second, transmission
measurements were conducted to investigate the PA performance. An exemplary dataset is
shown for an Au/Cr device in chapter 4.1,4.2 for a better understanding of the analysis in sub-
chapter 4.3. Third, a systematic comparison of different electrode stack devices was conducted.
Fourth, the impact of decreasing inductance L1 on PA and fres was investigated, with the aim
to push for higher frequencies. Fifth, magnetic field dependence measurements were done in
a variable temperature insert (VTI) dewar for an Au/Ti device. Sixth, the impact of varying
gap sizes was investigated. And finally, some device anomalies are reported.
The regular circuit configuration used for the QPPA is listed in Tab. 2.
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Figure 14: The attenuated source signal amplitude was measured for the shorted line to obtain total setup losses
of 12 dBm for signal, and 1 dBm for pump power from the coupler. For RF dipstick in a) also 3 dBm signal is
lost parasitically and for the VTI in b) 8 dBm is lost from the built in attenuator and 5.65 dBm parasitically.

The losses of the measurement lines was determined by shorting the two SMA lines and
sending a signal tone with Psig = -40 dBm through. In the measurement setup 16 dBm signal
and 1 dBm pump from the coupler is lost. So no signal is lost parasitically in the RF dipstick
setup (Fig. 14a), because we send -40 dBm signal in and get -56 dBm signal out. In the VTI
(Fig. 14b) 8 dBm attenuation was added, so 1.65 dBm (-65.65 dBm = -40 dBm - 16 dBm - 8 dBm
- 1.65 dBm) is lost from the setup parasitically.

4.1 Reflection

In reflection mode the S11 parameter is measured using a vector network analyser. DC voltage
Vvar is applied to the varactor with the UHFLI (see Appendix 44).
The chapter presents the relevant reflection measurements performed on the QPPA. These
measurements provide insight into the behaviour of the device and establish the experimental
basis for the analysis discussed in the following chapters. An exemplary device (Au/Cr 2) was
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used to acquire most of the data shown in this chapter 5 .
First, the QPPA resonance frequency fres was measured as a function of DC bias Vvar. Here,
Vvar was swept from 0 → 5 → -5 → 0V. This specific Vvar sweeping pattern was chosen to
determine the magnitude of hysteretic effects due to oxygen vacancies, trapped charges and
defects [38, 51, 77, 78].
Figure 15 only shows the sweep from 5 → -5V. From this figure it becomes clear that the DC
voltage reaches the varactor, as the resonance frequency fres changes (fres = 1/2π

√
LCvar). This

figure can be understood as a collection of many 1D reflection spectra taken at different bias
voltage.
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Figure 15: The QPPA reflection spectra as a function of applied DC voltage (Vvar) is shown. The voltage was
swept from 5 → -5V.

Fig. 16 shows two representative 1D cuts taken from the 0→5V trace at Vvar = 0 in 16a) and
at Vvar = 0.5 in 16b). By fitting the circuit model 14 to the spectra the varactor capacitance
Cvar and resistance Rvar is determined6.
From the S11 coefficient, it becomes clear that the device is not well impedance matched at
0V, but as Vvar increases, the impedance matching improves. Perfect impedance matching
was not the primary focus, as long as the signal sufficiently passed through the system. This is
because mismatch does not affect the intrinsic parametric amplification mechanism. Hence, this
work focused on understanding the impact of different electrode stack compositions on the PA
performance. However, impedance matching affects transmission efficiency and the magnitude
of the reflected signal.

5All measured devices are tabulated in Tab.4)
6The parasitic capacitance Cpar was determined in prior work experimentally by replacing the STO with a

known fixed capacitance(Cpar =4.058 pF).
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Figure 16: Exemplary reflection spectra from Fig. 15 are shown for 0Vvar in a) and 0.5Vvar in b). By applying
the circuit model 14 to the S11 data, Rvar and Cvar were determined.

The Cvar obtained from the fit is plotted as function of Vvar in Fig. 17. At zero bias the
maximum capacitance is C0 = 531.95 pF at f0 = 104.00MHz. Getting back to zero bias after a
5V exposure the capacitance is reduced to Creturn = 328.80 pF with freturn=114.80MHz. This
behaviour is expected for STO, which reduces Cvar for applied Vvar. For positive bias exposure
up to 5V, the capacitance tunability reduces to C0/Creturn = 0.61 due to trapped charges and
oxygen vacancies [45, 49, 52, 53]. For negative bias exposure, C0/Creturn = 0.35. Since Cvar is
the variable component in the LC circuit, it is the driving factor for PA performance. Therefore,
from this point onward only the positive bias region is investigated to keep Cvar tunability, C0

and the CV slope steepness maximal. In previous work it was determined that operating at the
lowest possible bias maximizes Creturn [17]. Consequently, the range of operation is restricted
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Figure 17: a) The varactor capacitance Cvar, obtained from Fig. 16, is plotted as function of Vvar. Vvar was
swept from the red to the green trace. The Cvar tunability reduces to C0/Creturn = 0.61 upon +5V exposure.
b) Equation 11 was fitted to the capacitance curve to describe the Cvar behaviour theoretically, which suits
very well.
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to the range 0 to 2V.
At Vvar = -5V a sudden kink in capacitance is observed, which is due to the spectra broad-

ening, reducing the reliability of the analysis7. This could be due to lattice distortions and
trapped charges for increasing bias [45, 49, 52, 54–57]. As a consequence, the total polarisation
becomes less stable. This kink is irrelevant because it is outside the operating bias region for
PA. This kink is not typically seen, but does occur sometimes at Vvar >3V.
Fig.18a shows the numerical derivative of Cvar with respect to Vvar. This figure gives insight
into the Cvar tunability of the device at a given DC bias, i.e. how strongly Cvar can be mod-
ulated for a given bias. It also indicates the bias region in which the QPPA is expected to
have the best PA performance, based on where the maxima and minima are. For this device it
would be expected to be in the range 0 to 2Vvar.
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Figure 18: a) The derivative of Cvar from Fig. 17 as function of Vvar is shown. b) The loss tangent derived by
computing the Rvar from the fit (Fig. 16) into equation 13 is shown as function of Vvar is shown.

Fig. 18b shows the loss tangent tan(δ) as function of Vvar. The tan(δ) is directly correlated
with Rvar according to equation 13. At zero bias the loss tangent is tan(δ) = 0.02. As Vvar

increases tan(δ) also increases. There is hysteretic behaviour observed for the resistance in the
negative, but not the positive bias region, for this particular device. Other Au/Cr devices show
tan(δ) values between 0.02 to 0.04 with hysteresis in the order ±0.01 (at zero field).
Values down to 0.005 was already reached experimentally with superconducting electrodes [45].
Here the tan(δ) values are a factor of 3 to 8 higher for zero bias, because the total resistance is
taken in this work (e.g. bondwire resistance). An additional reason for increased tan(δ) could
be because the Cr sticking layer interfuses with the Au electrodes and creates doping effects or
alloy formation [74]. Or it could be some of the chemicals used in the fabrication process, in
addition to the Au electrode resistance itself. Chapter 4.3 will compare the impact of sticking
layers on the tan(δ).

7The fit suits well and the error is much smaller than the value, as can be seen from the error bars.
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Key Message

• The STO varactor is tunable and behaves as expected, based on the reflection char-
acterisation.

• STO polarisation depends on the history of the externally applied DC bias.

• Increasing Vvar increases the tan(δ).

4.2 Transmission

In transmission mode the signal tone is generated and recorded by the ultra-high-frequency
lock-in amplifier (UHFLI) from Zurich Instruments. The amplitude of the signal for all mea-
surements is set to Psig = −40 dBm, unless mentioned otherwise. The pump tone is provided
by a Rhode & Schwarz SGS100A. Signal and pump tones are combined at room temperature
using a Mini-Circuits power splitter (ZN30-17-5-S+). An auxiliary output of the UHFLI is
used to apply DC voltage Vvar to the varactor. The relative phase between signal and pump
is controlled via the Zurich Instruments LabOne API(Application Programming Interface)(see
setup in Appendix Fig. 43).
This chapter will present what transmission measurements were conducted on a Au/Cr8 device
to characterize its PA performance based on its effective gain Geff . Geff is differentiated into
the degenerate Gd and non-degenerate gain Gnd. For Gd both the signal tone frequency fs and
the pump frequency fp are fixed (2fs = fp) and the clocks of SGS100A and UHFLI synchronized
to have a constant relative phase ϕ, which is then swept. For Gnd, the fp is fixed and fs swept,
disregarding ϕ. When talking about gain in this chapter, the losses from the setup and device
are accounted for as mentioned in chapter 4.

4.2.1 Parametric Amplification

Fig. 19 is the most informative plot, revealing whether a device can provide parametric ampli-
fication of a signal tone. If so, it maps out the optimal operating condition in terms of both
the voltage range and the corresponding signal frequency at which the gain is maximised. In
this figure, the gain is plotted as a function of Vvar over the range from 0 to 2V.9. In this mea-
surement, the pump frequency fp is set to twice the signal frequency fs and both frequencies are
simultaneously swept, while the pump power is kept constant at Pp = 25dBm. This spectrum
looks noisy, because the relative phase between pump and signal tone is not fixed, meaning
destructive and constructive interference occur uncontrolled. The white dots indicate where
further high-resolution measurements were conducted. The plots presented in chap. 4.2.2 were
taken at Vvar = 1.4V (indicated by the blue circle in Fig. 19).

8Same device as in reflection, but with an additional coupling capacitor.
9Complete measurement covered 100-200MHz and 0-3V, however, only the range showing significant gain

is presented.
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Figure 19: The gain as a function of voltage is shown. Here the pump power was set to Pp = 25dBm. The
fs was fixed to half of fp and both frequencies were simultaneously swept. The white circles indicate areas
were high resolution measurements were conducted. The blue circle represents the area of the high-resolution
measurements, which are presented chap. 4.2.2.

4.2.2 Non-Degenerate Gain

The plots presented below were taken at Vvar = 1.4V (indicated by the blue circle in Fig. 19).
Fig. 20a shows the non-degenerate gain near the resonance frequency as a function of Pp. The
gain increases up to an optimal Pp, reaching a maximum of Gnd = (31 ± 1) dB at fs = 145MHz.
Above Pp = 22.4 dBm Gnd decreases rapidly again. This behaviour is due to the capacitance
modulation oscillating in the positive and negative bias region along the CV curve. This is
explained in chap. 2.5.
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Figure 20: a) The gain as a function of Pp is shown. b) The 1D traces extracted from a) are presented for
increasing Pp. On the top left a zoom-in of the maximum peak (black trace) is shown, to indicate a non-
Lorentzian shape.
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Fig. 20b shows 1D gain traces taken from Fig. 20a to showcase how increasing Pp enhances
the signal tone amplitude. At first glance, the maximum peak appears to be typical Lorentzian,
but upon closer inspection, it becomes evident that the peak shape is unusual (zoom-in in
Fig. 20b). These unconventional peak shapes can only be observed when the frequency step
size is chosen small enough and Pp high enough to achieve Gnd ≥ 25 dB. The peak shape and
and its evolution will be further discussed in chapter 4.3.1.
Fig. 21 shows the extracted maximum values from Fig. 20a as function of Pp. A minimum
threshold pump power of Pthreshold = 18.5 dBm is needed to start generating effective gain,
P10dBm = 21.3 dBm for 10 dB and P20dBm = 22dBm for 20 dB gain. The P20dBm values will be
investigated more carefully to benchmark different devices in chapter 4.3.
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Figure 21: The maximum amplitude is extracted from Fig. 20a and plotted as a function of Pp. At Pp=18dBm
the QPPA starts generating effective gain, at Pp=22.3 10 dB and at Pp=23dBm 20dBm gain.

4.2.3 Degenerate Gain

In this chapter, the influence of the relative phase ϕ between the signal and the pump tone on
the gain is examined. Figure 22a shows the degenerate gain as a function of ϕ for increasing
values of Pp. For Pp up to Gd ≈ 20 dBm, the behaviour can still be well described by three-
wave mixing, because the cosine fits well to the pink trace (see Fig. 22c). In this regime, the
underlying physics is well understood. Once Gd > 20 dBm is reached, however, the response
deviates from a purely cosine-like dependence and exhibits an unfamiliar phase sensitivity. In
this high-gain regime, at a particular ϕ, the gain is maximised. Moving away from this ϕ reduces
the gain, but does not fully suppress it. The current interpretation is that, at sufficiently high
Pp, higher-order non-linear terms of the STO start to contribute and interfere with the usual
signal-pump mixing mechanism. Furthermore, for achieving gain around Gd ≥ 40 dBm the
amplitude becomes noisy. This may be because energy transfer from pump to the STO is
inefficient and/or insufficient to sustain such a high gain, except at a single mode (the peak).
Or because the STO reached its maximum 3-wave-mixing potential10, leading to dissipation

10For the given design and conditions (e.g. impedance mismatch, electrode stack impurities etc.) of the
QPPA.
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Figure 22: The degenerate gain as function of relative phase is shown for Vvar = 1.4V in a) and Vvar = 0.3V
in b) to showcase different shapes.c) A cosine fit was applied to the violet trace from Fig. a) to showcase the
3-wave mixing mechanism.

of excess Pp. As a consequence, the physical conditions change because energy is dissipated
through electrostriction or the inverse piezoelectric effect, as well as through RF signal-phonon
interactions, leading to distortion or intermodulation [30, 59]. Consequently the signal becomes
unstable.

Fig. 22b shows the phase traces recorded at Vvar = 0.3V, illustrating the variety of phase
shapes measured. In the blue trace, for less Pp, there is a slightly noisy area, indicating that
the previously made presumptions are not fully correct and some, at this moment unidentified,
conditions have to be met for the noisy traces to appear.

4.2.4 Degenerate vs Non-Degenerate Gain

In Fig. 23, the difference between the degenerate and non-degenerate gains as a function of
increasing Pp is shown. The peak values extracted from Fig. 22a represent the Gd (blue trace).
The Gd is always higher than Gnd. The convergence of the Gd at higher Pp indicates that the
potential limit for the current varactor and circuit design and measuring conditions is reached.
The surprising thing about this figure is that the maximum Gnd is already reached at Gnd =
31.33 dBm. This is surprising because in Fig. 22a, at a Pp = 24dBm a Gd ≈ 40 to 46 dBm
is reached, independent of ϕ. This statement is further supported by Fig. 19, where ϕ was
not controlled. This means independent of ϕ the Gnd should reach similar values for the high-
resolution data presented. This could mean, that when fixing fp and sweeping fs the optimum
fres is missed, compared to sweeping both frequencies simultaneously (both scenarios for the
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condition 2fs = fp).
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Figure 23: The degenerate vs the non-degenerate gain as a function of Pp is shown. Gmax(d/nd) stands for the
maximum degenerate (d) and non-degenerate (nd) gain measured.

4.2.5 Q-Factor

In order to determine the Q-factor of the QPPA device, the data from Fig. 20b is converted
from dB to linear and the following Lorentzian fitted [8]:

G(fsig) = Goffset + A · γ

π((fsig − f0)2 + γ2)
(17)

Here, G represents the gain, Goffset a global offset, A the peak amplitude, 2γ the bandwidth
(BW) at FWHM, f0 the resonance frequency and fsig the signal frequency. In Fig. 24 the BW
is then plotted as a function of the inverse square root of gain. A Q-factor of Q = 14.33 is
obtained by applying a linear fit with the below equation, :

Qres =
fres

2BW (G)

1√
G
. (18)
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Figure 24: The bandwidth is plotted as a function of the inverse square root of gain. Both values were obtained
by fitting equation 17 to the data in Fig. 20b. A linear fit (Eq. 18) is applied to obtain a Q-factor of Q = 14.33.
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4.2.6 1dB Compression Point

This chapter investigates the 1 dB compression point for the devices. Figure 25a shows the
maximum degenerate gain at Vvar = 0.2V, extracted from Fig. 46(Appendix), as a function of
the signal power11. Several gain traces corresponding to different Pp are displayed.
For Pp ≤ 20 dBm, the gain remains approximately constant at low signal powers Psig. However,
when Psig approaches −28.5 dBm, a distinct kink appears and the gain begins to decrease. In
contrast, for Pp = 24 dBm the trace is almost straight and the kink is barely visible. For
intermediate pump powers (21 - 23 dBm), the gain traces gradually converge toward the Pp =
24 dBm trace.
Notably, all gain traces collapse onto a single line for Psig ≥ −28.5 dBm. This indicates that
the gain is no longer determined by the Pp but instead becomes limited by the signal power.
This is not due to the saturation of the UHFLI input stage, as the saturation power does not
increase linearly with the increasing Pp (Appendix Fig. 47). In this regime, the signal may
be sufficiently strong to significantly deplete the pump, thereby limiting the achievable gain.
Nonetheless, the device reaches a universal gain limit.
At low (Psig ≤ 35) dBm, the measured gain exhibits an oscillatory and noisy behaviour. This is
not due to intrinsic device nonlinearity, but the finite voltage step size limiting the resolution of
the applied sinusoidal modulation. In addition, the input signal may be below the noise floor,
which further contributes to the observed fluctuations.
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Figure 25: a) The gain for various Pp as a function of the input signal power Psig is shown for the device Au/Cr
2 at Vvar = 0.2V. b) The output signal power Pout (S12) for various Pp as a function of the input signal power
Psig is shown for the device Au/Cr 2 at Vvar = 0.2V. The legend is valid for a) also.

Fig. 25b shows the signal output power (S12) as a function of signal input power Psig for
different Pp. At low Pp, the S12 increases approximately linearly with the input signal power.
This is confirmed by the linear fit of slope = 1. At Psig = -28.5 dBm, the amplification abruptly
saturates and the output power approaches a constant value, becoming independent of further
increases in Psig. Such an abrupt kink is not typically observed in amplifier characteristics.
Instead, with increasing Psig the output usually deviates gradually from the initial linear de-
pendence as gain compression sets in, leading to a smooth transition into the saturation regime
(see chap. 2.4 or Fig. 27).

11See Appendix for a more detailed explanation of how this plot was generated
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For higher Pp, the curves start at a larger S12 and operate in a strongly non-linear regime (slope
≥ 1). Despite the different Pp, all traces reach saturation at approximately the same Psig. This
again shows the onset of gain saturation being determined by the Psig rather than by the Pp.
The plot also indicates that the maximum achievable gain may be almost reached at Pp =
24dBm, as the trace is very close to the saturated gain even for low Psig.
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Figure 26: The gain as a function of the input signal power Psig is shown for different Vvar and attenuation
levels. Each colour shows the maximum (24 dBm) and minimum (14-18 dBm) Pp trace.

Figure 26 is the analogue to Fig. 25a, but shows the maximum (Pp = 24dBm) and minimum
(Pp = 14-18 dBm) gain traces measured for different Pp at various DC bias voltages and signal
attenuation levels. The aim is to determine whether these parameters influence the position of
the kink observed in the gain traces.
The results show that neither the DC bias voltage nor Pp affects the kink position. Instead,
the kink shifts only with the applied signal attenuation. Specifically, the kink position moves
proportionally with the applied attenuation of Psig, as indicated by the black dashed lines
and arrows in the figure. This observation supports the previous statement, that Psig is the
only known parameter influencing the kink position. However, the kink is unlikely due to pump
depletion. If this were the case, the kink would be expected to appear at the same Psig indepen-
dent of the applied signal attenuation. Although the overall gain is also affected by attenuation,
variation in Vvar leads to different impedance matching conditions, which complicates a direct
comparison. Apart from this proportional shift, no further clear trends can be identified at this
stage. Consequently, the underlying mechanism responsible for this behaviour remains unclear
and further investigation is needed.

Fig. 27a shows the analogue measurement of Fig. 25, but for the AU/Cr 1 device at Vvar

= 0.48V. In contrast to the previous case, here the gain first approaches a saturation value.
As Psig increases, no abrupt kink is observed. Instead, a gradual transition from linear to the
compression region occurs, consistent with the theory [30, 32, 33]. Fig. 27b is an exemplary
plot to indicate the 1 dB compression point at -43.95 dBm for Pp = 19.65 dBm. For all the high
PA performance devices from this work, these measurements are presented in the appendix
Fig. 46. No clear trend or systematic pattern is observed among these devices. However, their
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Figure 27: a) The gain as a function of the signal input power Psig is shown for various Pp. b)The gain trace
for Pp = 19.65 dBm is shown. The 1 dB compression point is at -43.95 dBm.

behaviour appears to be strongly dependent on Vvar , which defines where on the CV curve it
is operated at, and the same considerations discussed above for the Au/Cr 2 device apply here
as well.

Key Message

• The QPPA achieves gain up to ≈ 54 dBm.

• In the high-gain regime the phase sensitivity is significantly reduced.

• The 1 dB compression point varies inbetween devices in the range Psig = -45 dBm to
-30 dBm.

4.3 Material Comparison - Transmission

In the previous sections, the operation of an Au/Cr device was examined in greater detail. This
section now focuses on a systematic comparison of the PA performance of devices built with
Au and Au/Ti electrode stacks. The goal is to determine how the choice of electrode material
and sticking layer affects the device’s intrinsic properties and its ability to amplify signals.
The comparison is based only on experimentally measured results. Big emphasis is placed on
identifying material-dependent trends in gain efficiency, stability, and reproducibility. Addi-
tionally, trends correlating with changes in varactor geometry and operating bias conditions
were investigated. By systematically analysing multiple devices (see Tab. 3) per electrode
configuration, effects from device-to-device variations were identified.
The data on Au devices have to be taken with caution, as only 2 out of 5 devices achieved no-
ticeable PA and on top of that the working range was very limited to 0.9 - 1.1V. Furthermore,
the data could not be reproduced.
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electrode stack # of devices investigated gain ≥ 25 dBm
Au 2 0

Au (EBL) 3 1
Au/Ti 3 3
Au/Cr 4 4

Table 3: The types of devices fabricated and the number of measured devices are given. EBL stands for
electron-beam lithography. If not labelled they were produced via photolithography.

4.3.1 Non-degenerate Gain

In Fig. 20b, the non-degenerate gain of the Au/Cr 2 device was presented. Now the Au 3
(EBL)(Fig. 28a) and Au/Ti 1 (Fig. 28b) devices are compared to it. For Au a double peak and
for Au/Ti a Lorentzian, which is slightly curved to the left, is observed. The slight curving is
due to the Duffing non-linearity [23]. When comparing all measured devices one can say that
depending on the DC bias all Au/Cr devices, two out of three Au/Ti devices and the single
working Au device (Au 3 EBL) showed double peaks (Tab. 4). It is not certain if this behaviour
is influenced by the electrode stack configuration or the device-to-device variability. Part of
the explanations for the unconventional peaks are signal/phase distortions due to RF-phonon
interaction and intermodulation, apart from the higher-order nonlinearity [30, 32, 33]. A little
more insight into the resonance peak shapes and evolution is provided in chap. 4.3.2.
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Figure 28: The transmission gain spectra as a function of Pp is shown for Au 3 (EBL) in a) and Au/Ti 1 in b).
On the top left a zoom-in of the maximum peak (black trace) is shown, to indicate a non-Lorentzian shape.

4.3.2 Resonance Peak Evolution

This chapter provides an overview of how the resonance peak shapes behave and which factors
may influence it. Figures 29, 30, and 31 show 1D gain traces recorded at a constant DC bias
and fixed fp, for progressively increasing Pp. For the analysis of the peak-shape evolution, only
the traces entering and staying in the high-gain regime are taken into account.
Fig. 29 presents data from the Au/Cr 2 device at different DC bias. In Fig. 29 a-d), the DC
bias was fixed to Vvar = 0.35V. Upon entering the high-gain regime, two peaks are visible.
Initially, the right peak is dominant and more clearly visible. As the Pp is increased (see
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Fig. 29 b-d), the left peak starts to form and overtakes the right peak in amplitude for high
enough PP. What can be said is that for increasing Pp, both peak amplitudes increase, and
become more visible. Additionally, the two modes come closer together. The theoretical model
in [14] explains this by the appearance of isola and double peaks for large enough Pp (chap. 2.3).
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Figure 29: For the Au/Cr 2 device, the gain spectra are shown for a given DC bias (black) with a specific Pp

(blue). The plot showcases the evolution of the peak shape as a function of increasing Pp and Vvar = 0.35V in
a-d), Vvar = 0.7V in e-h), 1.02V in i-l) and Vvar = 1.3V in m-p).

In Fig.29, panels e-h, i-l, and m-p correspond to DC biases of Vvar = 0.7V, 1.02V, and
1.3V respectively. The DC bias, same as high Pp, influences the resonance frequency, hence
may also affects the peak shape. Increasing Vvar seems to bring the two modes closer together.
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However, this trend is not consistent. While some panels follow the expected behaviour, others
deviate. For example, panel d already shows two modes, which, for increasing Vvar, come very
close in frequency in panel h. In panel p, the modes approach each other further and begin to
merge, accompanied by an increase in gain for both modes, compared to panel h. In contrast,
panel l exhibits two clearly distinguishable modes again, indicating a partial separation. The
observation suggests that DC bias not only tunes the resonance but maybe also the mode
spacing. If the system is over-pumped, the total gain drops sharply, marking the exit from the
high-gain regime (not shown here)12.
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Figure 30: For the Au 3 (EBL) device the gain spectra is shown for Vvar = 1.05V with increasing Pp indicated
in blue.

Fig. 30 analogously shows the peak evolution for the Au 3 (EBL) device with no sticking
layer at Vvar = 1.05V. Compared to Au/Cr 2, it shows the same behaviour as a function of
Pp, but the two modes are still distinguishable for Gnd > 30 dBm. Here again isola emerge[14].
Regarding the DC bias relation, not much can be said, as this device entered the high-gain
regime only at 1.05V bias13.
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Figure 31: For Au/Ti 2 the gain spectra is shown for Vvar = 1.3V with increasing Pp indicated in blue.

Fig. 31 presents the Au/Ti 2 device at Vvar = 1.3V. Here, there is either a single existing
mode or the two modes are so close to each other that they can not be distinguished (overlap).
Maybe, the maximum gain is reached with less pumping, because the potentially maximum
amplitude is lower. This is the reason for this mode looking most Lorentzian. What can be
added here is that for two out of three Au/Ti devices, only a single mode was observed. For

12The last high-gain trace before exiting is shown in these panels.
13Out of 5 Au devices, only the one presented here gave reasonable gain over 25 dBm.
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the other one, shapes as for Au/Cr and Au was observed (double peaks), although they were
all fabricated in the same batch of STO. It is not known where this inconsistency is originating
from. A guess would be that the devices have different material defect density in the QPPA,
mainly oxygen vacancies.

Key Message

• Independent of the electrode stack, similar gain can be achieved, but the required Pp

varies (PAu/Cr < PAu/Ti << PAu)

• The PA response deviates from a Lorentzian behaviour at higher pump powers due
to Duffing non-linearity and non-linear damping, creating an isola and double peak
in the QPPA response.

4.3.3 Degenerate Gain

In Fig.22a, the degenerate gain of the Au/Cr 2 device is shown. The analogue measurement
for the Au 3 (EBL) device at a DC bias of 0.95V is presented in Fig. 32a.
In this case, the intermediate-gain regime (10 to 20 dBm) is reached with Pp ≥ 21 dBm14. There,
the phase sensitivity is present, but the high-gain regime (G ≥25 dBm) can not be reached.
The traces remained well defined regardless of Vvar. However, since only two out of five Au
devices showed significant Gnd, the available data are insufficient for a reliable conclusion. In
addition, the functioning Au devices operated only within a narrow voltage window (0.9–1.1V),
in which PA was achieved. Remeasurement of the originally recorded data did not reproduce
the initial results, but Gnd < 5 dBm. The reason for this inconsistency is unclear and requires
further investigation.
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Figure 32: a) The gain as a function of the relative phase between signal and pump tone is shown for Au 3
(EBL) at 1.05V in a) and Au/Ti 2 at 0.75V in b).

14For all devices measured a pump power of around Pp ≥ 19 dBm is needed to achieve gain higher 30 dB.

32



High Gain SrTiO3 Parametric Amplifier 4 Results and Discussion

Figure 32b shows the corresponding measurement for the Au/Ti 2 device at Vvar = 0.75V,
analogous to Fig. 22a. In contrast to the Au device, no pronounced phase sensitivity is observed
in the high-gain regime.
Overall, the results suggest that the introduction of adhesion layers in the electrode stack
modifies or reduces the phase sensitivity. Both Au/Cr and Au/Ti devices exhibit partially
noisy phase spectra at certain Vvar (see Fig. 22a)15. For the Au devices, no noisy phase traces
were observed. However, due to the limited dataset, their occurrence cannot be ruled out. A
look at Tab. 4 indicates a correlation between the absence of double peaks and the absence
of noisy phase spectra once the high-gain regime is reached. An exception is the Au 3 (EBL)
devices, exhibiting double peaks in the high-gain regime, with non-noisy phase behaviour. Due
to the limited data available for Au 3 (EBL), this device is treated as an outlier and is not
considered further in this context.

electrode stack gap size [µm] gain≥25 dBm double peak noisy phase
Au 1 1 no - -
Au 2 1 no - -

Au 1 (EBL) 1 no - -
Au 2 (EBL) 2 no - -
Au 3 (EBL) 0.5 yes yes no
Au/Ti 1 1 yes yes yes
Au/Ti 2 1 yes no no
Au/Ti 3 5 yes no no
Au/Cr 1 3 yes yes yes
Au/Cr 2 3 yes yes yes
Au/Cr 3 - yes yes yes
Au/Cr 4 3 yes yes yes

Table 4: The individual devices fabricated and measured are given in the table. All devices were fabricated via
laser writer, except the ones labelled with EB with electron-beam lithography.

One key motivation for achieving phase-sensitive amplification is its ability to generate
squeezed coherent states. Such states are of big relevance for reducing the signal-to-noise
ratio (SNR) in microwave measurements, hence improving measurement sensitivity and overall
system performance [79, 80].
The presence of noisy phase spectra in combination with HONL may indicate further limitations
in the achievable phase sensitivity. A detailed analysis of the underlying mechanisms is beyond
the scope of this work.

Key Message

• The PA mechanism deviates from Lorentzian behaviour and is non-linear:
1. Double peaked ”Lorentzian” → noisy phase traces observed.
2. Single peak → no noisy phase trace.

15The noisy phase trace is not consistently observed, but seems to depend on applied DC bias and Pp.
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4.4 Material comparison - Reflection

This subsection presents a comparative analysis of the reflection measurements for all investi-
gated electrode stacks. It serves as the analogue to chapter 4.3, but focusing on the reflection
data introduced in chapter 4.1.

4.4.1 Capacitance Voltage Curve

The capacitance of the varactor is the variable component in the QPPA and hence the key
driving parameter for PA. Fig. 17 (Au/Cr 2), 33a (Au/Ti 2), and 33b (Au 1(EBL)) show the
capacitance-voltage (CV) characteristics for the different electrode stacks. Out of all the inves-
tigated devices the Au/Cr devices (Fig. 17) consistently show the highest zero-field capacitance
C0, the steepest CV slope, and strong reduction in C0/Creturn after exposure to voltages up
to 5V. These are followed by Au/Ti (Fig. 33a), which show slightly lower capacitance and
tunability reduction.
For Au devices C0 and C tunability is lowest and C0/Creturn is least influenced by voltage
exposure. If they are fabricated by electron beam lithography (Fig. 33b), a slight C0/Creturn re-
duction is observed. In contrast, if fabricated by laser-writer, they show nearly constant initial
capacitance and C0/Creturn (= 99%). The C0/Creturn of all investigated devices is summarised
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Figure 33: The capacitance as a function of voltage applied to the varactor is shown for Au/Ti 2 in a and Au
1 (EBL) in b.

in Fig. 34. A clear correlation between tunability reduction and PA performance is observed.
Devices Au 1,2, fabricated with photolithography, exhibited no reduction in C0/Creturn and
also no measurable parametric gain. In contrast, Au devices fabricated by E-beam lithography
exhibited a slight reduction in C0/Creturn and showed good PA performance only during the
first cool-down.
The remaining devices, Au/Ti and Au/Cr, both fabricated with photolithography, exhibited a
significant reduction in C0/Creturn and consistently showed strong, reproducible PA. These ob-
servations indicate that reduced C0/Creturn, associated with interfacial states, material defects
like oxygen vacancies, and especially trapped charges, appear to be desired for PA operation
[45, 49, 52, 74–76].
The trend shows that a decrease in C0/Creturn is associated with a device being able to achieve
high PA. Therefore, PA performance was examined in the negative bias region, where C0/Creturn

is even more reduced after voltage exposure. However, the gain in this region was significantly
lower than that observed under positive bias.
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Experimentally, in [38], it was observed that at Au/STO interfaces oxygen vacancies are signifi-
cantly promoted and even thermodynamically migrate to the interface. This potentially shields
the STO from being exposed to an external electric field, reducing the capacitance tunability,
hence effective PA.
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Au/Cr 1
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Au/Cr 4

Working devices
Non-worling devicesAu 1,2

Figure 34: The capacitance decrease of the varactor after 5V exposure (C0/Creturn) is shown for the different
electrode stacks. Circular symbols represent devices capable of achieving high gain, whereas x-shaped symbols
represent those that are not.

Key Message

• Au devices are unreliable and produce inconsistent measurement data.

• Au devices only show PA, if fabricated via electron-beam lithography due to charge
defects.

• If the C0/Creturn decreases after voltage exposure, the device achieves good PA per-
formance. Hence, hysteresis due to material defects, trapped charges and oxygen
vacancies is desired.

• In the negative bias regions, C0/Creturn is lowest. However, the gain is significantly
smaller than in the positive bias region.

4.4.2 Loss tangent tan(δ)

The loss tangent measured for all the devices during this work are higher than the experimen-
tally achieved loss tangent, tan(δ) = 0.005 with superconducting electrodes[45]. Though it can
be seen, that for using no sticking layer (Fig. 35b) the tan(δ) is lowest, followed by Au/Ti (35a),
and Au/Cr (Fig. 18b) having the highest tan(δ) values. This trend is consistently observed for
all devices, and more prominently seen for increasing Vvar .
For the Au/Ti 1 device local heating was observed for Pp ≥ 24 dBm, when measuring in the
VTI (see chap. 4.6). In future works, one could investigate the correlation between tan(δ)
and local heating for the different materials as a function of Pp, to make the devices more
microkelvin compatible.
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Figure 35: The loss tangent as a function of the DC bias is shown for Au/Ti 2 in a) and Au 1 (EBL) in b).

Key Message

• tan(δ)Au/Cr > tan(δ)Au/Ti > tan(δ)Au

• Local heating up to 9K observed for Pp ≥ 24 dBm, but it did not affect the gain.

.

4.4.3 Material Trends

This chapter presents scatter plots to identify trends and correlations between the different
devices. Each dot represents a specific Vvar , where the device was measured at (range 0 up to
2V, from lighter to darker colour transition.). The y-axis represents the Pp required to achieve
Gnd = 20dB16. In Fig. 36a, the x-axis is the derivative value at a given Vvar

17. Au needs the
most Pp to achieve 20 dB gain. For Au/Ti and Au/Cr, the Pp required has a broader range,
with Au/Cr indicating a lower Pp at optimum Vvar. The plot shows that for a smaller varactor
gap size a steeper CV slope and larger C0 makes the device able to achieve equal gain for lower
Pp at an ideal Vvar , because the Cvar achieves larger oscillations without reaching into the
negative bias region as fast (see Fig 5).

In Fig. 36b the x-axis is the Q-factor18. The Q-factor appears to be optimal at Q = 20
for Au/Cr devices, if device Au/Cr 4 is excluded. The reason for the Au/Cr 4 Q-factor being
much more tunable is not known, but it could be due to fewer charge defects, leading to less
shielding of STO from external E-fields. It also becomes clear that the Q-factor decreases with
increasing Vvar because of higher resistive losses (the loss tangent increases as Vvar rises)[59].
Furthermore, for higher Pp, local heating causes additional dissipation in all devices. The
importance of varactor tunability becomes clear when looking at the Au/Cr 3 device. The
Pp range required to achieve 20 dB gain is very narrow and behaves almost like a fixed value

16The y-axis was investigated for Gnd and Gd = 10 and 20 dB. Trend stayed the same for all of them.
17For an example, see Fig. 18a
18For an example, see Fig. 24.
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component. This behaviour arises from using a cross-shaped rather than circular geometry for
the inner varactor ring (Appendix Fig. 45), which reduces the capacitance tunability. There is
some discrepancy in the stated trends, which have to be further investigated.
The next step would be to significantly reduce the Pp required to achieve high gain. By intro-
ducing superconducting electrodes much higher Q-factors may be achieved.
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Figure 36: The pump power required to achieve Gd = 20dB is presented as a function of the corresponding
capacitance derivative value (example Fig. 18) in a) and the Q-factor in b) at a given voltage bias for each dot.

Key Message

• Reducing the varactor gap size improves the capacitance modulation achieved per
unit RF Pp → Less Pp requiered for equal amount of gain.

• The Q-factor reduces for increasing Vvar and Pp → more Pp required for equal gain
due to increased tan(δ), local heating and energy dissipation.

• The Q-factor is not very tunable for majority of the devices, apart from devices
Au/Cr 4 and Au/Ti 3.

4.5 Dependence on Inductor

This chapter discusses how the operational frequency range of the Au/Cr 4 device can be
increased by reducing the inductor L1 (see the circuit in Fig. 9). Figure 37 illustrates the
influence of L1 for values of 12.1 nH, 8.9 nH, and 5.5 nH. Taking L1 = 12.1 nH as the reference, a
decrease to 8.9 nH should theoretically increase the resonance frequency by 16%, and a reduction
to 5.5 nH by 48%19. Experimentally, however, the observed frequency shifts are only ≈ 4% and
≈ 14%. This discrepancy potentially indicates that parasitic inductance, together with the
bondwire inductance, contribute significantly in addition to L1, thereby limiting the achievable
shift in fres. To investigate whether the efficiency of the fres tuning can be improved, the loop
height should be reduced and the bondwire length minimized. Alternatively, the STO crystal
thickness could be reduced by introducing a parallel capacitor to achieve higher frequencies.

19These theoretical shifts are obtained from the expression 1/2π
√
LC ↔

√
L1/

√
L2.
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However, this would complicate the integration into the PCB.
The higher the operating frequency range, the better the impedance has to be matched to
significantly minimize losses.
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Figure 37: The influence of the inductor L1 on the frequency range of operation for PA is shown for the Au/Cr
4 device. Panel a), b), and c) correspond to inductance values of 12.1 nH, 8.9 nH, and 5.5 nH. The gain as a
function of voltage is presented for the Au/Cr 4 device. The pump power was set to Pp = 25dBm. The signal
frequency fs was fixed at half the pump frequency fp, while both frequencies were swept simultaneously.

Key Message

• Parasitic and bondwire inductance have a significant impact on the QPPA fres and
significantly reduce the fres tunability of the device for higher frequencies.

4.6 Magnetic field dependence

The following measurements were conducted at ≈ 1.6K to investigate the magnetic field de-
pendence of the Au/Ti 1 device (see setup in Appendix Fig. 44). Fig. 38a shows the B-field
dependent gain of the AuTi 1 device at Vvar = 0.42V. As the B-field increases, the fres shifts
to higher frequency, following a non-linear relation with B. The gain stays stable, independent
of B, but the Pp required increases slightly with increasing B.
Interestingly, fres exhibits irreversible polarisation. After exposing the device to 1T and then
reducing the field back to 0T, fres remains at the value it had at 1T. Analogously, when exposed
to 5T. This irreversible behaviour may be caused by a nearby screw used to fix the PCB onto
the VTI insert, the aluminium bond-wire used to DC bias the varactors, or a combination of
both. For pumping over 25 dBm, local heating up to 9K was observed, but it had no impact
on the gain.
Fig. 38b shows that, at a given B-field the fres does not shift. The gain remains stable across
the entire range, here from -5 to 5T.
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Figure 38: a) The non-degenerate gain as a function of frequency is shown for various external magnetic fields.
b) The non-degenerate gain and fres stays stable from 5 to -5T.

4.7 Varactor Gap Size Influence

Figure 39 presents the operational frequency ranges of the Au/Ti 2 (gap size ≈ 1µm) and
Au/Ti 3 (gap size ≈ 5µm) varactors. The Au/Ti 2 device exhibits a tunable band from 115
to 151MHz, while the Au/Ti 3 device operates over a narrower 130–145MHz range. The
main takeaway is that decreasing the gap size enhances the overall capacitance tunability and
broadens the usable frequency range for PA under DC bias. Additionally, it improves the
capacitance modulation achieved per unit RF pump power. As a result, equal gain requires
less Pp (see Fig. 36).
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Figure 39: The gain as a function of voltage is shown for Au/Ti 2 and 3. Here, the pump power was set to
Pp=25dBm. The fs was fixed to half of fp and both frequencies were simultaneously swept. The measurements
were done on Au/Ti 2 and 3 with a varactor gap size of 1µm in a) and 5µm for b).
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4.7.1 Anomalies

It is widely know, that the hysteretic behaviour of the capacitance of STO, originating from an
applied DC bias, can be reversed by thermally heating it up to room temperature [45, 49–51].
However, an effect that is not yet understood was observed, as neither thermal resetting at
room temperature for up to 1 h nor heating the device with a heat gun at 350 ◦C with low
airflow for 1-3min restores the initial fres measured after the first cool down (Fig. 40).
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Figure 40: The initial fres of the Au/Cr 2 (LW) device is depicted for the first time cooling down to 4.2K in
blue and then after thermally reheating the device at RT for 1h cooling it down again in red and analogously
a third time in green.

The slight shift (1-5MHz) may explain why Au 1,3 (EBL) devices only worked during the
first cool-down, where the amount of trapped charges and shielding was negligible. For Au/Cr
and Au/Ti devices a 2-5MHz increase in fres was also observed, but the impact was minimal, as
the gain remained identical. The PA performance remained consistent. But the frequency range
at the high and low ends of the spectrum was slightly reduced and the overall response became
smoother and more stable, as shown in Fig. 41. This DC bias history was not investigated
actively for this type of measurement in Fig. 41, hence this is the only device measured twice
for PA.
Additionally, in some cases, the coupling capacitors were damaged due to excessive pump power.
This resulted in reduced gain or, in certain cases, a non-functional device that had initially
worked. Such capacitor failures were consistently observed in Au-based devices. Replacing the
affected capacitors restored device functionality for Au/Cr and Au/Ti devices, but not for Au
devices.
For Au devices, the coupling capacitors (Cc) appeared to fail more easily. In the present
experiments, a maximum DC bias of 5V and a Pp of 25 dBm (corresponding to Ppp ≈ 11.24V)
were applied.When considering the high gain, it can be said that Pp was increased gradually,
to prevent dielectric breakdown and burning of the capacitors, which did not help.
Furthermore, the performance of Au devices appears to be unstable or unreliable based on the
available data. Multiple Au devices were tested, and after the first operation, the gain did not
recover to its initially high values, even after replacing the coupling capacitors.
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Figure 41: Influence of DC bias history on the measurements: a) after the first cooldown with no prior applied
DC bias, and b) after the second cooldown following a DC bias history up to Vvar = 3V. The fs was fixed to
half of fp and both frequencies were simultaneously swept.

Key Message

• The QPPA is B-field independent from -5T to 5T, but irreversible polarisation takes
place at 1.6K temperature.

• Increasing the B-field requires increasing Pp for equal gain.

• The smaller the varactor gap size, the wider the frequency range, in which the QPPA
can achieve high gain parametric amplification.

• Local heating up to 9K was observed for Pp ≥ 25 dBm, but the gain was not affected.

• A thermally non-reversible fres shift is observed for applied DC bias, which causes an
increasing initial fres per cool down.

5 Conclusion And Outlook

This thesis presents a systematic investigation of STO varactors based quantum parametric
paraelectric amplifier (QPPA) circuits. The focus was on how different electrode stacks, with
and without adhesion layers, influence the non-linear dynamics and amplification performance.
By combining theoretical models with experimental results, a deeper understanding of the sys-
tem was achieved.
The results confirm STO to be a suitable material for parametric amplification at cryogenic
temperatures due to its dielectric constant being strongly dependent on an external electric
field. This allows capacitance modulation and three-wave mixing. However, the performance
of the device is not only determined by the non-linearity of STO, but also by its external effects,
such as interface configuration and defects.
A key finding is that Cr and Ti adhesion layers significantly influence device performance
compared to devices without an adhesion layer. The adhesion layers enhance the mechanical
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stability of the gold overlayer. They also alter the STO response via interdiffusion and de-
fect generation. Consequently, Au/Cr and Au/Ti devices exhibit higher zero-field capacitance,
greater capacitance tunability, and a reduction in capacitance following voltage exposure (hys-
teresis). Based on the results, the increased hysteresis introduced by the adhesion layer is
desired, as it strongly indicates that a device can achieve high gain. Nonetheless, similar gain
can be achieved, independent of electrode stack, by adjusting the pump power.
QPPA devices without a sticking layer suffer from peeling and delamination. They also yield
irreproducible results and exhibit no gain after the initial cooldown.
Beyond material effects, the non-linear dynamics such as the Duffing non-linearity and non-
linear damping play an important role at higher pump powers. They modify the resonance
frequency condition and peak shape, gain saturation, and amplifier stability. Also the phase
sensitivity is significantly reduced at high pump powers.
The operational frequency range for high-gain parametric amplification increases as the varactor
gap is reduced. However, when trying to reach higher frequencies by reducing the inductance
of the LC resonator the achievable shift is limited by parasitic and bondwire inductance.
The QPPA achieves high gain at a fixed resonance frequency independent of a magnetic field
from -5T to 5T, however, an irreversible polarisation is observed.
The current devices exhibit inconsistencies in Q-factor tunability. Additionally, resetting the
polarization of STO via thermal heating at RT leads to a slight shift to higher resonance fre-
quency compared to initial values. This is likely due to the fabrication induced defects and has
to be investigated.
The pump power needed to achieve high gain is very high. One proposal to address this
challenge is to try to use thin film superconducting electrodes, which potentially increase the
Q-factor significantly, lowering the required pump power, hence decrease the noise, energy dis-
sipation, and heating. An asymmetric coupling capacitor circuit configuration may achieve
similar effects. This may allow to work below the cryogenic temperature noise floor and even
make the QPPA microkelvin compatible. However, the fabrication recipe has to be reinvented
to actively control external effects on the STO.
Additionally, when trying to reach higher frequencies, the device is limited by bondwire and
parasitic capacitance. Reducing bondwire length or reducing the thickness of STO should the-
oretically provide a pathway to higher frequencies.
Lastly, one could fabricate Au/Cr and Au/Ti devices with EBL, to push for smaller varactor
gap sizes, to see if they further increase the amplifier performance.
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D. Lyakh, S. Mandrà, J. R. McClean, M. McEwen, A. Megrant, X. Mi, K. Michielsen, M.
Mohseni, J. Mutus, O. Naaman, M. Neeley, C. Neill, M. Y. Niu, E. Ostby, A. Petukhov,
J. C. Platt, C. Quintana, E. G. Rieffel, P. Roushan, N. C. Rubin, D. Sank, K. J. Satzinger,
V. Smelyanskiy, K. J. Sung, M. D. Trevithick, A. Vainsencher, B. Villalonga, T. White,
Z. J. Yao, P. Yeh, A. Zalcman, H. Neven, and J. M. Martinis, “Quantum supremacy using
a programmable superconducting processor”, Nature 574, 505–510 (2019).
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abrupt strontium titanate varactors for sensitive reflectometry of quantum dots”, Physical
Review Applied 20, 054056 (2023).

46

https://doi.org/10.1007/bf00725514
https://doi.org/10.5772/intechopen.95527
https://doi.org/10.1016/j.mtsust.2025.101072
https://doi.org/10.1016/j.mtsust.2025.101072
https://doi.org/10.1103/physrevb.104.l060103
https://doi.org/10.1103/physrevb.104.l060103
https://doi.org/10.1039/c6cp07087f
https://doi.org/10.1039/c6cp07087f
https://doi.org/10.1088/1361-6633/aa892d
https://doi.org/10.1021/acs.chemmater.6b03667
https://doi.org/10.1021/acs.chemmater.6b03667
https://doi.org/10.1063/5.0265424
https://doi.org/10.1063/5.0265424
https://doi.org/10.1063/5.0265424
https://doi.org/10.1103/physrevb.19.3593
https://doi.org/10.1103/physrevb.95.214513
https://doi.org/10.1103/physrevb.95.214513
https://doi.org/10.1146/annurev-conmatphys-062910-140445
https://doi.org/10.1146/annurev-conmatphys-062910-140445
https://doi.org/10.3390/condmat5040058
https://doi.org/10.1103/physrevb.69.174109
https://doi.org/10.1103/physrevapplied.20.054056
https://doi.org/10.1103/physrevapplied.20.054056


High Gain SrTiO3 Parametric Amplifier References

[50] S. Gevorgian, A. Eriksson, A. Deleniv, and D. Pandey, “Double loop hysteresis in direct
current dependent dielectric permittivity of SrTiO3”, Journal of Applied Physics 92, 6165–
6171 (2002).

[51] S. K. Ojha, S. Hazra, P. Mandal, R. K. Patel, S. Nigam, S. Kumar, and S. Middey,
“Electron Trapping and Detrapping in an Oxide Two-Dimensional Electron Gas: The
Role of Ferroelastic Twin Walls”, Physical Review Applied 15, 054008 (2021).

[52] C. Yin, A. E. M. Smink, I. Leermakers, L. M. K. Tang, N. Lebedev, U. Zeitler, W. G. van
der Wiel, H. Hilgenkamp, and J. Aarts, “Electron Trapping Mechanism in LaAlO3/SrTiO3

Heterostructures”, Physical Review Letters 124, 017702 (2020).

[53] M. Gu, J. Wang, X. S. Wu, and G. P. Zhang, “Stabilities of the Intrinsic Defects on
SrTiO3 Surface and SrTiO3/LaAlO3 Interface”, The Journal of Physical Chemistry C
116, 24993–24998 (2012).

[54] A. Schiaffino and M. Stengel, “Macroscopic Polarization from Antiferrodistortive Cycloids
in Ferroelastic SrTiO3”, Physical Review Letters 119, 137601 (2017).

[55] Y. Frenkel, N. Haham, Y. Shperber, C. Bell, Y. Xie, Z. Chen, Y. Hikita, H. Y. Hwang,
E. K. H. Salje, and B. Kalisky, “Imaging and tuning polarity at SrTiO3 domain walls”,
Nature Materials 16, 1203–1208 (2017).

[56] E. K. H. Salje, O. Aktas, M. A. Carpenter, V. V. Laguta, and J. F. Scott, “Domains within
Domains and Walls within Walls: Evidence for Polar Domains in Cryogenic SrTiO3”,
Physical Review Letters 111, 247603 (2013).

[57] P. Zubko, G. Catalan, A. Buckley, P. R. L. Welche, and J. F. Scott, “Strain-Gradient-
Induced Polarization in SrTiO3 Single Crystals”, Physical Review Letters 99, 167601
(2007).

[58] M. Honig, J. A. Sulpizio, J. Drori, A. Joshua, E. Zeldov, and S. Ilani, “Local electrostatic
imaging of striped domain order in LaAlO3/SrTiO3”, Nature Materials 12, 1112–1118
(2013).

[59] S. Gevorgian, Ferroelectrics in Microwave Devices, Circuits and Systems, Physics, mod-
eling, fabrication and measurements, edited by A. Vorobiev and A. Deleniv, Engineering
Materials and Processes Ser. Description based on publisher supplied metadata and other
sources. (Springer London, Limited, London, 2009), 1411 pp.

[60] C. Corti and R. Holliday, eds.,Gold, Science and applications, Formerly CIP Uk. - Includes
bibliographical references and index (CRC Press, Boca Raton, Fla. [u.a.], 2010), 416 pp.

[61] B. Aghili, S. Rahbarpour, M. Berahman, and A. Horri, “Influence of Surface Roughness
on the Work Function of Gold: A Density Functional Theory Study”, The Journal of
Physical Chemistry C 128, 8077–8084 (2024).

[62] G. Mills, M. S. Gordon, and H. Metiu, “Oxygen adsorption on Au clusters and a rough
Au(111) surface: The role of surface flatness, electron confinement, excess electrons, and
band gap”, The Journal of Chemical Physics 118, 4198–4205 (2003).
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6 Appendix

6.1 Reflection And Transmission Setup

Figure 42: Setup for reflection measurement inside a dewar at 4.2K: The vector network analyser
sends an RF signal to the device and measures the S11 coefficient. The ultra-high frequency lock-in amplifier
(UHFLI), from Zurich Instruments, DC biases the varactor.

Figure 43: Setup for transmission measurement inside a dewar at 4.2K: The SGS100A generates a
RF pump tone of up to Pp = 25dBm and the UHFLI a RF signal tone additional to DC biasing the varactor.
These signals are combined in the ZX30-17-5-s+ directional coupler and sent into the device. From the ports
”out” → ”in” 1 dBm and from ”cpl” → ”in” 16 dBm is lost. Then the amplified signal goes through a 300+
low-pass-filter and measures the S12 with the UHFLI.
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6.2 Magnetic field Setup

Figure 44: Setup for transmission measurement inside a Variable temperature insert (VTI) at
≈1.6K:Analogous to the setup in Fig. 43, but here an additional RF pump source ZHL-20W-13SW+ is
added to the Rhode Schwarz pump to achieve in total Pp = 75dBm.

6.3 Cross shaped Varactor

Figure 45: A light microscope image of the Au/Cr 3 device. The inner-ring is now cross-shaped and reduces
the polarization tunability, hence the capacitance modulation.
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6.4 1dB Compression Point
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Figure 46: The input signal power as a function of the relative phase between signal and pump tone is shown.
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Figure 47: The saturation point for the different Pp at the kink in Fig. 25b as a function of Psig is shown.
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Figure 48: The gain as a function of the input signal power is shown for all working devices. The applied DC
bias clearly influences whether the high-gain regime can be reached, but it is not clear what influences the 1 dB
compression point or the slope of the pink trace.
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6.5 Fabrication Recipe

Spin Coating

1. Clean sample with ITA

2. Place sample on the spin coater (polished face pointing up).

3. Coat sample with LOR-3A (Lift-off resist) using a Pasteur pipette. To avoid bubble
formation at all cost.

4. Spin the sample for 50 sec at 4500 rpm with acceleration 1500 rpm/s.

5. Bake sample for 5min at 180◦.

6. Cool sample for 2min at room temperature.

7. Repeat steps 1. - 4. with positive photoresist S1805.

8. Bake for 2min at 125◦.

9. No cooling necessary, because no additional coating layer added

Laser Writing

1. Place sample in the laser writer and turn on the vacuum.

2. Locate the edge of the sample and translate the design to the coordinates Load design.

3. Use ”fast optical” mode or the laser.

4. Set laser power to 10mW with 42%.

5. Check that the laser is focus on the sample at all times.

6. Expose with laser.

Development

1. Develop in MF319 FOR 64 sec.

2. Rinse in DI for 55 sec

3. Dry with nitrogen

Evaporation

1. Plasma clean the sample for 1min at 30W (mashine dependent)

2. Load Ti into evaporator

3. Position sample and open shutter.

4. Evaporate 5 nm of Ti

5. Evaporate 65 nm of Au.

53



High Gain SrTiO3 Parametric Amplifier 6 Appendix

Lift-Off

1. Lift-off with SVC-14 and heatbath at 95◦

2. Sonicate at low power for 1min as last resort, if lift.-off does not work.
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