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1. Introduction

Bolometry is one of the oldest forms of radiation sensing techniques. It

relies on the fact that if material absorbs additional energy in any form

of radiation, the temperature of the material increases. The power of

the radiation can thus be measured indirectly by measuring the rise in

temperature. The earliest bolometer was conceived by S. Langley back in

1880 [1]. The material absorbing the radiation in Langley’s bolometer was

thin strips of metal arranged in Wheatstone configuration. The radiation

incident on one of the metal strips changes its temperature, and thus,

the resistance. If a battery is connected across the Wheatstone bridge,

the change in temperature can be read with a sensitive galvanometer

measuring the difference of currents passing through the two arms. The

Langley’s bolometer was sensitive enough to detect the main Fraunhofer

lines.

Key scientific discovery advancing bolometry further was the observation

of superconductivity in the early 1900s [2]. It was noticed that if mercury

is cooled to sufficiently low temperatures, its ability to resist the flow of

electrical current suddenly vanished, i.e., electrical current can flow in a

loop of superconductor indefinitely. A few decades after the discovery of su-

perconductivity this sharp drop in resistance gave rise to a bolometer type

referred to as a transition edge sensor (TES). However, the low resistance

and extremely sharp drop of resistance with temperature made it at first

unstable and difficult to operate.

Another important discovery made in the 1960s was the invention of the

so-called Josephson junction [3]. Such a junction is formed by connecting

two superconductors through a link where superconductivity is weakened

such as a thin insulation layer, normal metal, or constriction in the su-

perconductor. We explore the properties of superconductor–normal-metal–

superconductor (SNS) Josephson junctions in Publication I. Josephson

junctions have the remarkable property that electrically they behave as

non-linear inductors. This non-linearity, along with many other properties,

renders the Josephson junction a fundamental building block for circuit

quantum electrodynamics (cQED), similarly what p-n junctions are for
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regular electronics.

Quantum bit, or qubit, is one of the most interesting applications for

Josephson junctions [4–6]. Many qubits operating in a coherent man-

ner may realize a quantum computer [7], a computational device that

promises superior performance over classical computer in certain tasks [8–

10]. Quantum computers are still in their early development phase. The

current record of qubits on a single chip is around 50 [11]. As the number

of qubits is increased, it becomes more and more difficult to fit all cabling

and off-chip components into a cryostat needed for qubit control and read-

out. Furthermore, the number of required room temperature instruments

scales up with the number of qubits. Therefore, it is highly desirable to

move as much of the instruments as possible into the cryostat and even

into the quantum-processor package itself. Recent years have witnessed

progress towards this goal with introduction of on-chip microwave attenua-

tor [12], modulator [13], switch [14], gyrator [15], circulator [16], coherent

microwave source [17], single-photon sources [18–20], and single-photon

detectors [21–31]. This list is by no means exhaustive but exemplifies

the great effort put towards miniaturizing the required instruments and

components. In Publications II and III, we utilize Josephson junctions to

create a magnetic-flux-tunable phase shifter. Such a device could be used,

for example, in conjunction with an on-chip microwave source to move

bulky room-temperature signal generators into the cryogenic environment.

The core of this thesis focuses on bolometry. This over a century old

technology still remains in use today due to its flexibility in terms of the

center frequency, bandwidth, and dynamic range. Bolometers are widely

applied, for example, in gas detection [32], security [33], THz imaging [34],

astrophysical observations [35], and medical applications [36]. Problems

of early TESs have since been solved [37, 38] and are arguably today

the most mature thermal detection technology. Thus, they are often em-

ployed in astronomical observation in both ground [39] and space-based

observatories [40, 41] which require high technological readiness level.

Interestingly, bolometers have recently emerged as candidate for detection

of hypothetical dark matter particles [42–45].

In quantum technology, a bolometer could be used for the characteri-

zation of cryogenic environments, cabling, and various microwave com-

ponents at a single-photon power level. Advancing bolometers into the

single-microwave-photon regime would enable their their application in

many experiments such as quantum illumination [46, 47], entanglement

generation [48], parity measurement [49], and direct qubit readout [50, 51].

Possibility to frequency-multiplex bolometer readout could prove useful in

large scale quantum computers since many qubits operating at the same

carrier frequency could be read out with an array of bolometers.

Radiation detectors are often characterized in terms of noise equivalent

power (NEP) which quantifies the noise in the readout signal in the units
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of input power. State of the art thermal detectors, such as transition-edge

sensors, have reached NEP of 300 zW/
�

Hz in the far-infrared regime [52].

Alternative concepts, such as kinetic inductance detectors have reported

similar sensitivities [53]. Far more promising NEPs below 10 zW/
�

Hz

have been measured from qubit-based quantum-capacitance sensors [54].

Semiconducting charge sensors [55] are expected to have an even lower

NEP, but the full characterization is lacking.

Very few cryogenic bolometers have targeted the microwave regime [56,

57]. Calorimeters have recently reached the limit of fundamental temper-

ature fluctuations in thermometry, promising the possibility of detecting

single microwave photons [58]. Qubit based single-photon detectors have

already demonstrated the ability to detect single propagating photons

in microwave frequencies. However, they suffer from narrow bandwidth,

typically of the order of 10 MHz, and dynamic range is limited to a single

[31, 59, 60] or a few photons [61].

In Publication IV, we characterize an SNS-junction-based bolometer. We

connect capacitors in parallel with the SNS junction, thus forming an LC

oscillator. The resonance frequency of the oscillator becomes temperature

dependent, due to strong temperature dependency of the inductance of the

SNS junction, thus the resonance frequency acts as our thermometer. The

normal-metal section of the junctions is connected to a 50-Ω resistor acting

as an absorber of microwave radiation. The absorber and thermometer are

thermally coupled in our design, but electrically isolated. This allows the

readout and detection frequencies to be independent. Thus, we employ a

relatively high readout frequency of about 0.5 GHz. In this initial study,

we limit the detection frequency to 8.4 GHz with a bandpass filter.

We show in Publication IV that sensitivity of our bolometer surpasses the

state of the art TESs [40, 52, 62]. However, we are still far from the elusive

single-photon limit at typical cQED frequency of about 10 GHz. This poses

the question: how can we further increase the sensitivity? Trivial answer

is to decrease the size of the absorbing element, which decreases the heat

capacity, and therefore a smaller energy pulse causes a higher temperature

increase in the sensing element. In our bolometer, the absorber width is

about 120 nm, and the length is 1 μm. Fabrication techniques available

today, allow decreasing the width down to roughly 20 nm, thus an order

of magnitude improvement in performance is not inconceivable if the

thickness is also decreased. However, we have a conflicting requirement

that the absorber resistance should be close to 50 Ohms. The length of

absorber would need to be decreased, but this would transform the absorber

into an SNS junction which does not have purely a real impedance. An

alternative way of improving the performance is to fabricate the absorber

from material with lower heat capacity. A very tempting choice is to use

two-dimensional materials, such as graphene, since they have significantly

lower volume. Furthermore, extremely fast thermal time constant of 35
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ps has been reported for a graphene-based bolometer [63] operating at

a relatively high temperature of 5 K. Another recent study on graphene-

Josephson-junction-based bolometer predicted an NEP of 700 zW/
�

Hz and

energy resolution down to h×32 GHz at 0.19 K. However, the time constant

was not experimentally determined, thus results need to be verified in

practice.

In Publication V, we demonstrate a bolometer based on a superconductor–

graphene–superconductor junction, the operation principle of which similar

to the bolometer studied in Publication IV. We measure a low NEP of

30 zW/
�

Hz together with a time constant of 500 ns. These results indicate

an energy resolution of h× 30 GHz, thus showing that bolometers are

finally operating at the threshold for cQED, starting from the qubit readout

application where a few photons in the 10-GHz range are typically used.

This thesis is organized as follows: Chapter 2 provides a brief theoretical

background of basic principles employed in each publication. We start from

the theoretical description of Josephson junctions, how their microwave

admittance can be measured, and how they can be used in constructing a

phase shifter. We finish this chapter by discussing the operation principles

of thermal detectors. In chapter 3, we describe the measurement schemes

used in this thesis. Chapter 4 summarizes the findings of Publication I

where we measure the admittance of SNS Josephson junction. In Chapter

3, we discuss the experimental and theoretical results of Publications II

and III which introduced and demonstrated wide-band operation of flux-

tunable phase shifter, respectively. In Chapter 6, we go over the main

results of Publications IV and V. Chapter 7 summarizes this thesis and

provides possible paths for further refining the findings of this thesis.
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2. Theoretical background

In this chapter, we provide a brief overview of the theoretical background

and measurement methods relevant to publications presented in this thesis.

In Sec. 2.1, we discuss Josephson junctions. We explain how to measure the

impedance of such junction in Sec. 2.2. Section 2.3 shows theoretically how

a phase shifter can be constructed with Josephson junctions. We conclude

this chapter with a brief review of the fundamentals of thermal detectors

in Sec. 2.4.

2.1 Josephson junction

The Josephson junction is a central element in all of the publications pre-

sented in this thesis. This stems from the fact that Josephson junctions

behave electrically as inductive elements. In Publication I, we experi-

mentally measure this inductance. Publication II shows how a tunable

phase shifter can be constructed out of inductors. Josephson junctions also

turn out to be a prime candidate for thermometry, since its inductance

can be made strongly temperature dependent. We exploit this property in

Publications IV and V.

A Josephson junction is formed by connecting two superconductors with

a weak link. This weak link can be anything where superconductivity is

a b c

Superconductor

Insulator

Superconductor

Superconductor Superconductor

Normal metal

Superconductor Superconductor

Constriction

Figure 2.1. Examples of different types of Josephson junctions. a, In superconductor–
insulator–superconductor Josephson junction, the two superconductors (light
blue) are separated by a thin insulating layer (pink). Typically the thick-
ness of the insulator is a few nanometers. b, Superconductor–normal-metal–
superconductor Josephson Junction. Here, the two superconductors are sep-
arated by and galvanically connected to a section of normal metal. c, In
superconductor–constriction–superconductor Josephson junction, suppres-
sion of superconductivity is realized by fabricating a constriction into the
superconducting leads.
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suppressed, such as a thin insulator layer or a short section of normal

metal. A few examples of schematic cross-sections of different types of

junctions are shown in Fig. 2.1.

Josephson relations describe the current I(t) flowing through the junction

and voltage V (t) across it. They are given by

I(t)= Ic sin
[

φ(t)
]

, (2.1)

and
dφ

dt
=

2e

�
V (t), (2.2)

where t is time, Ic is the critical current of the junction, i.e., the max-

imum supercurrent the junction can carry, φ is the phase difference of

the superconducting wave function of the two superconductors, e is the

elementary charge, and �= h/(2π) is the reduced Planck’s constant. Taking

time derivative of Eq. (2.1) and substituting Eq. (2.2) to the result yields

V (t)=
�

2eIc cos
[

φ(t)
]

dI

dt
. (2.3)

The above equation is identical to the current-voltage relation of an in-

ductor. Thus, a Josephson junction behave as a non-linear inductor with

inductance of �/
{

2eIc cos
[

φ(t)
]}

. The nonlinearity arises from the fact that

the superconducting phase difference φ depends on the current flowing

through the junction. This behavior of the Josephson junction as an in-

ductor is what forms the basis of superconducting electronics and the

non-linearity allows the realization of artificial atoms [64].

The Josephson junction can be used as a thermometer in thermal detec-

tors since its critical current, and hence its inductance, is temperature

dependent. However, for weakly coupled junctions, such as superconductor–

insulator–superconductor (SIS) junctions, the critical current is almost

independent of temperature at low temperatures [65]. At temperatures

close to the critical temperature of the superconductor, the critical current

becomes strongly temperature dependent and therefore can be used as a

sensitive thermometer [66].

The situation is different for strongly coupled Josephson junctions, such

as superconductor–normal-metal–superconductor (SNS) junctions. The

critical current of an SNS junction exhibits strong temperature dependence

down to a few percent of the critical temperature of the superconductor

material [67]. Therefore, SNS junctions are a prime candidate for the

thermometer in thermal detectors [68].

Transport properties of SNS junctions are often explained through the

Usadel equation [69, 70]. However, since theory is not the core subject

of this thesis, let us give here a qualitative explanation on the origin of

the strong temperature dependency. Details of the Usadel equation can
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be found, for example, from Ref. [71]. The charge carriers in supercon-

ductors are bound pairs of electrons. If such a pair is incident on the

superconductor–normal-metal interface, it does not break instantly, but

rather propagates some distance into the normal metal. Thus, the su-

perconducting properties extend into the normal metal, which is called

superconducting proximity effect [72]. The converse is also true, properties

of the superconductor are weakened by the presence of the normal metal.

Specifically, the normal metal can carry supercurrent while the critical

current is diminished in the superconductor. The microscopic explanation

of supercurrent in the normal metal is given by Andreev reflections [73].

For long junctions, the critical current suppression depends exponentially

on the length of the normal metal and on the temperature [74]. Thus, the

inductance of the junction changes exponentially with temperature, since

the inductance is inversely proportional to the critical current.

An interesting effect arises if two Josephson junctions are connected in

parallel such that they form a loop. The critical current of the junctions

becomes highly sensitive to the magnetic flux threading the loop. Such

an arrangement is referred to as a superconducting quantum interfer-

ence device (SQUID). They are regularly employed in many applications

where measurement of weak magnetic fields are needed [75]. In bolometry,

SQUIDs are used as current amplifiers [76] especially for transition edge

sensors [38, 77].

The inductance of a SQUID is given by

LSQUID =
Φ0

4πIc cos(Φext/Φ0)
, (2.4)

where Φ0 = h/(2e) is the magnetic flux quantum, and Φext is the external

flux threading the SQUID loop. Therefore, a SQUID can be modeled as a

flux-tunable inductor.

2.2 Admittance of SNS junctions

The problem with the Usadel equations is that sparse experimental data

for the admittance of SNS junctions makes it difficult to validate the theory

at microwave frequencies. Due to lack of well tested theory, fabrication

of SNS junctions with desired properties requires trial and error. One

way of measuring the admittance is to ground a resonator through the

junction. This makes the resonance frequency and the quality factor to

depend on the admittance of the junction. If we model the junction as a

parallel connection of an inductor and a resistor, we can map the resonance

frequency and the quality factor to the resistance and inductance of such

circuit. Let us derive the equation which maps these quantities to each

other.
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Voltage Vn(x, t) and current In(x, t) in the resonator at position x and time

t for each resonator mode n obey the Telegrapher’s equations [78]. Thus,

they can be written as a sum of left and right propagating waves given by

Vn(x, t)= Nn

[

ei(knx+αn t) + Ane−i(knx−αn t)
]

, (2.5)

and

In(x, t)=
1

Z0
Nn

[

−ei(knx+αn t) + Ane−i(knx+αn t)
]

, (2.6)

where kn = αn/v is wave number for a wave with velocity v, αn = ωn + iγn

is the complex angular frequency of the wave, Z0 is the characteristic

impedance of the resonator, and An and Nn are complex coefficients de-

termined by the boundary conditions. Note, that the above two equations

are complex valued in order to make the following calculations simpler.

Measured values can be obtained by taking the real part of the above two

equations. Assuming that the energy deposited into the resonator decays

exponentially, the complex resonance frequency is related to the quality

factor Qn of the resonance by Qn =ωn/(2γn). The voltage and current can

be Fourier transformed as

Ṽn(x,ω)= Nn

[

eiknxδ(ω−αn)+ Ane−iknxδ(ω−αn)
]

, (2.7)

and

Ĩn(x,ω)=
Nn

Z0

[

eiknxδ(ω−αn)− Ane−iknxδ(ω−αn)
]

. (2.8)

In practice, the resonator is coupled to the external measurement circuit

through a capacitor. Let us choose the coordinate system such that the

coupling capacitor is at position x = 0, and the terminating junction is at

position x = l. The physical size of these components is small compared

to the length l of the resonators, thus they can be modeled as point-like

objects. The boundary conditions for current and voltage with this choice

read

−Ĩ(0,ω)=
Ṽ (0,ω)

Zcoup
, (2.9)

and

Ĩ(l,ω)=
Ṽ (l,ω)

Zterm
, (2.10)

where Zcoup is the impedance of the coupling capacitor, and Zterm is the

impedance of the termination junction. The minus sign in the first equation

above takes into account the positive direction of the current. Insertion of

Eqs. (2.7), and (2.8) into Eq. (2.9) yields

An =
Zcoup −Z0

Zcoup +Z0
. (2.11)
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L1 L2 L1

CCC

d d

Figure 2.2. Lumped-element model of the phase shifter. The phase shifter consists of
three equidistant SQUIDs which are modeled as parallel LC oscillators. The
inductors at far ends have an inductance of L1 and the inductor in the middle
has an inductance of L2. All SQUIDs are modeled to have equal capacitance
C. The LC oscillators are separated by transmission lines of length d. The
figure is adapted from Publication II.

Since the coupling is purely reactive, we can write the above equation as

An =−e−i2arctan(Im[Zcoup]/Z0). (2.12)

Similarly, Eqs. (2.7), (2.8) and (2.10) lead to

eikn l − Ane−ikn l

eikn l + Ane−ikn l
=−

Z0

Zterm
. (2.13)

Substitution of Eq. (2.12) into Eq. (2.13) yields

i tan

[

ωn

2 f0

(

1+
i

2Qn

)

+arctan
(

Z0ωnCcoup

)

]

=−
Z0

Zterm
, (2.14)

where f0 = v/(2l) is the bare resonance frequency of the resonator. With

the above equation, we can map the measured resonance frequencies and

quality factors to the unknown resistances and inductances.

2.3 Phase shifter

An interesting phenomenon appears if we interrupt a transmission line

with three equidistant inductors, such that the middle inductor has induc-

tance L2, and the two others have equal inductance L1. Such a system may

exhibit unit transmission coefficient magnitude, but the phase depends

on the inductances and on the signal frequency. Thus, if the inductors

are SQUIDs, we can use this configuration as a flux-tunable phase shifter.

Note that three is the minimum number of SQUIDs needed to construct a

phase shifter. We need two parameters to set the reflections to zero and

tune the phase of the transmitted signal. Since phase shifter is symmetric,

two SQUIDs would yield only one free parameter, thus we need at least

three SQUIDs.

If the SQUIDs are fabricated with SIS-type Josephson junctions, they

have significant parallel capacitances, which is straightforward to include

in our model shown in Fig. 2.2. Derivation of transmission coefficient in the
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context of circuit quantum electrodynamics is given in the supplementary

material of Publication II. Let us take here an alternative approach employ-

ing the so-called ABCD-parameter method [79] as an instructive exercise.

For a two-port system, the ABCD-matrix relates the input voltage and

current to the output output voltage and current. Each component of the

system is described as a 2-by-2 matrix in this method. ABCD-parameters

for a transmission line are given by

T=

[

cosh(iφ) Z0 sinh(iφ)

sinh(iφ)/Z0 cosh(iφ)

]

, (2.15)

where φ=ωd/v is the phase shift due to superconducting transmission line

of length d, with wave velocity v at signal angular frequency ω, and Z0 is

the characteristic impedance of the transmission line. The parameters for

the middle (M1) and side (M2) SQUIDs can be written as

Mi =

[

1 Zi

0 1

]

, (2.16)

where Zi =
[

(iωL i)
−1 + iωC

]−1
is the impedance of the side (i = 1) or middle

(i = 2) SQUID with parallel capacitance C. The ABCD-parameters of

the full system F are obtained by multiplying together the matrices in

order they appear in the system, i.e., F = M1TM2TM1. The transmission

coefficient is given by S21 = 2
(

F1,1 +F1,2/Z0+F2,1Z0 +F2,2

)−1
, where Fi, j is

the element of matrix F on ith row and jth column. This yields

S21 =
2Z0X f (0)

(

CL1ω
2 −1

)[

2Z0

(

CL1ω
2 −1

)

+ iL1ω f (−1)
]−1

X −2iωZ0

[

CL1L2ω2 f (2)−L2 −L1 f (1)
]

+L1L2ω2 f (−1)
, (2.17)

where X = 4Z2
0

(

CL1ω
2 −1

)(

CL2ω
2 −1

)

, and f (x)= e−2iφ+ x.

Let us define a free real parameter θ, and parametrize the inductances

L1 and L2 as

L1 =
2Z0 sin(θ/2)

ω
[

2CωZ0 sin(θ/2)+cos
(

θ/2−2φ
)

−cos(θ/2)
] , (2.18)

and

L2 =
4Z0 sin(θ/2)cos

(

θ/2−2φ
)

ω{2CωZ0

[

sin(θ−2φ)+sin(2φ)
]

−cos(2φ)+1}
. (2.19)

Substituting the above ansatzes to the Eq. (2.17) yields

S21 = e−i(2φ−θ). (2.20)

Thus, a transmission line interrupted by three equidistant SQUIDs does

indeed behave as a tunable phase shifter with phase tunability of θ. It is

10



Theoretical background

not immediately obvious if there exists such combination of θ and ω that

Eqs. (2.18) and (2.19) would result in realistic inductance. We attempt to

answer this question in Sec. 5.

2.4 Thermal detectors

All thermal detectors have three elements in common: an absorber that

absorbs the incident radiation, a thermal link connecting the absorber to a

thermal bath, and a temperature sensor for measuring the temperature of

the absorber. Figure 2.3 shows a schematic drawing of a thermal detector

and its different operation modes. If continuous radiation is absorbed by

the detector, its temperature T increases by an amount determined by the

power of the radiation Ph and by the thermal conductance G between the

absorber and the thermal bath. Thus, the incident radiation power can

be determined indirectly by measuring the increase in the temperature of

the absorber. The temperature increases exponentially towards the final

value with the time constant τ set by the heat capacity C and the thermal

conductance of the absorber as τ= C/G. A thermal detector used for mea-

suring the power of continuous radiation is called a bolometer. Another

important quantity of thermal detectors is the increase of temperature per

unit input power, or responsivity. Note that very rarely, bolometers mea-

sure temperature directly. They usually measure either current or voltage,

which is made temperature dependent through some physical process. For

example, if a constant current is driven through a temperature-dependent

resistor, the voltage measured across the same resistor is also temperature

dependent. The voltage can be calibrated to read out temperature using

a separate thermometer. However, this is rarely done in bolometry, since

only relative differences in temperature are needed to determine the input

power.

A sensitive and fast bolometer can also be used to detect single particles

or pulses of radiation at much shorter time scales than the thermal time

constant. The increase of temperature in such single-particle detection is

determined by the energy of the absorbed particle, or pulse of radiation,

and by the heat capacity of the absorber. A thermal detector used for

single-particle detection is also referred to as a calorimeter.

The bolometric mode of operation is often characterized in terms of noise

equivalent power (NEP). In this thesis, we take the definition of the NEP

to be the noise density of the bolometer output expressed in units of the

input power. The NEP quantifies the power that can be detected with unit

signal to noise ratio in 1/2 second of integration time. In practice, the NEP

is measured by measuring the noise density of the bolometer output, which

is further divided by the responsivity.

The figure of merit for the calorimetric mode is the energy resolution
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Figure 2.3. Simplified operation principle of thermal detectors. a, Typical elements of
thermal detectors. Absorber with heat capacity C is connected to a thermal
bath at temperature Tb through a link with thermal conductance G. The radi-
ation incident on the absorber increases its temperature T, which is measured
with a thermometer. b Bolometric mode of operation. If constant heating
power Ph is turned on at time t = t0, it increases the absorber temperature ex-
ponentially to a final value of Ph/G+Tb with time constant τ= C/G. Similarly,
if the heating power is turned off at time t = t1, the temperature of absorber
decreases exponentially back to the bath temperature. c Calorimetric mode
of operation. If a short pulse with energy ∆E is absorbed by the calorimeter,
its temperature rises fast to temperature ∆E/C+Tb. The temperature begins
to drop exponentially back to the equilibrium value immediately after the
absorption event.

∆E, which simply equals the smallest detectable energy packet with unit

signal-to-noise ratio. A fundamental result of statistical physics is that

the energy of an object in thermal equilibrium with its environment at

temperature T will fluctuate with mean square value of δE2 = kBT2C. The

energy fluctuation is often quoted as the fundamental bound of energy

resolution due to thermal fluctuations. The same fluctuations also impose a

lower bound for the NEP given by [80] NEPTFN =
√

4kBT2G. It is therefore

evident, that both thermal conductance and heat capacity of the absorber

should be made as small as possible in order to achieve a sensitive and

fast thermal detector. However, thermal fluctuations may occur at low

frequencies, thus they do not necessarily impose a strict bound on the NEP

or the energy resolution.

Other major noise contributions are the shot noise and readout amplifica-

tion chain noise. The shot noise arises from the random nature of photons

being absorbed by the detector. This is proportional to the square root of

the signal power used to read out the bolometer. The amplification of the

readout signal also adds a significant amount of noise. Therefore, careful

engineering of the readout path is necessary. We take a closer look at this

in Chapter 3.
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3. Measurement scheme

In this chapter we explain the general principles of the measurement

setups employed in this thesis. All measurements presented in this thesis

employ signal powers well below the room temperature thermal noise

level. Therefore, it is of utmost importance to carefully engineer the

electromagnetic environment of the samples. As a general rule, all signal

input lines reaching the sample must be sufficiently attenuated and limited

in bandwidth in order to suppress the thermal noise. The output signal

lines cannot be attenuated, otherwise any signal coming out of the samples

would be lost. Therefore, the bandwidth of output lines should be limited

as much as reasonable. In addition, a device referred to as an isolator

should be placed on the output line. It allows the signal to pass only in

one direction, thus preventing thermal radiation and amplifier noise from

reaching the sample. Below, we discuss the different measurement setups

used in publications presented in this thesis.

3.1 Phase shifter and admittance of SNS junctions

In Publications I, II, and III, the measurement setup is rather simple since

only frequency domain information is needed. This requires only two rf

lines, one for input and one for output. The input line has attenuators on

each temperature stage for two reasons: firstly, they thermally anchor the

rf line to the different temperature stages, and secondly, they attenuate the

thermal radiation originating from higher temperatures. The attenuators

also reduce the signal power to low enough level where the Josephson

junctions can be modeled as linear inductors.

The output rf line in experiments of Publication II has two isolators with

a passband of 4 to 8 GHz protecting the sample from amplifier noise. This

is not possible in experiments of Publication I due to the wide frequency

range of the measurement. The higher noise level is counteracted by

simply using longer averaging times.

Measurements in both publications are carried out with a vector network

13



Measurement scheme

analyzer (VNA) which directly measures the complex transmission coef-

ficient. In Publication II, we need an additional three current bias lines

to create a local magnetic field for each SQUID. In contrast, experiments

of Publication I require only a global magnetic field, which is produced by

a coil placed outside of the sample holder. Since the samples in both of

these publications are sensitive to magnetic fields, they are placed inside a

magnetic shield preventing external magnetic fields from disturbing the

measurements.

3.2 Bolometry

The bolometer measurements require time-domain information in addition

to the frequency domain. Therefore, the measurement setup becomes

slightly more complicated. In addition, the bolometers are by definition

sensitive to temperature, thus the electromagnetic environment must

be engineered very carefully to limit excess thermal radiation entering

the sample. The detailed measurement setup for a typical bolometer

experiment is shown in Fig. 3.1. Let us discuss how the different parts of

the setup allow reaching the above requirements.

3.2.1 Low temperature setup

Let us first focus on the setup inside the cryostat. The leftmost rf line in

Fig. 3.1 is used to apply microwave heating to the bolometer sample. This is

a simple heavily attenuated coaxial cable. The heater bandwidth is limited

by the on-chip coplanar waveguide (CPW) resonator, which has a passband

of about 50 MHz centered at 8.5 GHz. A Thermocoax-cable is used to

prevent radiation at harmonics of the CPW resonator from entering the

sample, since attenuation of the Thermocoax cable increases exponentially

with frequency [81].

The second line from the left in Fig. 3.1 is the probe input line. This is

otherwise nearly identical to the heater line, except that the signal is taken

to the sample through extra filtering and a directional coupler. The coupler

adds another 20 dB attenuation to the input line, but the signal reflected

from the sample goes through it with minimal loss. The directional coupler

could be replaced with a circulator. However, the directional coupler has

several advantages. Firstly, the insertion loss of a directional coupler is

typically lower than that of a circulator. Secondly, circulators for the probe

frequencies employed are bulky and custom made, thus, expensive. Thirdly,

a directional coupler provides much higher isolation of probe input and

output signal compared with a circulator, i.e. almost none of the probe

input signal goes directly to the output bypassing the sample.

The third rf line in the cryostat is the probe output line. Here, we use
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Measurement scheme

filters and isolators to reduce the thermal radiation reaching the sample.

The signal is amplified with a high-electron-mobility-transistor (HEMT)

amplifier placed at the 4-K stage. The main advantage of low-temperature

amplifiers is that they add significantly lower amount of noise to the signal

when compared to the room temperature amplifiers. We also have an option

to add a Josephson parametric amplifier (JPA) [82] to the amplification

chain. The main advantage a JPA is that it adds an order of magnitude

less noise to the signal than regular HEMT amplifiers. This comes at

the cost of more complex measurement procedure due to required dc-bias

and pump tone which need to be readjusted every time probe frequency

changes.

The final point of consideration in the cryogenic setup is shielding from

external thermal radiation. The cryostat walls are at finite temperature,

thus they emit thermal radiation. In order to protect the sample from

this radiation, we place it in a small sample holder which is made out of

gold-plated copper. This small sample holder is further enclosed in a larger

gold-plated copper box which is bolted to the coldest stage of the cryostat.

Therefore, the environmental thermal radiation entering the sample is

significantly reduced.

3.2.2 Room temperature setup

Let us move discuss the room temperature setup. The heater line is

otherwise just a plain coaxial cable, but there is an attenuator at the

input of the cryostat to reduce the power entering the cryostat. The probe

input line has also a directional coupler in addition to an attenuator. The

directional coupler is used to take a copy of the probe signal. This copy is

used as a phase reference in frequency domain measurements. The copied

signal is downconverted to 70.3125 MHz with a mixer. The downconverted

reference signal is amplified and bandpass filtered before digitization.

The probe output signal is further filtered and amplified at room tem-

perature with three stages of amplification. We place 3-dB attenuators

between the amplifiers in order to reduce possible standing waves between

amplifiers and filters. The probe output signal is similarly downconverted,

amplified, and bandpass filtered as the reference signal. The local oscillator

is split into the two mixers with a reactive power splitter. The local oscilla-

tor frequency is related to the probe frequency by fLO = fp −70.3125 MHz.

Both the reference signal and probe signal are digitized after downcon-

version with a 14-bit analog-to-digital converter (ADC) connected to a

field-programmable gate array (FPGA) board. Three major data collection

tasks are carried out on the FPGA. First, the 70.3125 MHz signal is dig-

itally converted down to dc, thus we obtain amplitude and phase of the

probe signal as a function of time. Next, we sum together every second

sample with its neighbor due to technical reasons. We also have an option
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to sum more than two samples if we wish to make long measurements

without collecting huge amounts of data. Finally, the FPGA has the capa-

bility of ensemble averaging, i.e., after collecting a predetermined number

of data points, the FPGA repeats an identical measurement for a desired

amount of times and takes the average of all measurements. This averaged

data is transferred to a computer for further data processing. In addition,

the FPGA also turns on and off the probe and heating signals at correct

times.
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4. Admittance of SNS Josephson
junction

Response of SNS Josephson junctions to direct current is well understood

theoretically and thoroughly tested experimentally [67, 69, 83–86]. How-

ever, there are plenty of open questions in the microwave response of the

junctions. Although theoretical models exist [70, 87–90], experimental

data to verify the models is sparse [91, 92]. In this chapter, we summarize

the findings of Publication I where we present a method to quantitatively

determine admittance of an SNS junction.

4.1 Measurement of unknown admittance

As discussed in Sec. 2.2, the admittance of an SNS junction can be de-

termined from the resonance frequency and quality factor of a resonator

grounded through the junction. To this end, we fabricate a multimode

resonator capacitively coupled to a feedline. The other end of the res-

onator is grounded through capacitors and a chain of 20 SQUIDs as shown

schematically in Fig. 4.1. We fabricate two nominally identical samples, 1

and 2, with the exception that Sample 1 does not have the heat sink fins

shown in Fig. 4.1c. Replacing the single junction with a chain of SQUIDs

brings the admittance to more conveniently measurable range, but also

adds an additional degree of freedom to the measurement. However, we

can still find the mean admittance of a single junction by multiplying the

total admittance by 10.

We parametrize the SQUID chain as a parallel connection of an inductor

L and resistor R. Thus, the impedance of the termination is given by

Zterm = (iCiωn)−1 +

(

1

iLωn

+
1

R

)−1

, (4.1)

where Ci is the capacitance of the coupling between the SQUID chain and

the resonator. This capacitor is physically a parallel plate capacitor, and

hence we can calculate its capacitance with good accuracy. The chain of

SQUIDs is grounded through a large capacitor Cgnd which essentially acts
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Admittance of SNS Josephson junction

Figure 4.1. Measurement scheme for determining the admittance of SNS junctions. a,
Electric-circuit model of the sample. The resonator of length l = 10 cm with
fundamental resonance frequency of f0 ≈ 635 MHz is capacitively coupled to a
feedline (FL). The other end of the resonator is capacitively coupled to a chain
of SQUIDs shown schematically in panel b. The chain of SQUIDs is modeled
as a parallel connection of a resistor and an inductor, which is grounded from
the other end through a large capacitor. c, Scanning-electron-microscope
image of a single SQUID. Light areas in the figure are gold-palladium forming,
for example, the normal-metal sections of the SNS junctions. The purpose
of the large rectangular regions is to keep the junctions well thermalized to
the bath temperature. Darker cross-like shapes are made out of aluminum.
Figure adapted from Publication I.

as a direct short to ground at the frequencies employed. Therefore, we can

neglect its effect to the termination impedance.

The resonance frequencies and quality factors are extracted from the

transmission coefficient S21, measured through the feedline, as a function

of frequency f . We fit a function to the normalized data given by [93, 94]

S21( f )= 1−

Q0,n

QC,n
−2iQ0,n

δ f
fn

1+2iQ0,n
f− fn

fn

, (4.2)

where Q0,n is the total quality factor, QC,n is the quality factor arising from

the coupling capacitor, fn =ωn/(2π) is the resonance frequency of mode n,

and δ f describes the asymmetry of the resonance. We are interested in

the internal quality factor Q−1
i,n =Q−1

0,n −Q−1
C,n which arises from the internal

losses in the resonator. Since the resonator is superconducting, the internal

losses are dominated by the chain of SQUIDs. Once we have determined

the resonance frequencies and quality factors as functions of the magnetic

flux threading the SQUIDs, we map them to inductances and resistances

with Eq. (2.14). We focus on the resonance near 1 GHz in the discussion

below.

4.2 Discrepancy between theory and experimental results

We compare our experimental results to corresponding predictions of the

time-dependent Usadel equations [70]. The temperature dependence of the

inductance and resistance is in conflict with the theoretical calculations

as show in Fig. 4.2. The low-temperature value of the single-junction

inductance at Φ= 0 flux point is found to be L/10≈ 300 pH, which is almost

an order of magnitude larger than the expected theoretical value of about
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a

b

Figure 4.2. Temperature dependence of the inductance and resistance. a, b, Inductance
(a) and resistance (b) of the SQUID chain as a function of bath temperature
Tb for Sample 1 (solid blue triangles) and Sample 2 (solid red circles) at Φ= 0
flux point. The dashed lines show theoretical values for high (black dashed
line) and moderately high (grey dashed line) inelastic scattering rate. The
solid lines show calculated values for strong (black solid line) and moderately
strong (grey solid line) elastic spin-flip scattering. The spin-flip scattering
calculations also include weak inelastic scattering. Figure adapted from
Publication I.

50 pH. Furthermore, the expected exponential temperature dependence of

the resistance at Φ= 0 flux point is in stark contrast with observations.

We attempt to explain this difference by including inelastic scattering

and spin-flip scattering in the theoretical model. The spin-flip scattering

could arise if the normal-metal sections of the SQUIDs are contaminated

with magnetic impurities. Note, that we do not know the exact origin of

the scattering mechanisms. Thus, we do not know with certainty their

temperature dependence. As an example, we choose that the inelastic

scattering rate is proportional to the temperature, while the spin-flip

scattering remains constant. In any case, it is clear that the observed

resistance does not scale exponentially with the bath temperature and the

theory does not coincide with the observations for the considered parameter

ranges.

The measurement results for inductance and resistance as a function

of the magnetic flux are shown in Fig. 4.3 along with theoretically cal-

culated values. The experimentally determined inductance near integer

flux quanta is in a reasonable agreement with the calculated values in

the strong-scattering regime for both mechanisms. However, the strong

scattering also decreases the variation of resistance with flux. Conversely,

the theory is in good agreement with the measured resistance values

for moderately strong scattering, whereas the inductance values differ

significantly in this regime.

Our main conclusion of the Publication I is that if we were able to
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a

b

Figure 4.3. Magnetic-flux dependence of the resistance and inductance of SNS junctions.
a, b Inductance (a) and resistance (b) of the SQUID chain as a function of
magnetic flux Φ threading the SQUIDs for Sample 2. The solid and dashed
lines are calculated from the theory with the same parameters as in Fig. 4.2.
Here, the bath temperature is 195 mK. Figure adapted from Publication I.

measure only the inductance, we might make a false deduction that the

theory matches with the observations. However, we are unable to find such

parameters for the theoretical calculations that simultaneously reproduce

the measured resistance and inductance. A possible explanation for this

anomalous behavior is that magnetic effects are important to take into

account in detail since palladium is known to become ferromagnetic in

nanoscale systems [95, 96]. In the future, it may be constructive to study

niobium-copper SNS junctions which have been shown to behave nearly

ideally at dc [67, 97].
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5. Flux-tunable phase shifter

In this chapter, we summarize the findings of Publication II, where we

attempt to contribute to the quickly expanding quantum-engineering tool-

box by introducing an on-chip flux-tunable microwave phase shifter. We

demonstrate experimentally and theoretically its ability to tune the phase

of a signal without losses or reflections.

5.1 The device and measurement setup

Our phase shifter consists of three equidistant SQUIDs interrupting a

50-Ω transmission line. We model each SQUID as a parallel LC oscillator.

The Josephson junctions are of SIS type, which gives rise to the parallel

capacitance. The device is shown in Fig. 5.1 along with the measurement

scheme. As shown in Sec. 2.3, such a system exhibits full transmission

while allowing the phase of the signal to be tuned.

The condition for achieving the full transmission is that the two side

SQUIDs have an equal inductance L1 and the middle SQUID has the

inductance L2. Assuming that the side SQUIDs have identical zero-flux

critical current, the fluxes threading the two side SQUIDs must also

coincide to Φ1. The flux threading the middle SQUID is Φ2. The capacitance

C is assumed to be equal for all three SQUIDs.

The sample is cooled down to 13 mK in a commercial cryostat. The

microwave transmission through the phase shifter is measured with a

vector network analyzer with such a low power that the SQUIDs behave as

linear inductors. The measured raw transmission coefficient includes the

effect of all the components and cabling between the sample and the VNA.

Therefore, it is necessary to normalize the transmission coefficient with a

measurement for which we know that the effect of the SQUIDs is minimal.

We choose this reference point to be such that all three SQUIDs are tuned

to integer multiple of flux quanta. Here, the inductances of the SQUIDs

are minimized, and thus the transmission through the phase shifter is

sufficiently close to unity.

23



Flux-tunable phase shifter

VNA

100 m 5 m

1 2
20 dB20 dB

3
0
 d

B
3
0
 d

B

293 K4 K

7
0
0
 m

K
1
3
 m

K

293 K

4
 K

1
3
 m

K

13 mK

a b

Figure 5.1. Model and measurement scheme of the phase shifter. a, Three equidistant
SQUIDs are separated by transmission lines of length d. Flux threading
the SQUIDs is denoted by Φk, the inductance by Lk, and capacitance by C.
b, The transmission through the sample is measured with a vector network
analyzer (VNA). The signal from the Port 1 of the VNA is guided to the phase
shifter through heavily attenuated coaxial cables. The signal coming out
of the sample is amplified with a low-temperature and room temperature
amplifiers before arriving at Port 2 of the VNA. The sample is protected from
the amplifier noise with an isolator. A local magnetic field for each SQUID
is provided with the three current sources. Here, niobium is denoted with
light blue color, aluminum with light green, Josephson junctions with dark
green, and substrate with dark blue. The features are not drawn to scale. The
insets show scanning electron microscope images of a single SQUID taken
from a nominally identical sample to that measured. Figure adapted from
Publication II.

5.2 Results

Figure 5.2 shows the measured normalized transmission coefficient along

with the theoretical values at the signal frequency of 6.3 GHz. We observe

near-unit transmission along the solid line in Fig. 5.2a–d where the trans-

mission is theoretically exactly unity. Figure 5.2e shows the transmission

coefficient along this line. We achieve phase shift tunability over π/4 radi-

ans with essentially vanishing losses. We attribute the small difference

between theory and experiments to deviation from the assumption that

the two side SQUIDs are identical.

We calculate the theoretically achievable phase tunability as a function

of signal frequency by numerically solving from Eqs. (2.18) and (2.19) the

phase shifts θ, for which the inductances are in a feasible range. The

results shown in Fig. 5.3 indicate that large phase shifts can be achieved

over a wide frequency ranges. However, there are certain frequency bands

for which no realistic inductance values result in lossless transmission.

These gaps fortunately depend on the distance d between the SQUIDs,

thus it can be accounted for when designing a phase shifter for a certain

frequency band. Note, that the sharp features in Fig. 5.3 arise from the

limitations imposed on the inductance values, and hence are not numerical

artefacts.

In order to experimentally verify the frequency dependency, we measure
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a

0.5

0.6

0.7

0.8

0.9

1

Φ
2
/Φ

0

0

0.5

1

|S
2
1
|

b

τ = 0

τ = 1

τ

0.5 0.6 0.7

Φ1/Φ0

0.5

0.6

0.7

0.8

0.9

1

Φ
2
/
Φ

0

c

0.5 0.6 0.7

Φ1/Φ0

−π

0

π

a
rg

(S
2
1
)

d

0

0.5

1

0 0.2 0.4 0.6 0.8 1

− 3π
8

− 2π
8

−π

8

|S
2
1
|

a
rg

(S
2
1
)

τ

e

Figure 5.2. Measured and calculated transmission coefficients. a, c, Measured (a) mag-
nitude and (c) phase of the transmission coefficient as a function of flux
threading the side SQUIDs Φ1 and middle SQUID Φ2. a, c, As a and c but
for the corresponding theoretical predictions. We define the parameter τ as
the relative length along the theoretical full-transmission curve (solid line).
The parameter vanishes at point (Φ1 = 0.7, Φ2 ≈ 0.58) and is unity at point
(Φ1 ≈ 0.54, Φ2 = 0.7). e, The magnitude (black) and phase (red) of the measured
(markers) and calculated (solid lines) transmission coefficient along the theo-
retical full-transmission curve. In the theoretical calculations, the zero-flux
critical current of the two side SQUIDs is set to Ic,1 = 0.7 μA, and Ic,2 = 2.2 μA
for the middle SQUID. The capacitance is C = 26 fF. Figure adapted from
Publication II.
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Figure 5.3. The calculated difference between the minimum and maximum phase shift
achievable for inductances L1 and L2 such that their minimum value is larger
than Φ0/(4πIc,k), but less than 10 nH as a function of signal frequency. The

minimum is set by inductance at integer flux quanta threading the SQUID,
and the maximum is arbitrarily chosen value. Other parameters are the same
as in Fig. 5.2. Figure adapted from Publication II.
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Figure 5.4. Maximum (solid lines) and minimum (dashed-dotted lines) phase shift ob-
tained in experiments (blue color) and in circuit-simulations (red color) as
functions of frequency. The shading defines the region of achievable phase
shifts, i.e., the tunablity region of the phase shifter. Figure adapted from
Publication III.

the tunability of the phase shift from a similar sample in Publication III.

The sample is otherwise nominally identical to the sample measure in

Publication II, except the flux bias lines were made differential. The

measured phase tunability and corresponding simulation results are shown

in Fig. 5.4. We find above 0.07π phase tunability over 280-MHz frequency

band. Our measurement results are also in good agreement with phase

shift simulated from an equivalent electric circuit.

Thus, we have experimentally and theoretically shown in Publications II

and III that three equidistant SQUIDs interrupting a transmission line

behaves as a tunable phase shifter with negligible losses. Interestingly,

our calculations suggest that even a full 2π phase shift may be achievable

for certain frequencies and parameter values. Our theoretical calculations

also suggest that adding more SQUIDs to the system may realize larger

phase shits than three-SQUID system.
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6. Low noise bolometry with proximity
junctions

This chapter provides perhaps the most impactful outcomes of this the-

sis. We summarize the main results of Publications IV and V, where we

characterize gold-palladium and graphene-based bolometers, respectively.

6.1 Reaching record-low noise equivalent power

Let us first discuss the results of Publication IV. The absorber in the

studied device is formed by a gold-palladium nanowire with the absorber

resistance of 36 Ω. The central principle of our bolometer design is that

this nanowire also defines the normal-metal parts of the eight thermome-

ter SNS Josephson junctions connected in series. Therefore, these two

parts of the bolometer are thermally strongly coupled. The junctions are

grounded through capacitors C1 and C2 forming an LC oscillator as shown

in Fig. 6.1a,b. The strongly temperature-dependent resonance frequency

of the oscillator acts as our thermometer. The capacitor C1 also electrically

decouples the absorber and the SNS junctions.

Our choice of absorber material is a mixture of gold and palladium with a

2.5:1 atomic ratio. Small superconducting parts are made out of aluminum

due to its compatibility with our highly mature fabrication techniques.

This prevents using pure gold as a normal metal since aluminum and

gold form intermetallic compounds, which will break the sub-micron scale

structures over time. Adding palladium to the gold prevents this effect,

and thus makes the bolometer stable.1 Palladium is not an optimum choice

due to its high specific heat capacity [98], but finding a better substitute

would be worth another Ph.D. thesis, thus we leave such optimization for

future work. Copper or silver might be interesting candidates since they

both have an order of magnitude lower heat capacity than palladium.

The key feature making our bolometer noise low is that the change in the

temperature is read out with a relatively high frequency of about 500 MHz.

1Some of the results presented in this thesis were obtained with samples fabri-
cated two years before the measurements.
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Figure 6.1. Measurement setup and device characterization. a–c, Simplified detector
measurement setup (a) together with micrographs of the superconductor–
normal-metal–superconductor (SNS) junctions between leads H, G, and P (b)
and of a Josephson parametric amplifier (JPA) (c). The images are taken from
a device similar to the measured. The impedance Z(Te) of the array of short
SNS junctions forms a temperature-sensitive resonant circuit together with a
meander inductor Ls ≈ 1.2 nH and the capacitors C1 ≈ 87 pF and C2 ≈ 33 pF.
The gate capacitance is Cg ≈ 0.87 pF. There is an 8.4-GHz bandpass filter
connected to lead H. The scalebar in panel b indicates 1 μm and in panel c
15 μm (top) and 400 μm (bottom). d, Phase of the reflection coefficient at the
gate capacitor arg(Γ) as a function of probe frequency fp and power Pp, without
heating and with the JPA off. e, Example of the ensemble-averaged detector
output voltage at the digitizer V (top curve) and voltage in the orthogonal
quadrature (bottom curve), with the JPA on. The blue curves show exponential
fits to the rising and falling edges of the signal. f, g, Change in the detector
output voltage at the digitizer after the heater is turned on (markers, see panel
e) as a function of the finite heater power Ph with the JPA off (f) and on (g).
The typical 1σ uncertainty of the voltage measurement is of the order of the
symbol size. The ( fp,Pp) operation points are indicated in panel d. The JPA
shifts the resonance frequency slightly, thus the highest response is found at
slightly different operation point. The figure is adapted from Publication IV.

This effectively eliminates 1/ f -type noise from the readout, whereas limit-

ing the readout bandwidth reduces white noise-sources. Typical frequen-

cies employed in other cQED devices are an order of magnitude higher,

which further prevents the unwanted back action caused by the probe tone

in future applications. The readout frequency is still high enough that

commercial off-the-shelf microwave components can be used in the input

and output lines. Furthermore, all connections to the nanowire are made

through superconductors which suppresses the electronic contribution to

the thermal conductance [99].

We detect the change in resonance frequency by measuring the reflection

coefficient Γ by reflecting a probe tone off from the gate capacitor Cg at

the frequency fp. The strong temperature dependence is clearly visible in

Fig. 6.1d where we show the phase of reflection coefficient Γ as a function

of probe power and probe frequency. As the probe power is increased,

the probe signal itself begins to heat the nanowire, and the resonance
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Figure 6.2. Noise equivalent power (NEP) and thermal time constant. a–d, Quasistatic
responsivity of the probe voltage to the heater power (a, b) and probe voltage
spectral density (c, d) as functions of probe frequency and power with the
Josephson parametric amplifier (JPA) off (a, c) and on (b, d) averaged over
noise frequencies between 20 and 100 Hz. e, f, Noise equivalent power as
a function of the probe frequency and power with the JPA off (e) and on (f)
averaged over noise frequencies between 20 and 100 Hz. g, h, NEP (black) and
thermal time constant (red) with the JPA off at fixed Pp =−126 dBm (g) and
with the JPA on at Pp =−126.5 dBm (h). The error bars indicate the standard
error of the mean for the time constant and the error arising from the heater
power calibration for NEP. The figure is adapted from Publication IV.

frequency shifts to lower frequencies. We also have an option to further

amplify the readout signal with a Josephson parametric amplifier [82]

shown in Fig. 6.1c.

Figure 6.1e shows an example of the basic measurement used in the

characterization of a bolometer. The probe signal is turned on at time

t = 0. After a delay of 10 ms, the heating pulse lasting for 50 ms is applied

through lead H. The recorded output voltage increases exponentially

towards the steady-state value as the heater is turned on. Similarly, once

the heater is turned off, the output voltage drops exponentially to its

initial value. From this data, we extract several key characteristics of

the bolometer. The response of the bolometer is defined as the difference

in output voltage with the heater on and off. The measured response at

a few different operation points is shown in Fig. 6.1f,g. The bolometer

quasistatic responsivity is defined as response divided by the heating

power. Furthermore, the thermal time constant τ is obtained from the rise

time of the output voltage.

The key characteristic performance indicators of the device are shown in

Fig. 6.2 with and without the JPA. As the probe power is increased, the

resonance becomes sharper which leads to an increase in the responsivity

as shown in Fig. 6.2a,b. The peak of the responsivity is found at probe

frequencies near the resonance frequency. The depth of the resonance dip

decreases at very high probe powers, thus there is an optimal operation

point in ( fp, Pp) plane. We also measure the noise spectral density as

a function of the probe power and frequency. The results are shown in

Fig. 6.2c,d. The background noise far off-resonance, and at low probe
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powers, is set by the noise arising from the amplification chain. However,

with the JPA on, we consistently observe an increase in the noise density

even at very low probe powers indicating that the spectrum near the

resonance is dominated by the intrinsic noise of the bolometer.

Figure 6.2e,f shows the NEP as a function of the probe power and fre-

quency. We define the noise equivalent power as output voltage spectral

density divided by the quasistatic responsivity and multiplied by the factor
√

1+ (2πτ fn)2, which takes into account the finite rise time of the response.

Here, fn is the noise frequency. Note, that the color scale is identical in

Figs. 6.2e and 6.2f, which highlights the benefit of low-noise amplification.

The NEP and the corresponding time constant as functions of the probe

frequency at the optimal probe power are shown in Fig. 6.2g, h. Note that

the frequency for the minimum NEP coincides with that of the maximum

thermal time constant. This indicates that the lowest NEP is obtained at

a probe frequency slightly below the resonance where the electrothermal

feedback is strongly positive. The lowest measured NEP without the JPA is

around 50 zW/
�

Hz which drops to roughly 20 zW/
�

Hz with the JPA turned

on. Interestingly, the NEP away from the resonance remains relatively flat

at 60 zW/
�

Hz with the JPA on indicating that the thermal fluctuations

of the bolometer dominate the noise spectrum instead of the amplifier

noise. This provides the possibility of using the bolometer over an order

of magnitude faster than at the optiman NEP point with relatively low

impact on the performance since the thermal time constant drops sharply

at frequencies slightly above the its maximum point.

The upper bound for single-photon energy resolution can be calculated

from the NEP with equation [100]

ǫ≈

(
∫ ∞

0

4d f

NEP( f )2

)−1/2

.

In practice, we restrict the integral to frequencies below the thermal-cutoff

frequency 1/(2πτ). The finest energy resolution is found with the JPA on at

Pp =−126.5 dBm and fp = 541.9625 MHz yielding ǫ= 0.32 zJ = h×480 GHz.

If the cutoff frequency is increased to 10 kHz, the estimate for the finest

energy resolution becomes ǫ= 0.26 zJ= h×390 GHz.

6.2 Graphene bolometer

Graphene is a promising candidate for the bolometer absorber and ther-

mometer material thanks to its two-dimensional structure, and hence low

heat capacity. Furthermore, the charge carrier density of graphene can be

controlled with an electric field which may improve the performance of our

bolometer which is sensitive only to the electron temperature.

In Publication V, we study a graphene-based bolometer. The device is
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Figure 6.3. Graphene-based bolometer and its operation principle. a, False-color scanning-
electron-microscope (SEM) image of the graphene bolometer. The scale bar
denotes 10μm. The gate voltage is applied at port G whereas the heater
and probe signals couple through port P to the superconductor–graphene–
superconductor (SGS) junction formed between the aluminum (blue color)
electrodes of port P and of the capacitor C1. The extent of the graphene
flake is indicated by the white dashed line in the inset where we do not show
the gate insulator (red color) for clarity. The leftmost aluminum and gold
(orange color) electrodes are not used in this work. b, Circuit diagram of
the detector and a simplified measurement setup. The heater and probe
signals, denoted by subscripts h and p, respectively, are combined at room
temperature. The microwave reflection coefficient for the probe tone is denoted
by Γ. c, Reflected fraction of the probe power Pp as a function of the probe
frequency fp for the indicated gate voltages Vg and heater powers Ph at the
bath temperature Tb = 55 mK. d, Considered thermal model. The electrons in
the graphene are coupled to the cryostat phonons through an effective thermal
conductance G̃ =Ge−p +Gdiff +Gphoton which is a sum of the phononic (Ge−p),

electron diffusion (Gdiff), and photonic (Gphoton) contributions. Figure adapted

from Publication V.

similar to the one studied in Publication IV with three notable exceptions.

Firstly, the gold-palladium nanowire is replaced with monolayer graphene.

Secondly, we have only a single Josephson junction instead of eight due

to the higher inductance of the superconductor–graphene–superconductor

(SGS) junction. Finally, we fabricate a gate electrode on top of the junction,

with which we can change the charge carrier density. The measurement

scheme is otherwise identical to the one in Publication IV with the ex-

ception that the heating pulse is applied through the same line as the

probe signal. The device is shown in Fig. 6.3a,b together with a simplified

measurement scheme.

Figure 6.3c shows a few examples of reflection coefficient Γ measured

with different heating powers and gate voltages. We observe that the

resonance shifts with the heating signal as expected, and importantly, it

can be shifted also with the gate voltage. The total shift of the resonance

frequency we measure with gate voltages ±20 V is up to about 80 MHz.

Figure 6.3d shows the considered thermal model. The electrons in the
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Figure 6.4. Sample thermal conductance characterization data. a, Measured points of
constant resonance frequency (markers) in the plane of the cryostat phonon
temperature, Tb, and the absorbed power in the graphene, Pappl, for the

indicated gate voltages and probe frequencies. The dotted lines represent poly-
nomial fits to the data. b, Differential thermal conductance of the graphene
electron system (black markers), G̃, as a function of Tb obtained by differentiat-
ing the polynomial fits in a with respect to Tb at the temperature points of the
measured data. The black solid lines are fits to the markers linear on the loga-
rithmic scale. The grey dashed line shows 2.0% of the quantum of the thermal
conductance GQ. The red markers and lines show the thermal-fluctuation-

limited noise equivalent power NEPTEF (right vertical axis) corresponding
to the differential thermal conductance shown in black color. The error bars
denote 1σ confidence intervals. Figure adapted from Publication V.

graphene thermalize to the phonon bath in this model through three

channels: electtron–phonon coupling, electron diffusion, and electron–

photon coupling. We measure the differential thermal conductance G̃ by

measuring how much heating power Pappl we need to apply to the sample

in order to keep the resonance frequency constant for a changing bath

temperatures Tb as shown in Fig. 6.4a. Differential thermal conductance

is obtained from the derivative of the isothermal curve in the (Tb,Pappl)

plane. The results are shown in Fig. 6.4b.

Although we can only measure the total thermal conductance, we note

that it scales roughly linearly with the bath temperature. This indicates

that the photonic thermal conductance [101] is dominating, since the

phononic contribution scales as the bath temperature to the power ranging

from 2 to 4 [102–106]. Electron diffusion also seems unlike due to the

utilized superconducting leads that suppress this effect [99].

Let us discuss the performance of the graphene bolometer. The noise

equivalent power and the thermal time constant are shown in Fig. 6.5a–c

as functions of the probe frequency at a few different gate voltages. The

minimum NEP is found at zero gate voltage where it reads 30zW/
�

Hz, on

par with the results of Publication IV. However, the thermal time constant

we find is two orders of magnitude shorter. At the most sensitive point,

the thermal time constant is 500 ns, and the minimum observed value is

around 200 ns. Thus, the integral of Eq. (6.1) can be carried out to much
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Figure 6.5. Key performance indicators of the graphene bolometer. a–c, Measured noise
equivalent power (NEP) (black markers, left axis) and thermal relaxation time
τ (red markers, right axis) of the detector for gate voltages, Vg = −2.5V (a),
Vg = 0V (b), and Vg = 2.5V (c), bath temperature Tb = 55 mK, and probe power
Pp = 530 aW (a), Pp = 140 aW (b), and Pp = 370 aW (c). The dashed horizontal
lines indicate the thermal-fluctuation-limited NEPs obtained from the thermal
conductance given by Fig. 6.4b. The error bars denote 1σ confidence intervals.
d–f, Energy resolution of the bolometer obtained from the NEP and time
constant experiments of panels a–c, respectively. See text for details. Figure
adapted from Publication V.

higher frequencies, which leads to a significantly lower energy resolution.

The energy resolution as a function of the probe frequency at different

gate voltages is shown in Fig. 6.5d–f. The finest energy resolution of

20 yJ= h×30 GHz coincides with the minimum of the NEP.

Interestingly, a thermal time constant of around 300 ns together with

a 0.8-fW/K thermal conductance implies that the heat capacity of the

graphene sheet is 2.5× 10−22J/K. Thus, we obtain the standard devia-

tion of energy due to thermal fluctuation
√

δE2 = h×4.4 GHz. Therefore, it

seems that we could further improve the results by introducing a JPA to

the readout amplification chain. If the JPA would provide similar improve-

ment as with the gold-palladium bolometer, the energy resolution would

became h×12 GHz. Even without near-quantum-limited amplification, our

bolometer is fast and sensitive enough to be utilized in cQED.
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7. Conclusions and outlook

In this thesis, we investigated possible supporting components for the

future large-scale superconducting quantum computer. We explored the

properties of SNS junctions, which constitute an elementary building block

in many superconducting circuits. Furthermore, we demonstrated that

Josephson junctions can be used as a microwave phase shifter, a device that

may allow one to realize a single-chip vector signal generator operating at

cryogenic temperatures.

The main focus of this dissertation was on bolometry. We characterized an

SNS-junction-based bolometer, which we found to surpass the performance

of mature thermal detection technologies, such as transition-edge sensors.

Integration of a near-quantum-limited amplifier was found to further

improve the results by about a factor of three. Far greater improvement

was achieved by using graphene as the sensor material for the bolometer.

We demonstrated high sensitivity promoting thermal detectors compatible

with certain applications in cQED.

The properties of SNS junctions were studied in Publication I. Here,

we introduced a technique for measuring the microwave admittance of

SNS junctions. It relies on grounding a half-wave resonator through a

chain of SNS junctions arranged into SQUID loops. By measuring the

resonance frequencies and quality factors of the resonator modes, we were

able to determine the admittance of the junctions. We found that our

experimental results do not agree with the theoretical predictions of the

Usadel equations. We were unable to determine the exact reason for the

discrepancy. Thus, in the future, it may be fruitful to study normal metals

which are known to behave nearly ideally at dc, such as copper, instead of

the gold-palladium alloy used here.

Publication II introduced and demonstrated a flux-tunable phase shifter

for microwaves and its operation over wide bandwidth was shown in Publi-

cation III. It consists of a transmission line interrupted by three equidistant

SQUIDs. We showed that such a system can tune the phase of a signal

with vanishing reflections. The operation was experimentally verified at a

frequency of 6.3 GHz. Our theoretical considerations suggested a large tun-
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ability over a broad frequency range. In the future, the phase shifter may

be integrated with a Josephson-junction-based microwave photon source,

thus creating an on-chip signal generator. This would allow shift from

the use of bulky room temperature instruments into those operating in a

cryostat, possibly aiding in scaling up the superconducting quantum com-

puter. However, the phase shifter itself can still be developed further. For

example, the tunability range may be increased by adding more SQUIDs

to the phase shifter.

The core of this thesis focused on bolometers operating at microwave

frequencies. In Publication IV, we characterized an SNS-junction-based

bolometer. We connected a capacitor in parallel with a chain of SNS junc-

tions, thus forming an LC oscillator, resonance frequency of which acted as

our thermometer. We thermally coupled the junctions to a 36-Ω resistor

serving as an absorber of microwave radiation. We found a record-breaking

NEP for thermal detectors and by supplementing the measurement cir-

cuitry with a near-quantum-limited amplifier, the results were improved

by about a factor of three. Further improvement may be achieved by de-

creasing the size of the absorbing element, or by fabricating it out of metal

with lower heat capacity. The predicted energy resolution can be verified

by coupling the bolometer to a terahertz antenna, and using a black body

as a source of photons, work that we have already begun.

Finally, we introduced a graphene-Josephson-junction-based bolometer

in Publication V. As for the SNS bolometer, we connected a capacitor in

parallel with the junction and employed the resulting LC resonance as a

thermometer. However, the microwave radiation was absorbed directly

by the thermometer junction. We found an NEP on par with our SNS-

junction-based bolometer. More importantly, the thermal time constant

was measured to be two orders of magnitude shorter, which indicates

an order of magnitude improvement to the energy resolution bringing it

down to h×30 GHz. Thus, we were able to advance bolometers to the

threshold for cQED which lies in the h×10-GHz 100-ns rage for typical

qubit readout schemes. In the future, the implementation of the bolometer

may be unified with that in Publication IV in order to allow independent

readout and detection absorption lines. The performance could be further

improved by introducing a near-quantum-limited amplifier to the readout.

Furthermore, fabrication techniques need to be refined for applications

beyond this initial proof-of-concept.
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Errata

Publication II

In Equation (4), φ should read ϕ.
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