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Abstract 

This thesis deals with the optimization of a Transition Edge Bolometer (TEB) 

and the preliminary design of a Hot-Electron Bolometer (HEB), both based on 

optimally doped YBa2Cu3O7−δ (YBCO) films. This work partly fulfils the 

milestones of the INFN-TERA project. 

The introduction provides a general overview of the phenomenology and 

theories of superconductivity, emphasizing aspects such as vortex dynamics and the 

difference between type I and type II superconductivity. Then, the most promising 

technological superconducting materials are summarized before focusing on the 

YBCO films, whose crystal structure and phase diagram are presented. Finally, the 

application of the THz frequencies and the detectors working in this spectrum are 

introduced, before directing the attention to the working principle of a TEB: 

responsivity, noise, and time constant are presented, namely concepts that will be 

used in the following parts of the work. 

Section 4 focuses on the YBCO based TEB and its optimization. The choice of 

the MgO substrate based on the optimal lattice matching with YBCO and its both 

electrical and thermal properties is explained. Then, the irradiation through high-

energy heavy-ions for modifying the RvsT curve are described before the 

presentation of a portable cryostat in which the bolometer is held. Using the 

experimental data, the optimization of the working conditions is carried out, in 

terms of temperature, on the basis of the general study of the interplay between 

responsivity and noise, which will be the starting point for the simulation work. The 

bolometer is then reproduced with the finite element method employing the 

software COMSOL Multiphysics®. The first simulations helped in determining the 

most suitable materials for the sensor housing, which will be used for a detailed 

study of the response of the detector. Finally, a preliminary study of a new layout 

is realized and compared with the original geometry. 

The last section is devoted to the design of an YBCO based HEB and the theory 

behind it. The high-frequency response is studied employing the SONNET® 

simulation software, mainly for matching the 50 Ω of the input impedance. The 
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final configuration is then manufactured through Electron Beam Lithography 

(EBL) after the deposition of the YBCO film by means of Pulsed Laser Deposition 

(PLD), still on a MgO substrate. The fabricated devices are characterized, then the 

results are used for calculating the performance of the detector.  
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1. Superconductivity: 

phenomenology and theory 

1.1 History 

The phenomenon of superconductivity was discovered more than 100 years ago 

by Heike Kamerlingh Onnes, favored by the capability of liquefying helium. While 

studying the behavior of mercury at low temperatures, he discovered that its 

electrical resistance disappears below 4 K [1]. Since 1911, superconductivity has 

been extensively studied; many other materials have been discovered to become 

superconductors, and applications have been developed in various fields [2]. 

While superconductivity was investigated in various materials, numerous 

theories have been proposed to explain this exotic phenomenon. The London 

brothers proposed the first model for describing superconductivity in 1935 [3] based 

on empirical observations, which was then followed by the Ginzburg-Landau (GL) 

theory in 1950 [4], which introduced the quantum formulation by means of the 

complex order parameter. Finally, a fascinating picture (the so-called BCS theory), 

for explaining the superconductivity was given by J. Bardeen, L. N. Cooper, and J. 

R. Schrieffer, with the introduction of the so-called Cooper pair [5]. 

These theories well explain the behavior of Low-Temperature Superconductors 

(LTS), which include pure elements and some compounds. They usually present 

low critical Temperature (TC), further below the Liquid Nitrogen (LN2) boiling 

point, low critical magnetic field (HC), and well fit the theoretical prediction [6]. 

Almost 30 years ago, the discovery of the High-Temperature Superconductors 

(HTS), a large family of ceramic materials belonging to the cuprates, broke the 

barrier of the LN2 temperature. These compounds present high TC, critical current 

(JC), and upper critical field (HC2) but, because of their complex structure, they 

usually present high anisotropy and difficulties in manufacturing [7][8]. In addition, 

a complete and exhaustive theory able to explain their behavior has not been 

formulated until now [9]. 
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More recently, a new family of superconductors has been discovered in recent 

years: the Iron-Based Superconductors (IBS) [10][11]. Despite a lower TC than 

cuprates, they present a smaller anisotropy and still a considerably high HC2, and 

therefore they may be promising for applications in the near future. 

1.2 Phenomenology 

Superconductivity is a particular state of matter in which two conditions must 

be met simultaneously: the perfect conductivity and the perfect diamagnetism. In 

order to remain in the superconducting state, the material needs to stay below the 

TC, the current flowing in the sample must result in a current density lower than JC, 

and the magnetic field must be lower than HC. These parameters, which are proper 

of each material, are interconnected and can be presented in a three-dimensional 

space, as shown in Figure 1a.  

a) 

 

b) 

Figure 1: a) Superconducting critical surface parameters for LTS (blue) and HTS 

(orange), not in scale. b) The transition between superconducting and normal state for two 

example material, impure (orange) and pure (blue) 

A material shows perfect conductivity when it exhibits a null electrical 

resistance. The transition between the normal and the superconducting state occurs 

in the so-called transition area. It is defined in correspondence to the resistance 

variation from 10% to 90% of the normal state value. It can range from fractions of 

Kelvin to several ones, depending on the material, its purity, and the treatment it 

has undergone. A remarkable difference also appears between LTS and HTS, as 

schematically shown in Figure 1b; the former ones are usually associated with 

sharper transitions. The TC can be defined as the temperature which corresponds to 

the highest slope of the curve resistance versus temperature (RvsT).  
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On the other hand, the perfect diamagnetism, known as the Meissner effect, 

discovered in 1933 [12], refers to the predisposition of a superconductor to expel 

any external applied magnetic field below the HC. This effect fundamentally 

differentiates a perfect conductor from a superconductor, which exhibits a truly 

macroscopic quantum behavior. The perfect diamagnetism is fully achieved only 

for low magnetic fields, after which part of the magnetic field starts penetrating the 

material, wholly or partially destroying the superconducting phase. 

The transition between the normal and the superconducting state is observed in 

many other physical parameters, such as specific heat, bulk modulus, or friction 

coefficient, confirming that the superconductivity is indeed a new state of matter. 

For example, as the resistivity, also the specific heat shows a sudden variation at 

TC; this phenomenon has been extensively studied in superconducting materials 

[13][14]. 

1.3 Type I and Type II 

Superconducting materials can be divided into two main families, type I and 

type II, depending on the material response to an external magnetic field. A 

schematic view of the different behavior of type I and II are shown in Figure 2a. 

a) 
 

b) 
Figure 2: a) Behavior of type I (blue) and type II (orange) superconductor in a magnetic 

field b) The magnetic field penetration in a type II superconductor 

Many pure elements display a type I superconductivity. They expel the whole 

magnetic field until it reaches the critical value of HC, which is usually relatively 

small. When the magnetic field reaches a specific value, it is possible to identify a 

portion of material that passes to the normal state where the field penetrates, leaving 

the other part in the superconducting state [15]. Lead, mercury (phase α), indium, 

and tantalum are some examples of type I superconductors. 
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Type II superconductors include compounds, alloys, and a few other elements 

such as niobium. They completely flush out the magnetic field up to a first lower 

critical field HC1 usually lower than the HC of type I superconductors. Above this 

threshold, the magnetic field partially penetrates inside the superconductor as 

vortices (also named fluxons or flux lines), locally destroying the 

superconductivity, as shown in Figure 2b. When the external field reaches the upper 

critical field HC2, is usually considerably larger than HC and hence HC1, a 

continuous, entirely superconducting path is not available anymore, and therefore 

the material passes to the normal state [16][17]. The penetration of the magnetic 

field through the vortices allows the type II materials to withstand stronger 

magnetic fields before losing their superconductivity, as shown in Figure 2a. After 

HC1, the magnetic field is less and less screened and the Meissner effect is strongly 

suppressed compared with type I superconductors. Type II materials are more 

numerous than type I ones, and they include cuprates, niobium and its alloys, IBS, 

and some other families. 

 

Figure 3: Variation of the free energy density at the interface between the normal 

(grey) and superconducting state for type I (left) and type II (right). The magnetic 

contribution (blue line) and electron-ordering one (orange) are represented in the upper 

sketches, while the sum is reported in the last one. The advantage for type II in creating the 

interface is evident because of the negative contribution to the total free energy 

From the theoretical point of view, the difference between the two types of 

superconductors is expressed by the variation of the free energy at the interface 

between normal and superconducting states. It is useful to consider the ratio 

between two important parameters: the London penetration depth (λ) and the 
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coherence length (ξ). It gives a reasonable estimation of the type of superconductor 

[18]. If the parameter 𝜅 expressed as 𝜆/𝜉 is lower than 1/√2 (𝜅 = 𝜆/𝜉 ≤ 1/√2), 

then the superconductor is a type I, otherwise a type II [19][20]. These two lengths 

are directly linked to the magnetic and electronic ordering which affect the free 

energy. Their ratio is a useful parameter for determining if a material shows an 

advantage in having an interface between normal and superconducting states or not, 

as shown in Figure 3. 

The type I superconductors have no advantage in creating interfaces between 

the two states, while type II do have. Therefore, the latter ones try to maximize the 

length of this interface by including more and more vortices in the materials. 

1.4 Vortices 

When the magnetic field reaches HC1, vortices start penetrating type II 

superconductors. Vortices have a length scale of ξ and are surrounded by a current 

that decays over λ, schematically reported in Figure 4 and previously shown in 

Figure 3. Each vortex carries precisely one flux quantum which is the minimum 

flux quantity achievable ( 𝛷 =
ℎ

2𝑒
≈ 2 ∙ 10−15 𝑇 ∙ 𝑚2) and, again, remarks the 

quantum nature of the phenomenon [21][22]. 

 

Figure 4: Schematic view of the parameters involved in the vortex penetration, the 

magnetic field (blue), and order parameter (orange). The current flows in the same direction 

in all vortices. The magnetic field penetrates and decays over λ and the superconductivity 

is suppressed in a distance ξ 

The superconducting current surrounding the vortices creates a repulsive force 

among them, and therefore the distance is maximized to reduce the mutual 

interaction. In a perfect sample, it results in a triangular distribution, called flux-
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line lattice (FLL), which maximizes the distance and reduces the interaction 

between vortices, as reported in Figure 5a and Figure 5b [23][24]. 

a) b)  

Figure 5: a) Distribution of the vortices in the superconductor. b) The sketch highlights 

the direction of the current and the geometrical distribution of the vortices 

1.4.1 Flux pinning 

In real samples, superconductivity is locally depressed in correspondence of 

crystal defects such as grain boundaries, dislocations, and inclusions [25][26]. 

Similarly, the nucleation of a vortex reduces the condensation energy in a region 

corresponding to the volume occupied by its core. Consequently, when the vortex 

core is located in correspondence of a crystal defect, there is a net energy gain for 

the superconductor, and the vortex remains anchored to the defect until it obtains 

an energy higher than the pinning one [27]. When the magnetic field is low, vortices 

may arrange themselves in a non-regular disposition to occupy higher potential sites 

created by defects, usually placed randomly in the sample [28]. This phenomenon, 

called vortex pinning, refers to the friction on vortex movement due to crystal 

defects, and it is weakened by thermal fluctuations, applied electrical current, and 

magnetic flux density. In the presence of flux pinning, it is possible to identify two 

different phases (Figure 6); the vortex glass, at high temperature and magnetic field, 

and the Bragg glass, in which the superconductor displays a long-range order 

because of the lower thermal and magnetic energy [29]. 
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Figure 6: Different magnetic phases represented in terms of the magnetic field and 

the temperature [30] 

1.4.2 Flux motion 

Thermal fluctuations may provide enough energy to the fluxon to leave the 

pinning center, but it scales as the temperature: the lower it is, the lower is the 

probability too. When the energy provided to the vortices is high enough, it melts 

the FLL and generates the vortex liquid phase until the HC2 is reached. Indeed, 

another origin for the vortex motion is the Lorentz force, which is due to a current 

flowing in the superconductor (1.1), and tends to move vortices normally to it. This 

phase is called flux creep, and it is associated with a small resistivity due to the 

limited flux speed and low depinning probability.  

 𝑭𝑳 = 𝑱 × 𝑩  1.1   

The relation between the Lorentz and the pinning force defines the critical 

current density; when the first overcomes the second one, vortices start moving 

(1.2). Other contributions, such as the vortex mass and the Magnus force, are 

usually neglected [31][32]. 

 𝐹𝑃 = 𝐹𝐿 = 𝐽𝐶 ∙ 𝐵   1.2   

Eq. (1.2), where FL is the Lorentz force, 𝐹𝑃 is the pinning one, 𝐽𝐶  is the critical 

one and 𝐹𝑃 is the pinning force. When 𝐽 ≥ 𝐽𝐶, the dissipative electric field induced 
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by the lattices’ motion creates a flux flow resistivity,  𝜌𝑓, which can be expressed 

as (1.3). Here, μ is linked to the material viscosity and can be seen as the friction of 

the vortices. 

 𝜌𝑓 =
𝐸

𝐽
= 𝐵 ∙

𝛷

𝜇
  1.3   

Between these two phases, i.e., when 0 < 𝐽 ≪ 𝐽𝐶, the material passes from the 

thermally-assisted flux flow (TAFF) to the flux creep phase. Here the system acts 

like a viscous liquid and shows a resistivity which can be expressed as (1.4), in 

which 𝜌0 and U0 are function of the flux and the temperature, and kB is the 

Boltzmann constant [33]. 

 
𝜌 =  𝜌0𝑒

−
𝑈0
𝑘𝐵𝑇  1.4   

1.4.3 Pinning effect on the magnetic field and critical current 

The flux pinning has a substantial impact on the magnetic field in the 

superconductor. Since the pinned vortices freeze the magnetic lines in the 

superconductor, a magnetic hysteresis appears, as schematically reported in Figure 

7.  

 

Figure 7: Magnetic hysteresis due to the flux pinning effect 

The irreversibility field 𝐻𝐼𝑅𝑅(𝑇) is an important parameter directly linked with 

the vortex pinning and the temperature, which affect the pinning strength. It 

represents a threshold field above which the magnetization after cooling (FC) and 

zero-field cooling (ZFC) displays the same curve, and therefore, there is no 

hysteresis loop. It represents the transition between fields for which the vortices are 

pinned, below 𝐻𝐼𝑅𝑅(𝑇), and are free to move, above it. Since it defines two areas 
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with and without dissipation, it is usually the crucial parameter for technological 

applications. 

The interaction between the current density and the pinning potential is 

represented in Figure 8a. Here is highlighted the current contribution in triggering 

the movement of the vortex, i.e., the ratio between the Lorentz and pinning force. 

Indeed, the pinning effect strongly affects the E-J curve (Figure 8b), in which it is 

possible to define four main zones. First, the fully superconducting state, where the 

pinning force is higher than the thermal fluctuation and Lorentz force and, 

therefore, there is no dissipation. Then the flux creep, when dissipation starts to 

appear due to the vortex motion. This regime starts when the current density reaches 

the critical value 𝐽𝐶: above this threshold, the dissipation quickly grows and can 

lead to a sharp transition to the normal state due to the thermal runaway of the 

material. It can bring the superconductor in the flux flow regime with even higher 

dissipation before reaching the normal state with a sudden jump in the resistivity. 

From this point the Joule heating plays an important role in the transition, 

accelerating it and bringing the superconductor into the ohmic regime. 

 
a) 

 
b) 

Figure 8: a) Effect of the current density on the different regimes and b) different 

phases in the I-V characteristic 

1.5 Theory 

The phenomenology explained above was investigated deeply for a long time, 

during which several theories have been proposed. The first attempt to explain the 

superconductivity was based on empirical observations, considering it in a simple 

classical way. Then, the introduction of the quantum formalism enables to both 

describe and understand the principles behind the phenomenology of 

superconductivity. 
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1.5.1 London theory 

The London brothers proposed the first theory that describes both perfect 

conductivity and perfect diamagnetism in 1935. They proposed a two-fluid system 

starting from a classical description of the phenomenon. One represents standard 

electrons, responsible for the “normal” conductivity at temperatures higher than TC 

and still present below it. The other is composed of charge carriers, called super-

electrons, accountable for the superconducting current, which appears below TC. 

According to this theory, the percentage of super-electrons is proportional to 

the temperature and falls to zero at 𝑇 ≥ 𝑇𝐶. Below TC, the behavior of the electrons 

is described by the Drude equation [34], in which the relaxation time for the super-

electrons is set to infinite, i.e., they do not undergo scattering. As a result, the two 

London equations (1.5 and 1.6) describe the superconducting current. Here Js is the 

current of super-electrons attributed to the super-electron density nS, e
* and m* are 

the effective charge and mass of the super-electron, respectively twice the charge 

and the mass of the electron, and E and B are the electric and the magnetic field. 

 𝑑𝑱𝒔

𝑑𝑡
= (

𝑛𝑠𝑒
∗2

𝑚∗
)𝑬  1.5   

 

 
∇⃗⃗ × 𝑱𝒔 = −

𝑛𝑠𝑒
∗2

𝑚∗ 𝑩  1.6   

As described by 1.5, a constant current density results in E=0, while when it 

varies in time, a voltage drop appears across the superconductor with consequential 

losses in the material. Eq. 1.5 describes the phenomenon of perfect conductivity, 

while Eq. 1.6 describes the Meissner state. Combining 1.6 and the Ampere’s law, 

Eq. 1.7 is obtained, which describes the exponential decay of the magnetic field 

inside the material. In 1.8, the parameter λ, the London penetration depth, describes 

the characteristic length in which B decades to zero because of the screening 

current. 

 ∇2𝑩 =
1

𝜆2 𝑩  1.7   

 

 
𝜆 = √

𝑚∗

𝜇0𝑛𝑠𝑒∗2
   1.8   
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1.5.2 Ginzburg and Landau theory 

Ginzburg and Landau gave a more detailed and precise description of 

superconductivity in 1950. In contrast to the London theory, which considered the 

fraction of super-electron constant in the whole sample, the GL theory introduces 

the order parameter Ψ(r) (1.9), which varies in the space in function of the magnetic 

field. It describes both the phase and the density of the superconducting fluid with 

an exquisite quantum formalism. The properties of order parameter Ψ varies only 

on the length scale of the coherence length, ξ (1.10), which is linked to the Fermi 

velocity, vF, and the energy gap of the superconductor (Δ). 

 Ψ(𝑟 ) = |Ψ(𝑟 )| ∙ 𝑒𝑖𝜃(𝑟)  

Ψ(𝑟 ) = √𝑛𝑠
∗(𝑟 ) ∙ 𝑒𝑖𝜃(𝑟)  

1.9   

 

 ξ~
vFħ

𝜋Δ
  1.10   

The variables previously described in 1.8 and 1.10,  λ and ξ are the characteristic 

lengths of a superconductor and depend on the material. Their ratio discriminates 

materials between type I and type II superconductors. 

The GL theory was obtained by calculating the difference of the Gibbs free 

energy per unit volume between the normal and the superconducting state. The 

spatial variation of Ψ(r) is due to the presence of the magnetic field and, since a 

perturbative approach was used, the necessary condition was to set the study point 

at 𝑇~𝑇𝐶 and truncate the expression to the second order. For some superconductors, 

i.e. type I, the formation of the surface between normal and superconducting state 

brings a positive contribution and therefore, vortices are not formed at equilibrium. 

On the other hand, for type II it is negative and, consequently, there is an advantage 

in creating them. 

1.5.3 Abrikosov Contribution  

A significant contribution to understanding the type II superconductor was 

brought by Abrikosov and his description of the vortex nature. In 1957, many years 

later after the first observation of type II superconductors, Abrikosov theoretically 

described their behavior in the framework of the GL theory. He described what was 

presented in section 1.4, including the geometrical distribution, the order parameter 
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suppression, and the magnetic properties. His contribution considerably helped to 

understand the role of impurities in superconducting materials [35]. 

1.5.4 BCS theory 

Despite the success of the phenomenological model and the microscopic 

description provided by the previous theories, it was necessary to wait some more 

years before the mechanism responsible for superconductivity was identified. In 

1957, Bardeen, Cooper, and Schrieffer proposed that the Cooper pairs could be at 

the base of the superconducting phenomenon [36]. The pair is composed of two 

coupled electrons that provide to the new quantum object an integer spin and, 

therefore, a boson behavior. This connection is due to the interaction between the 

electrons and the phonon lattice of the material: the first electron slightly deforms 

the lattice and consequently, the local potential; the second electron, with 

appropriate momentum and opposite spin, feels the attractive force and couples 

with the first electron forming the pair [5]. Because of their bosonic nature, the 

Cooper-pairs condense into the same ground-state described by the GL theory 

(1.11). In order to exist, the Cooper-pair needs to be energetically favorite compared 

with the single electron. Indeed, for 𝑇 < 𝑇𝐶, the binding energy of the Cooper pairs 

is 2Δ (1.11), in which Δ is the superconductive energy gap. 

 
Δ ≈ 2ħ𝜔𝐷𝑒

−
1

𝑁(𝐸𝐹)𝑔𝑒𝑓𝑓 

Δ ≈ 1.76kB𝑇𝐶 

1.11   

In 1.11 𝜔𝐷 is the Debye frequency, 𝐸𝐹 is the Fermi energy, 𝑁(𝐸𝐹) is the 

electron density state at that energy, 𝑔𝑒𝑓𝑓 is the effective electron-phonon coupling 

and 𝑘𝐵 the Boltzmann constant. 

The theoretical predictions of the BCS theory were confirmed in the following 

years by many experiments and calculations. Among the scientists who contributed 

to it, two noteworthy ones are Giaever and Josephson: the first scientist used 

quasiparticle tunneling to confirm the density of states and temperature dependence 

of the energy gap predicted by BCS, the second theoretically predicted that the 

Cooper pair could perform quantum tunneling through a narrow insulating barrier 

(Josephson effect) [37][38].  
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2. Superconducting materials and 

their applications 

Superconductors can be classified according to different properties: the 

theoretical accordance with the BCS theory, the magnetic behavior, and the critical 

temperature.  

Superconducting materials, which have a phononic mechanism at their bases 

and can be fully described by the BCS theory or its extension are called 

conventional superconductors. They fit the theoretical predictions, show a 

conventional electron-phonon mechanism and are mainly pure elements. The 

remaining materials, which represent the vast majority of superconductors, are 

categorized as unconventional ones [39].  

The magnetic behavior determines if a material belongs to type I or type II. The 

two types respond differently to an external magnetic field and because of different 

magnetic and electronic contributions, the overall variation of the free energy at the 

interface between the superconducting and normal state is different. 

Technologically speaking, the choice of type I or II is strongly influenced by the 

requirements: type II materials present higher magnetic field and are used for power 

applications such as magnets, cable and motors [40][41][42], medical applications, 

environmental filed and many others [43][44]. On the other hand, type I 

superconductors have application mainly in sensor devices and research because of 

their low critical magnetic field [45]. 

The critical temperature is a parameter that provides a more straightforward 

classification. LTS present a TC lower than 30 K and include all pure elements, 

niobium and its compounds, and the A15 class. HTS have a TC noticeably higher 

than LTS, usually above the LN2 boiling point. In recent years, it was possible to 

define a new category, the Medium Temperature Superconductors (MTS), which 

includes the MgB2 and the IBS with TC between 30 K and the LN2. An overview of 

different superconducting materials (elements and compounds) with their discovery 

date and TC is shown in Figure 9. 
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Figure 9: Overview of some superconducting materials from the discovery of the 

phenomenon until today [46] 

The following paragraphs describe some of the most interesting elements, 

alloys, and compounds for technological applications. 

2.1 Low-Temperature Superconductor (LTS) 

LTS present a low TC and are generally easy to manufacture because of their 

metallic nature. Among them, niobium is extensively used: it can be employed both 

as an element or as part of an alloy. Another group belonging to the same family 

are the so-called A15 compounds. 

2.1.1 NbTi 

Niobium-titanium (NbTi) has a TC of about 9 K and a 𝜇0𝐻𝐶2 that reaches 15 T 

but is usually limited to 10 T for applications [47][48]. The alloy, discovered in 

1962, has been optimized to meet the requirement of the market; for example, it has 

been found out that to maximize the critical current and other superconducting 

properties, the optimal content of Ti is between 45 and 50% [49]. NbTi is widely 

used for superconducting wires, for which many designs have been proposed, as 

reported in Figure 10. Despite the drawback of the low operating temperature, 

usually set at 4.2 K, the advantages in employing this alloy are still numerous, 

especially for cables. It is ductile, cheap to produce, costing below 1 €/kA/m, 

presents a sizable JC, up to 3 kA/mm2 (0.3 MA/cm2) at 5T, and presents the 
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possibility to engineer the pinning in the material [51][52][53]. The alloy is 

chemically stable and the components, both Nb and Ti, are largely available [54]. 

 

Figure 10: Cross-section of monolith superconducting wires with different filament 

arrangements [50] 

2.1.2 NbN 

Niobium Nitride (NbN) is primarily used for electronic devices, particularly for 

infrared and nanowire single-photon detectors [55][56], but if find applications also 

as a mixer for high frequencies, alone or combined with other materials such as 

GaN [57]. For the electronic device, it is grown as thin film and then patterned to 

maximize the detectivity. It presents a 𝑇𝐶 ≈ 16𝐾, a 𝜇0𝐻𝐶2 of 20 T, and a JC around 

10 MA/cm2 at 4.2 K in 5 T magnetic field [58].  

2.1.3 Nb and Josephson junction 

Niobium (Nb) is the element that for a long time held the record for the highest 

TC, around 9 K, and presents a 𝜇0𝐻𝐶2 in the order of 3.5 T [59]. It is generally used 

in compounds, but it finds applications in superconducting radiofrequency cavities 

[60] and Josephson Junctions (JJs). For these devices, niobium is used as the 

superconductor in the superconductor-insulator-superconductor (SIS) junction, 

where the insulating barrier is usually made of AlOx [61]. New barriers were 

recently built in which the insulator is replaced by a metal, creating the so-called 

superconductor-Normal metal-superconductor (SNS) junction. Nb is also used for 

nanowire single-photon detectors from the visible to the soft x-ray range [62].  

2.1.4 A15 family 

The family of the A15 superconductors presents a typical A3B chemical 

composition, in which A is a transition metal while B has less restrictive 

requirements. The superconductivity in these materials was discovered in 1954 for 

the V3Si compound [63]. Since then, the chemical structure, shown in Figure 11a 

for Nb3Sn, has been extensively investigated, reaching remarkable TC, up to the 

value of 23 K for Nb3Ge, which maintained the record for the higher TC until the 

discovery of cuprates [64]. Because of their high JC and 𝜇0𝐻𝐶2, and relatively high 
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TC, shown in Figure 11b, these compounds are applied primarily for cable and 

magnets [65].  

 
a) 

 
b) 

Figure 11: a) Typical structure of A3B of the A15 compound (Nb3Sn) b) Summary of 

the critical field of various A15 superconductors in function of the temperature 

Among the different A15 superconductors, Nb3Sn is one of the most used, 

especially for wires, because of its better performance than NbTi. Nb3Sn has a 

𝑇𝐶~18 𝐾 and 𝜇0𝐻𝐶2 at 0K of 28 T. At the working temperature of Liquid Helium 

(LHe), Nb3Sn is employed for magnetic fields between 10 and 20 T [66]. The 

requirement of various steps in the fabrication process and the associated high cost 

for the cable, around 10 €/kA/m [67], limits the spread of the alloy in the cable field, 

still dominated by the NbTi. Despite the high current density and good performance 

in high fields, the difficulty of manufacturing thin films or nanowires, strongly 

limits the employment of the A15-type superconductors in the detector field. 

2.2 Medium-Temperature Superconductor (MTS) 

Discovered in recent years, MTSs include MgB2 and the iron-based 

superconductors. They present a transition temperature between Nb3Ge and the 

HTS, with a simpler chemical structure and a lower anisotropy. 

2.2.1 MgB2  

Superconductivity in MgB2 was discovered in 2001, obtaining a strong interest 

from both theoretical and technological points of view [68]. Magnesium diboride is 

an intermetallic compound, with a TC of 39 K in bulk and shows a conventional 

BCS superconductivity with a double gap structure [69]. Many procedures have 

been developed to fabricate superconducting samples, which found application as 

bulks, thin-films, and cables [70]. The high interest in MgB2 cables is due to many 
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factors: the low density, 2.6 g/cm3, the absence of critical materials, their low cost, 

and the capability to fabricate cables with lengths above 10 km. On the other hand, 

the fabrication process is still tricky and the 𝜇0𝐻𝐶2 is relatively low, below 10 T. 

However, there is a space for improvement thanks to pinning engineering [71]. The 

relatively high TC makes MgB2 an appropriate material to replace the LTS, 

especially for JJs and SQUIDs (Superconducting Quantum Interference Devices). 

The possibility to fabricate thin-film makes MgB2 suitable for THz electronic, such 

as mixer and hot-electron bolometers, also because a gain bandwidth larger than 

NbN-based devices, and nanowire fabrication for single-photon detectors [72]. 

2.2.2 Iron Based Superconductors (IBS) 

The first IBS was discovered in 2006 with a TC of 4 K but, just two years later, 

a new compound of the same family showed a TC of 26 K [73]. Since then, many 

other compounds with the same Fe2X2 planes have been discovered, setting the 

highest TC to 55 K for the 1111 family [74]. IBS are characterized by high BC2, 

relatively high JC, and low anisotropy, but the presence of toxic elements and lack 

of experience still limit their applications [75]. As MgB2, many efforts are devoted 

to developing and optimizing samples that may be employed for cable and tape 

fabrication thanks to their high HC2 ad JC. Nowadays, IBS are not yet used for 

technological applications. 

2.3 High-Temperature Superconductors (HTS) 

HTS have been discovered more than 75 years after the first observation of a 

superconducting transition. Since then, they have received massive attention for 

theoretical understanding and industrial applications because of their exotic 

features. They strongly differ from conventional superconductors and present 

attractive attributes which make them particularly suitable for technological 

applications. They have exceptional TC, higher than LN2, JC of several MA/cm2, 

and upper critical fields several times larger than LTS. On the other hand, high 

anisotropy, chemical complexity, and poor mechanical properties are the primary 

deficiencies of these compounds [76][77]. They are widely spread in power 

applications, such as motors, Superconducting Magnetic Energy Storage (SMES) 

systems, cables, or magnets, in which their outstanding attributes compared to LTS 

are substantial advantages, such as better removal of Joule heat and more accessible 

design of joints [78][79][80][81]. Among cuprates, YBa2Cu3O7 (YBCO) and 

Bi2Sr2CaCu2O8 (Bi2212) are currently the most studied and employed, especially 

for the fabrication of cables. HTS also find applications in electronics, in which 
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weak links due to grain boundaries and the short response time are interesting for 

SQUIDs and for both emitters and detectors in the THz spectrum [82][83]. 

2.3.1 BSCCO wires and YBCO coated conductors 

HTS are extensively used to manufacture cables; BSCCO and Rare-Earth 

Barium Copper Oxide (REBCO) are widely spread, particularly the compound 

Bi2223 (Bi2Sr2Ca2Cu3OX) and the YBCO, because of the high operating 

temperature and the low longitudinally stress [84]. They are employed differently: 

the Bi2223 is used for the first-generation tape (1G), while REBCO for the second 

generation (2G) coated conductors. They differ in shape and material composition 

(Figure 12), manufacturing process, and quality [85]. 

 

Figure 12: Scheme of 1G Bi2223 and 2G YBCO tape (not in scale) 

The fabrication of 1G tape employs the Powder In-Tube (PIT) method using a 

silver matrix, allowing monocore or multifilament tapes [86]. They have high TC, 

higher than 100 K, but limited JC, lower than Bi2212 one, and length limited to 

hundreds of meters [87]. The price is high, around 100 €/kA/m, but comparable 

with other HTS cables [88]. 

On the other hand, YBCO is manufactured as coated conductor since the PIT 

technique is not suitable for its fabrication [89]. Despite the initial expectation of 

low price due to the lower amount of silver, coated conductors are still expensive 

and can be fabricated for short lengths, below 0.5 km [90]. In addition, they show 

high JC, around 2 MA/cm2 for in-plane direction of the external magnetic field, and 

good resistance to stresses, if compared with the other HTS cable [91]. 

HTS cables are employed for power applications in which their excellent 

critical parameters are significant advantages compared to LTS. Different designs 

are studied for future transmission lines in both AC and DC, in fusion reactors 

[92][93], compact SMES and low-weight electrical motors [94][95].  
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2.4 YBCO films 

The peculiar 2D structure of the HTS well adapts to the fabrication of thin films, 

and therefore, in the last decades, many efforts have been made to optimize 

deposition techniques and properties of epitaxial films. YBCO films are attractive 

due to their high crystalline quality, low surface resistance, phase stability, and high 

flux pinning level. For these reasons, they find applications in coated conductors 

and electronics. Like other parameters, the coherence length differs if measured in-

plane, 𝜉𝑎𝑏 ≈ 1.6 𝑛𝑚, and out of plane, 𝜉𝑐 ≈ 0.3 𝑛𝑚. These small values are 

comparable with the lattice parameters and can be exploited to weaken the 

superconductivity in the grain boundary and create a “weak-link behavior”, useful 

for JJs and SQUIDs. Other peculiarities are the engineering pinning and the absence 

of toxic elements. 

2.4.1 Crystal structure 

All cuprates have a similar crystal structure. They present a quasi-two-

dimensional (2D) layer structure containing one or more copper dioxide (CuO2) 

planes for unit cells, which are the primary sites for electron conduction. These 

planes are separated by layers containing a single element that usually acts as a 

charge reservoir and maintains the structural cohesion and charge neutrality [96]. 

The crystal unit cell of the YBCO consists of three perovskite cells separated 

by two CuO2 planes. The upper and the lower perovskite cells contain a barium 

atom, while the central one contains an yttrium one. The corner sites are occupied 

by copper atoms, while the oxygen ones take the middle edge positions. This 

peculiar structure, shown in Figure 13, gives to the YBCO a strong anisotropy in 

both superconducting and normal state along the ab-plane (in-plane) and c-plane 

(out-of-plane). The variation of the oxygen content, described by the “δ” parameter 

in the chemical formula, is evident in the CuO chain. The addition of oxygen atoms 

in the chain results in a hole doping in the CuO2 plane and plays a fundamental role 

in determining the proprieties and the structure of YBCO. When δ=1, e.g., the 

material is strongly underdoped, the YBCO cell has a tetragonal structure and acts 

as an insulator [97]. Varying the oxygen content can bring the YBCO to the 

superconducting state with a TC that varies according to stoichiometry. When the 

superconductor is optimally doped, the b-axis is slightly elongated and the material 

obtains an orthorhombic crystal structure and the lattice parameters are: a = 3.82 Å, 

b = 3.89 Å, and c = 11.69 Å, which introduce some additional, but usually 

negligible, anisotropy in the properties along a- and b-axis [98].  
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Figure 13: Schematic view of the crystal structure of the YBCO in its tetragonal 

configuration (left, underdoped) and orthorhombic configuration (right, fully oxygenated) 

2.4.2 Phase diagram 

In addition to the distinctive geometry, cuprates present a complex phase 

diagram that varies with temperature and oxygen doping. Although for the scope of 

this work we will consider only optimally doped YBCO, an overview of the 

different phases is briefly described below. Figure 14 shows the phase diagram of 

the YBCO with the main phases: antiferromagnetic, pseudogap, charge density 

wave, strange metal, Fermi liquid, and superconductivity. 

Varying the oxygen content, it is possible to define three main regions: the 

underdoped, with p<0.16, overdoped, when p>0.16, and optimally doped, for 

p≈0.16 (p represents the hole doping). 

The superconducting dome exists from p=0.05 to p=0.27 and has an inverse 

parabolic trend, with the maximum around p=0.16 and a corresponding TC=93 K 

[99]. The TC parabolic shape has an imperfection in the underdoped area, around 

p=0.12, where it is strongly suppressed probably because of the competition with 

the strong charge order present even at low temperatures. The order parameter 

symmetry in the superconducting state differs from the classical s-wave and has a 

d-wave (𝑑𝑥2−𝑦2) symmetry [100] as shown in Figure 15. For this reason, YBCO 

presents an anisotropic energy gap in the k-space with lobes corresponding to the a 

and b crystal axes and nodal lines at 45° angles. The poor coupling between CuO2 

planes results in weak superconductivity along the c-axis and a strong anisotropy 



YBCO films 21 

 

in the superconducting properties, with different λ and ξ between in-plane (ab plane) 

and out-of-plane (c-axis) direction. 

 

Figure 14: Phase diagram of YBa2Cu3O7-γ, as a function of hole doping p per planar 

copper atom and oxygen content n per unit cell 

 

Figure 15: a) Sketch of the pure s-wave order parameter and b) the pure d-wave, 

𝑑𝑥2−𝑦2, for YBCO 

In addition to the superconducting phase, which is present in a small region of 

the diagram, six more can be identified: 

• Antiferromagnetic (AF): at very low doping, p<0.05, YBCO presents 

AF properties, and it is a Mott insulator [101]. 

• Pseudo-gap: in the normal state (𝑇 >  𝑇𝐶), YBCO presents a pseudogap 

region. Its origin and the connection of this phase with the 

superconductivity are yet not well understood. It is proposed to either 

be linked to its precursor, in which case the two phases coexist at low 
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temperature, or to a competitor, and then the pseudogap is therefore 

suppressed below TC [102]. 

• Charge Density Wave (CDW): in the underdoped regions, this phase is 

confined between the pseudogap and the superconducting area [103]. 

The charge modulation is higher at doping p=0.125, where the 

superconductivity is suppressed, and the interaction between those two 

phases is still under debate [104]. 

• Strange metal: above TC in correspondence with the optimally doped 

region, YBCO presents a linear dependence of the resistance with the 

temperature (R∝T), extending for hundreds of Kelvins [105]. The trend, 

which deviates from the metallic one, may be explained by assuming a 

strangely modified excitation spectrum [106].  

• Fermi liquid: the material behaves as a metal with the resistance 

proportional to T2. 

2.4.3 Films and fabrication processes 

Numerous techniques for growing superconducting films have been developed, 

exploiting both chemical and physical deposition. Each can be divided into the three 

main steps shown in Figure 16: the creation of the particle, its transport, and its 

deposition on the substrate. 

In thermal co-evaporation, each material is supplied individually, allowing 

reasonable control in the stoichiometry of the final product. However, rate control 

and calibration are complicated, mainly because the reactive gas is actively 

involved in the film fabrication. The particles are extrapolated by heating the source 

with thermal boats, and the whole process takes place at small pressure. For 

example, the stoichiometry control for YBCO can reach a precision of 1%, but, for 

achieving it, the oxygen pressure must be different in the proximity of the substrate 

from the rest of the chamber [107][108]. 

 

Figure 16: The three steps for a physical deposition 
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Pulsed Laser Deposition (PLD) is used for a wide range of materials because 

of its flexibility. A focused laser beam heats the source interacting with free 

electrons of the material, leading to a local temperature increase and subsequential 

vaporization. The particle is then transported and deposited on the substrate by 

means of a plasma plume. In PLD processes, the energy impacting the target is 

independent by the gas mixture and pressure in the chamber, resulting in high rates, 

elevated energy densities, and a considerable process flexibility. The main 

drawback is the common formation of droplets in the sample, usually limited to 

small areas [109]. 

Sputtering techniques rely on the discharge of electrons and ions in the 

atmosphere, and are widely used in industry. It may produce defects due to the high 

energy of the particle, but the problem is mitigated by increasing the pressure or by 

particles thermalization. The process is highly reproducible and compatible with 

oxygen environments, allowing a good deposition of HTS, resulting in good quality 

films. 

Chemical Vapor Deposition (CVD) techniques have the advantage of being 

cheap, easy to control and scalable, allowing the coating of complex shapes. On the 

other hand, the growth rate is usually low, and it is difficult to reproduce, mostly 

because of the stability of the precursor. Metal-Organic Chemical Vapor Deposition 

(MOCVD) and Chemical Solution Deposition (CSD) have been promising for 

YBCO, mainly to produce coated conductors [110]. 

2.4.4 Applications 

YBCO films are widely spread, both for tapes (the coated conductors described 

before) and in cryoelectronic devices such JJs, bolometers, and microwave devices. 

In addition to being a valuable tool for studying the properties of 

superconducting material, JJs are fundamental elements for many devices, such as 

the SQUID. Because of its extreme sensibility based on magnetic flux quantization, 

it finds applications in fields such as non-destructive methods, medical diagnostic, 

and environmental prospecting [111]. In these devices, the YBCO film can be 

nanostructured, deposited on bi-crystal substrates or with step-edge to create the 

two required JJs required. Noise Equivalent Power (NEP) below 25 𝑓𝑇√𝐻𝑧 and 

modulation voltage around 30 µV have been achieved [112][113] and they can also 

be used at high temperatures and in large arrays [114]. The great performances at 

high frequency make YBCO films suitable for Superconducting Quantum 
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Interference Filters (SQIFs), microwave filters and resonators where the high-

quality factor is essential for technological applications and fundamental studies 

[115][116][117]. 

YBCO thin films are largely employed also as detectors and mixers, mainly in 

the THz domain, as detailed in the next chapter. Indeed, YBCO microbolometer 

detectors show very short response times, in the order of picosecond, with good 

responsivities, which reach values over 500 V/W also in the THz range [118][119], 

thanks to the non-thermal response of the superconductor. YBCO JJs coupled with 

antennas are used as mixers, working at relatively high temperatures with a low 

pumping power in the order of µW [120][121]. YBCO film devices working as 

Transition Edge Bolometer (TEB) are used to enhance the coupling with polarized 

radiation [122] and capture thermal images even at high temperatures [123]. 

2.4.5 YBCO based detectors 

After the discovery of high-temperature superconductors and with the 

progressive mastering of their manufacturing, YBCO-based TEBs have been 

acquiring more and more interest in the scientific community [124]. It is mostly 

because the opportunity to work at a relatively high temperature provides a good 

trade-off between simplicity and performance. One of the first results is reported in 

[125] where a YBCO film is deposited over SrTiO3, a substrate which a thermal 

conductivity around 10 𝑊/(𝑚 ∙ 𝐾). It results in a very fast bolometer, 𝜏 ≈ 20 𝑛𝑠, 

but limited responsivity and a working temperature well below the LN2. A similar 

device is proposed in [126]: a YBCO-based microbridge reaches very high 

responsivity, in the order of 4 kV/W, to the detriment of the time constant, in the 

order of 0.5 ms. Already these first examples highlight that it is necessary to find a 

compromise between a fast and a responsive bolometer. This is partially done in 

[127], where a microbridge and a meander configurations are studied on a SrTiO3 

substrate. The first provides a fast response and the second a high responsivity, in 

the order of 1.6 kV/W. Yttria stabilized zirconia (YSZ) has been extensively used 

as a substrate for its low thermal conductivity, which allows a high responsivity, 

and its good match with the YBCO. Responsivities obtained using this substrate are 

relatively high, from tens to hundreds of Volts per Watt for microbridges detectors. 

However, due to the intrinsic low thermal conductivity, these devices have a time 

constant not below tens of microseconds [128][129]. Meander devices, such as 

reported in [130], have a very high responsivity, up to 4 kV/W for an 𝐼𝐵 = 100 𝜇𝐴, 

with a time constant incredibly long, in the order of seconds, 𝜏 = 25 𝑠. YBCO films 

grown on MgO substrate are investigated in [131][132], where the author was 
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focusing on the phase response in the frequency domain, and in [133], where the 

studied device shows a responsivity of 14 V/W and the response time of 20 ns. A 

comparison between two substrates is carried out in [128]. The device grown on 

MgO substrate, compared with the YSZ one, shows slightly higher responsivity, 69 

V/W, but a noise 100 times bigger. On MgO are also grown highly oriented thin 

films manufactured as meander, with a responsivity of 10 V/W and a response time 

of 3,3 s [134], or microbridge with responsivity up to 17 kV/W [135]. Some YBCO-

based TEBs are reported in Table 1 for different substrates and sensing elements. 

Recently, coupling between microbridges and antennas has been considered in 

the bolometer design. It optimizes the interaction between the incoming radiation 

and the material, improving the detection of the signal [136]. In [137], the 

microbridge was fabricated on YSZ substrate and it presents a response time 𝜏 ≈

20 𝜇𝑠  and a responsivity of almost 500 V/W. Better performances are obtained 

with a substrate made of LaAlO3, [138], where different samples are tested. They 

have a time constant of 𝜏 ≈ 0.3 𝜇𝑠 and responsivity up to hundreds of V/W. A 

further improvement is obtained on an Al2O3 substrate; this detector reaches a 

similar responsivity, 400 V/W, and a time constant of 20 ns [139]. An even faster 

device is grown over a sapphire substrate [140], where the responsivity is reported 

to be 190 V/W, also thanks to an elliptical silicon lens, and the time constant is 

reduced to 300 ps. 

Other devices, which strongly differ from the one presented in this study, are 

the membrane bolometers. The structures of these detectors, superconductor and 

substrate, are suspended from the main device to minimize the thermal conductivity 

and maximize the responsivity. It can be done with conductive wired, as in [141] or 

through micromachined silicon, as done for the first time in [142]. 
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Table 1: List of YBCO based TEBs 

Sensing 

element 
Substrate 

Time 

constant 

Responsivity  

[V/W] 

NEP 

[𝑾 ∙ 𝑯𝒛𝟎.𝟓] 
Ref. 

Bare YBCO SrTO3 20 ns <<1 10−6 [125] 

Microbridge SrTO3 0.5 ms 4000 2.5 ∙ 10−6 [126] 

Microbridge SrTO3 15 ms 250  [127] 

Meander SrTO3 16 s 800 5 ∙ 10−9 [127] 

Meander YSZ 1 ms 60 6 ∙ 10−10 [128] 

Meander MgO  69 2 ∙ 10−8 [128] 

Microbridge YSZ 10 µs 975 2 ∙ 10−12 [129] 

Meander YSZ 25 s 5000  [130]  

Microbridge MgO 20 ns 14 1.2 ∙ 10−10 [133] 

Meander MgO 3.3 s 10  [134] 

Microbridge MgO  17000 2.1 ∙ 10−14 [135] 

Another kind of detector vastly used in the infrared range is the hot-electron 

bolometer (HEB). YBCO-based HEBs are used as a mixer for their fast response 

and elevated working temperature. A thin superconductive layer is deposited on the 

substrate, which may vary depending on the device characteristics. Different groups 

present their work with MgO substrate. In [143][144], different devices are 

presented with a responsivity which varies from 0.5 to 0.75 V/W. The main 

difference is the introduction of a logarithmic antenna. Better results are obtained 

in [145][146], in which the responsivity reaches values from 150 to 780 V/W 

depending on the LO power powered with a 50 Ω coplanar line feeding a double 

slot antenna. The use of multilayer HEB is presented in [147], where a very thin 

film of YBCO is achieved over a MgO substrate thanks to c-axis oriented 
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PrBa2Cu3O7-δ, showing a degradation of the film when the dimension goes below 

the micrometre. A simple design was used in [148][149], where an antenna is 

created with a constriction to match the impedance and focus the incoming signal, 

similarly as described in the following chapter. In [149], a spiral antenna is used for 

a YBC film grown on a LaAlO3 substate, with a gain of 46 dB. All the devices 

presented above rely on the fast YBCO thermalization, therefore, they present 

response times below 3 ns. 

In addition to the YBCO based HEB, several other superconductors has been 

employed for the creation of such devices, as NbN [150], Nb [151] and MgB2 [152], 

and different design, such as with spiral antenna [153], bow tie [154] and 

logarithmic one [155].  
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3. The THz gap 

3.1 Terahertz radiation  

The Terahertz (THz) radiation occupies a small part of the electromagnetic 

spectrum, which includes frequencies from 0.3 THz to 3 THz. Its wavelength varies 

from 100 µm to 1 mm and its energy from 1.2 meV to 12.4 meV, as reported in 

Figure 17. Part of the THz range overlaps with the infrared region, particularly the 

far-infrared (FIR), which ranges from 0.3 to 20 THz. 

Nowadays, there is still a lack of appropriate technologies for exploiting the 

full potential of THz radiation. Indeed, it is so far true the expression “Terahertz 

gap”, which refers to the mismatch between the improved technologies developed 

in microelectronic and photonics compared to those concerning the Terahertz 

region [156][157]. This gap may also be filled thanks to superconducting devices, 

which show promising performance both as sources and detectors [158][159]. 

 

Figure 17: Range of frequency and wavelength of the THz range in the 

electromagnetic spectrum. 

In 2017, the European THz Roadmap put quite an emphasis on the THz region, 

which was defined as the most important part of the electromagnetic spectrum for 

science and technology in terms of multidisciplinary use [160]. Much effort has 

been made since then for the scientific development of novel instrumentations 

[161]. 

The interest in the THz range region comes from the numerous advantages 

compared with higher and lower frequencies, which makes it suitable for several 

applications, as shown in Figure 18. The energy carried by the radiation is well 

below the ionizing one, set at 14 eV, and is therefore biologically safe for human 



Infrared detectors 29 

 

treatment and medical imaging [162][163]. The THz spectrum is a natural supporter 

of 5G in communication and data transmission because of the high bandwidth and 

high-speed transmission [164][165]. THz detectors are also extensively used in the 

astronomy investigation because of the large amount of information in the FIR 

spectrum and are already widely studied and optimized [166][167]. Another 

advantage of these frequencies is the good transmission coefficient through 

materials such as tissue, biological or not, glass, and paper. That makes them very 

useful in the security area, where THz radiation is already implemented for 

detecting explosive materials and body scan [168][169], but also for nondestructive 

testing, to investigate coating and composite material with high resolution [170]. 

The high absorbance of the THz radiation by organic compounds is used for 

investigation in the food chain, from agriculture to processing, such in chemical and 

pharmaceutical industries where is essential to resolute the quantity and quality of 

impurities [171][172][173].  

 

Figure 18: Some applications of the THz radiation [174] 

3.2 Infrared detectors  

THz detectors have been studied and developed for many decades. The 

technological advantage allows exploiting more sophisticated physical phenomena 

to detect the incoming radiation and continue to improve the detector performances, 
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such as response time, noise or responsivity. Depending on the physical principle 

at their base, the detector can be classified as a quantum (or photon) detector, a 

rectification detector, or a thermal detector [175]. 

Detectors are divided into two big categories: incoherent, or direct, and 

coherent detectors [177]. Direct detectors detect only the signal amplitude losing 

the information on the phase. The active component absorbs the incoming signal, 

which modifies its properties through an electronic excitation or a rectification 

process or absorption of thermal energy. They usually have a large band, a simpler 

structure, and allow developing large arrays. On the other hand, coherent 

heterodyne detectors can resolve both the intensity and the phase of the signal. 

However, they require a mixer and a local oscillator, increasing the complexity of 

the detection system; this instrumentation grants down converting the incoming 

signal to the GHz band, but this corresponds to the detriment of the band resolution 

and to an increasing of the time constant [178]. 

Detectors can also be categorized depending on which mechanism is affected 

by the incoming radiation. The family with the most straightforward principle 

includes the “thermal” detectors, firs developed ones, in which the incoming signal 

heats the material and changes its physical properties. They include devices 

working at room temperature such as Golay cells, pyroelectric devices, and neon 

tubes, with show low response times (second, millisecond and microsecond 

respectively) and small detectivities due to the noise associated with the high 

operating temperature [179][180][181]. Other thermal detectors are the 

thermocouples, with response times that can reach hundreds of ns [182], and 

bolometers. The last ones can be made of metals, superconductors, semiconductors, 

and insulators, with a relatively low response time, of the order of µs, and noise and 

responsivity, which are connected with the working temperature [183]. 

Superconductor bolometers require to work at low temperatures while 

semiconductor ones may also work at room temperature. The firsts have a sharp 

variation in resistivity in correspondence of the transition temperature while the 

seconds exploit the exponential decrease of the resistance with temperature due to 

the promotion of carriers. Both kinds of bolometer can achieve low noise, in the 

order of tens of pW/Hz0.5, and high responsivity, which can vary from a few to 

thousands of volt per watt [184]. Finally, kinetic inductance detectors have been 

largely studied, recently, because of their low noise and the capability to be 

fabricated in arrays [185]. 
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THz radiation can impact the electronic bands to create a collective motion or 

transition from different states. The first mechanism is at the base of plasmonic 

detectors, which present fast and significant responses in the order of kV/W [186]. 

They include a Field-Effect Transistor (FET) made in GaN or graphene, and devices 

that exploit surface plasmons excitation for incoherent detection [187]. The 

electronic transition due to the THz radiation is at the bases of devices such as 

superconductor-insulator-superconductor (SIS) junctions, Schottky barrier diodes, 

photodetectors, and more recently quantum well and quantum dot detectors. 

Semiconductor devices have the advantages of working at room temperature and 

being extremely fast, but, like quantum-based devices, are limited by the band 

structure, and therefore the bandwidth is often limited [188]. SIS detectors are based 

on the JJs; they need to work at low temperatures and have the frequency range 

limited by the energy gap, which is usually higher when HTS are employed, and 

show large responsivity [189]. 

3.3 The INFN-TERA Project  

The INFN-TERA project (“High field Terahertz Era”) [190], founded by the 

INF CALL 2017, was running from 1/1/2018 to 31/12/2021. It consisted of four 

work packages, connected between them: 

1. The development of a source able to emit intense sub-ps single-cycle 

coherent THz pulses in the region 0.3-20 THz, with a repetition rate up 

to 3 kHz and at a high associated electric field (up to 50 MV/cm).  

2. The design of novel geometries for THz radiation guideline, for 

optimizing particles acceleration and investigating electron beam 

dynamics for different cavities and THz fields [191]. 

3. The development of a bolometric detector, which can operate at high 

temperature, above LN2, with a short response time, in the order of ps, 

and high dynamic range [192]. 

4. The development of an efficient device to control and manipulate THz 

radiation, with a particular attention to its phase and polarization [193]. 

Among these deliverables, the unit of Politecnico di Torino was responsible 

of the third one, aiming at optimizing an already fabricated detector and, at the 

same time, at designing a more efficient one. The new detector will work in the 

same range of temperature and frequencies but will show a faster response to 

meet the criterium set by the project. The work of this thesis is mainly framed 

within the INFN-TERA project. 
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3.4 Transition edge bolometer 

A bolometer is a detector that converts the incoming power of an incident 

electromagnetic radiation into an electric signal [194]. It is included in the family 

of the direct detectors. Only the signal amplitude is detected, losing information 

regarding the radiation phase [195].  

The working principle is straightforward: the device directly absorbs the 

incident radiation, increases its temperature and changes the conductivity. This last 

variation is associated with a measurable output signal (current or voltage). 

Choosing the suitable materials is crucial for a bolometer; a strong dependence of 

the electrical resistivity with the temperature near the working point is essential for 

achieving good performances. Bolometers can be made of semiconductors, metals, 

or superconductors [196], each of which has a different RvsT curve, as 

schematically shown in Figure 19. 

 

Figure 19: Evolution of the resistance with the temperature for various materials 

The resistance variation can be expressed with the temperature coefficient of 

resistance (TCR) α defined in (3.1), where R is the resistance at the working 

temperature and dR/dT is the derivative. 

 𝛼 =
1

𝑅
(
𝑑𝑅

𝑑𝑇
)  3.1  

Like the resistance, the parameter α varies linearly in metallic materials, 

exponentially in semiconductors, and highly non-linearly in superconductors. 

A schematic view of a bolometer is shown in Figure 20, which represents the 

incoming signal, the absorber, the thermal link, and the thermal reservoir. The 

absorber, which has a heat capacity of C, is kept at a constant temperature TB by 
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means of a thermometer. When an external radiation heats the absorber, it cools 

down through a thermal conductance G, which connects the absorber to the heat 

sink at the set temperature TS. 

 

Figure 20: Main component of the bolometer 

To maximize the performance of the device, the absorber must present high 

absorbance in the frequency range of interest and the temperature variation must be 

limited to a fraction of the operating one. 

 

Figure 21: Temperature evolution of a bolometer when a signal is detected 

The temperature evolution in a bolometer is schematically represented in 

Figure 21. This evolution follows the equation (3.2) where C is the absorber heat 

capacity, 
𝑑𝑇𝑏

𝑑𝑡
 the temperature variation of the bolometer, G the thermal 

conductance, TB the temperature of the bolometer, and TS the heat sink temperature. 

On the other side, P(t) is the power deposited by the incoming radiation, which 

causes an increase in the temperature. However, the equation (3.2) is valid only for 

small temperature variation, therefore (𝑇 − 𝑇𝑆) << 𝑇𝑆 must be satisfied. 
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 𝐶 (
𝑑𝑇𝐵

𝑑𝑡
) + 𝐺(𝑇𝐵 − 𝑇𝑆) = 𝑃(𝑡)  3.2  

In Figure 21, is it possible to identify three different areas according to the 

temperature evolution: 

• Before and long after the signal: the temperature is stable, and the 

overall power is constant and balanced by the cold finger. It includes 

Joule heating, ambient radiation and more. 

• The signal reaches the bolometer: the temperature increases 

proportionally to the incoming energy at a rate linked to the power and 

heat capacity (3.3). The variation in temperature affects the device 

resistance (3.4), which can be detected as a change in the voltage (3.5). 

In the equations, ΔE is the total energy deposited by the incoming 

radiation, 𝑅0 the bolometer's initial resistance, and 𝑅𝑓 the resistance 

reached by the device. V and I are the voltage drop across the bolometer 

and the bias current. 

 
𝑑𝑇𝐵

𝑑𝑡
=

𝑃

𝐶
→ 𝑇𝐵 =

𝛥𝐸

𝐶
  3.3   

 

 𝑅𝑓 = 𝑅0 ∙ (1 + 𝛼𝛥𝑇𝐵) → 𝛥𝑅 = 𝑅𝑓 − 𝑅0 = 𝛼𝛥𝑇𝐵 3.4   

 

 𝑉 = 𝑅 ∙ 𝐼 → 𝛥𝑉 = 𝛥𝑅 ∙ 𝐼 3.5   

• Just after the signal: the bolometer is no longer irradiated, and the 

temperature returns to the steady one following (3.6) and (3.7). The ratio 

τ (3.8) is the bolometer response time and determines how fast the 

bolometer can relax to its equilibrium state. 

 𝐶 (
𝑑𝑇𝐵

𝑑𝑡
) + 𝐺(𝑇 − 𝑇𝑆) = 0  3.6   

 

 𝑇𝐵(𝑡) = 𝑇𝑆 +
𝑃

𝐺
𝑒−

𝑡

𝜏  3.7   

 

 𝜏 =
𝐶

𝐺
  3.8   
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The performances of the bolometer are therefore strongly affected by the 

parameters C, G, and α. A small heat capacity results in a considerable variation in 

temperature and a fast response time. Similarly, a sizeable thermal conductance 

allows the device to relax rapidly to the initial temperature, but it affects the 

response of the bolometer. Finally, a large α results in a significant variation in 

resistance and, therefore, a great response to the external signal. 

3.4.1 Responsivity 

The responsivity is defined as the ratio between the detected voltage and the 

incoming power (3.9). Depending on the device, it can be expressed in ampere or 

volt per watt. For this study, it is expressed as V/W since the output quantity is a 

voltage drop. 

 𝑟 =
𝐷𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑣𝑜𝑙𝑡𝑎𝑔𝑒

𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑝𝑜𝑤𝑒𝑟
=

Δ𝑉

Δ𝑃
[
𝑉

𝑊
] 3.9   

When the bolometer is used as a direct detector and the relation between the 

modulation frequency and the time constant is fulfilled (3.10), then the equation 

(3.2) can be expressed as (3.11). It considers both the power dissipated by the Joule 

heating in the resistance due to the bias current, 𝐼𝐵𝐼𝐴𝑆, and the external radiation, 

𝑃𝑒𝑥𝑡. 

 𝜔 ≪ 1/𝜏 3.10   

 

 (𝑇𝐵 − 𝑇𝑆) = 𝑃(𝑡) = 𝐼𝐵𝐼𝐴𝑆
2 ∙ (Δ𝑅) + 𝑃𝑒𝑥𝑡 3.11   

 

From (3.11) it is possible to obtain the responsivity of the bolometer (3.12) as 

extensively treated in [197] and [198], which includes μ, the absorption coefficient 

of the material at the working frequency.  

 𝑟 =
𝜇

𝑑𝑅

𝑑𝑇
∙𝐼𝐵𝐼𝐴𝑆

𝐺−
𝑑𝑅

𝑑𝑇
∙𝐼𝐵𝐼𝐴𝑆

2
=

𝜇∙𝐼𝐵𝐼𝐴𝑆∙𝛼∙𝑅

𝐺−𝐼𝐵𝐼𝐴𝑆
2 ∙𝛼∙𝑅

  3.12   

If the relation (3.10) is not valid, the responsivity can be expressed as (3.13) 

[199]. 
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 𝑟(𝜔) =
𝑟(𝜔=0)

1+𝑖𝜔𝜏
  3.13   

The resistance R is the only parameter that varies considerably with the 

temperature in the resistivity equation since its variation is the basic principle of the 

bolometer. The other parameters, such as thermal conductivity and, indirectly, the 

time constant, are considered constant both with temperature and frequency. 

Moreover, a current driven bolometer has two other properties linked with the 

current and its supplier. The generator suppling the bias current has such a big input 

resistance that can be considered infinite with the respect of the bolometer circuit, 

and therefore it does not affect the bolometer response. Finally, the bias current is 

maintained low enough to consider the thermal and electrical time constant equal.  

3.4.2 Noise  

The noise is a random fluctuation present in every measurement. The sensibility 

of a detector can be expressed in terms of Noise Equivalent Power (NEP) which 

has different sources. The NEP is defined as the power required to produce a signal-

to-noise ratio (S/N) equal to one at the device output at a certain modulation 

frequency and effective noise bandwidth. It is expressed in 𝑊/𝐻𝑧0.5. The S/N ratio 

improves linearly with the square root of the integration time, and thus, integrating 

for a long time, it is possible to reduce the NEP. The main noise contributions in a 

bolometer are the Johnson noise, the phonon noise, the photon noise, and the low-

frequency noise [200][201]. 

The Johnson noise, also called thermal or Nyquist noise, is correlated to the 

random thermal motion of the charge carriers, usually electrons, inside the material 

at the thermal equilibrium. It is directly proportional to the resistance (R) and the 

temperature (T) but inversely proportional to the square of the responsivity (r) 

(3.14). 

 𝑁𝐸𝑃𝐽
2 =

4𝑘𝐵𝑇𝑅

𝑟2   3.14   

The phonon noise, or thermal noise, is linked to the temperature variation of 

the detector due to thermal fluctuations caused by quantized carried of energy from 

the bolometer to the heat sink through the thermal conductance G (3.15). 

 𝑁𝐸𝑃𝑡
2 = 4𝑘𝑏𝑇

2𝐺  3.15   
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The photon noise is due to an intrinsic variation of the photon flux reaching the 

detector. It is particularly important when the other noise sources are close to zero, 

e.g., at very low temperatures and with almost null electrical resistance. It can be 

expressed as (3.16), in which Q is the radiant power absorbed, 𝜈 the average 

frequency and 𝜇 is the absorbance of the material. 

 𝑁𝐸𝑃𝑝ℎ
2 = 2𝑄(ℎ𝜈 + 𝜇𝜖𝑘𝑏𝑇) 3.16   

The low-frequency noise, or flicker noise, includes the noise sources correlated 

to impurities, traps, and the resistance fluctuation. These imperfection results in 

voltage fluctuation when current is fed, especially noticeable at low frequency at 

which it is predominant with respect to the white and thermal noise. It is analytically 

impossible to evaluate because of the numerous sources of which it is composed, 

so experimental measurements are needed for its estimation. It depends inversely 

on the frequency, and for this reason, it is also called 1/f noise. The parameters 𝑘𝑓 

and γ, usually close to one, depend on the device and affect the NEP as reported in 

3.17. 

 𝑁𝐸𝑃1/𝑓
2 =

𝑘𝑓𝑉
2  ∙ 𝑓−𝛾

𝑟2
 3.17   

 The total noise, calculated for 1 Hz, is the square sum of the various 

contributors. Depending on the working condition, such as temperature and 

resistance for example, some contributions may be more important than others, 

which can then be neglected (3.18). 

 𝑁𝐸𝑃2 = 𝑁𝐸𝑃𝐽
2 + 𝑁𝐸𝑃𝑡

2 + 𝑁𝐸𝑃𝑝ℎ
2 + 𝑁𝐸𝑃1/𝑓

2   3.18   

It is possible to express the NEP in a quantity that can be easily compared with 

the output signal from 𝑊/𝐻𝑧0.5 to V using the eq (3.19), considering 1 Hz of 

bandwidth. Here only the dominant noise terms are reported, in order, the Johnson, 

the thermal, and the flicker noise, represented as 〈𝑉𝐹〉 [202]. 

 〈𝑉𝑁〉 = √4𝑘𝑏𝑇𝑅 +
√4𝑘𝑏𝑇2𝐺

𝑅𝑤
+ 〈𝑉𝐹〉[𝑉]  3.19   
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3.4.3 Detectivity  

The detectivity is the inverse of the NEP (3.18), indicated with D (3.20). To 

consider the area of the detector, 𝐴𝑑, and the bandwidth, Δ𝑓, it is necessary to define 

a new quantity: the normalized detectivity D* (3.21). It allows to easily compare 

various detectors, even if they are different in size and materials. 

 𝐷 =
1

𝑁𝐸𝑃
  3.20   

 𝐷∗ =
√𝐴𝑑∙𝛥𝑓

𝑁𝐸𝑃
  3.21   

3.4.4 Time constant  

Another critical parameter for evaluating the bolometer performance is the time 

constant. It defines the temperature decay in the device: a short time constant is 

linked to the capability to react faster to external signals. Indeed, the time constant 

is the time required for the temperature to decrease to 1/e of its value when thermal 

radiation is instantaneously removed. It is proportional to the thermal capacity, 

defined as C, and inversely proportional to the thermal conductivity between the 

absorber and the heat sink, defined as G, as shown in (3.22). 

 𝜏 =
𝐶

𝐺
  3.22   

Unfortunately, the time constant must compromise with the other quantities, 

particularly the responsivity. Indeed, as shown before, a small G grants a large 

responsivity, while a small one a short time constant. It is, therefore, necessary to 

find a value appropriate to the need of the detector. 
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4. YBCO based transition-edge 

bolometer 

In the framework of the INFN-TERA project, an YBCO based Transition Edge 

Bolometer (TEB) has been developed and optimized for working at a temperature 

higher than LN2 in a portable cryostat. To achieve better performances, the material 

had undergone irradiation through high-energy heavy-ions (HEHI). This process 

varies the RvsT curve tuning the TC. After the characterization, the whole device 

has been simulated and optimized using the finite element method (FEM) using the 

software COMSOL Multiphysics® both in stationary and transient conditions as 

reported in chapter 5.  

4.1 Device description 

4.1.1 Deposition process 

The active part of the bolometer under study is an YBCO film deposited over 

an MgO substrate purchased by Theva Dünnschichttechnik GmbH (THEVA). The 

detector is obtained with an opportune patterning and subsequential HEHI 

irradiation of the sample. The thickness of the film is 250 nm, a value near to the 

maximum critical current density for the YBCO [203], and grants a considerable 

resistance across the patterned layout. The superconductor is optimally doped, with 

a TC higher than 89 K as expected from the phase diagram. Moreover, it does not 

present cracks or imperfections on the surface, which may impact the 

manufacturing and the quality of the final device [204]. The YBCO film is 

deposited by thermal co-evaporation over a 0.5 mm thick MgO substrate with 

lateral dimensions of 10 mm x 10 mm. This procedure shows a fast growth rate, 

typical of the PLD and MO-CVD techniques, with the possibility to deposit the 

superconductor over larger sample areas without imperfections [205]. 

Among the different substrates such as MgO, SrTiO3 (STO), LaAlO3 (LAO), 

YSZ, the decision of using the MgO is made considering mechanical, electrical, 

and thermal reasons. The cubic symmetry of the 001 oriented MgO allows a good 

epitaxial growth of the YBCO film [206]. The lattice mismatch, calculated as in 

(4.1), where the in-plane lattice parameters of the MgO and the YBCO are 
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respectively 𝛼𝑀𝑔𝑂 and 𝛼𝑌𝐵𝐶𝑂, is around 9%, larger than the other substrates 

(δLAO
m ≈ 0.7%  and δSTO

m ≈ 2.2%), but still reasonably low for growing a good 

quality film [207][208].  

 𝛿𝑚 =
𝑎𝑀𝑔𝑜 − 𝑎𝑌𝐵𝐶𝑂

𝑎𝑀𝑔𝑂
 4.1  

The slight disadvantage due to the crystal mismatching is compensated by the 

good thermal and electrical properties of the MgO. It is characterized by a low 

dielectric constant, 𝜖𝑟 < 10, and noticeably low microwave losses, with a loss 

tangent 𝑡𝑎𝑛𝛿 ≈ 10−5 at 90 K and 10 GHz [209]. It also makes MgO suitable for 

high-frequency applications, such as GHz superconducting resonator [210], and for 

fast readout, essential for analyzing short signals or pulse trains with small time 

intervals between pulses. The performances at such frequencies allow defining 

signal efficiently even with sub microsecond variations, which can be detected by 

the YBCO device. The MgO thermal expansion coefficient at room temperature is 

similar to the YBCO one, 𝛼𝑀𝑔𝑂 ≈ 10−5𝐾−1 and 𝛼𝑌𝐵𝐶𝑂 ≈ 1.34 ∙ 10−5𝐾−1 

[211][212], resulting in negligible amount of stress or strain for multiple cooling 

and heating of the devices. Finally, the high thermal conductance at low 

temperatures [213] grants an intrinsic short response time of the device, which, 

combined with the small losses at high frequencies previously mentioned, 

strengthen the decision of this material as the substrate for a bolometer with a fast 

response. 

4.1.2 Patterning 

The pattern was realized with standard photolithography in which the 

superconducting material is removed through a wet chemical etching. The precision 

obtained with this procedure is in the order of the µm [214]. The main limit of this 

procedure is the unpredictability of the over-etching linked with the chemical 

attack. For this reason, the mask was slightly over-dimensioned. This allowed to 

completely remove the YBCO film without damaging the structure defined with the 

optical technique. The procedure, performed at Politecnico di Torino, is briefly 

described below: 

1. A small amount of “AZ5214e” resist covers the sample, then placed on 

a spinner. It rotates at 4000 rpm for 30 seconds, after which the resist 

layer reaches a thickness of about 1.4 µm. 
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2. The mask is placed on the sample with the printed side in contact with 

the resist to reduce the shadow and increase the lithography resolution. 

Then it is irradiated with a 350 W mercury lamp for 30 seconds. The 

wavelength of the radiation which hardens the resist is 365 nm and the 

total energy deposited during the process is about 25 mJ. 

3. The resist is developed in a solution H2O:KOH (3:1 ratio) for 60 

seconds. Then, it is hardened by soft backing for one minute. 

4. The YBCO is removed by wet etching with an HCl solution below 0.1% 

vol. The remaining resist is taken away with acetone. 

 

Figure 22: CAD of the mask used for the patterning process 

The pattern (Figure 22) presents two identical meanders. Each one is composed 

of a strip 35 µm in width and 75 mm long. The distance between the strip is the 

same as the meander, 35 µm, and the lateral sides of the serpentine are 1.65 mm x 

3.3 mm. Two pads are provided in order to pick-up a voltage drop across each 

meander through a differential measurement. 

4.1.3 Irradiation process 

The sample was irradiated with HEHI at the Laboratori Nazionali di Legnaro 

(INFN-LNL). Only one meander underwent irradiation with 114 MeV Au+ ions 

with a fluence of 4.84 1011 cm-2, equivalent to a matching field of 10 Tesla, while 

the other was covered with a 200 µm stainless steel foil for screening the particles. 

A slight difference is detectable in the height of the meander, the irradiated area is 

slightly higher, but the appearance remains almost unaltered, as visible in Figure 23 

[215]. 
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The custom line at LNL shares a Tandem-XTU type which accelerates Au ions 

in the oxidation state +15 with an energy of 7.6 MV and collimates the high-energy 

heavy ions (HEHI) beam to obtain a lateral aperture from 30 to 300 µm.  

 

Figure 23: An optical image of the bolometer after the irradiation process 

The irradiation with 114 MeV Au+ ions aims to create columnar defects in the 

YBCO limiting point defects such as vacancies or small cascades. Indeed, the 

energy released by inelastic scattering with heavy ions is usually associated with 

columnar defects. The energy threshold for the YBCO to have this kind of defect is 

around 20 MeV/µm, a level that is amply reached with this process, as shown in 

Figure 24. The energy released in the YBCO by the inelastic scattering is around 

25 MeV/(µm ion) compared with only 0.2 MeV/(µm ion) of the elastic process; this 

difference promotes Coulomb explosions in the material, which results in columnar 

defects of about 5 nm of diameter and amorphization in a larger area in which is 

expected a local reordering of oxygen [216][217]. 
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Figure 24: Energy released by inelastic scattering in the sample 

 

Figure 25: Implantation depth of the Au+ ions. In correspondence with the peak, also 

the dpa and the energy released by elastic scattering have their maximum 

Due to their high energy, the ions pass through the YBCO film got implanted 

in the substrate at a depth of around 9.6 µm, as shown in Figure 25. At this depth, 

the energy deposition by elastic scattering exhibits its peak, around 1.2 MeV/(µm 

ion), such as the overall dpa in the substrate around 10−3 for a fluence of 4.84 ∙

1011𝑐𝑚−2. The dpa in the YBCO film is around 0.2 ∙ 10−4 [218]. The changes 

induced in the substrate is the main cause of the modulation of the superconducting 

properties, in particular of the strong reduction of TC and JC (with HEHI irradiation 

at the same fluence of bulk YBCO one should expect a much lower reduction of TC 

and an enhancement of JC). 
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In fact, the irradiated meander shows a substantial difference in the TC and RvsT 

curve, for both the resistivity values and its slope across the transition temperature 

[219], as well as a higher absorbance in the THz spectrum [220]. The other 

meander, which remains in the as-grown state, does not differ in any properties. 

This meander stays in the fully superconducting state in the whole transition area 

of the irradiated one, allowing to correct the electro-thermal effect without 

impacting the voltage drop and the power dissipation.  

The device was measured in the four contacts mode with a generator Keithley 

current source 224 and a Keithley Nanovoltmeter 2182, in the cryostat filled with 

LN2. The pristine part has a TC=88 K, while in the irradiated part it is reduced to 

83.5 K. This high disparity gives a wide choice for the working temperature: the 

difference between the two TC is larger than the useful range of temperature for 

employing the film as a bolometer, i.e., the transition area. Moreover, the different 

TC allows making a position-dependent detector. The most crucial variation is RvsT 

first derivative, which has been enhanced by the irradiation process, increasing from 

6.0 𝑘Ω/K to 8.0 𝑘Ω/K  as shown in Figure 26 and Figure 27. Some other 

advantages of reducing the TC are the possibility of working at lower temperatures 

decreasing the heating power required to compensate for the LN2 cooling power 

and reducing both the thermal noise and the Johnson one (3.14 and 3.15). A larger 

derivative of the RvsT curve is associated with a higher responsivity of the detector. 

 

Figure 26: RvsT curve and its derivative of the irradiated (purple) and as grown 

(orange) meander 
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Figure 27: Resistivity versus temperature curve and its derivative for the two 

meanders  

4.1.4 Portable cryostat 

The two main advantages of this bolometer are its simplicity and its capacity to 

work at high temperatures, above the LN2. The detector is mounted in a custom-

wired cryostat produced by Kadel® Engineering Corporation shown in Figure 28a, 

which contains a small dewar that can be filled with LN2. The LN2 is in contact 

with an aluminum base, which is separated by a Teflon® foil, from the disk shaped 

aluminum cold finger. The detector is mounted on the cold finger, whose surface is 

also cooled by screws in contact with the dewar base. The bolometer can be 

maintained in a low static vacuum down to 10 mPa, reducing the external heating 

to the radiation and the noise component linked with the active vacuum pump. 

The substrate, over which the YBCO film is deposited, is mounted at the center 

of an aluminum disk and surrounded by four SMD resistors and one Cernox® 

thermometer, with a precision of 0.1 K. The four resistors are connected in series 

by a patterned copper film deposited on a Kapton® foil glued to the cold finger. Due 

to the low current required for heating the bolometer and the low resistance of the 

copper film and the contacts, below 1 Ω, the power dissipated by the film is 

negligible with respect to the four resistors. The thermometer is employed to 

maintain the temperature constant, controlling the current in the resistors through a 

PID temperature controlsystem. The cold finger is anchored with four brass screws; 

two of them act as a thermal contact between the cold finger and the dewar base, 

while the others, separated from the holder by insulating material, have a mainly 

support purpose. This configuration provides a better temperature profile than 

having all the four screws linked to the heat sink and reduces the current required 
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to maintain the bolometer at the working temperature. The Teflon® foil, which is 

inserted between the dewar base and the cold finger, reduces the heat transfer and 

acts as a thermal decoupler. The incoming radiation, free to pass through an optical 

window, made by a high-resistivity n-type Si monocrystal. Thanks to the flat 

transmission above 50% of the silicon in the MID-FIR range, only this radiation 

can reach the sample, located 5 mm away from the window. This filtering property 

may be enhanced with a Teflon® foil or Zitex® G110 to block the frequencies above 

4 THz [221]. 

The electrical contacts are made with gold wires of different diameters. Larger 

wires have been used for feeding the SMD circuit, which requires a higher current, 

while smaller ones were used for the YBCO and the thermometer. An indium alloy, 

with a melting point below 200 °C, has been used for soldering the YBCO pads. 

The relatively low temperature reached during the soldering process does not affect 

the quality of the film by maintaining unaltered the oxygen content (Figure 28c). 

 

Figure 28: a) Custom-wired cryostat, b) electrical circuit of the bolometer, c) the 

bolometer mounted on the aluminum holder 

4.2 Optimal working point 

The performances of the bolometer are strongly affected by the working 

temperature. A compromise must be found between a high slope in the RvsT curve 
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and a low resistance. While the first one maximizes the responsivity, the second 

reduces the Johnson noise. This analysis assumes that the meanders have the same 

temperature along their entire length and that the variation in the properties of the 

materials, except for the YBCO resistance, are negligible in the temperature range 

of operation. These assumptions are confirmed by simulations presented in the 

following section, which show a temperature gradient below 15 mK on the meander 

and an increase in temperature during the signal detection in the order of µK. 

For a more precise calculation, the measurement is linearly interpolated every 

0.01 K from LN2 boiling point to 100 K. The values outside this range are not 

helpful for this study. Opportune values of both area and volume of the 

superconducting film and substrate are inserted to calculate the heat capacity and 

thermal conductance. Only the volume of the irradiated YBCO is used for the 

calculations and, since the irradiated YBCO is just a fraction of the entire film, the 

active area and volume also changes for the substrate. Indeed, the irradiated 

superconductor covers only an area of 1.65 mm x 3.3 mm with a filling factor of 

66%, surface used to analyze the bolometer performances. These assumptions do 

not affect the qualitative trend of noise and responsivity, but they provide a more 

precise estimation of the investigated parameters. They directly impact the time 

constant, linked to the heat capacity of the YBCO and the thermal conductance of 

the MgO (3.22). The large thermal conductivity of the MgO negatively influences 

the responsivity but further enhance the main competitive advantage of this device: 

the small time constant. Using the formula (3.22) and the geometrical value of the 

bolometer, which are the area, volume and thickness of both the superconducting 

meander and the substrate, combined with the thermal capacity of the YBCO and 

the conductivity of the MgO, it is possible to calculate the time constant of the 

device. The result, compute for just the double meander, considering an overall 

surface of roughly 3 mm2, the time constant of the device is around 0.135 µs, which 

is a good result for a YBCO-based TEB. 

The bias current in the film plays a key role since it is directly linked to the 

responsivity. A high current increases the voltage drop but, at the same time, affects 

the thermal dissipation and increases the chance of thermal runaways because of 

the Joule heating. The study aims at finding the maximum current injectable 

considering both the thermal runaway (4.2) [222] and the Joule heating (4.3). The 

first one is connected to the thermal conductance G and the derivate of the resistance 
𝜕𝑅

𝜕𝑇
, while the second by the bias current IBIAS and the resistance R. To be 
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conservative, the electrical losses are set at 5 mW, more than one order of 

magnitude below the heat transfer from the bolometer and the cryostat. 

 𝛼 =
𝐼𝐵𝐼𝐴𝑆
2

𝐺
∙ (

𝜕𝑅

𝜕𝑇
) < 1 → 𝐼𝐵𝐼𝐴𝑆 = 27.0 𝑚𝐴 4.2  

 

 𝑃𝐸𝐿 = 𝐼𝐵𝐼𝐴𝑆
2 ∙ 𝑅 < 5 𝑚𝑊 → 𝐼𝐵𝐼𝐴𝑆 = 0.55 𝑚𝐴 4.3  

The result obtained with these constraints is reported in Figure 29. The thermal 

runaway, eq (4.2), is the tightest condition, with a current of 27 mA in the point 

where the RvsT curve has the highest slope, i.e., the worst temperature for the study. 

The limit sets for the Joule losses determines the lowest bound for the bias current, 

which decreases with the increase of resistance down to 0.55 mA at 100 K. As a 

result, the current for studying the optimal working point is conservatively set at 

0.5 mA, despite the expected temperature is well below the 100 K. 

 

Figure 29: Maximum value of the current considering the Joule heating (purple) and 

the thermal runaway (orange) in addition to the current chosen highlighted in green 

The analysis of the optimal working point is performed assuming the current 

constant for all temperatures. With this assumption, the Joule heating dictates the 

lower value. However, a higher margin in the electrical losses may shift the curve 

in the most critical point, i.e., where the RvsT slope reaches its maximum. 

Furthermore, it is experimentally easier to set a constant bias current for testing the 

device at different temperatures, reducing differences between the analytical result 

and the experimental one. 
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The optimal operating temperature is chosen for maximizing the responsivity 

(3.12) and minimizing the total noise (3.18). Figure 30 shows the responsivity and 

the NEP for temperatures from 80 K to 100 K with a logarithmic scale, the range 

where the transition takes place. The temperature at which the responsivity has its 

maximum, 84.83 K, is slightly higher than the corresponding for the minimum 

NEP, 84.47 K; it is therefore necessary to find another parameter to find the working 

temperature of the device. It is the ratio between the responsivity and the NEP, 

shown in the insert in Figure 30. As reported in Table 2, the optimal temperature is 

a compromise between the maximum responsivity and the minimum NEP. It is set 

at 84.78 K where the responsivity is 0.448 V/W and the NEP 7.47 𝑛𝑊 ∙ 𝐻𝑧0.5. 

 

Figure 30: Responsivity and NEP for the bolometer. The insert shows the ratio 

between the two parameters 

Table 2: Performance of the bolometer in correspondence with the best temperature 

for the responsivity, the NEP and their ratio 

Temperature  

[K] 

Responsivity  

[mV/W] 

NEP 

[𝒏𝑾 ∙ 𝑯𝒛𝟎.𝟓] 

Ratio 

[∙ 𝟏𝟎𝟕]  

84.47 309  7.35 4.2 

84.78 448 7.74 5.3 

84.83 454 8.86 5.1 
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5. Finite Element Method 

simulations of the TEB 

The Finite Element Method (FEM) is widely used for device design and 

optimization in many fields. Simulations are surely useful for saving both time and 

money in the preliminary design phase. Because many physical phenomena are 

governed by Partially Differential Equation (PDE), which can be solved 

analytically only for trivial situations, FEM is used to discretize, approximate, and 

solve them with numerical models. Among different commercially available 

software for FEM simulations, one of the most powerful is COMSOL 

Multiphysics®. It allows using some previously implemented sets of equations and 

introduces personalized ones, constraints, and boundary conditions. 

5.1 COMSOL Multiphysics® 

COMSOL Multiphysics® is a FEM software used for reproducing many 

physical phenomena. Released in 1998, version 6.0 came out at the beginning of 

2022, replacing the 5.6 one used in this thesis [223]. New physics has been 

introduced in the years to meet market requirements, such as the H-formulation for 

superconducting materials [224] [225]. Similarly, solvers and interfaces have been 

continuously improved. Among the various solvers adjusted for each application, 

such as optimization, eigenfrequency, and frequency study, the ones used in this 

work are the stationary and the transient ones. They allowed us to find the most 

suitable materials for critical parts of the apparatus and provide accurate outcomes 

in terms of the signal response. 

5.1.1 CAD model 

Due to the complexity of the device and the accuracy required for the 

simulation, the model was created in an external CAD software, Autodesk 

Inventor®, which shows good compatibility with the FEM software. It was possible 

to link the two software for mechanical and structural optimization, but this analysis 

was neglected because of the negligible mechanical stresses acting on the device. 

The exploded view of the CAD device and the components are shown in Figure 31. 

The double meander structure was also created with an external software and then 

imported in COMSOL, directly on the MgO substrate. Because of its thinness, the 
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superconducting circuit was imported as a 2D surface and was simulated with 

appropriate physics dedicated to thin films under both electrical and thermal points 

of view. 

 

Figure 31: Exploded CAD of the detector. It includes cryostat enclosure (1), aluminum 

base in contact with LN2 dewar (2), aluminum cold finger (3), MgO substrate and YBCO 

film (4), Teflon® thermal coupler (5), screws (6), cover with high resistivity silicon optical 

window (7-8) and SMD resistors (9) 

5.1.2 Physics 

Electrical and thermal modules are used for a complete device simulation, while 

the PID (proportional–integral–derivative) temperature control system is 

implemented using the mathematical module dedicated to ordinary differential 

equations. The physics are detailed below, together with the equations and the 

components included. 

The Heat transfer in solids module uses the Fourier laws in their differential 

form (5.1 and 5.2) to calculate the diffusion of heat, and is defined thanks to 

boundary conditions such as fixed temperatures and heat sources. The temperature, 

which is the dependent variable, is calculated considering the density, ρ, the specific 

heat, 𝐶𝑝, the heat flux, both conductions, q, and radiation 𝒒𝒓𝒂𝒅 and all the additional 

heat sources, which are included in Q. 

 𝜌 ∙ 𝐶𝑃 ∙
𝜕𝑇

𝜕𝑡
+ ∇ ∙ (𝒒 + 𝒒𝒓𝒂𝒅) = 𝑄 5.1   

 

 𝒒 = −𝑘 ∙ ∇𝑇 5.2   
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A specific set of equations allows studying the temperature evolution in thin 

layers considering both normal and tangential heat fluxes, which are crucial for the 

correct reproduction of the thermal diffusion in the YBCO film [226]. A simplified 

simulation can be obtained considering the temperature constant across the film, 

but the gradient along its thickness was considered to simulate the bolometer 

correctly. The evolution of the temperature is governed by Eqs. (5.3 - 5.5) in which 

the subscripts u and d refer to the upper and lower face of the film, q to the out-of-

plane heat flux, 𝑑𝑆 to the layer thickness and R is the thermal resistance calculated 

with the film thickness and conductance.  

 

 −𝑛𝑑 ∙ 𝑞𝑑 = −
1

2
𝑑𝑠𝜌𝐶𝑝

𝜕𝑇𝑑

𝜕𝑡
−

𝑇𝑢 − 𝑇𝑑

𝑅𝑆
+

1

2
𝑑𝑠𝑄𝑠 5.3   

 

 −𝑛𝑢 ∙ 𝑞𝑢 = −
1

2
𝑑𝑠𝜌𝐶𝑝

𝜕𝑇𝑢

𝜕𝑡
−

𝑇𝑑 − 𝑇𝑢

𝑅𝑆
+

1

2
𝑑𝑠𝑄𝑠 5.4   

 

 𝑅𝑆 =
𝑑𝑠

𝑘
 5.5   

The constraints were the fixed temperature at the bottom of the cold finger, 

below the PTFE thermal coupler, set at 77.6 K (the boiling temperature of the LN2), 

and the room temperature on the outer part of the shield, set at 300 K. Radiation 

was included to simulate the effect of the vacuum inside the device. The boiling 

nitrogen has been neglected since the associated noises, both thermal and 

mechanical, were considered well decoupled from the detector. This assumption 

reduced the dimension and complexity of the simulation and will be introduced if 

the experimental results show low-frequency noise attributable to this phenomenon. 

Another simplification can be replacing the Joule heating of the resistors with a 

fixed heat source, but the small computational cost associated with that physics is 

negligible compared to the whole model. A more significant reduction can be 

achieved by replacing the incoming radiation with a traditional heat source on the 

boundary. 

The thermal model also includes Surface-to-Surface Radiation, which 

computes the heat transfer by radiation and is limited to the boundary level, i.e., 

surfaces. It allows defining transparent or opaque mediums, a feature used to 

reproduce the transparency of the silicon window to wavelengths between 1 μm and 

1 mm. With this physics, a point source was included with a blackbody temperature 
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of 900 K to reproduce an electromagnetic radiation coming from a filtered mercury 

lamp comparable to the one used for the experiments. The physics is governed by 

a trivial equation: an additional heat source linked with radiation (5.6) where ε is 

the surface emissivity, G is the irradiation term, and 𝑒𝑏(𝑇) is the blackbody 

hemispherical total emissive power. The calculation of the irradiation contribution 

and the view factor is associated with a high computational cost. Therefore, only 

the bolometer surface and the optical window were included, reducing the required 

memory. 

 −𝒏 ∙ 𝒒 = 𝜖(𝐺 − 𝑒𝑏(𝑇)) 5.6   

The AD/DC module is used for both the heaters and the superconducting film. 

Electric current implements eqs. (5.7 - 5.9), where the current density J, the electric 

field E, the charge 𝑄𝑗 and the conductivity, 𝜎, allow calculating the electric 

potential, V, which is the dependent variable. The displacement current has been 

neglected in the SMD because of the slow time variation, simplifying the model. 

The PID control system, implemented with differential equations, controls the 

current supplied individually in each resistor. 

 ∇ ∙ 𝑱 = 𝑄𝑗,𝑣 5.7   

 

 𝑱 = 𝜎𝑬 + 𝑱𝑬 5.8   

 

 𝑬 = −∇𝑉 5.9    

 

The YBCO film required an appropriate physics: Electric Currents, Single 

Layer Shell, which can be used in boundaries where the skin depth is much larger 

than the device. The thickness is treated as a multiplicative factor for calculating 

current and resistance. The accuracy of the simulation is ensured by an extra virtual 

dimension for the layer. 

Finally, the Global ODEs and DAEs module reproduces the effect of the PID 

control system. It compares the average temperature of the irradiated meander with 

the reference one, the optimal working point, and adjusts the current in the resistors, 

multiplying the maximum value by “u”, defined as (5.10 - 5.13). The subscripts p, 

i, and d refer to proportional, integral, and differential, respectively. The k-values 

were chosen for fast temperature recovery when minor variations occur. 
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 𝑢𝑃 = 𝑘𝑝 ∙ 𝑒𝑟𝑟; 5.10   

 

 𝑢𝑖 = ∫(𝑘𝑝 ∙ 𝑒𝑟𝑟)𝑑𝑡 5.11   

 

 𝑢𝑑 = 𝑘𝑑 ∙
𝜕𝑒𝑟𝑟

𝜕𝑡
 5.12   

 

 𝑢 = 𝑢𝑝 + 𝑢𝑖 + 𝑢𝑑 5.13   

Essential is the pairing between the different physics: the Joule heating in both 

bulk and film material and the heating by radiation from the surface to the bulk. 

The coupling between the AC/DC and the thermal module reproduces the Joule 

effect with the same equation for the superconductor and the resistors. When 

applied to the SMD allows thermalizing the surface, while in the YBCO film it was 

used to study possible runaway and critical values of current and temperature. The 

coupling of the two thermal physics, i.e. Heat transfer in solids and  Surface-to-

Surface Radiation allowed computing the view factor and to evaluating the heat 

deposited in from the radiation in to the solids. Except in the Surface-to-Surface 

Radiation, the variables have been quadratically discretized to obtain more precise 

results.  

5.1.3 Materials 

The definition of the materials properties is essential for obtaining reliable 

results. It is particularly crucial at low temperatures in which these parameters 

strongly differ from room temperature one and may vary significantly in a range of 

few Kelvins. 

The electrical parameters were limited to the YBCO film and the four resistors, 

which acted as heaters. The characterization performed on the superconductor, 

shown previously, provides the RvsT curve, while the SMD resistors keep their 

nominal resistance at low temperature. 

The thermal properties are well described in the literature because the materials 

employed are widely used in the cryogenic domain. The YBCO and MgO properties 

are obtained with the analytical formulations reported in (5.14 - 5.18). The only 

parameter which does not vary with the temperature T is the out-of-plane YBCO 

thermal conductivity (5.15). The YBCO in-plane thermal conductivity and the MgO 
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one (5.14) and (5.17) use analytical parameters from [227] and [230]: a, b and c with 

the subscript Y and MgO respectively and, for the YBCO. The heat capacity of the 

YBCO varies linearly with the temperature (5.16), while the MgO one is calculated 

with the Debye formula (5.17), which consider the Avogadro number, 𝑁𝐴𝑣, and the 

Debye temperature of MgO, 𝜃𝑀𝑔𝑂.  

 
𝑘𝑖𝑛𝑌𝐵𝐶𝑂 =

𝜅𝑁

2
(

𝑇

𝑇𝐶
+ √𝑎𝑌

2 + (
𝑇

𝑇𝐶
− 𝑏𝑌)

2
− √𝑎𝑌

2 + 𝑏𝑌
2) ∙

exp [−𝑐𝑌 ∙    (
𝑇

𝑇𝐶
− 1 − 𝑏𝑌)] [227] 

5.14   

 

 𝑘𝑜𝑢𝑡𝑌𝐵𝐶𝑂 =  2 [228] 5.15   

 

 𝐶𝑝𝑌𝐵𝐶𝑂 = 𝜃𝑌 ∙ 𝑇 [229] 5.16   

 

 𝑘𝑀𝑔𝑂 = 150 + (
𝑎𝑀𝑔𝑂

𝑇
+ 𝑏𝑀𝑔𝑂 ∙ 𝑇𝑐𝑀𝑔𝑂) [230] 5.17   

 

 𝐶𝑝𝑀𝑔𝑂 = (
12

5
𝜋4𝑁𝐴𝑣 ∗ 𝑘𝐵 (

𝑇

𝜃𝑀𝑔𝑂
)
3

) [231] 5.18   

The other materials are inserted as logarithmic and exponential expressions 

obtained from data interpolation. The data range from a few Kelvin to room 

temperature, with specific errors in a few percent. The only property not included 

in the NIST database [232] is the heat capacity of the brass, which is imported in 

the software as linear interpolation. Table 3 reports the data sources together with 

the density used in the model. Unlike the other properties, this last one is maintained 

constant in the whole temperature range. The material properties are reported in 

Figure 32 for all the materials used in a temperature range between 25 and 100 K. 
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Table 3: Thermal properties and density of the material under study 

Materials 
Thermal 

conductivity 
Heat Capacity 

Density 

[kg/m3] 

Aluminum 

[234] 

NIST data 

interpolation  

NIST data 

interpolation 
2700 

Brass [235] 
NIST data 

interpolation 
Linear interpolation 8550 

Copper [232] 
NIST data 

interpolation 

NIST data 

interpolation 
9000 

Teflon® [234] 
NIST data 

interpolation 

NIST data 

interpolation 
2200 

 

a) b) 

Figure 32: a) Heat capacity and b) thermal conductivity of the materials of interest in 

the range between 25 and 100 K 

5.1.4 Mesh 

The meshing procedure follows a precise order: since the domain already 

meshed impacts the element of the adjacent ones, it is necessary to start from the 

most important one. The YBCO film is the first part which was meshed; a fine 

triangular mesh is built because of its 2D nature and the high accuracy required in 

the simulations. Then, the MgO substrate was meshed in the whole 3D domain, 
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starting from the fine elements of the YBCO surface and slightly coursing them 

when reaching the boundary with the other components. The elements of these two 

domains already count almost 30% of the total. The sensor holder and the screws 

are meshed next, concluding with the remaining parts.  

The final mesh counts around 110000 elements with an average quality of 0.60 

and a minimum of 0.05. The mesh and the histogram of its skewness quality are 

shown in Figure 33a and Figure 33b. Some elements of relatively low-quality are 

present in the silicon window, which acts as the filter and does not require an high-

quality. The bolometer, which is prioritized in the meshing process and present 

many elements, shows mainly high-quality elements. All elements are triangular or 

tetrahedral shaped to improve the convergence. 

 
a) 

 
b) 

Figure 33: a) Cut view of the bolometer with the mesh quality factor and b) histogram 

of the element quality in the mesh 

5.2 Simulations  

The device is simulated to check both the stationary and transient 

performances. The first study defines the most suitable material for the sensor 

holder and the screws, components easy to replace and which strongly affect the 

temperature profile and its evolution during transients. Then the YBCO temperature 

and the voltage drop across the meander are studied and compared with analytical 

results. Signals of different lengths are simulated to study the device response to 

delta and train pulses, both electrically and thermally, looking at the time constants 

of the superconductor and its substrate. Finally, other bolometer patterns and 

materials are analyzed.  
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5.2.1 Material selection 

Four different materials are investigated for the screws and two for the sensor 

holder to find the best materials combination for the bolometer. The screws are 

simulated with aluminum, copper, brass, and Teflon®, while the sensor holder is 

modelled only with the first two elements, as reported in Table 4. The simulations 

aim at analyzing when the working temperature is reached in the irradiated 

meander. Due to the potentially infinite precision of the simulation, the limit is set 

on the heating current: the simulation ends when the current reaches a precision of 

1 µA. Nevertheless, it represents a good result that can also be achieved 

experimentally, such as the associated temperature distribution. 

Table 4: Combinations of materials under study 

Sensor Holder Screws 

Aluminum Aluminum Brass Copper Teflon® 

Copper Aluminum Brass Copper Teflon® 

 

Figure 34 and Figure 35 report the thermal profiles obtained on the YBCO and 

MgO surface expressed as the difference from the working temperature. In these 

figures, the aluminum is colored in grey, the brass in orange, the copper in red, and 

the Teflon® in cyan. Due to the high difference between the high conductive 

materials, copper and aluminum, and the more insulating ones, brass and Teflon®, 

the temperature range has been limited to 40 mK. Therefore, every section which 

differentiates more than 20 mK from the working temperature, 84.78 K, is 

maintained at the same color: blue for temperatures below 84.76 K and red for 

temperatures higher than 84.80 K. The distribution symmetry confirms that the 

dissipation in the irradiated meander is negligible. Higher currents would impact 

the thermal distribution because of the Joule heating, with possible consequential 

creation of hotspots or thermal runaways during the signal detection. The profiles 

are similar for the two holders, and significant differences are introduced by the 

screws materials, particularly between metallic and plastic ones. 
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a) b) 

 
c) d) 

Figure 34: Differences from the working temperature (84.78 K) distribution for the 

various combination of screws on the aluminum (grey) holder: a) aluminum, b) copper, c) 

brass, d) Teflon®. On a) the lines (red, straight and dashed) indicate where the linear profiles 

of the temperature are extrapolated 
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a) b) 

 
c) d) 

Figure 35: Differences from the working temperature (84.78 K) distribution for the 

various combination of screws on the copper (red) holder: a) aluminum, b) copper, c) brass, 

d) Teflon® 

The temperature is extrapolated along perpendicular lines passing through the 

center of the irradiated meander, solid lines in Figure 35a, to empathize the 

temperature differences in the various combinations. The temperature is also 

measured at the center of the device, dashed line, and reported in the same graph 

for comparison. Figure 36 shows the temperature profile as the difference from the 

reference one, 84.78 K. Along the x-direction, the temperature is reported both for 

the irradiated meander, solid line, and the center of the bolometer, dashed line. 

Again, the similarity between the two sensor holders is evident, while the better 

performance with brass and Teflon® screws in all the configurations is appreciable. 

The profiles show a symmetry in the temperature distribution of the bolometer and 

the excessive mismatch of the cooling effect of the copper and aluminum screws. 
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Figure 36: Linear profiles along horizontal lines for the various screws kinds and a) 

aluminum and b) copper sensor holder and along vertical lines for the same screws kinds 

and c) aluminum and d) copper sensor holder. The dashed line in c and d refer to the line 

passing through the center of the bolometer. 

Table 5 states the maximum and minimum temperature in irradiated meander, 

their difference, the current and the power required to maintain the temperature 

profile. 

The thermal distributions prove that the sample holder material produces just 

slight variations while a large diversity occurs by changing the screws materials. 

Aluminum and copper have high thermal conductivities and generate a large 

temperature gradient across the bolometer, especially in the x-direction, where it 

reaches a mismatch of 25 mK. The moderate conductivity of the brass limits the 

heat absorption from the side of the substrate and produces a more homogeneous 

distribution around the meanders. The small thermal conductivity of the Teflon®, 

used as an example of insulating materials, produces an entirely different pattern in 
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the 2D distribution. The screws thermal link with the cold finger is strongly 

suppressed and the cooling process through the center of the bolometer, passing by 

the Teflon® foil, becomes more important, generating a minimum at the center of 

the bolometer. 

Table 5: Current and power required to maintain the bolometer at the working 

temperature and maximum and minimum temperature on the irradiated meander and their 

difference for the studied configuration 

Holder Screws 
Current 

(mA) 

Power 

(W) 

Max T 

(K) 

Min T 

(K) 

ΔT 

(mK) 

Al Al 104.372 2.179 84.789 84.774 15.8 

Al Cu 107.117 2.295 84.790 84.773 16.6 

Al Brass 49.739 0.495 84.785 84.777 8.0 

Al Teflon® 12.991 0.034 84.785 84.777 7.5 

Cu Al 107.175 2.297 84.789 84.774 14.6 

Cu Cu 109.860 2.414 84.789 84.774 15.3 

Cu Brass 54.705 0.599 84.785 84.777 7.7 

Cu Teflon® 26.568 0.141 84.785 84.777 7.3 

As a preliminary result of the stationary study, Teflon® and brass are the two 

elements that better fit the requirements of the screws. The decision on the sensor 

holder is not so obvious since the differences in thermal distributions and the 

maximum and minimum temperature difference are almost negligible. The 

aluminum holder was chosen considering the importance of low power dissipation: 

it is 10% lower for the brass screws and almost half for the Teflon® screws 

compared to the copper holder. A similar discussion cannot determine which 

material is better for the screws due to the completely different nature between the 

brass, metal with good thermal conductivity, and the Teflon®, plastic and thermal 

insulator. Despite the lower power dissipated by the Teflon® screws, a transient 
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simulation is performed to analyze the bolometer response to external signals to 

find the best candidate. 

The transient simulation lasts for almost three minutes, during which two main 

events happen. At the beginning of the study, there is a sudden change in the PID 

current, and, after 100 seconds, an electromagnetic signal impacts the detector. The 

current in the resistors is switched off for less than 0.1 seconds, and it is set in 

correspondence of the beginning of the time axis, Figure 37. The incoming signal, 

impacting 100 seconds later, has a duration of 1 ms and a power of 30 mW. 

Figure 37 shows the average temperature evolution of the irradiated meander 

for the whole transient as the difference from the working temperature. The insert 

focuses on the response of the bolometer after the signal, with an enlarged scale in 

the y-axis to better appreciate the oscillations, not visible in the larger graph. The 

two configurations respond differently to the sudden current variation. The brass 

screws have more considerable oscillations, almost five times bigger than the other 

configuration, but recover the working temperature faster. Contrariwise, the minor 

fluctuations associated with the Teflon® screws protract a longer time, impacting 

the detection of the signal. Indeed, even after 100 seconds, the temperature with the 

Teflon® screws still oscillates around the working point. This masks the incoming 

signal, which cannot be distinguished from the prolonged fluctuations. It is not the 

case for the brass screws, in which the signal is evident and stands out from the 

random thermal fluctuations around the operating temperature. 

For these reasons, as also reported in [236], the best materials selection for this 

apparatus consists of a holder of aluminum, which reduces the current and power 

required for maintaining the temperature constant, and brass screws, which provide 

an excellent thermal distribution and fast responses to external events. 
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Figure 37: Evolution of the YBCO average temperature in response to a switch-off of 

the current in the resistors, focus on the effect of the temperature oscillation in the signal 

detection after 100 seconds. In the insert, the time is set at 0 in correspondence to the signal 

detection  

5.2.2 Response to the signal 

The response to an external signal has been studied after the optimal material 

has been chosen, i.e., brass screws and aluminum holder. Employing the FEM 

software, it is possible to study variation in voltage and temperature at the limit of 

the experimental results, with an arbitrary time resolution. 

The first study focuses on a very short pulse, chosen to reproduce a Dirac delta, 

to examine the temperature evolution of the materials, particularly the YBCO and 

the MgO. With a 10 ps pulse that releases an overall energy of 1.5 pJ, this analysis 

intent to extrapolate the thermal time constant of the materials. The outcomes aim 

at validating the model, as preliminary done in [237]. 

Figure 38 shows the evolution of the YBCO temperature and the voltage drop 

across the irradiated meander. They follow the same trend since the thermal 

coefficient α connects them as the multiplication factor. Their increases are almost 

instantaneous because of the low thermal capacity of the YBCO film of only 250 

nm of thickness. The exponential fitting well traces the decreasing of the 

temperature in both the short and long term, as highlighted in the insert in Figure 

38. The temperature increase and the voltage drop across the irradiated YBCO 
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obtained using the FEM software are respectively 2.3 µK and 7.1 µV, in the same 

order as the calculated ones, which are 5.5 µK and 20.0 µV. The approximations 

used in the analytical calculation by considering the system wholly isolated and the 

process instantaneous may be responsible for the discrepancy between the two 

methods. The FEM software considers multiple time steps during the detection of 

the transient in which the heat can be transferred in the substrate through conduction 

and in the surrounding by radiation.  

 

Figure 38: Bolometer response to a infrared pulse of 10 ps. Temperature and its 

exponential fit are reported together with the voltage drop. The insert shows the evolution 

on a longer time scale 

A similar analysis is performed for the MgO substrate, the only part which 

undergoes a detectable temperature variation after such a weak signal. Due to the 

larger size, the temperature is collected at the central point of the substrate instead 

of averaging over the whole volume. Figure 39 reports the temperature variation 

for the MgO and the curve obtained with the exponential fitting. Unlike the YBCO 

film, the MgO requires an extended amount of time to reach its maximum 

temperature and this value is almost 100 times smaller than in the superconductor. 

This is mostly due to the larger specific heat capacity of the substrate, directly 

connected with the volume, and partially to the film above the material, which 

partially screens the signal.  
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Figure 39: Temperature evolution at the center of the MgO substrate and its 

exponential fit 

The time constants are calculated analytically with the formula (3.22), which 

considers the heat capacity and the thermal conductance. The whole volume of the 

substrate is considered for the MgO, while only the irradiated meander for the 

YBCO. The results are then compared with the exponential fitting of the data 

obtained through FEM simulations. The fitted values go from the maximum 

temperature to the time at which this decrease of 75%, considering only the 

exponential part of the transient. The time constant of the YBCO obtained through 

simulation is 9.6 ns, comparable with the analytical one, which is 4.6 ns. The value 

for the MgO is 51 µs, roughly half of the one found analytically, which is 90 µs. 

The obtained results are reported in Table 6. 

Table 6: Comparison between results obtained thought calculation and simulation 

Results Analytical From exponential fit 

ΔT YBCO [µK] 5.5 2.3 

ΔV YBCO [µV] 20.0 7.1 

τ YBCO [ns] 4.6 9.6 

τ MgO [µs] 90 51 
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This study has been limited to the two main components because higher 

incoming power that would have reached the underlying material would have 

negatively impacted the thermal and electrical analysis of the YBCO and MgO. 

Indeed, the temperature variation in the deeper components does not show a 

recognizable trend, such as a defined peak and an exponential decrease, and 

therefore is not useful for further analysis. In the central point of the aluminum 

holder there is a slight temperature increase, even smaller than in the MgO, which 

arise hundreds of µs after the peak in the YBCO temperature appears. In the 

Teflon®, the variation is even smaller, comparable to the random thermal 

fluctuation, and it is difficult to understand if it is due to the signal or the heating of 

the resistor during the recovery of the temperature. 

Further tests are performed through FEM simulations, such as the response to 

a short and fast series of pulses and the capability to return in the equilibrium 

condition. In the INFN-TERA project, a parallel work package aimed at developing 

a THz spectroscopy with the new generation radiation sources. For this purpose, a 

mode-locked femtosecond laser (FemtoFiberNIRpro, Toptica) at 780 nm, with an 

80 MHz repetition rate, is used [238], the same which will be employed to test the 

bolometer under study. Several transient simulations are made for validating the 

time constants found above. In order to study the evolution of the temperature in 

the YBCO film, four sub sequential pulses are simulated, as reported in Figure 40a-

c. The time intervals between the pulses are 4 ns, 15 ns and 7.5 ns, respectively 

smaller, bigger and in between the two time constants previously found. Each pulse 

is maintained with a length of 10 ns and a power of 10 mW. 

Looking at Figure 40a, it is possible to see that a distance of 4 ns between two 

separate peaks does not allow distinguishing the signal. Indeed, there is a variation 

of less than 15% from the peak of the pulse and the baseline of the following one, 

making them very difficult to distinguish. In the second case, in Figure 40b, with a 

distance of 7.5 ns, it is easier to define the various pulses. Indeed, for two 

subsequential signals, the peak value, and the base of the following one, have a 

difference of around 25% with respect to the maximum reached when the signal is 

switched off. For the final simulation, Figure 40c, when 15 ns separate the pulses, 

the temperature at the beginning of the pulse is at 60% of the peak one. In this latter 

case, the separation between the pulses grants a good definition, especially for the 

first two, when the bolometer does not have residual heat from the previous pulses 

yet. 
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a) 

 
b) 

 
c) 

Figure 40: Response of the bolometer, the average temperature of the film and voltage 

drop, to four pulses of length 10 ns and power 1 mW separated by a) 4 ns, b) 7 ns and c) 

15 ns 

As expected, the temperature reached at the peak of the last pulse is higher for 

the shorter time interval between the pulses. The heat is not completely removed by 

the substrate, despite the high thermal conductivity. A less conductive substrate 

would result in a higher responsivity, but a less reactive device. 

To check the evolution of the substrate, similar simulations are performed, 

taking into account the larger time constant of the MgO. Due to the longer time 

required by the MgO to come back at its temperature, only two pulses are simulated. 

They have a duration of 1 µs, a power of 3 mW, and are separated by 50 µs and 100 

µs, respectively, as reported in Figure 41 

As expected, the influence of the previous peak is minimal on the second one 

for both simulations. When the interval between the two signals is 50 µs, the 

temperature is dropped by almost 95%, while for the second case, it goes down by 

96.3%. The not complete recovery may also be attributable to a trend in the 

simulation, for which the temperature is still slightly oscillating on a longer time 

scale. Indeed, the simulation well reproduces the thermal fluctuation due to the PID 
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control system and the incoming radiation, with the result that the temperature 

slightly oscillates around the working temperature. 

 
a) 

 
b) 

Figure 41: Response of the bolometer, the average temperature of the film and voltage 

drop, to two four pulses of length 1 µs and power 3 mW separated by a) 50µs and b) 100 

µs 

This analysis shows that the time required for the system to recover the initial 

temperature is longer than the time constant of the YBCO, despite already at 15 ns 

of distance is possible to distinguish two subsequential peaks. Regarding the 

temperature evolution connected with the substrate, after 50 µs the recovered value 

is within 6% of the previous temperature, and decreases to 4% if the time interval 

is doubled to 100 µs. 

5.2.3 Other layout  

As mentioned before, one advantage of FEM simulations is the possibility of 

reproducing experimental situations in fast and inexpensive ways. For this reason, 

the FEM simulation is exploited to study a refined bolometer that can improve 

detectivity and spatial resolution. The new design presents a more complex 

geometry and a higher filling factor of around 95%, compared with 66% of the 

previous structure, as shown in Figure 42. Instead of two wide and broad meanders, 

this new structure presents four sectors with a thinner serpentine design to improve 

its performance. The four-meanders layout presents a longer and thinner pattern, 

resulting in a larger resistance and, consequently, its derivative, positively 

impacting the responsivity. Furthermore, compared with the two meanders 

geometry, it can be employed for obtaining a position dependent detection of the 

incoming radiation, useful for ray calibration, without losing the electro-thermal 

effect connected with the pristine meanders. 
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Figure 42: CAD and optical measurement of the four-meanders design 

In addition to the distinct geometry, simulations easily allow reproducing the 

response of the bolometer with different RvsT curves for the different sectors, i.e., 

different TC. However, to compare the two geometries, the same material of the 

simpler bolometer is assumed in the new layout. It means that the same substrate 

and a superconducting material, with the same thermal properties and ρvsT are used 

in the simulations. Two of the four meanders are left as grown and the other 

irradiated, placed in the opposite position, as shown in Figure 43. 

 

Figure 43: The four-meanders geometry. The different colors for the YBCO film 

reflect different RvsT curves; pristine, blue, and irradiated, red 

The trimmer features of the four-meanders design are a challenge for both the 

manufacturing and the simulation. The smaller meanders and the thinner distance 

between them are at the limits of the optical resolution in the photolithography 
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process performed at Politecnico di Torino, while it was extensively respected in 

the previous design. On the other hand, the FEM model faces different problems, 

such as the mesh and the number of degrees of freedom (DOF). 

 Only the superconducting film counts 233555 triangular elements, increasing 

to 1.2 million when the substrate has meshed. The final number of elements, which 

have an average quality of 0.53, is 1.43 million, over ten times the ones in the 

previous bolometer. The meshing process is optimized to maintain the quadratic 

discretization for all the modules. Implementing the various physics, the irradiation 

process is substituted with a constant heat source on the bolometer surface, and the 

signal is included in the Heat transfer in solids as a temporary heat source on the 

surface of the bolometer. Also, the geometry is simplified by eliminating the 

external cover, considering the external temperature fixed at 300 K. These 

simplifications allow simulating in a reasonable amount of time, without losing the 

accuracy of the process. 

As previously done for the two-meanders configuration, a preliminary analysis 

is performed on the device, considering the new geometrical factor, in particular 

the equivalent thermal conductivity of the substrate. This study permits to find out 

the maximum bias current and the optimal working temperature of the device. The 

considerable resistance of the new geometry strongly impacts the electrical current. 

Again, the restricting parameter is the Joule heating, limiting the bias current to 0.15 

mA, less than one-third of the previous layout, as shown in Figure 44a. The optimal 

working point is mainly affected by the RvsT curve; since the ρvsT is the same as 

the preceding device, the temperature results unchanged despite the different areas 

of the substrate, which impacts the thermal relaxation of the bolometer. The 

temperature which optimizes the ratio responsivity over NEP is 84.78 K, as shown 

in Figure 44b. 

The first study aims at checking the thermal distribution when the working 

temperature is reached, using the combination of materials resulting from the 

previous optimization: the aluminum holder and the brass screws. As expected, the 

overall distribution on the bolometer is similar to the one presented in Figure 34c, 

and is shown here in Figure 45. Most of the active part is within 5 mK from the 

working temperature, with the highest temperature mainly in the pads for the 

current and the voltage, where the YBCO is pristine and therefore in the fully 

superconducting state. Again, the configuration of the portable cryostat ensures a 

symmetric configuration with a more significant gradient along the Y-axis. 
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However, due to the two lines of symmetry of the new geometry, it affects equally 

the whole pattern. 

 
a) 

 
b) 

Figure 44: a) The study of bias current for the four-meanders configuration with the 

green line highlighting the chosen current, 0.15 mA and b) the study of the optimal working 

point with the responsivity (purple), the noise (orange) and their ratio (red) 

The symmetry of the temperature is highlighted by its linear profile 

extrapolated at the center of an irradiated meander and of the whole bolometer, as 

reported in Figure 45. Once more, the temperature on the line passing through the 

center is lower than the one crossing the irradiated meander, as shown in Figure 46. 

From the border of the irradiated sector, reported as black dashed vertical lines in 

Figure 46, the difference is higher in the y-direction, 15 mK, and shallower along 

the x-axis, around 5 mK. A more considerable difference is present along the 

diagonal of the meander, with a variation in temperature of almost 20 mK. 

 

Figure 45: Temperature distribution at the equilibrium for the four-meanders layout. 

The green lines indicate where the linear profile of the temperature is extrapolated  
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Figure 46: Linear profile for the line passing through the center of an irradiated 

meander (continue) and the center of the bolometer (dotted) 

Once verified that the temperature distribution is still homogeneous in this new 

configuration, it is possible to employ COMSOL Multiphysics® to investigate the 

different responses to an external signal for the two layouts. As a result of the 

previous calculation, the working temperature is the same for both bolometers, 

84.78 K, but the bias current is different because of the different resistance. The 

simulation reproduces an incoming signal with 1 µs duration and 1 mW of power. 

Figure 47 shows the result obtained for the two proposed patterns. 

 

Figure 47: Response of the two bolometers, two and four meanders to a 1 µs signal 

Despite the different areas of the active component, the resulting temperature 

variation is the same for both configurations, with differences well below the scale 
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of the graph. A more detailed analysis is required for the output voltage. As 

expected, the higher dR/dT associated with the four meanders layout provides a 

more significant signal, but is limited by the bias current, which is only 30% of the 

value used for the bolometer with two meanders. It results in a peak in the voltage 

2.5 times bigger than the previous layout with the advantage of a low current 

flowing in the detector. The time constant of the four-meanders design is very 

similar to the previous configuration. The only variation is the meander area, 

roughly two times larger if only the irradiated meander is considered. For this 

reason, the difference is not readily appreciable in the timescale presented in Figure 

47. A more significant difference will probably appear in detecting shorter signals 

when faster devices, such as HEBs, may be needed. 
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6. Design of YBCO based Hot 

Electron Bolometer 

This chapter describes the design and the optimization of a YBCO HEB 

together with the realization of the prototype at the Chalmers University of 

Technology laboratory. The main idea is to use a microbridge with narrow 

dimensions to obtain a sub-nanosecond response of the device. Additional features, 

such as antenna and nanofabrication, have been simulated and preliminarily tested 

to maximize the matching with incoming signal in the range of THz and the 

electrical response of the detector. As a result, the future device should show a short 

response time and a higher sensitivity and to be frequency independent 

[239][240][241]. 

6.1 Superconducting HEB theory 

The superconducting HEB has gained considerable interest since 1980 in the 

field of non-equilibrium superconductivity [242]. Indeed, the term “hot electron” 

refers to a state of non-equilibrium in which electrons in the bolometer are thermally 

decoupled from the phonon lattice and therefore have a different temperature. This 

is possible when phonons are well coupled with the substrate but weakly with the 

electrons [243]. In a superconducting HEB, both electrons and Cooper pairs can 

absorb a photon which impacts the film. When the photon is absorbed, highly 

energetic electrons are created by direct absorption or by the breaking of Cooper 

pairs. The resulting particles lose energy in the electron subsystem, interacting with 

other electrons and eventually breaking other Cooper pairs in an avalanche effect. 

This thermalization process happens faster than the interaction between electrons 

and phonons, and it leads to an increase in the electron temperature (𝑇𝑒), which 

differs from the phonon one (𝑇𝑝ℎ) [244]. 

6.1.1 Thermalization process  

The thermalization scheme of an HEB is shown in Figure 48, together with the 

interaction time of the subsystem. 𝑇𝑒 and 𝑇𝑝ℎ are the temperatures, 𝐶𝑒 and 𝐶𝑝ℎ are 

the heat capacities of the electron and phonon subsystem, respectively, while 𝜏𝑒−𝑝ℎ 

and 𝜏𝑝ℎ−𝑒 are the characteristic time constant at which the heat exchange occurs 
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between electrons and phonons and vice versa. The thermalization time between 

electrons is 𝜏𝑡ℎ𝑒𝑟𝑚, which is usually so short compared to the other characteristic 

times that the process can be assumed instantaneous. 𝜏𝑒𝑠𝑐 represents the escape time 

of phonons from the film to the substrate, the mechanism that definitively removes 

the heat from the system. The decoupling between electrons and phonons is assured 

by the fact that the energy transfer time constant from the phonon to the electron 

subsystem is greater than the escape time of phonons to the substrate [245]. 

 

Figure 48: Thermalization process in an HEB. The electron (blue) and phonon (orange) 

subsystems are represented with the relative time constant 

The energy backflow from the phonon lattice to the electron subsystem depends 

on the heat capacity ratio in (6.1). Since the phonon heat capacity below Debye 

temperature goes as 𝐶𝑝 ∝ 𝑇−3, while the electron one is only inversely proportional 

to the temperature (𝐶𝑒 ∝ 𝑇−1) the condition 𝜏𝑝ℎ−𝑒 ≫ 𝜏𝑒−𝑝ℎ is usually satisfied and 

hence the backflow of energy is negligible. 

The thermalization of electrons is obtained with electron-electron interaction. 

It is boosted by the disorder of the crystal lattice and by temperature, for which 

scattering processes are enhanced [246]. 

 
𝜏𝑝ℎ−𝑒 = 𝜏𝑒−𝑝ℎ

𝐶𝑝

𝐶𝑒
  

6.1   

 

 

 𝜏𝑒−𝑝ℎ ∝ 𝑇−𝑚  6.2   
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On the other hand, [247] reports that the interaction between electron and 

phonon follows the relation (6.2), in which the parameter m varies from 1 to 3. 

Therefore, it is convenient to work at high temperatures to achieve a fast response 

of the HEB. 

For a YBCO film at 90 K, the phonon specific heat 𝐶𝑝 is 0.65 𝐽 𝐾−1 𝑐𝑚−3 and 

the electron specific heat 𝐶𝑒 is 0.025 𝐽 𝐾−1 𝑐𝑚−3  [248] and therefore 𝜏𝑝ℎ−𝑒 ≈

 25 𝜏𝑒−𝑝ℎ. 

It is also important to mention the electrothermal feedback, which was solved 

for the previous device with the double meander structure. This effect is due to the 

bolometer feeding current, which can impact and contribute to the power 

absorption, as described in [249][250], and therefore varies the resistance of the 

device. Its consequence will be analyzed during the characterization of the device, 

in which analytical correction can be applied.  

6.1.2 The cooling process of the HEB  

Depending on the major cooling process of the “hot-electron”, HEBs can be 

distinguished in diffusion-cooled and phonon-cooled [251]. The diffusion 

mechanism is dominant when the length of the detector is smaller than the thermal 

diffusion length (𝐿𝑑𝑖𝑓𝑓), which is connected to the electronic diffusion constant of 

the material (D) as (6.3). 

 𝐿𝑑𝑖𝑓𝑓 = √𝐷 ∙ 𝜏𝑒−𝑝ℎ  6.3   

If a bolometer has dimensions comparable with 𝐿𝑑𝑖𝑓𝑓, then it is thermalized 

mostly by metallic pads connected to the film [252]. 𝐿𝑑𝑖𝑓𝑓 is usually large in metals 

and ordered material such as niobium [253], while it is limited to hundreds of 

nanometers for cuprates, which is negligible compared to the other mechanism. 

From [248], the resulting 𝐿𝑑𝑖𝑓𝑓 for a YBCO film is in the order of 30 nm, and 

therefore a YBCO based HEB can be easily considered phonon cooled. 

A bolometer is considered phonon cooled when the thermalization takes place 

mainly through the substrate, which acts as the absorber and the heat sink. In the 

case of thin films, it is possible to estimate the escape time of the phonon as in (6.4), 

where d is the thickness of the film, α is the transmission coefficient of the phonon 

from the superconductor to the substrate, and u is the speed of sound in the film 
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[254]. For example, considering a 100 nm YBCO film, the phonon escape time is 

around 5 ns, orders of magnitude larger than other thermalization time, which is in 

the order of picoseconds [255][245]. 

 𝜏𝑒𝑠𝑐 =
4𝑑

𝛼𝑢
  6.4   

To reduce the response time of the HEB, it is worthwhile having a thin 

superconducting film and a good matching between the superconductor and the 

substrate phonon spectra. 

6.1.3 Two-temperature model 

The non-equilibrium state in a HEB can be described with the so-called two-

temperature (2T) model [256]. This model can be applied when the working 

temperature is close to the TC. The phonons and the electrons can then be described 

by a normal state distribution with two different temperatures established evenly 

and instantaneously in the whole subsystem. The energy gap is strongly suppressed 

in proximity to the TC, such as the Cooper pair concentration, and the specific heat 

of electrons varies more significantly than in the normal state. These assumptions, 

together with, 𝜏𝑝ℎ−𝑒 ≫ 𝜏𝑒−𝑝ℎ, allow describing the HEB with the linear equations 

(6.5) and (6.6) for the electron and phonon subsystems, respectively. 

 
𝑑𝑇𝑒

𝑑𝑡
=

𝑊(𝑡)

𝐶𝑒
−

𝑇𝑒−𝑇𝑝ℎ

𝜏𝑒−𝑝ℎ
  6.5   

 

 
𝑑𝑇𝑝ℎ

𝑑𝑡
=

𝑇𝑒−𝑇𝑝ℎ

𝜏𝑝ℎ−𝑒
−

𝑇𝑝ℎ−𝑇𝑏

𝜏𝑒𝑠𝑐
  6.6   

The external perturbation W(t) is assumed absorbed only by the electron 

subsystem. This model works only for pulses with duration in the order of 𝜏𝑝ℎ−𝑒, 

approximately 50 ps for YBCO [257], and it does not consider the power dissipated 

by the bias current. 

The hot-spot model was developed to consider larger signals and describes the 

bolometer as a 1-dimension system for which the electron temperature varies along 

the bridge. It is assumed that the power of the local oscillator is absorbed uniformly 

in the whole bridge, while the joule heating is dissipated only in a small hot spot 

region at the center of the bridge [258]. Furthermore, the phonon thermalization 

between the film and the substrate is considered instantaneous (𝜏𝑒𝑠𝑐 = 0). Under 
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these conditions, the system can be described inside the hot-spot by (6.7) and 

outside by (6.8). Here K is the thermal conductivity of the film, j is the bias current 

density in the bridge, ρ the resistivity in the normal state and 𝑃𝑅𝐹 the power 

absorbed per unit volume. Despite the simple model, the two equations well 

reproduce experimental I-V curves and results obtained with more accurate models 

[259]. 

 −𝐾
𝑑2𝑇𝑒

𝑑𝑥2 +
𝐶𝑒

𝜏𝑒−𝑝ℎ
(𝑇𝑒 − 𝑇𝑏) = 𝑗2𝜌 + 𝑃𝑅𝐹  6.7   

 

 −
𝐾𝑑2𝑇𝑒

𝑑𝑥2 +
𝐶𝑒

𝜏𝑒−𝑝ℎ
(𝑇𝑒 − 𝑇𝑏) = 𝑃𝑅𝐹  6.8   

The time of the YBCO photoresponse has been investigated for a long time and 

several experiments confirm the fast evolution of the measured voltage as presented 

in [260]or more recently in more complex structures as in [261][262]. 

6.1.4 RT model 

When the HEB works at a temperature well below TC, the 2T model is not valid 

anymore. It is necessary to use the RT model, from its developer Rothwarf and 

Taylor [260], to describe the non-equilibrium process of breaking and 

recombination of Cooper pairs. In this model, most electrons are combined into 

Cooper pairs and obtain energy slightly above the superconducting energy gap 

during the thermalization. Therefore, it is more beneficial to use a number density 

rather than a non-equilibrium energy distribution function. The new equations 

consider the excess of quasiparticles (Δ𝑛𝑞) and of 2Δphonons, (Δ𝑛𝑝). The 

2Δphonon represents the phonons emitted by the recombination of Cooper pairs, 

which have a minimum energy of 2Δ and, hence, can break another couple. 𝜏𝐵𝑟 

represents the time between the creation of a 2Δphonon and a pair destruction and 

𝜏𝑅 is the quasiparticle recombination time. The thermalization is considered 

instantaneous in the quasiparticle and the phonon subsystem. 

 
𝑑

𝑑𝑡
Δ𝑛𝑞 = −

Δ𝑛𝑞

𝜏𝑅
+

2Δ𝑛𝑝

𝜏𝐵𝑟
  6.9   

 

 
𝑑

𝑑𝑡
Δ𝑛𝑝 = −

𝛥𝑛𝑝

𝜏𝐵𝑟
−

Δ𝑛𝑝

𝜏𝑒𝑠
+

Δ𝑛𝑞

2𝜏𝑅
  6.10   
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Eqs. 6.10 and 6.11 describe the evolution of the quasiparticle excess Δ𝑛𝑞 when 

a photon with an energy larger than 2Δ is absorbed by a film maintained well below 

TC. When the Cooper pairs are destroyed, the number of electrons increases, 

resulting in a variation of the kinetic inductance as described in (6.11) and (6.12). 

Here 𝐹𝑠𝑐 is the fraction of superconducting electrons, 𝑛0 is the total concentration 

of quasiparticles, 𝑛𝑞(0) and 𝑛𝑞 are respectively their equilibrium and instantaneous 

concentration [263]. The variation of 𝐹𝑠𝑐 can be calculated through 6.11 by the 

variation of kinetic inductance 𝐿𝑘𝑖𝑛(𝑡), linked to the equilibrium value of kinetic 

inductance 𝐿0. 

 𝐿𝑘𝑖𝑛(𝑡) =
𝐿𝑘𝑖𝑛(0)

𝐹𝑠𝑐
 ;  𝐿𝑘𝑖𝑛(0) =

𝜇0(𝜆𝐿
2)

𝑑
  6.11   

 

 𝐹𝑠𝑐 =
(𝑛0−𝑛𝑞)

𝑛0
 ;   𝑛𝑞 = 𝑛𝑞(0) + Δ𝑛𝑞(𝑡)  6.12   

Since the bias current must remain the same, when a certain amount of Cooper 

pairs has been destroyed, the remaining fraction accelerates to maintain the current 

constant. Due to their inertia, the variation of kinetic inductance generates a voltage 

drop across the film as in (6.13), which can be directly detected. 

 𝑉𝑘𝑖𝑛 = 𝐼 ∙
𝑑𝐿𝑘𝑖𝑛

𝑑𝑡
  6.13   

6.2 Design optimization 

The design of the HEB is developed from a similar sample used for the TEB: a 

MgO substrate with dimension 10 mm x 10 mm x 0.5 mm over which is deposited 

a 100 nm thick YBCO film. The smaller thickness of the film brings two main 

benefits: a lower heat capacity and, especially, a larger resistance. The idea is to 

have a coplanar guideline (CPW) to feed the microbridge at its center, which acts 

as the HEB. This configuration limits the electromagnetic interactions between the 

ground and the microbridge and allows a fast readout with controlled losses. 

The HEB is expected to have a response time in the order of ps and the sudden 

change in the output signal can only be adequately read if there is a good impedance 

matching with the measurement equipment. For this reason, the scattering 

parameters are studied for frequencies ranging from 0 to 10 GHz to match the 50 Ω 
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of characteristic impedance (Z0). The evaluation started from analytical 

calculations on simple geometry and was then refined with the SONNET® software. 

Preliminary sizing of the coplanar waveguide is performed with a simple tool 

[264] which estimates both the Z0 and the effective dielectric constant (𝜖𝐸𝑓𝑓) for 

simple CPW as reported in Figure 49.  

For obtaining the input impedance and the effective dielectric constant, in the 

tools are inserted the relative permittivity of the substrate 𝜖𝑅, set as 9.6, and its 

thickness h, set at 0.5 mm, together with trace width (W) and the ground plane 

spacing (S) of the CPW. The metallic plate is considered a perfect conductor with 

a negligible thickness. To reduce the influence of the sensor holder on the 

electromagnetic field distribution on the superconductor, the relation h=2S has been 

respected [265]. The preliminary results are a trace width of 0.5 mm and a ground 

plane spacing of 0.25 mm, resulting in a Z0 of around 55.5 Ω and an 𝜖𝐸𝑓𝑓 of 4.7. 

From this starting point, more sophisticated simulations are run with the 

introduction of the microbridge and some possible geometries acting as antennas. 

 

Figure 49: Preliminary geometry and relative parameters 

6.2.1 Calculation with SONNET® 

To obtain a good characterization of the device, the software SONNET® is used 

for more complex simulations. SONNET®, distributed for the first time in 1983, is 

used for analyzing high-frequency planar circuits employing the Method of 

Moments based on Maxwell’s Equations [266]. SONNET® works on multiple 

layers, metals or dielectric, and finds the voltage employing the Fast Fourier 

Transform (FFT) on the current on each layer. This operation is done 

simultaneously on each mesh element while setting the voltage drop to zero 

everywhere in the metal. The geometries implemented in SONNET®, thin 

conductive layer over bulk dielectric, well suit the HEB structure. The bolometer 

can be reproduced through a 2D conductive metal layer over a massive insulating 

substrate, employing the surface impedance to define the metal losses. This specific 

geometry, with dimension 10 mm x 10 mm, is drawn over a larger square to reduce 
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the influence of the wall in the resonance peak, and includes input and output ports 

connected through feedlines and to limit possible artefacts in the extrapolation of 

the results. 

The HEB is reproduced using different dielectric layers and only one metallic 

material (modelling the YBCO). From top to bottom, as shown in Figure 50, they 

are air, YBCO, MgO and Kerafol CT800. Above and below, the free space and 

aluminum, set as a ground, are defined. The thickness, the conductivity, the 

dielectric constant and the tangent loss are reported in Table 7 for the dielectric 

layers [267][268]. The thickness of the air is set to 3 cm, enough to avoid any 

interactions within the upper components. Therefore, it is possible to define the free 

space without impacting the accuracy of the simulation. Similarly, the Kerafol 

CT800 is inserted to replicate the vacuum grease below the MgO substrate, which 

further isolate the superconducting layer from the aluminum ground. 

 

Figure 50: Schematic view of the layers in SONNET® 

Table 7: Properties of the dielectric layers 

Material Air MgO Kerafol CT800 

Thickness [mm] 30 0.5 0.1 

Conductivity [S/m] 0 0 0 

ε 1 9.6 5.3 

Tanδ 0 5 ∙ 10−5 8 ∙ 10−3 
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The YBCO is the only metallic layer and it is placed above the MgO substrate. 

The trivial approach of defining it as a perfect conductor is avoided; the high 

operation temperature, close to TC, the effect of kinetic inductance and the relatively 

small dimension of the circuit required a more complex definition. The HEB will 

work in correspondence with the TC to maximize the responsivity, therefore the 

assumption of null electrical resistance and surface inductance is not fully valid 

anymore. Similarly, the London penetration depth at these temperatures is not 

negligible anymore if compared with the smallest dimension of the circuit. For these 

reasons, the film is defined as a general metallic layer, which includes in its 

properties the resistivity at low frequencies (𝑅𝐷𝐶), the losses at high frequency 

(𝑅𝑅𝐹), the surface reactance (𝑋𝐷𝐶) and the surface inductance (𝐿𝑆). 𝑅𝐷𝐶 is taken 

from literature for frequencies and temperatures comparable with the operating one 

[269], while 𝑅𝑅𝐹 and 𝐿𝑆 are calculated with the formulas (6.14) and (6.15) [270]. 

The numerical values are reported in Table 8. 

 𝑅𝑅𝐹 =
1

2
𝜔2𝜇0

2𝜆𝐿(𝑇)3𝜎𝑁 ∙ (
𝜇𝑛

𝜇𝑛+𝜇𝑠
)  6.14   

 

 𝐿𝑆 = 𝜇0 ∙ 𝜆𝐿(𝑇)   6.15   

Above, ω is the frequency, 𝜆𝐿(𝑇) is the London penetration depth for the 

YBCO, set as 150 nm, 𝜎𝑁 is the conductivity in the normal and the last term 

represents the fraction of normal carrier for temperature nearby TC [271]. 

Table 8: Properties of the YBCO as a metallic layer 

 YBCO superconductor 

𝑹𝑫𝑪 10−4Ω/𝑠𝑞 

𝑹𝑹𝑭 1.35 ∙ 10−26 ∙ 𝑓2 𝛺

𝑠𝑞
𝐻𝑧0.5  

𝑿𝑫𝑪 0 

𝑳𝑺  𝜇0 ∙ 𝜆(𝑇) = 0.19 𝑝𝐻/𝑠𝑞 
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6.2.2 Coplanar waveguide optimization 

The preliminary study aims at finding the scattering matrix for a CPW for 

different parameters of W and S. An adaptive sweep over 200 target frequencies in 

the range 0-10 GHz is used for all the simulations limiting the computational time 

but still providing accurate results. The major constrain is the ground pacing 

dimension, which must be kept lower than the substrate thickness. Various 

combinations of S and W are investigated, with S varying between 0.05 mm to 0.25 

mm with 0.05 mm step and W varies from 0.1 mm to 1.0 mm with steps of 0.1 mm. 

The input impedance, module, real and imaginary parts, are reported for the best 

configuration in Figure 51 and the final configuration in Figure 52. A resonance 

peak, probably due to the square configuration, is present around 5.5 GHz, but it 

does not affect the overall performance of the CPW. 

 

Figure 51: Input impedance for some configurations of the CPW optimization study 



Design optimization 85 

 

 

Figure 52: Schematic view of the CPW with the chosen values of W and S (not in 

scale). The substrate, MgO, is colored in grey, while the superconductor, YBCO, in blue 

The best result presents a trace width which is double the plane spacing 

(W=2S). Two configurations, the one with S=0.2 and W=0.4 mm and the other 

S=0.25 mm and W=0.50, present the most homogenous Z. Between them, the 

configuration W=0.4 mm and S=0.20 mm has been chosen to reduce the chance of 

electromagnetic interference with the HEB through the reduction of the ground 

spacing. 

6.2.3 Microbridge design 

After defining the dimension for the CPW, the microbridge at its center is 

designed. The structure has a dimension of 5 µm x 10 µm; thus a reduction from 

400 µm to 5 µm is necessary for the trace width. Different configurations have been 

simulated to find the one that has the minimum impact on the Z0. In this analysis, 

the tapering length varies from 0.2 mm to 9.0 mm, as shown in Figure 53. 
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Figure 53: The two extreme configurations, 0.2mm above and 9.0 mm below, for the 

study of the tapering of the CPW (not in scale) 

 

Figure 54: Input impedances for tapering length of the CPW from 0.2 mm to 3.0 mm 

The results are presented in Figure 54 only for lengths up to 3.0 mm because of 

the evident trend: the best options are the ones with the shorter tapering. The 

resonance peak previously noticed is slightly shifted at a lower frequency, around 

5.25 GHz, but still, it does not impact the performance of the microbridge. The 
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length of 0.4 mm has been chosen to have a more symmetrical structure: the 

tapering length is equal to the trace width. 

 

Figure 55: Structure of the double slot antenna with its parameters under study: the 

height (h), the distance between antennas (Dist), and the width (W) (not in scale) 

 

Figure 56: Input impedance for the studied configurations. The values represent the 

distance (Dist), the height (h), and the width (W) 

The effect of a double slot antenna has been studied for different geometrical 

parameters shown in Figure 55. This structure aims at focusing the THz radiation 
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in the microbridge and, ideally, to select polarized waves. Figure 56 shows the 

effect of the antenna for different slots distances (Dist), heights (h) and width (W). 

The structures, located on the ground plane of the original CPW, have a minimum 

effect on the input impedance, although this effect is more substantial for the longer 

antennas (larger h). 

6.2.4 Electromagnetic Interaction with THz radiation 

The study of the input impedance performed with SONNET® gives good results 

for the readout of the microbridge, but the software does not provide any 

information on the interaction between an incoming wave and the detector. 

Therefore, a preliminary analysis is implemented with COMSOL Multiphysics® 

using the Electromagnetic Waves, Frequency Domain module. 

The physics calculates the scattered field produced by an incoming wave using 

6.16 and 6.17. Here are present the relative permeability, μr, the wavenumber of 

free space, k0, and the relative permittivity σ in the first equation, and the electric 

field is defined in the second one as the sum of the scattered and the incoming one 

in at the boundary of the simulated domain.  

 ∇ × 𝜇𝑟
−1(∇ × 𝑬) − 𝑘0

2 (𝜖𝑟 −
𝑗𝜎

𝜔𝜖0
)𝑬 = 0 6.16   

 

 𝑬 = 𝑬𝑺𝑪𝑒
−𝑗𝑘(𝒏∙𝒓) + 𝑬𝟎𝑒

−𝑗𝑘(𝒌∙𝒓)   6.17   

 

Different kinds of waves can be selected for the study: Gaussian beam, linearly 

polarized and user-defined. Among them, the linearly polarized one is used to see 

the effect of the polarization along the x and y-axis on the distribution over the 

device. The maximum background electric field amplitude is set at 1 V/m for every 

simulation. The boundaries are transparent for scattered and incoming plane waves, 

removing the effect of scattered artificial components. Unlike the previous 

simulation, the YBCO film is treated as a perfect conductor, clearly simplifying the 

simulation but without introducing substantial discrepancy from an excellent 

conductor. 

The simulations consider a simplified geometry of the bolometer and only a 

limited number of discrete frequencies. The main limitation in these models is the 
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enormous number of elements required to well define the interaction between the 

device and the incoming wave. Indeed, to obtain a reliable result, the mesh size 

needs to be a fraction of the wavelength; in particular, to resolve the wave correctly, 

at least five second-order elements per wavelength are necessary. Since the THz 

radiation has a submillimeter wavelength in the vacuum and in the order of 

micrometers in the MgO and YBCO, the overall device must be limited in size to 

be discretized and analyzed. Instead of simulating the whole volume of the device, 

10 mm x 10 mm x 0.5 mm, the simulation is limited over a surface of 2 mm x 2 mm 

and considers a substrate that is only 0.25 mm thick. To further reduce the number 

of elements, the space above and below the bolometer is equal to ten wavelengths: 

it limits the surrounding domain and the number of elements associated, and grants 

that the device is hit by the wave at its maximum for each frequency, making the 

result comparable between them. 

Because of the size and the time required by the simulation, only three 

frequencies are analyzed: 0.5, 1.0 and 1.5 THz. Higher frequencies, kinked with 

smaller mesh, are not feasible because of the computational cost due to the number 

of mesh element. To obtain comparable results, the mesh element is maintained 

constant for all the simulations with the size corresponding to the more stringent 

requirement, i.e., 1.5 THz. 

 

a)  b)  
Figure 57: a) Reduced geometry used for the electromagnetic study; the MgO substrate 

is yellow, the YBCO film black and the surrounding air in grey. b) A background incoming 

wave, linearly polarized along x; the plane corresponding to the bolometer surface is at the 

maximum of the incoming wave. 

The analyzed layouts are the microbridges with and without antennas. The 

geometry is shown in Figure 57a, and an example of an incoming wave is shown in 
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Figure 57b. The whole surface is on the peak of the electric field of the wave and 

the cyan waves represent the polarization of the wave, in this case along x. 

The result, summarized in Figure 58, shows the effect of the antenna on 

focusing the wave and obtaining a selective matching with the polarization. The 

images show the norm of the electric field on the surface of the detector. The first 

row (Figure 58a-c) shows the effect of an incoming wave polarized along x, parallel 

to the guidelines, for the geometry without antennas, for frequencies of 0.5, 1.0, and 

1.5 THz. The second row (Figure 58d-f) presents the same wave interacting with 

the layout, including the antennas. The last two rows show the wave in the y 

polarization for the geometry without (Figure 58g-i) and with antenna (Figure 58j-

l) for the same frequencies, i.e., 0.5, 1.0, and 1.5 THz. For all the surfaces, the scale 

of the electric field is kept constant to highlight the differences between them. 

In these studies, a pattern is visible in any structure. It shows a periodicity that 

decreases with the frequency, and it is probably connected with the substrate 

dimension and geometry. Therefore, it will be necessary to perform the simulations 

in a more powerful machine that allows considering the whole dimension of the 

detector before confirming the obtained results. This preliminary analysis proves 

that the electric field is confined in the superconductor, and it is concentrated in the 

microbridge thanks to the bow-tie structure created by the CPW tapering. Similar 

configurations are present for the same frequencies and polarizations: at 500 GHz, 

the focusing is higher with polarization along x, while for higher frequencies is 

better for polarization along y. The frequency strongly affects the electric field 

distribution while the antennas play a minor role. It does not affect the focusing of 

the incoming radiation with an effect just barely visible for the y polarized wave. 
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Figure 58: Module of the electric field for the layout with and without antenna for three 

frequencies: 500 GHz (a, d, g, and j), 1.0 THz (b, c, h, and k), and 1.5 THz (c, f, i, and j). 

The first two rows show a linearly polarized wave along x, while the last two along y. 

Concluding, the bow-tie antenna structure created from the tapering of the 

coplanar guideline provides a good focus of the incoming radiation and is weakly 
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affected by the polarization. The frequencies strongly impact the distribution while 

the antennas show negligible effects, mainly concentrated on the structure and not 

on the microbridge. 

6.3 Physical device 

Different structures have been fabricated on the basis of the obtained results of 

the previous simulations. The prototypes are based on the 5 µm x 10 µm 

microbridge with some nanofabrication, which aims to improve the detectivity of 

the device. The value of 100 nm used in the previous studies, in which any 

dimension could have been implemented, is dictated mainly by the manufacturing 

process. Thinner samples are more difficult to realize and are more subject to 

surface modification which would influence the overall sample. A good trade-off 

between easy manufacturing and a suitable value for a large resistance is found at 

100 nm, also the thickness of the THEVA sample, which was available in addition 

to the one fabricated at Chalmers. The comparison between the two samples 

highlights the great achievement obtained during the deposition through pulsed 

laser deposition, for which the characterization gives better results. Finally, the 

desired time constant of the new device is based on the HEB phenomenon; hence, 

the advantage of reducing the thickness for achieving a shorter time constant does 

not compensate for the manufacturing and the stability of the sample with more 

YBCO. Microbridge mask  

The manufacturing of the devices is based on the fabrication procedure 

developed at the Chalmers University of Technology. Here, Electron Beam 

Lithography (EBL) is used to define the etching mask, then used to transfer the 

pattern to the YBCO film during Ar ion milling. While EBL allows minimum 

features of c.a. 20 nm, the process is limited by the ion milling combined with the 

thickness of the films. Features, e.g., trenches and holes, with dimensions 

comparable to the film thickness are not entirely etched during the ion milling. 

Therefore, the major limiting factor is the thickness of the YBCO film, which must 

be lower than the minimum feature to ensure a correct etching of the 

superconductor. The ratio between the feature and the thickness should thus be 

higher than 2. Also, long and thin pits may result in an incomplete YBCO removal 

at their end, impacting the quality of the device [272]. Figure 59 shows the 

geometries realized and characterized at Chalmers with the process described in the 

following chapter. 
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The manufacturing process dictated the main constraint in the fabrication of the 

serpentine. Indeed, the space between two meanders of YBCO is twice as large as 

the thickness of the superconducting film. This strongly limits the risk of 

uncomplete etching of the cuprate, especially near the end of the gap, which would 

result in a performance loss of the device. Once the minimum distance between the 

meander of the serpentine, the two analyzed devices has been chosen to maximize 

the detectivity (Figure 59b) and the responsivity (Figure 59c). The large serpentine 

has a larger area exposed to the radiation, therefore, the detectivity, directly 

proportional to the square root of the area, is increased. However, this decision is 

deleterious for the responsivity, since it is proportional to the resistance related to 

the section and the film length. To obtain a device that maximizes the responsivity, 

a smaller serpentine is chosen, 100 nm of width, resulting in a larger resistance 

combined with a suitable fabrication process.  

 
a) 

b)  c)  

Figure 59: Layout of the microbridge (a) large serpentine (b) and tiny serpentine (c) 

and relative quote 

6.3.1 Fabrication 

The process has two main steps: the deposition of the YBCO film and its 

patterning through lithography. Figure 60 schematically shows the overall process: 

the deposition of the YBCO, thin film and the gold strips (1), and the carbon film 

(2), then the mask definition by mean of EBL and the subsequent chromium 

evaporation (3-4), which allows transferring the pattern to the carbon mask with 



94 Design of YBCO based Hot Electron Bolometer 

 

reactive ion etching in O2 (5). Finally, the etching of the uncovered YBCO (6) and 

the removal of the remaining carbon (7). All the steps are detailed below. 

 

Figure 60: The process of deposition and lithography of a YBCO film 

The YBCO is grown by Pulsed Laser Deposition (PLD) on a MgO substrate, 

usually 5 mm x 5 mm x 0.5 mm, [110] oriented. These dimensions allow a 

homogenous deposition of the YBCO and the crystal orientation grants epitaxial 

growth of the superconductor. The parameter presented below permits slightly 

overdoped material, resulting in a slightly lower TC but a more stable film during 

fabrication. 

PLD is used to depose of the YBCO thin film, step 1. As shown in Figure 61, 

a pulsed laser ablates a YBCO target and the released particles are deposited on the 

substrate. Before the YBCO deposition, the substrate is cleaned chemically, using 

Isopropyl Alcohol (IPA), and physically, with ultrasound vibration. The deposition 

takes place at 760 °C in an O2 atmosphere at 0.6 mbar for a time that varies with 

the required thickness. The temperature helps the epitaxial growth of the YBCO 

while the oxygen environment is required to reach the desired doping. The energy 

of the laser is measured just before entering the chamber, and it is set at 55 mJ (spot 

size of 4 mm2) with a rate of 6 Hz. It allows a homogenous deposition on the 

substrate, which is located at a precise distance from the precursor. Once the 

deposition is finished, the sample remains in the O2 atmosphere at 650 °C to 

stabilize the oxygen content in the YBCO. To reduce the parasitic contact resistance 

and obtain better measurements, two 1 mm wide strips of 40 nm thick gold are 

deposited at two opposite borders of the sample through magnetron sputtering. 
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Figure 61: Pulsed Laser deposition process for deposition of YBCO films 

The second step is to deposit a carbon layer with a thickness comparable to the 

YBCO film to protect the superconductor during the lithography process and act as 

a physical mask during Ar ion milling. The deposition takes place in another PLD 

machine at room temperature and high vacuum with high laser energy in the order 

of 100 mJ. A different PLD system is required to reduce the contamination inside 

the PLD chamber dedicated to the YBCO due to the small carbon particles that are 

difficult to remove. 

Afterwards, two negative photoresists are deposited on the sample by spinning. 

The bottom one is made with MMA8.5 MAA EL4, while the upper is a combination 

of ARP6200 and IPA with a 1:3 ratio. Both the resists are applied on the sample 

and spun at 6000 rpm before being baked at 95 °C for 5 minutes. This double layer 

improves the result of the lift-off thanks to the undercut formed during 

development. 

The EBL process, performed with the JEOL JBX 9300FS machine (100 kV), 

is used to expose the resists. The mask, previously created with a CAD software, is 

converted in instruction for the system. This ensures no open features and calculates 

the correct exposure, i.e., proximity effect correction. Since electrons scatter in the 

resist, the dose (charge per unit area) differs from the boundary to the center; this is 

considered when calculating the resulting dose in the whole geometry. Also, 

different areas are defined depending on the feature: smaller ones are exposed with 

a low current beam, with a beam spot of 4 nm allowing minimum features of 30 

nm, while the rest is exposed with a beam spot of 40 nm corresponding to high 
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current beam, i.e., a larger aperture. Each area is excited separately and the 

matching between them is achieved by a pre-alignment of the sample.  

The development of the resist defines the final structure of the device; it is done 

using first Oxylene 96% and then MIBK:IPA 1:3, both for 35 seconds each at room 

temperature, step 3. Then, 12 nm of chromium are deposited on the sample and the 

remaining resist through Physical Vapor Deposition (PVD). Finally, the remaining 

resist and the chromium deposited by lift off on it is removed in a bath of developer 

1165 for 10 minutes at 75 °C, followed by 2 minutes of ultrasonication, step 4. 

The chromium mask is transferred to the carbon layer, step 5, by O2 plasma 

Reactive Ion Etching (RIE). To remove the carbon without damaging the YBCO 

film, RIE works with a power of 50 W in an O2 environment at a pressure of 100 

mTorr. Finally, profiling is done to check the result of the etching, which shows a 

slightly thinner layer of carbon and chromium, i.e., around 100 and 10 nm, 

respectively. 

Then, the sample is etched with Ar+ ion milling at room temperature with a 

beam current density of 30 µA/cm2. During the procedure, the chromium layer is 

etched completely, as well as the YBCO not protected by the carbon mask, step 6. 

This step is improved with a neutralizer that avoids charging effects in the substrate. 

The final stage, step 7, consists of removing the remaining carbon layer through 

RIE. 

6.3.2 XRD characterization 

The X-ray diffraction (XRD) of a THEVA film is performed at Chalmers 

University of Technology. It is performed on a 100 nm film already patterned with 

gold stripes at the border. Although these conditions are not optimal for XRD, the 

results allow determining the oxygen content of the film. Figure 62 shows the 

results of the XRD with the peaks of the plane (00n) in which n varies from 0 to 7. 

These values permit to extrapolate the average length of the c-axis by mean of the 

Bragg law and, from it, the oxygen doping of the film. 
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Figure 62: XRD for the THEVA sample, 100 nm YBCO film on MgO. The peaks are 

highlighted in green 

The length of the c-axis is 11.716 Å, corresponding to a doping level (7-δ) of 

around 6.64 [273]. 

6.3.3 Sample imaging, optical and SEM  

The structures shown in Figure 59 are fabricated with the EBL technique. 

Depending on the dimension, they are characterized through an optical or a 

Scanning Electron Microscope (SEM). The simple microbridge has been fabricated 

with the double antenna, shown in Figure 63 with the relative dimensions. The 

antennas have the height and the distance of 300 µm and a width of 50 µm. The 

measures differ by around 1% from the nominal values, except for the microbridge. 

Here, the mismatch reaches 4%, which can be attributed to the difficulty operating 

with the optical microscope at this magnification. 
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Figure 63: Optical image with quotes of the microbridge and its antennas  

Due to the small features of the two nanofabricated serpentines, they are 

examined with the SEM. With a width of 400 nm, the larger serpentine has been 

fabricated on a 50 nm thick film and analyzed before the Ar ion milling, Figure 64a, 

while the thinner one has been fabricated on a THEVA film with a thickness of 100 

nm and visualized after the etching Figure 64b. A difference between the two 

figures can be observed. Before the etching, when the chromium mask is still on 

the sample, the contrast is higher, and the corners are sharper. After the physical 

etching, the corners are rounder, especially inside the dip, and the dirtiness is more 

evident because of the lesser contrast between the MgO and the YBCO film. 

a)  b)  

Figure 64: SEM image of a) the large serpentine on 50 nm thick film and b) the tiny 

serpentine on the THEVA film 
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6.3.4  RvsT characterization 

The RvsT curve of the devices is measured in a dipstick setup plunged in liquid 

nitrogen. The device is mounted on a chip carrier and connected to the measurement 

setup as shown in Figure 65 to measure its resistance R. The temperature T is 

simultaneously measured near the device with a calibrated diode, which is also 

mounted on the same chip carrier. 

 

Figure 65: Measurement circuit for the microbridge 

The Waveform Generator is a KEYSIGHT 33500 B series which provides a 

triangular waveform with a frequency of 17 Hz and a value of 1 Vpp. The resistance 

placed in series with the generator is much higher than the sample resistance and 

thus determines the current flowing in the circuit. For the microbridge 

measurement, it is set at 1 MΩ to obtain a current of around 1µA. Of the two low 

noise amplifiers STANFORD Model SR560, one enhances the signal over the 

sample resistance to measure the current (I), the other the voltage drop over the 

sample (V), obtaining the resistance as R= V/I. The data are acquired using a NI 

USB 6251 with a sampling rate of 85 kHz, collecting and averaging 5000 values 

every waveform cycle. Figure 66 shows the RvsT curve and Figure 67 shows the 

resistivity of the single microbridge and the large serpentine. 

The TC of both devices is higher than 87.5 K, which confirms the excellent 

quality of the films. As expected, the microbridge, shown in Figure 66a, presents a 

smaller resistance due to both the large thickness and the simple geometry. The 

nanopatterning done on the other sample, which already has a halved thickness, 

I 
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strongly affects the overall resistance. Halving the thickness result in doubling the 

resistance but, looking at Figure 66b, it is possible to assess that the meander 

structure almost decuples the resistance, although slightly affecting the TC.  

 
a) 

 
b) 

Figure 66: RvsT curve of the a) microbridge and b) the large serpentine 

 

Figure 67: ρvsT curve of the microbridge and the large serpentine  

From the RvsT curve and the geometrical parameter of the curve it is possible 

to obtain the ρvsT curve, which gives more information regarding the quality of the 

sample. Indeed, Figure 67 shows the two resistivities and their derivatives. Looking 

at Figure 67 it is possible to have a qualitative comparison of the film quality. In 

addition to a slightly lower TC, the serpentine structure presents a broader transition, 

probably because of the nanofabrication process, which marginally damages the 

film. 
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6.3.5 HEB performances  
From the RvsT curve, Figure 66, it is possible to analytically extrapolate the 

responsivity and the noise of the detector, as done previously with the TEB. For 

this first analysis, the microstructure is still considered as a TEB; therefore, the 

results are used only for a preliminary comparison between the bolometers. Because 

of the different phenomena behind the response time of the HEB, the time constant 

is not calculated since it would strongly depart from the actual value. Indeed, if the 

novel detector had been treated as a TEB, some qualitative calculations can be 

made. The smaller area and thickness of the device strongly reduce the time 

constant, which, considering an active area of the substrate for the heat transfer 10 

times larger than the microbridge itself, results to be around 6 ns. It is a conservative 

result obtained for the microbridge, which may be lower considering the serpentine 

with even a smaller heat capacity. Table 9 presents the most critical parameters for 

the microstructure devices, compared with the performance of the double meander 

geometry. The results are obtained after the study of the optimal working point. 

Table 9: performance for the three bolometers 

 Double meander Microbridge Large serpentine 

Working 

temperature [K] 
84.78  88.62 88.34 

Responsivity 

[V/W] 
0.448 2.14 50.76 

NEP 

[𝒑𝑾/𝑯𝒛𝟎.𝟓] 
7742 171 81 

Response time 

(τ) 
0.134 µs <1 ns (expected) <1 ns (expected) 

 

For the microbridge and serpentine study, the thermal conductivity of the 

substrate is calculated using an effective area of 125 µm x 125 µm, considerably 

larger than the YBCO one acting as a detector. This value, with is conservative for 

the responsivity, results in a smaller time constant which reaches values in the order 

of 0.1 ns. However, in order to be conservative, the data inserted in Table 9 

considers the worst-case scenario. In addition, the bias current is limited to 0.5 mA, 
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although the novel detectors may work with higher currents because of the lower 

resistance. Nevertheless, these assumptions provide conservative results, which are 

already significantly better than the responsivity calculated for the double meander 

structure. 

The total noise is calculated as the sum of the Johnson, thermal, and photon 

one. Unlike the previous layout, in which the predominant contribution is always 

the Johnson noise, for these structures, the thermal noise plays an important role, 

and, for some temperatures, it becomes more significant than the Nyquist one, due 

to the high responsivity. 

A classical study of the HEB already shows great improvement with respect to 

the previous TEB; the smaller dimension and the higher slope of the RvsT curve 

results in a responsivity up to two orders of magnitude than the double meander. 

Similarly, the noise is extremely reduced, almost 100 times, reaching values in the 

order of tens of 𝑝𝑊/𝐻𝑧0.5. The response time is expected to be reduced to a sub-

nanosecond scale because of the small volume of the active part linked to a small 

heat capacity. The time constant would be even shorter if the 2T model is 

considered. Therefore, the predicted performances for the new design of the YBCO 

based bolometer are comparable with the modern bolometer working at high 

temperature and definitively better than the one obtained with the previous double 

meander TEB.  
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7. Conclusion 

This thesis presents two possible detectors for THz radiation and the approach 

used for their optimization and design. The new devices here presented fulfil 

reaching the milestones of the INFN-TERA project for reducing the THz gap 

through the employment of efficient YBCO based detectors.  

The outstanding performance of the YBCO in terms of TC, JC and HC2 can be 

used in electronics and power applications. Because of its technological capability 

to produce high-quality thin films, it is particularly suitable for detectors working 

at relatively high temperature. Indeed, the YBCO based devices, particularly 

bolometers, can be optimized to overcome the lack of THz detectors, unlocking the 

potentiality of the THz technology in industries and scientific research. Here, two 

families were analyzed: transition-edge bolometer and hot-electron bolometer. 

The first TEB device, composed of a YBCO film with a double meander 

serpentine layout, partially modified by high-energy heavy-ion irradiation, was 

analyzed and the optimal working temperature was found to be 84.78 K. This value 

is a compromise between the one ensuring the higher responsivity and the one 

corresponding to the lower NEP, where the ratio between them is the highest. The 

performances are enhanced by the HEHI, which sharpens the RvsT curve and 

reduces the working temperature, resulting in higher responsivity, lower power 

dissipation and minor thermal noise, resulting in responsivity of values of 0.488 

V/W, NEP of 7.7 𝑛𝑊/𝐻𝑧0.5 at a working temperature of 84.78 K. The high 

conductivity of the substrate, which negatively impacts the responsivity, grants a 

response time of around 0.13 µs. 

The device was simulated through the FEM software COMSOL Multiphysics®, 

allowing the designing and optimizing the sensor housing, especially for what 

concerns the temperature distribution. It is found out that, among the studied 

materials, the choice of the sensor holder material just slightly affects the thermal 

distribution while the selection of the material of the screws strongly influences it. 

Therefore, it is necessary to find a good compromise between low thermal 

conductance, which provides a slow response to change in temperature, and high 

one, which does not provide a homogeneous temperature profile. The best 

combination is made of an aluminum holder and brass screws.  
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Other simulations, aiming at reproducing the response of the bolometer to 

external signals, show a good agreement between theoretical estimation and 

previously published experimental data, in terms of increase in temperature, output 

signal and response time. The bolometer shows a good response for train pulse 

signals with distances down to 7 ns, less than the time constant found from the 

simulated data. For intervals in the order of the substrate time constant, the 

bolometer completely recovers the working temperature. The FEM analysis was 

suitable also for more complex geometries, such as the four-meander layout, which 

presents a higher filling factor and a position dependent detection. The results were 

compared with the original design, showing that a higher output voltage is obtained 

for the same signal at the same working point. 

A different design is explored for the HEB detector. The study, performed with 

SONNET®, aims at matching the input impedance, moving from a straight CPW to 

a microbridge. The final dimension showed a good matching impedance with the 

trace width of 0.4 mm, the ground plane spacing of 0.2 mm and a tapering reaching 

the bolometer of 0.4 mm. the structure acting as the antenna does not impact the 

overall matching to the 50 Ω. COMSOL Multiphysics® was used again to analyze 

the focusing of incoming waves for different polarizations and layouts, showing 

that the double slot antennas do not concentrate on the signal while the bow-tie 

configuration of the tapering does it. 

Two different layouts, a simple microbridge and a nanopatterned serpentine, 

were fabricated at the Chalmers University of Technology by means of Electron 

Beam Lithography, obtaining precision in the nanometer order. They were then 

characterized and, from the RvsT curve, preliminary analysis on the performance 

is extrapolated. With respect to the previous TEB, the responsivity is improved by 

a factor of ten and one hundred, for the microbridge and the serpentine, respectively, 

while the NEP is reduced by the same factor. The time constant is expected to be 

below the nanosecond, compared with the µs of the TEB. Therefore, the new 

devices, which must be experimentally tested, are expected to be far better than the 

previous design. 
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