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Abstract 
 

Microwave Kinetic Inductance Detector (MKID) is a type of a superconducting photon 

detector, whose principle of operation is based on detection of changes in the ‘kinetic 

inductance’, Lk, of the superconductor. A photon with energy higher than the energy 

gap, Δ, breaks a Cooper pair, and thus changes the density of pairs, ns, and the kinetic 

induction.  

During the last decade, MKIDs based on low-Tc superconductors (LTS) were fabricated 

and characterized by several groups. In contrast, high-Tc superconductors (HTS)-based 

MKIDs are rarely described in the literature despite several intrinsic advantages 

associated with the use of these materials. In particular, the use of HTS is appealing in 

terms of applications as they need simpler and cheaper cooling systems. Moreover, the 

high Tc enables a relatively high working temperature and yet a small, reduced T/Tc. As 

the noise in the detector is influenced by the gap, being proportional to exp(−𝛥/𝑘𝐵𝑇),  

a reduced noise in HTS-based MKIDs is expected. 

Motivated by these potential advantages of HTS-based MKIDs, I have focused in the 

present research work on fabrication and characterization of YBa2Cu3O7-δ (YBCO)-

based MKID. I report here on the design and fabrication of YBCO-based MKID, with 

a quality factor 𝑄𝑖~2.5 ∙ 10
4 and noise equivalent power, NEP ~10−12 𝑊/√𝐻𝑧 at 10 

K, better by orders of magnitude than previously reported results. The improved 

performance was obtained by designing an optimal detector based on electromagnetic 

simulations, exploiting the SONNET software, and by calibrating a fabrication process 

that minimized defects and damages to the device. Extensive measurements of the 

temperature and field dependence of the MKID’s parameters, such as the resonance 

frequency, 𝑓𝑟, and the Q-factor, yielded new information on the mechanisms controlling 

the changes in these parameters. In particular, zero field cooled (ZFC) and field cooled 

(FC) measurements of the magnetic field dependence of the resonance characteristics 

show substantially different behavior, indicating that both the screening currents and 

vortices play a role. The ZFC measurements exhibit a sharp decrease of 𝑓𝑟 , and 𝑄𝑖 at 

low fields, up to the full penetration field (𝐻𝑝), revealing the dominant role of the 

screening currents in this field range. In contrast, the FC measurements exhibit a 
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moderate decrease of 𝑓𝑟  and 𝑄𝑖 with field, revealing the role of vortices and reflecting 

the field dependence of the penetration depth in a d-wave superconductor.  

My studies pointed to several open, yet unexplored topics. A prominent example is the 

temperature dependence of the quasi-particle lifetime, 𝜏𝑞𝑝, a fundamental feature that 

affect the MKID performance. Contrary to theoretical predictions for divergence of 𝜏𝑞𝑝 

as 𝑇 → 0, measurements in LTS materials showed saturation below ~0.2𝑇𝑐. To 

understand this behavior, I plan measuring 𝜏𝑞𝑝 in LTS and HTS, exploiting 

photoexcitation and double-tunnel junction techniques. In terms of applied physics, a 

natural extension of my project should be in multiplexing several YBCO-based 

resonators that are fed by one transmission line, aiming at an increase in the spatial 

resolution of the imaged object. Another challenge is related to detection of X-ray 

photons, required in the medical and security industries. In my future studies I intend 

tackle those issues and challenges. 
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1. Introduction 

  

During the last decades, a large variety of superconductors-based photodetectors have 

been developed. Examples are the Transition Edge Sensor (TES) [1], Superconducting 

Nanowire Single Photon Detector (SNSPD) [2], and Superconducting Tunnel Junction 

(STJ) [3], all benefit from the low working temperature of superconductors in reducing 

the Johnson Nyquist noise and the noise associated with generation-recombination of 

quasiparticles (qp). These detectors, which are among the most sensitive photodetectors 

available, suffer from a major disadvantage, namely the difficult and complex process 

in combining single detectors into a large array of detectors ('multiplexing') needed for 

imaging. The Microwave Kinetic Inductance Detector (MKID) [4], which I focus on in 

this dissertation, is another low temperature superconductors-based photon detector, 

exhibiting high sensitivity to low power flux of photons which, in contrast to 

other photodetectors, can be integrated into large arrays with a simple reading 

system ('multiplexing').  

 

In this thesis I will describe the design, fabrication, and characterization of MKIDs, 

fabricated from YBa2Cu3O7-δ (YBCO), a high temperature superconductor (HTS) 

material. This MKID is of interest because the HTS-based detector requires simpler and 

cheaper cooling systems. More important, because of the ability to work at relatively 

high temperature (and yet low T/Tc), the detector exhibits a lower noise [5] compared 

to low-temperature superconductors in the same working temperature, yielding higher 

sensitivity for low flux of photons.  I describe in detail the process of the fabrication of 

YBCO-based MKIDs and characterize their intrinsic quality factor and noise equivalent 

power (NEP). I find at 10 K a  𝑄𝑖~2.5 ∙ 10
4  and a NEP of ~10−12 𝑊/√𝐻𝑧, orders of 

magnitude better than previously reported [6–9] for similar MKIDs. These improved 

results are associated with a careful calibration of a fabrication process that avoided 

defects and damages to the detector.  

An important part of this dissertation deals with the effect of temperature and magnetic 

field on the YBCO resonator. In particular, our zero-field-cooled (ZFC) and field-

cooled (FC) measurements of the magnetic field dependence of the resonance 

characteristics, show substantially different behavior, indicating that both the screening 
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currents and vortices play a role. The ZFC measurements exhibit a sharp decrease of 

the resonance frequency, 𝑓𝑟 , and 𝑄𝑖 at low fields, up to the full penetration field, 

revealing the dominant role of the screening currents. In contrast, the FC measurements 

exhibit a moderate decrease of 𝑓𝑟  and 𝑄𝑖 with field, revealing the role of vortices and 

reflecting the field dependence of the penetration depth in a d-wave superconductor. 

 

2. Background    
 

2.1 Microwave Kinetic Inductance Detector (MKID) 

MKID is a photon detector made of superconducting microwire, whose principle of 

operation is based on measuring the resonance frequency in an RLC 

resonator [4,10,11]. The resistance in the resonator originates from the surface 

resistance and the inductance is the imaginary part of the surface impedance, which 

includes the 'kinetic inductance', Lk. (Both concepts, surface impedance and kinetic 

inductance, are discussed extensively in the following Sections). The kinetic inductance 

is inversely proportional to the density, ns, of the Cooper pairs and, therefore, it changes 

as a result of photons hitting the superconductor and break pairs. To change the kinetic 

inductance, the photon energy 𝐸 = ℎ𝑓, should be larger than the energy gap of the 

Cooper pairs (Δ): 

 

(1) ℎ𝑓 > 2Δ(0) 

 

where ℎ is Planck constant and 𝑓 is the photon’s frequency. 

There are many types of resonators that can be implemented in MKID. In this work I 

chose a half-wavelength resonator, as presented in Fig. 1a, , which  has resonance 

frequency of:  

 

(2) 𝑓𝑟𝑒𝑠 =
1

2𝑙√𝐿𝐶
 

 

where 𝐿 = 𝐿𝑚 + 𝐿𝑘 (L is the total inductance per unit length, 𝐿𝑚 is the geometric 

inductance and 𝐿𝑘 is the kinetic inductance) and C is the total capacitance per unit 

length. In Figure 1 I present a picture of MKID, the  equivalent RLC circuit for the 
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resonator and typical resonance curve of MKID. Obviously, any change in ns results in 

a change in the kinetic inductance and, consequently, in the resonance frequency in the 

RLC circuit. 

 

By passing, we note that there are techniques to enhance quasiparticles creation even 

for low energy photons, i.e. ℎ𝑓 < 2Δ(0). For example, a technique was developed that 

absorbs the heat generated by a fluence of photons, using a membrane that coupled to 

the device; the change in the device temperature changes the Cooper pairs 

density  [12,13]. Another approach uses relatively high working temperatures where 

the device is much more sensitive to temperature changes  [14]. 

 

 

 

 

Figure 1: (a) Fabricated YBCO based MKID. Color coding: Grey: bare substrate, Green: superconductor. 

A half-wavelength spiral resonator was chosen because its functioning as antenna to THz radiations, 

which is the radiation frequency that this MKID should detect. A wide range of RF frequencies is inserted 

on one side of the transmission line, and measured in the output, in the other side. The resonator is 

coupled to the transmission line and its length defines its resonance frequency, for which the output 

signal is much lower than the input signal. The power versus frequency is demonstrated schematically in 

figure c. (b) RLC circuit, which depict schematically a MKID. A photon hitting the MKID causes a 

decrease in the Cooper pairs density, resulting in a change in the kinetic inductance and, consequently, 

in the resonance frequency [4,10,11]. (c) Solid lines: Typical resonance curve of coupled resonator 

MKID, at the resonance frequency, 𝑓0, the measured power is minimum. The dashed curve represents 

the measured resonance frequency when a photon hits the MKID, breaking Cooper pairs and changing 

the resonance frequency. 

 

2.2 Surface Impedance 

The surface impedance is an important concept in treating electromagnetic (em) fields 

that interacts with superconductor; it allows relating the complex impedance which 
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defines the resonator parameters, to the complex conductance, which contains the 

different parameters of the superconductor.  

 

In superconductors, in the presence of AC fields the resistance and the reactance are 

not zero; the AC fields induces loss  [15] and kinetic inductance on the surface of the 

superconductor. (The term 'surface' is used because fields in a superconductor 

penetrates only a short distance). The effects that the AC fields cause are manifested as 

a surface impedance of the superconductor: 

 

(3) 𝑍𝑠 = 𝑅𝑠 + 𝑖𝑋𝑠 

 

where 𝑋𝑠 is the surface reactance and 𝑅𝑠 is the surface resistance caused by mainly AC 

losses but also dielectric losses  [16,17], impurities  [18] and oxidation  [19]. It was 

shown  [20,21] that for thin films resonators, the surface impedance equals the intrinsic 

impedance; the later can be calculated by using known analytical/numerical models. 

The relation between the impedance of the superconductor and the its complex 

conductivity is calculated in  [22]: 

(4) 𝑍𝑠 = √
𝜔𝜇0

𝜎2
(
𝜎1

2𝜎2
+ 𝑖) 

 

where 𝜔 is the angular resonance frequency, and  𝜎1 and 𝜎2 are the real and imaginary 

parts of the complex impedance. 

 

From equations (3) and (4) we identify: 

 

(5) 𝑅𝑠 = √
𝜔𝜇0

𝜎2

𝜎1

2𝜎2
 

(6) 𝑋𝑠 = √
𝜔𝜇

𝜎2
 

which describe the surface resistance and reactance as a function of conductivity. These 

parameters allow predicting the properties of a microwave resonator using, for example, 

the two fluid model complex conductivity that is discussed in the next section. 
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2.3 Kinetic Inductance 

 

In this section I present the concept of kinetic inductance, which is one of the main 

sources to the reactance part in the surface impedance of superconductors in AC fields. 

 

Kinetic inductance is a manifestation of the inertial mass of mobile charge carriers in 

alternating electric fields   [23]. A change in the electromagnetic force (emf) will be 

opposed by the inertia of the charge carriers, similar to how a change in the emf is 

opposed by the finite rate of change of magnetic flux in an inductor. The resulting phase 

lag in a conductor exposed to alternating field/current is referred to as ‘kinetic 

inductance’, Lk.  Kinetic inductance is observed in high carrier mobility conductors, 

e.g., superconductors, and in metals at high frequencies.  

 

To understand the essence of kinetic inductance in superconductors we start with the 

motion equations for the Cooper pairs and the quasiparticles (“two-fluid model”), 

respectively  [22,24]:  

 

(7) 𝑚𝑒
𝑑𝑣𝑐

𝑑𝑡
= −𝑒𝐸 

(8) 𝑚𝑒
𝑑𝑣𝑛

𝑑𝑡
+𝑚𝑒

𝑣𝑛

𝜏
= −𝑒𝐸 

 

Here, 𝑣𝑐 and 𝑣𝑛 are the velocity of the Cooper pairs and normal electrons 

(quasiparticles) respectively, and 𝜏 is the average time between collisions. The 

additional term in the second equation describes the collision between un-paired 

electrons. 

 

The current density of the Cooper pairs and normal electrons can be written as: 

 

(9) 𝐽𝑐 = −𝑛𝑐𝑒𝑣𝑐; 𝐽𝑛 = −𝑛𝑛𝑒𝑣𝑛; 

 

where 𝑛𝑐 and 𝑛𝑛 are the Cooper pairs and the normal electron density, respectively. 

We assume a sinusoidal electromagnetic field: 

 

(10) 𝐽𝑐 = 𝐽𝑐0𝑒
𝑖𝜔𝑡; 𝐽𝑛 = 𝐽𝑛0𝑒

𝑖𝜔𝑡; 𝐸 = 𝐸0𝑒
𝑖𝜔𝑡 
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where 𝜔 is the angular resonance frequency. Plugging (9) and (10) into (7) and (8) 

yields:  

 

(11) 𝐽𝑛0 + 𝐽𝑐0 = (
𝑛𝑛𝑒

2𝜏

𝑚𝑒(1+𝜔2𝜏2)
− 𝑖 (

𝑛𝑐𝑒
2

𝜔𝑚𝑒
+

𝑛𝑛𝜔𝑒
2𝜏2

𝑚𝑒(1+𝜔2𝜏2)
))𝐸0 . 

Defining 𝐽0 ≡ 𝐽𝑛0 + 𝐽𝑐0 and use of 𝐽 = 𝜎𝐸  [25], we get: 

 

(12) 𝜎 =
𝑛𝑛𝑒

2𝜏

𝑚𝑒(1+𝜔2𝜏2)
− 𝑖 (

𝑛𝑐𝑒
2

𝜔𝑚𝑒
+

𝑛𝑛𝜔𝑒
2𝜏2

𝑚𝑒(1+𝜔2𝜏2)
) 

 

where 𝜎 is the complex conductivity. 

 

In superconductors, there is almost no scattering of normal electrons, i.e. 𝜏 (the average 

time between collisions) is large so that 𝜔𝜏 ≫ 1. Moreover, 𝑒 → 2𝑒, 𝑚𝑒 → 2𝑚𝑒, and 

not too close to 𝑇𝑐, 𝑛𝑐 ≫ 𝑛𝑛, so we get:  

(13) 𝜎 ≈ −𝑖
2𝑛𝑐(𝑒)

2

𝑚𝑒𝜔
 

 

Plugging (13) back to 𝐽 = 𝜎𝐸, yields: 

 

(14) 𝐸 =
𝑖𝑚𝑒𝜔

2𝑛𝑐𝑒2
𝐽 

 

Using 𝑉 = ∫𝐸𝑑𝑙 and (14): 

 

(15) 𝑉 = ∫
𝑖𝑚𝑒𝜔

2𝑛𝑐𝑒2
𝐽 𝑑𝑙 

For a superconducting wire with a length 𝑙, and a cross-section area A, 𝐽 =
𝐼(𝑡)

𝐴
, and 

assuming a uniform distribution of Cooper pairs, 𝑛𝑐, (15) becomes: 

 

(16) 𝑉 = 𝑖𝜔
𝑚𝑒

2𝑛𝑐𝑒2
𝑙

𝐴
𝐼(𝑡) 
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Next, we use the voltage-inductance relation, 𝑉 = 𝐿
𝑑𝐼

𝑑𝑡
 and using an AC current 𝐼(𝑡) =

𝐼0𝑒
𝑖𝜔𝑡 

 

(17) 𝑉 = 𝑖𝜔𝐿𝐼(𝑡) 

 

The kinetic inductance, 𝐿𝑘 can be identified by comparing this result with (16): 

 

(18) 𝐿𝑘 =
𝑚𝑒

2𝑛𝑐𝑒2
𝑙

𝐴
 

 

It may be more meaningful to describe the kinetic inductance with the London 

penetration depth, 𝜆𝐿 = √
𝑚𝑒

𝜇0𝑛𝑐𝑒2
 : 

(19) 𝐿𝑘 = 𝜇0𝜆𝐿
2 𝑙

2𝐴
 . 

(As discussed later in this thesis, some correction factors have to be added for bulk 

superconductors, for thin films and for certain geometries). Equation (19) implies that 

the kinetic inductance depends on the dimensions of the superconductor: to obtain a 

large Lk one would need a long superconductor with a small cross-section.  And, as 

discussed above, changes in ns will result in a change in the kinetic inductance. 

 

Referring to Equation (19), we note that the kinetic inductance depends on the London 

penetration depth, λL. Thus, the temperature and field dependence of  λL can be 

measured by characterizing 𝐿𝑘at different temperature and fields. For example, in 

numerous low-Tc materials it was found empirically that [26]: 

(20) λL(𝑇) = λL(0) (1 − (
𝑇

𝑇𝑐
)
𝛾

)
−0.5

 

where λL(0) is the London penetration depth at T=0, and 𝛾 is a material dependent 

parameter. In most low-Tc materials 𝛾 = 4 [26], consistent with predictions for 

superconductors with s-wave symmetry (spherically symmetric wave function) of the 

wave function. Conflicting results (𝛾 = 1.5 − 4) were found in high temperature 

superconductors (HTS) [27–29]. Our measurements, described in the Results Section, 

yield 𝛾 = 2.6 , in the range of the expected results.  
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In d-wave (asymmetric wave function) superconductors, a strong linear field 

dependence is expected for 𝜆(𝐻, 0) [30]:  

(21) 
λ(H,T)

𝜆(0,𝑇)
= 1 + 𝛽2(𝑇) [

𝐻

𝐻0
], 

where 𝐻0 =
𝜙0

𝜋2𝜆𝜉
, 𝜉 is the coherence length, 𝜙0 = 2.068 ∗ 10

−15 𝑇 𝑚2 and 𝛽2 is a 

factor that depends on the material. This is in contrast with the quadratic field 

dependence predicted for s-wave superconductors, namely [30,31]:  

(22) 
λ(H,T)

𝜆(0,𝑇)
= 1 + 𝛽1(𝑇) [

𝐻

𝐻0
]
2

. 

As we show in the Results Section, our results for the YBCO-based MKID adhere to 

the behavior expected for d-wave superconductors. 

 

As described above, 𝐿𝑘 depends on temperature and magnetic field, but Zmuidzinas et 

al [21] indicated that 𝐿𝑘 depends also on the DC current which flow inside the 

superconductor, through the following relation: 

(23) 𝐿𝑘(𝐼) = 𝐿𝑘(0)(1 +
𝐼2

𝐼2
2 +⋯) 

where 𝐿𝑘(0) is the kinetic inductance without DC current, I is the DC current, and 𝐼2 is 

a constant. Intuitively, when a DC transport current is flowing inside a superconductor 

that exposed to high frequency alternating fields, the kinetic inductance will be higher 

compared to superconductor without DC current, because the transport current 

increases the kinetic energy of the charged particles. In the Discussion Section we 

exploits this concept to explain the difference between Zero Field Cooled (ZFC) and 

Field Cooled (FC) measurements.   

 

2.4 Quality (Q)-Factor 

In this section I describe the Q-factor and its relation to the surface impedance and the 

complex conductivity described in the previous sections. 

 

The Q-factor describes how much a resonance circuit is underdamped. High Q-factors 

indicate that the circuit is less oppose to changes in the external electric field   [32]. 

Commonly used Q factors in the MKID literature are denoted as 𝑄𝐿, and 𝑄𝑖. 𝑄𝐿 is the 

Q-factor of the whole measurement system including the MKID and 𝑄𝑖 is the Q-factor 
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for the resonator. The 𝑄𝑖 is the interesting parameter for us because the photon interact 

only with the resonator.  

 In the context of resonators, there are two common definitions for 𝑄𝐿, which are 

equivalent for high Q-factor resonator as describe in this thesis and used intermittently. 

One of these definitions is the frequency-to-bandwidth ('FB') ratio of the resonator: 

(24) 𝑄𝐿 =
𝑓𝑟

Δ𝑓
 

where 𝑓𝑟 is the resonant frequency and Δ𝑓 is the resonance width at half power. The FB 

ratio is very useful because, as demonstrated in Fig. 1c, the measurement data is 

described as power versus frequency. From Eq. (24) one can see that as the Q factor 

increases for the same resonance frequency, the bandwidth decreases, allowing 

multiplexing with a larger MKID array on the same transmission line. 

 

The other common definition for Q is the stored energy definition of the resonator: 

(25) 𝑄𝐿 = 2𝜋 ∗
𝑒𝑛𝑒𝑟𝑔𝑦 𝑠𝑡𝑜𝑟𝑒𝑑

𝑝𝑜𝑤𝑒𝑟 𝑙𝑜𝑠𝑠
 

which is a very useful concept for the development process and calculation of the Q-

factor as a function of superconducting parameters. As shown in ref. [32], Eq. 25 is 

equivalent to Eq. 24. 

 

The 𝑄𝑖 for an RLC circuit, based on the stored energy definition, is defined 

as  [4,10,11,32]: 

(26) 𝑄𝑖 =
𝑋𝑠

𝛼𝑅𝑠
 

where 𝛼 =
𝐿𝑘

𝐿𝑚+𝐿𝑘
 is called the kinetic inductance fraction and 𝑋𝑠 and 𝑅𝑠 are surface 

reactance and resistance, respectively. Plugging Eqs. (5) and (6) into (26) yields: 

(27) 𝑄𝑖 =
2

𝛼

𝜎2

𝜎1
 

The expressions for 𝜎1and 𝜎2 depend on the model. For example, one can use the two 

fluids model to calculate the quality factor, using Eq. (12), were 𝜎1 and 𝜎2 are the real 

and imaginary parts of 𝜎. 

 

In the Measurements Section, we will introduce an equation for 𝑄𝑖 which is based on 

Eq. (24) and equivalent to Eq. (27):  
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(28) 𝑄𝑖 =
𝑄𝐿

10
𝑆21(𝜔0)𝑑𝑏

20

 

where 𝑆21(𝜔0)𝑑𝑏 is a parameter that refers to the power (in dB) at the resonance 

frequency, as we elaborate on in the Measurements Section.  

 

2.5 Noise Equivalent Power (NEP) 
 

NEP is a measure of the sensitivity of a photodetector and it is also used as the common 

characteristic which describes the MKID sensitivity [11]. It is defined as the signal 

power that gives signal to noise ratio (SNR) of one in one hertz output bandwidth. The 

NEP units are, therefore, 
𝑊

√𝐻𝑧
. Note that an output bandwidth of one hertz is equivalent 

to half a second of integration time.  

        

The dominant noise in kinetic inductance detectors is due to random generation and 

recombination (g-r) of Cooper pairs inside the superconductor which causes 

fluctuations in the kinetic inductance. This noise results in a theoretical sensitivity limit 

of the detector, which is expressed as [5]: 

(29) 𝑁𝐸𝑃𝑔−𝑟 = 2Δ√
𝑁𝑞𝑝

𝜏𝑞𝑝
 

where Δ is the superconductor gap energy, 𝑁𝑞𝑝 is the equilibrium number of qp in the 

resonator and 𝜏𝑞𝑝 is the quasiparticle lifetime. 𝑁𝑞𝑝 and 𝜏𝑞𝑝 depend exponentially on the 

temperature, yielding [5]: 

(30) 𝑁𝐸𝑃𝑔−𝑟~exp (−
𝛥

𝐾𝐵𝑇
), 

revealing a potential benefit from the use of HTS-based MKIDs in reducing the g-r 

noise due to the large energy gap characterizing HTS. 

3. Research Front 
 

MKIDs are commonly based on conventional, low Tc superconductors (LTS) such as 

Al Tc=1.2K [4], Hf Tc=0.4K  [33], Ta Tc=4.4K  [34], TiN Tc=0.4-3.5K  [35], and Nb 

Tc=9.7K  [36], which require complicated and expensive cooling systems. Apparently, 

high-temperature superconductors (HTS) are more attractive as they offer higher 𝑇𝑐  and 
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Δ, and thus higher working temperature and lower noise, although they are suitable only 

in the range of ~7 THz and above. (As for breaking a Cooper pair the photon's energy 

should be larger than twice the gap, i.e. ℎ𝑓 > 2∆(0) = 3.5𝑘𝐵𝑇𝑐, with Tc = 84 K for our 

YBCO, one obtains 𝑓 > 6.5 𝑇𝐻𝑧). Nevertheless, only a limited number of publications 

have addressed HTS-based MKIDs  [6–9]. These works report on relatively low quality 

factor, 𝑄𝑖 ~ 4000 and relatively high Noise Equivalent Power (NEP) of ~10−9 𝑊/√𝐻𝑧 

at 13 K [9,37]. This limited performance has been ascribed to damages caused to the 

material during the fabrication process. As we show in the Results Section, we were 

able to calibrate a fabrication process which minimizes damages and allows fabrication 

of YBCO-based MKIDs with improved performance. 

In the field of microwave resonators, plenty of experimental works have been reported 

on the temperature and magnetic field dependence of the resonance frequency and 

quality factor in a wide range of temperatures and fields. In all these experiments, the 

results were interpreted as originating from vortices, which decrease the density of 

Copper pairs in their core,  and increase the losses during their movement [38–41]. Our 

magnetic characterization of the YBCO-based MKID confirm indeed the role of 

vortices, but only in field-cooled measurements. In contrast, a dominant role of the 

screening currents was revealed in zero-field-cooled measurements. 

 

4. Research achievements 
 

I summarize below the main achievements of this research project. Part of these results 

are summarized in a paper submitted for publication, entitled "Characterization of 

YBa2Cu3O7-δ coplanar resonator for Microwave Kinetic Inductance Detectors".  

• Designing and fabricating YBCO-based MKID with 𝑄𝑖~2.5 ∙ 10
4 and noise 

equivalent power, NEP ~10−12 𝑊/√𝐻𝑧 at 10 K, better by orders of magnitude 

than previously reported results [9].   

• Characterizing the effect of temperature and magnetic field on the performance 

of YBCO MKID, finding a degradation in 𝑄𝑖 as the magnetic field/temperatures 

increase and a non-linear behavior in low magnetic fields.  
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• Revealing the dominant role of the screening currents in comparison with the 

role of vortices. This is found in zero-field-cooled measurements. In contrast, 

field-cooled measurements reveal the role of vortices.  

• Demonstrating the use of the YBCO-based MKID in measurements of basic 

physical parameters, such as the London penetration depth below Tc and as 

function of magnetic field. 

 

The rest of this dissertation is organized as follows. In Section 5 I discuss the research 

methods, including the choice of material for the MKID, MKID geometry and its design 

parameters, fabrication methods and the advantages and disadvantages of each method. 

The experimental setup is also described with its cooling system, the insert which holds 

the detector, and the measurements setup.  

 

Section 6 present our simulations and experimental results of two different 

measurements protocols, which allowed us to reveal the effect of screening currents on 

the kinetic inductance. 

Finally, in section 7 I discuss the preferred method to calculate the kinetic inductance 

fraction and conclude by deriving the magnetic field and temperature dependence of 

the London penetration. In addition, I explore the effect that vortices and screening 

currents on the kinetic inductance.   

5. Research Methods  
 

5.1 Materials 

For the MKID material I chose Yttrium Barium Copper Oxide (YBCO) which is part 

of the crystalline chemical compounds that displays high temperature 

superconductivity. This choice has been motivated in part by our experience with 

fabricating YBCO nanostructures [42] and, of course, YBCO may be appealing for 

applications because of the potential significant saving in cooling costs. Also, 

specifically for MKID, using YBCO is expected to present lower g-r noise in 

comparison with state-of-the-art LTS based MKIDs. YBCO thin films of thickness d = 

50 nm, with a layer of 50 nm gold on top, were grown on MgO substrate (The MgO 

substrate was chosen because it has low losses and because of its high permittivity 

which allows more compact resonator geometry). The films were grown by Ceraco 



 

17 
 

Ceramic Coating LTD [43] , which noted that films that are thinner than 50 nm 

presented a low transition temperature. In Figure 2 we describe the temperature 

dependence of the resistance of the 50 nm Ceraco YBCO film, showing Tc = 84 K. We 

chose the thin (50 nm) YBCO films to benefit from the resulted high kinetic inductance. 

We note that these films are stable and resilient to fabrication processes. The 50 nm 

gold layer ensures protection of the YBCO and allows low resistance contact points. 

The MgO substrate was chosen because it has low losses and because of its high 

permittivity which allows more compact resonator geometry. 

 

Figure 2: Resistance vs. temperature of 50 nm YBCO film with 50 nm gold on top. The low resistance 

above the phase transition is due to the gold layer. 

  

5.2 MKID geometry 

5.2.1 CoPlanar Waveguide (CPW) 

CPW is a type of a planar transmission line and it is used to convey signals  at 

microwave frequencies [44]. CPW consists of a signal conducting track on dielectric 

substrate, together with a pair of ground conductors, on the two sides of the track, as 

presented in Figure 3. The conductors, as the name 'CoPlanar' implies, are on the same 

side of the substate which simplify the fabrication process significantly and thus it is 

the most common transmission type for MKIDs. The MKID in this work is also based 

on CPW transmission line.  
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Figure 3. (a) A cross-section of MKID's CPW transmission line. (b) The resonator and the transmission 

line. The red rectangle marks the area that is described in details in (a)  [32].  S is the width of the signal 

track and W is the gap width between the signal track and the ground planes, h is the substrate thickness 

and t is the film thickness. The wave propagates in Y direction. 

 

The effective dielectric constant for a CPW is 𝜖𝑒𝑓𝑓 =
1+𝜖𝑟𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

2
 [45], which is 

approximately half of the dielectric constant of the substrate, because the electric and 

magnetic field propagate both in air and in the substrate. The geometric inductance for 

CPW geometry per unit length is given by [46]: 

(31) 𝐿𝑚 =
𝜇0

4

𝐾(√1−𝑘0
2)

𝐾(𝑘0)
 

where K is a complete elliptic integral from the first kind, 𝜇0 is the vacuum 

permeability, and 𝑘0 =
𝑆

𝑆+2𝑤
, where 𝑆 and 𝑤 are defined in Figure 3. The kinetic 

inductance for CPW is similar that described in Eq. (19), but there is a geometrical 

factor that needs to be added, so 𝐿𝑘 per unit length is [46]: 

(32) 𝐿𝑘 = 𝜇0
𝜆𝐿
2

𝑑𝑤
𝑔 

where d is the film thickness and 

(33) 𝑔 =
1

2𝑘0
2𝐾(𝑘0)

{− ln (
𝑑

4𝑤
) −

𝑤

𝑤+2𝑠
ln (

𝑑

4(𝑤+2𝑠)
) +

2(𝑤+𝑠)

𝑤+2𝑠
ln (

𝑠

𝑤+𝑠
). 

The impedance of a CPW depends on the inductance and needs to match 50 Ω, i.e. to 

the coaxial cables impedance. The following definition of the CPW impedance [47] 

 

(34) 𝑍0 = 30
𝜋

√(
𝜖𝑟+1

2
)

𝐾(√1−𝑘0
2)

𝐾(𝑘0)
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allows us to match the MKID transmission line impedance to 50 Ω. The resonator 

impedance itself does not have to be 50 Ω because it is coupled to the transmission line.  

Because the detector is based on detection of changes in the kinetic inductance, we have 

to assure that the kinetic inductance will be as high as possible compared to the total 

inductance; this may be achieved by decreasing the cross section area of the spiral 

resonator. It is convenient to use the kinetic inductance fraction, defined above in sub-

section 2.4: 

(35) 𝛼 =
𝐿𝑘

𝐿𝑘+𝐿𝑚
 

to indicate the ratio between the kinetic inductance and the total inductance. 

 

5.2.2 Resonator geometry 

I adopted a design described in Ref. [36] consisting of CPW transmission line to which 

we capacitively couple a halfwave length spiral resonator, as presented in Fig. 4. This 

design was chosen with a future project in mind. Specifically, the design is similar to a 

THz antenna  [48] operating at ~100 GHz and above  [49]. This design can be used as 

photon absorber in a future projects involved detection of sub-THz photons, such as 

passive-THz imaging systems, which need a very sensitive THz detector [14]. 

 

As described at section 5.1, the superconductor layer thickness is 50 nm, to maximize 

the kinetic inductance. The transmission line dimensions, as described in figure 3, are:  

𝑆 = 40 𝜇𝑚 and 𝑤 = 10 𝜇𝑚, yields to 𝑍0 = 43 Ω using Eq. (34), which is lower than 

the 50 Ω needed, but we note that the calculations are based on mathematical formulas, 

ignoring real life effects such as finite ground planes, finite dielectric thickness, etc.. 

Indeed, the impedance, using EM simulations which discussed extensively in section 

6, for the mentioned dimensions is 46 Ω. Clearly, we should consider changing the next 

version MKID transmission line gap to yield exactly 50 Ω. 

 

The spiral resonator line width and the space between lines are 10 𝜇𝑚. The total length 

is 11,000 𝜇𝑚 which approximately equal to half-wavelength. I used those parameters 

to calculate 𝐿𝑘 and 𝐿𝑚 yielding kinetic inductance fraction of 0.73 (𝛼𝑐𝑎𝑙𝑐), a value 

implying that the kinetic inductance is the dominant part of the total inductance. We 
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note that the resonator does not have a classical CPW geometry, so the 𝐿𝑚 may be 

inaccurate in this case (this point will be further discussed in Section 7). 

 

Figure 4: Schematic description of the YBCO MKID. Dark and white regions are the YBCO film and 

the bare MgO substrate, respectively. The pads at the end of the transmission line are used for wire 

bonding. 

5.3 Fabrication process 

YBCO thin film is sensitive and easily damaged when expose to solvents and plasma. 

Moreover, YBCO may be damaged when it is heated to temperatures above 100 C, 

temperatures that are common in usual fabrication process. Therefore, its fabrication 

processes exhibit great challenges. In the following section we present two fabrication 

processes, one is based on e-beam lithography and the other is based on Maskless Laser 

Aligner (MLA) lithography. In both methods, the gold layer, which protects the YBCO, 

was removed from the resonator only at the end of the fabrication process in order to 

maintain the films protection as long as possible throughout its fabrication.   

5.3.1 Resist Coating 1 

The resist coating for both processes was made using resist spinner. 

E-beam: The sample coated with PMMA A6 resist at 4000 rpm speed, and afterwards 

a baking on hot plate for 3 minutes at 100 C – The specifications of the resist require 1 

minute at 180 C, but 180 C will damage the YBCO, as presented in Figure 5 were the 

critical temperature is less than 50 K, which is a major decrease compare to figure 2, 

were the critical temperature was 84 K.  

MLA: The sample coated with AZ1518 resist at 4000 rpm speed, and afterward a 

baking on hot plate for 1 minutes at 100 C. 
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Figure 5: Resistance versus temperature for an YBCO wire without gold. The wire was baked on hot 

plate at 180 C for 60 seconds. Note the absence of the 84 K transition observed in the non-fabricated 

YBCO film (Figure 2). 

5.3.2 Lithography 1 

In this stage of lithography, we wrote the transmission line, resonator and pads as 

presented in Figure 4.  

 E-beam: We used the Crestec electron-beam CABL-AP series (e-beam), which has a 

very long writing times due to its high writing resolution (a few dozens of nm) which 

is not required for the MKID.  A voltage of 50 kV with current of 1 nA was applied, 

and the exposure time was 0.5 𝜇𝑠. After the lithography the sample inserted into diluted 

1:3 AZ351b: isopropanol developer for 2 minutes and then in 𝐻20 to stop the 

development process.  

 

MLA: We used the Heidelberg Instruments maskless aligner (MLA150), which offers 

short writing times and the resolution that we need. A 405 nm wavelength laser with 

dose 115 [𝑚𝐽/𝑐𝑚2]  beam was used. After the lithography the sample was inserted into 

diluted 1:4 AZ351b: 𝐻20 developer for 1 minute and then in 𝐻20 to stop the 

development process. 

 

5.3.3 Ion Milling 

This is the most destructive stage in the fabrication process, and that was the stage that 

motivated us to test both fabrication methods. It became clear to us that if the milling 

process was not calibrated precisely, the photoresist of the MLA could burn, and require 

solvents to remove it, a process that damages the YBCO. Unfortunately, a reactive ion 



 

22 
 

etching (RIE) was not possible because the gold layer is not reactive. A wet etch is not 

possible well since as we could not find a solvent that did not damage the YBCO.  

We used Bestek's milling sputter system for the Ar-milling process, which is identical 

for MLA and e-beam lithography methods. To avoid overheating the sample and 

destroying the resist, a thermal grease was implemented between the sample and its 

holder. Then, instead of working with one long pulse, we employed 6 pulses of 5 

seconds to remove the excess YBCO and gold, and between each pulse we cooled down 

the sample with flow of nitrogen gas on the sample inside the machine. We highly 

recommend working with shorter pulses because, from our experience, the milling 

process is not stable, and sometimes (although not always) burns the photoresist.  

5.3.4 Resist removal 1 

As long as the milling process is precisely calibrated, acetone will remove MLA's resist 

and e-beam's resist from the sample. Sometimes a few seconds of sonication will be 

required, but this process does not damage the YBCO. Problems start when the milling 

process is not calibrated precisely. The e-beam resist is much more resilient and always 

was removed by using acetone. The photoresist was much more sensitive to heating 

and milling and stuck to the sample. To remove such photoresist, a much stronger 

processes are needed. We found that when the YBCO is soaked in Acetone solvent, 

𝑇𝑐 = 84 𝐾 is maintained, see the R(T) curve for this sample in Figure 6. In samples 

which were soaked in NMP, Tc was reduced to ~80 K. When the sample soaked in NMP 

was exposed to 𝑂2 plasma, the critical temperature was further reduced to about 35 K. 

Moreover, we found that also 𝑂2 plasma alone can remove stuck photoresist, but can 

also damage the YBCO. 

From our experience, although the e-beam lithography writing times is much higher, 

the e-beam resist is more resilient in the milling process and can be removed in acetone 

that did not damage the YBCO.  
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Figure 6: Temperature dependence of the resistance of four YBCO films after ion milling with different 

solvents.  

The next lithography step was made to remove the gold layer from the resonator, so 

that the incident photons will interact with the YBCO and not with the gold. Of course, 

the gold was not removed from the pads. Moreover, because the gold removal steps do 

not affect the resist, the photoresist can be removed easily with acetone, so the MLA 

method can be used for shorter writing times. 

5.3.5 Resist Coating 1 

Same as 5.3.1 

5.3.6 Lithography 2 

In this lithography stage we wrote an area above the resonator itself, so that during gold 

etching stage only the gold above the resonator is removed. 

Everything else is the same as in 5.3.2 

5.3.7 Gold etch 

To remove the gold layer above the resonator we used commercial gold etcher, which 

is based on potassium iodide and iodine. The sample was inserted to solvent with 1:4 

ratio of gold etcher:𝐻2𝑂 for 1 minute to remove the excess gold and then inserted to 

𝐻2𝑂 to stop the etching process. 
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5.3.8 Resist Removal 2 

Basically, same as 5.3.4, but because the gold etching process does not affect the resist, 

the photoresist is also removed easily with acetone. 

 

In Figures 7 and 8 we plot the R(T) curves for the two fabricated MKIDs (i.e, the 

MKIDs fabricated by using e-beam lithography and MLA lithography, respectively). 

The resistance was measured on the transmission line. In the e-beam lithography 

process, after the dose calibration of the e-beam, we achieved 𝑇𝑐 = 84 𝐾  at the first 

sample fabrication. We fabricated a few more samples using the e-beam process and all 

of them achieved the same results. The key in this process is that the e-beam resist is 

very resilient to the milling process. In contrast, though we achieved similar critical 

temperature using the MLA lithography, several of the samples did not work because 

the resist could not be removed without using strong solvents. We thus conclude that 

the use of e-beam in the first lithography stage is highly recommended. 

 

Figure 7: R(T) showing the superconducting phase transition in an MKID fabricated by using e-beam. 

The transition is maintained at 𝑇𝑐 = 84 𝐾, as in a new film.  
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Figure 8: R(T) of fabricated MKID using MLA. 𝑇𝑐 = 84 𝐾 as in a new film.  

 

5.4 Cooling system 

The MKID and its supplementary components were inserted inside the sample space of 

a commercial “Quantum Design“ Physical Property Measurement System (PPMS). The 

PPMS is capable of cooling the sample to a minimum temperature of 2 K and to 

generate a DC magnetic field up to 9 Tesla. These extended ranges were used us to 

study the behavior of resonator as function of temperature and magnetic field. 

 

5.5 Measurement system 

The measurement system is described schematically in Figure 9. The main component 

in the measurement system is a Keysight P5024A Vector Network Analyzer (VNA). 

The VNA has a sync RF source and receiver that connect to SMA RF input/output 

connector. The VNA measures changes in phase and amplitude between the ports.  

 

To calculate the intrinsic Q-factor, we used the formula (same as equation (28) [32]: 

 

(36) 𝑄𝑖 =
𝑄𝐿

10
𝑆21(𝜔0)𝑑𝑏

20

 

  

where 𝑄𝐿 =
𝑓𝑟𝑒𝑠

Δ𝑓
 is defined in Eq. 24. 𝑆21(𝜔0)𝑑𝑏 is a parameter that refers to the power 

(in dB) at the resonance frequency. As mentioned in section 2.4, Δ𝑓 is the bandwidth 
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for half power. When the resonance deep is close to 3dB or shallower Δ𝑓 can't 

calculated as respect to half power, and need to be calculated with: 

 

(37) 𝑆21 = |𝑆21𝑚𝑖𝑛|√
2

1+|𝑆21min|
2 

The parameters above can be measured using the VNA, when its operation mode is the 

measurement of loss between the two ports on the MKID in linear scale (S21) as 

function of the resonance frequency. When 𝑆21𝑚𝑖𝑛 ≫ 3𝑑𝐵, 𝑆21 → √2 which in 

logarithmic scale is 3dB. 

 

 

 

Figure 9. Measurement setup.  

 

The purpose of the attenuators in Figure 9 is to reduce the noises power that entered to 

the MKID such as the thermal noise of the VNA. The LNA (Low Noise Amplifier) is 

based on High-Electron-Mobility-Transistor (HEMT) because semiconductor-based 

transistors do not work at cryogenic temperatures. The LNA is used to amplify the 

signal from the MKID. The LNA is mounted as close as possible to the lowest 

temperature level inside the PPMS to reduce its internal thermal noise. The RF cables 

meet cryogenics specs of low thermal conductance cables; this is necessary because 

one end of the cable is at room temperature, and other end is connected to the MKID at 

the cold stage of the system. The photons source is based on the 1064 Nd:YAG laser 

with an optical fiber that guided the transmitted photons to the MKID's spiral resonator. 



 

27 
 

In Video 1 we demonstrate the effect of the laser photons on the resonance frequency 

of YBCO based MKID. The video has taken straight from the VNA, which measure 

the transmission power as power of frequency. The 'deep' in the power is at the 

resonance frequency, which changes when a pulse of 1064nm laser hits the MKID. 

 

Video 1: Measurement of the power (dB) as function of frequency of YBCO based 

MKID. A pulse of 1064 nm laser shifts the resonance frequency.  

6. Results 
 

This section is divided into two parts: (1) results from simulations for the MKID that 

has been made using 'SONNET Precision Electromagnetics’ simulation software. (2) 

Measurements made for e-beam fabricated MKID under various of temperatures and 

magnetic fields, including NEP estimation of the detector.  

 

6.1 MKID Simulations 

The SONNET [50] software is an electromagnetic simulation software that includes the 

option to simulate superconductors. One of our purposes in the simulations was to 

determine the resonance frequency of the MKID with and without kinetic inductance, 

which allow us to calculate the kinetic inductance fraction, and compare it to 𝛼𝑐𝑎𝑙𝑐 =

0.73 as calculated from the equations in Section 5.The kinetic inductance is the heart 

of the device and is important for determining the temperature and magnetic field 

dependence on the penetration depth, as discussed in the Discussion Section.  The 

https://www.youtube.com/watch?v=l3FZo9HtwC4
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kinetic inductance can be modeled in the simulation as a surface inductance,  𝐿𝑠. The 

surface impedance is defined as [50]: 

(38) 𝐿𝑠 = 𝜇0λL 

where 𝜇0 is vacuum permeability and λL is London penetration depth. The 

superconducting model in SONNET does not include thickness/temperature options, so 

those parameters can be added to the model through λL. In our case, we can include the 

MKID thickness using pearl penetration length, namely the effective λL for  a thin film 

with thickness 𝑑 ≪ λL. The Pearl penetration length is [26]: 

(39) λeff =
λL
2

𝑑
. 

We take 𝜆𝐿(𝑇 = 0) = 230 𝑛𝑚 [28] for YBCO and MKID thickness of 50 nm, which 

results in λeff of 1058 nm and, therefore, 𝐿𝑠 = 𝜇0λeff = 1.31 𝑝𝐻. Similar calculations 

can be made for the temperature dependence, but I assume T<<Tc so that 𝜆𝐿,𝑇≪𝑇𝑐 = 𝜆𝐿,0 

and for simplicity we ignore AC losses.  

Figures 10 and 11 are simulation results, in terms of the transition loss between each 

side of the transmission line, as a function of frequency, of the designed MKID, without 

and with kinetic inductance, respectively. From Eq. (2) we can expect that the 

resonance frequency will decrease when considering the kinetic inductance in the 

simulations, as actually happens. The resonance frequency of the resonator, when 

ignoring the kinetic inductance, is  6.202𝐺𝐻𝑧 (see Fig. 10). This value may be compared 

to the resonance frequency of a normal metal (without kinetic inductance) half 

wavelength CPW resonator  [51]: 

(40) 𝑓𝑟𝑒𝑠 =
𝑐

2𝑙
√

2

1+𝜖𝑟
 

where 𝑓𝑟𝑒𝑠 is in GHz, c is speed of light in km/s, l is the resonator length in 𝜇𝑚 and 𝜖𝑟 

is the dielectric constant of the substrate. Using Eq. (40) we find that 𝑓𝑟𝑒𝑠 = 5.8𝐺𝐻𝑧 

which is less than 10% of deviation compared to the simulation; This is reasonably 

close. 
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Figure 10: SONNET simulation of MKID with geometric inductance only. 𝑓𝑟𝑒𝑠 = 6.202𝐺𝐻𝑧. 

 

 

Figure 11: SONNET simulation of MKID with geometric and kinetic inductance. 𝑓𝑟𝑒𝑠 = 5.146 𝐺𝐻𝑧. As 

expected, this value is lower than 𝑓𝑟𝑒𝑠 for simulation without kinetic inductance. 

 

6.2 MKID measurements 

 

Figure 12 shows the resonance curves of the YBCO MKID, measured between 4 and 

60 K, exhibiting a monotonic downward change of 𝑓𝑟 and decrease of 𝑄𝑖 as the 

temperature rises. At 𝑇 ≪ 𝑇𝑐 we find that the measured resonance frequency is almost 

identical to the simulated resonance frequency. The 'deep' depth is deeper in the 
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simulations because it is due to losses which ignored in the simulations. At 10K 𝑄𝑖 =

5 ∙ 104, an order of magnitude higher than that reported in Ref.  [9]. In calculating the 

characteristics of the MKID, i.e., responsivity and Noise Equivalent Power (NEP), we 

follow the approach of Refs.  [9] and  [52]. The responsivity is calculated as 𝑅𝑒𝑠 =

(𝛥|𝑆21|
2)/𝛥𝑃 , where 𝛥|𝑆21|

2 and 𝛥P denote the change in the response power and 

incident light power, respectively. For an incident laser power of 12 𝜇𝑊, the power 

response due to a 1 second pulse was about 2 𝑛𝑊, yielding a responsivity of 0.16 ∙

103𝜇𝑊/𝑊. The NEP is calculated as 
𝑃𝑛

𝑅𝑒𝑠√Δ𝑓
, where 𝑃𝑛 is the noise power in a 

bandwidth of ∆𝑓. The noise power at 10 K was about -108 dBm in a bandwidth (BW) 

of 10 kHz, yielding NEP of about 10-12 𝑊/√𝐻𝑧, significantly better that the value  

10−9𝑊/√𝐻𝑧 reported for 13 K in Ref.  [9]. 

 

 

Figure 12. Resonance curves of the YBCO MKID measured in zero field at T = 4, 10, 15, 20, 22.5 to 

47.5 K in steps of 2.5 K, and 49.5 to 60 K in steps of 1.5 K. 

 

In Zero Field Cooled (ZFC) measurements, the sample is cooled in zero field from 

above Tc to the measurement temperature, where changes in the magnetic field are 

done. In this mode of measurements, the spatial dependence of the induction and 

screening currents are described by the Bean model [53] and its extension for 

perpendicular fields [54] in narrow samples.  
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Figures 13 and 14 describe the measured temperature dependence of 𝑓𝑟 , and 𝑄𝑖, 

respectively, measured in various magnetic fields up to 0.5 T after ZFC. For each field, 

both quantities decrease monotonously with temperature. The decrease of 𝑓𝑟 is expected 

because the Cooper pairs density decreases as the temperature increases, yielding to 

increase in the kinetic inductance and decrease in the resonance frequency; This can be 

seen mathematically from Eqs. (2), (20) and (21) .The decrease in 𝑄𝑖 is expected from 

Eq.(26); the loss, 𝑅𝑠, increases as the temperature increases, so that 𝑄𝑖 should decrease. 

 

Figure 13. Temperature dependence of the resonance frequency, 𝑓𝑟, at the indicated fields applied after 

zero-field-cooling. 

 

Figure 14. Temperature dependence of the internal quality factor, 𝑄𝑖 , at the indicated fields applied after 

zero-field-cooling. 
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Figures 15 and 16 show ZFC measurements of the field dependence of 𝑓𝑟 and 𝑄𝑖 at 10 

K, respectively, with fields up to 5 T , down to -5 T and back to zero. Both parameters 

decrease with field, in accordance with the data reported for a different YBCO 

resonator [55]. Note, however, the sharp drop in 𝑓𝑟 and 𝑄𝑖  at low fields, as described in 

more details later in this section. Also, an hysteresis effect is observed at low fields only 

for 𝑓𝑟, similar (but not identical) to that previously reported for a Nb resonator [38]. (To 

be more specific, In Figure 15 b we mark a green square that indicates an increase in 𝑓𝑟 

when the magnetic field is decrease from 0, while in , Ref. [23], in the same field range, 

the resonance frequency decreases). The difference between the hysteresis reported 

here and that reported in [23] is not yet clear to us. 

In Figures 17 and 18 we present similar results to Figures 15 and 16 but measured at 

different temperatures. As temperature increases, the values of 𝑓𝑟 and 𝑄𝑖 decrease, a 

reasonable result because as temperature increases the kinetic inductance and the losses 

increase. Moreover, the rate of change of 𝑓𝑟 and 𝑄𝑖 with the magnetic field increases as 

temperature increases. The main reason is that the change in the kinetic inductance and 

losses is not linear. As the temperature/magnetic field increases, the change in 𝐿𝑘 and 

𝑅𝑠 is sharper. 

 

 

Figure 15. Resonance frequency, 𝑓𝑟, at 10 K as a function of magnetic field, after zero-field-cooling. In 

blue – sweep up from 0 to 5 T. Green – sweep from 5T to -5T. Red – sweep from -5T back to 0. The 

sharp decrease in the 𝑓𝑟 is only from the virgin state. The green square points to the field range where an 

increase in 𝑓𝑟 is observed when the magnetic field is decreased from 0. Figure 15 (b) zooms on the 

hysteresis in 𝑓𝑟 at low fields. 
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Figure 16. Internal quality factor, 𝑄𝑖 , at 10K as function of magnetic field, after zero-field-cooling. In 

blue – up sweep from 0 to 5T, in green – sweep from 5T to -5T, and in red – sweep from -5T back to 0. 

The sharp decrease in the 𝑄𝑖  is only from virgin state. (b) is zoom on 𝑄𝑖  at low fields. 

 

 

Figure 17. Resonance frequency, 𝑓𝑟, at different temperatures as function of magnetic field, after zero-

field-cooling. 
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Figure 18. Internal quality factor, 𝑄𝑖 , at different temperatures as function of magnetic field, after zero-

field-cooling. 

 

The next measurement was made in a different method. Instead of varying the magnetic 

field at the superconducting phase, we change the magnetic field in the normal phase, 

and then cooled down the MKID. This field applying protocol, called Field Cooled 

(FC), is fundamentally different from ZFC protocol as there are no screening currents 

in the device.  

 

As is clear from Figure 19, the field dependence of 𝑓𝑟  shows a substantially different 

behavior in FC and ZFC measurements for data measured at 20 K. While the FC 

measurements show a moderate decrease with the field in the entire field range, the 

ZFC measurements exhibit a more complex behavior: Initially, 𝑓𝑟 shows a weak field 

dependence, followed by a sharp drop after which 𝑓𝑟 continues to decrease moderately 

in parallel to the FC data. The inset to Figure 19a zooms on the low field behavior of 

the ZFC and FC data. This unique behavior at low fields is exhibited in Figure 19b for 

various temperatures, showing that the sharp decrease of 𝑓𝑟  is shifted towards lower 

fields as the temperature increases.  
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Figure 19. (a) Resonance frequency as a function of magnetic field in FC (upper curve) and ZFC 

measurements (lower curve) at T = 20 K. Inset: Zoom-in on the low fields data. (b) Field dependence of 

𝑑𝑓 = 𝑓𝑟(𝐻) − 𝑓𝑟(0) at low fields in ZFC measurements, at the indicated temperatures. 

 

 

7. Discussion 
 

The improved performance achieved in our YBCO MKID as compared to that reported 

previously, is presumably associated with our thin YBCO film (50 nm) and a careful 

control of the fabrication process. Thinner films give rise to a larger ratio of the kinetic 

to total (kinetic + magnetic) inductance, improving the sensitivity of the MKID. Also, 

employing e-beam lithography and keeping the temperature of the sample below 100 

C during the entire process, help in minimizing the damage to the film, improving the 

quality factor and the NEP. 

The kinetic inductance fraction (𝛼) is an important parameter, indicating 'how' 

dominant is the kinetic inductance in the total inductance. A precise calculation of 𝛼 is 

needed in order to be able to find accurately the parameters 𝛽2 and 𝛾 which define the 

magnetic field and temperature dependence of the London penetration depth (see Eqs. 

(20) and (21), respectively).As mentioned in section 5.2.2, calculations based on 𝐿𝑚 

and 𝐿𝑘 as defined in Eqs. (31) and (32), respectively, yield 𝛼𝑐𝑎𝑙𝑐 = 0.73 for our MKID 

geometry. A point of concern in our calculations is that Eq. (31) is for CPW with a 

center strip and ground planes from both sides, whereas our resonator geometry is 

somewhat different (see Figure 4,) namely that the center strip is rewound and does not 
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have ground planes around it. In an effort to estimate the error in 𝛼𝑐𝑎𝑙𝑐, we used also 

the SONNET simulations as a tool in calculating 𝛼. We can use Eq. (2) and define for 

𝑓𝑟𝑒𝑠
′  that 𝐿 = 𝐿𝑚 and for 𝑓𝑟𝑒𝑠 that 𝐿 = 𝐿𝑚 + 𝐿𝑘. The ratio between 𝑓𝑟𝑒𝑠

′  and 𝑓𝑟𝑒𝑠 gives 

the ratio between 𝐿𝑚 and 𝐿𝑘.  

(41) 
𝑓𝑟𝑒𝑠
′

𝑓𝑟𝑒𝑠
=

2𝑙√(𝐿𝑚+𝐿𝑘)𝐶

2𝑙√𝐿𝑚𝐶
=

√𝐿𝑚+𝐿𝑘

√𝐿𝑚
 

which yields 

(42) 𝐿𝑚 =
𝐿𝑘

(
𝑓𝑟𝑒𝑠
′

𝑓𝑟𝑒𝑠
)
2

−1

 

For 𝑓𝑟𝑒𝑠
′  which includes only the magnetic inductance, we can use the value from the 

SONNET simulation in Figure 10,  𝑓𝑟𝑒𝑠
′ = 6.202 𝐺𝐻𝑧. For 𝑓𝑟𝑒𝑠, which includes both 

magnetic and kinetic inductance, we can take value from SONNET simulation in Figure 

11, of the measured value, which is almost identical to the simulate one, 𝑓𝑟𝑒𝑠 =

5.146𝐺𝐻𝑧. Using (38), 𝑓𝑟𝑒𝑠
′  and 𝑓𝑟𝑒𝑠, yields 𝐿𝑚 = 2.2𝐿𝑘, which gives 𝛼𝑠𝑖𝑚 = 0.31, 

significantly different from 𝛼𝑐𝑎𝑙𝑐. In both calculations, it is obvious that we cannot 

ignore 𝐿𝑚 in our calculations. To examine which calculation method for 𝛼 is more 

accurate, we use Eq. (2), together with London penetration depth temperature 

dependence (Eq. 20) and the definition of 𝐿𝑘 to get: 

(43) 𝑓𝑟𝑒𝑠~
1

√𝐿𝑘(1−(
𝑇

𝑇𝑐
)
𝛾
)
−0.5

+𝐿𝑚

 

In figure 20 we use the MATLAB curve fitting function, to find the best fit of Eq. (20) 

to the measurement of  𝑓𝑟𝑒𝑠(𝐻 = 0) as a function of temperature for both options of 𝛼, 

when 𝛾 is a parameter that the MATLAB will find for each 𝛼. When using 𝛼 as 

calculated from the simulations, (𝛼𝑠𝑖𝑚 =  0.31), the fit is reasonably good with 𝛾 value 

of 2.6 that is known in the literature for d-wave superconductors, in contrary to the fit 

using 𝛼𝑐𝑎𝑙𝑐 = 0.73, which results in a larger deviation from the experimental data. So, 

we may conclude that the CPW calculations are not accurate enough for this MKID's 

geometry. We plan to tackle this issue in the near future using other simulation tools 

specialized for such tasks. 
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Figure 20. Resonance frequency as a function of temperature at 𝐻 = 0. Blue points are data. Orange and 

yellow solid lines are fits using Eq. (44) for 𝛼𝑠𝑖𝑚 = 0.31 and 𝛼𝑐𝑎𝑙𝑐 = 0.73, yielding 𝛾 = 2.6 and 𝛾 =

4.1, respectively. 

 

The temperature dependence of the resonance frequency together with  the SONNET 

simulations allow us to find the kinetic inductance fraction. We can use the magnetic 

field dependence of the resonance frequency to find 𝛽2 of Eq. (21). In general, the 

resonance frequency is influenced not only by vortices but also by screening currents 

which affect the density of the Cooper pairs and thus Lk [21,56]. As we show below, in 

ZFC measurements the influence of both is observed, whereas in FC measurements 

only the effect of vortices is observed as in these measurements the induction across 

the spiral stripe is uniform. Thus, the net effect of the field on 𝑓𝑟  can be derived from 

FC measurements as arising from the field dependence of 𝜆L which appears in eq. (21). 

As we discussed previously, the magnetic inductance cannot be ignored. Using Eqs. 

(21) and (2)), this yields: 
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(44) 𝑓𝑟(𝐻, 𝑇)~
1

√(𝜆𝐿(0,𝑇)(1+β[
𝐻

𝐻0
]))

2

∗
𝑔

𝑑𝑤
+𝐿𝑚

~
1

√𝐿𝑘𝑇(1+β[
𝐻

𝐻0
])
2
+𝐿𝑚

. 

 

Previous calculations assumed that 𝑇 ≪ 𝑇𝑐 so 𝜆𝐿,0 = 230 𝑛𝑚 for YBCO. The FC 

measurements of the MKID made at 𝑇 = 20 𝐾,  so using Eq. (3) and 𝛾 = 2.6 that we 

found previously, we get 𝜆𝐿,20𝐾 = 235 𝑛𝑚. 

    

The solid line in Figure 21 is a fit of Eq. (21) to the FC measurements of 𝑓𝑟(𝐻) at T= 

20 K. Taking for YBCO, ξ0 = 2 𝑛𝑚 and Φ0 = 2.07 ∙ 10
−11𝐺𝑚2, one obtains 𝐻0 =

4.5 ∙ 103 𝐺, yielding 𝛽2 ≈ 0014 at T = 20 K for 𝛼𝑠𝑖𝑚 = 0.313. For the analytical 

calculation, when 𝛼𝑐𝑎𝑙𝑐 = 0.73, 𝛽2 ≈ 0.0092. Converting our results from 𝛽2 to 

𝛽(𝑇) =
𝛽2(𝑇)

𝐻0
𝜆𝐿,0 [30], yields  𝛽 = 45.5

Å 

𝑇
 and 𝛽 = 71 

Å

𝑇
 for 𝛼𝑠𝑖𝑚 and 𝛼𝑐𝑎𝑙𝑐 

respectively, in a reasonable agreement with the value obtained in muon spin resonance 

measurements where 𝛽 = 78 𝐴/𝑇 [30]. It worth mentioning that because we adopted 

the value of 𝜆𝐿,0 from the literature, and did not measure it independently for our MKID, 

these results cannot help us in deciding which kinetic inductance fraction calculation 

method is more accurate.        
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Figure 21. Resonance frequency as a function of magnetic field in FC. The solid line is a fit of Eq. (20) 

to the FC data. 

 

One of the most important results of this research work, showing the difference in fr(H) 

between ZFC and FC measurements, was presented in Figure 19. As explained above, 

we ascribe the difference between the FC and ZFC data in the Figure to screening 

currents that are involved in ZFC but not in the FC measurements. The origin of these 

currents is the non-uniform induction distribution in ZFC measurements [53,54,57]. 

According to the Bean model for the perpendicular geometry [54,57], in the region 

where the field penetrates the stripe the current density is 𝐽𝑐 and then it decreases to 

zero at the center of the strip. As the external field increases, the region where the 

critical density is 𝐽𝑐  increases (see Figure 22). The above model assumes that Jc is 

uniform across the sample. 
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Figure 22 from Brandt et al [54]. Screening currents density (top) and magnetic induction (bottom) in 

superconducting strip of width 2a in a perpendicular magnetic field, H, which is increased from zero, as 

a function of the location on the strip.  The depicted profiles are for H /Hc =0.5,1,1.5,2.5 . One can see 

that the maximum internal magnetic field achieved near the edges of the superconductors, implying that 

the vortices density is the highest near edges. 

 

 This assumption is no longer valid in the presence of RF current that de-pin the 

vortices [58]. The non-uniform distribution of the RF current density  in the center strip 

of CPW is defined as: 

 

(45) 𝑗𝑟𝑓(𝑥) =
𝐼

𝑆 𝐾(
𝑆

𝑆+2𝑊
)

{
 
 

 
 

1

√[1−(
𝑆

𝑆+2𝑊
)
2
]
𝜆𝑝

𝑆
 

, 0 ≤
𝑆

2
− |𝑥| < 𝜆𝑝

1

√[1−(
2𝑥

𝑆
)
2
][1−(

2𝑥

𝑆+2𝑊
)
2
] 

, |𝑥| ≤
𝑆

2
− 𝜆𝑝

 

where I is the total current, K is complete elliptic integral from the first kind, S, W and 

X direction defined in Figure 3, and 𝜆𝑝 is pearl penetration depth as we defined 

previously. The non-uniform current density for our MKID geometry is present in 
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Figure 23 and dictates non-uniform pinning across the strip and thus a non-uniform 

critical current density.   

 

Figure 23. RF current density as a function of the location on the width of the central strip of the MKID. 

 

The RF current density is maximum at the edges of the strip and drops sharply towards 

the center. As a result, the critical current density is minimum at the edges and sharply 

increases to a maximum value at the center of the strip. The field dependence of 𝑓𝑟  and 

𝑄𝑖 follow the spatial dependence of 𝐽𝑐; for low fields that penetrate only to the strip 

edges, low currents are induced and 𝑓𝑟 and 𝑄𝑖 depend weakly on the field. As the field 

penetrates to the region where the RF current density drops sharply, high currents are 

induced, causing a sharp drop in 𝑓𝑟 and 𝑄𝑖. This behavior persists up to a field which 

we identify as the full penetration field, 𝐻𝑝 , where the critical current density reaches 

its maximum value and no further changes in the critical current occur. Above 𝐻𝑝, the 

observed changes in 𝑓𝑟 and 𝑄𝑖 are due only to vortices.  

The important contribution of the screening current in determining the behavior of 𝑓𝑟  is 

also demonstrated in Figure 19b. These data are characterized by two regions for each 

temperature for which a weak field dependence is observed. These regions are close to 

zero field where the critical current is minimal, and at higher fields where the critical 

current is maximum. The difference between the two resonance values at these regions 

is reduced as the temperature increases, reflecting the decrease in the critical current 

with temperature.  
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The important role of the screening current is further demonstrated in FC experiments 

after which the field is decreased or increased. Results of such measurements are 

presented in Figure 24. In these measurements, a field H was applied above 𝑇𝑐   after 

which the sample was cooled to 10 K. Subsequently, the field was increased or 

decreased. The Figure describes three such experiments for H = 100, 500, and 1000 Oe, 

respectively (The vertical lines in the Figure denote the fields at which the sample was 

cooled). Evidently, increase or decrease of the field (blue and orange points, 

respectively, on both sides of the vertical lines) yielded the same drop in 𝑓𝑟 despite the 

significant change in the vortex density in these two processes. The same changes in 𝑓𝑟  

obtained in increasing or decreasing the external field result from the same magnitude 

of the screening current induced in both experiments.  

 

Figure 24. Magnetic field dependence of 𝑓𝑟 after field cooling the sample from above Tc to 10 K in 100, 

500 and 1000 Oe. At the target temperature, the field is either increased or decreased (blue and orange 

points, respectively). 

 

8. Summary and Conclusions 
 

I have demonstrated improved performance of thin YBCO MKID fabricated in a 

controlled process, yielding 2-3 orders of magnitude lower NEP and higher 𝑄𝑖 than 

previously reported. The temperature and field dependence of the resonance 

characteristics have been derived from the London penetration depth. In contrast to 
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previous works who ascribed the field dependence of the resonance characteristics 

mainly to vortices, I show in this work the important role played by the screening 

currents induced by induction gradients. In FC measurements where induction 

gradients are absent, the resonance characteristics are controlled only by vortices, 

exhibiting a moderate decrease with field. In contrast, in ZFC measurements, where 

induction gradients exist, the effect of screening current become apparent giving rise to 

a more complex field dependence.  Namely, exhibiting an approximately plateau region 

followed by a sharp decrease and subsequent moderate decrease with field. In 

interpreting this complex behavior, I demonstrated that the non-uniform distribution of 

the RF current density gives rise to a non-uniform distribution of the critical current, 

which dominate the behavior of the resonance characteristics in ZFC experiments at 

low fields. 

To conclude, the work presented here is characterized by achievements in both applied 

and fundamental physics. Specifically, I designed and fabricated improved YBCO-

based MKIDs and revealed the role of screening currents and vortices in controlling the 

kinetic inductance at low magnetic fields. The present work points to future challenges 

in fabricating HTS-based MKIDs. It also opens new fundamental questions that are 

outlined in the next Section. 

9. Open Questions and Challenges for Future Studies 
 

In this section I discuss a few new research topics for my future studies. 

The MKID principle of operation is based on the creation of quasiparticles when a 

photon hits the detector. Those quasiparticles have a limited lifetime, 𝜏𝑞𝑝, after which 

they recombine to form a Cooper pair. It was shown [59] that: 

(1) 𝜏𝑞𝑝 =
𝜏0

𝜋0.5
(
𝑘𝐵𝑇𝑐

2Δ
)

5

2
(
𝑇𝑐

𝑇
)

1

2
exp (

𝛥

𝑘𝐵𝑇
) 

where 𝜏0 is characteristic electron-phonon interaction time, which is material 

dependent, 𝑇𝑐 and 𝛥 are the critical temperature and gap energy of the superconductor, 

respectively. The qp lifetime diverges at 𝑇 ≪ 𝑇𝑐, as stems from Eq. (1), is due to the 

decrease in thermal energy as the temperature decreases. However, previous 

works [60,61] on low-Tc superconductors demonstrated a saturation in 𝜏𝑞𝑝 at T<0.2Tc 

without explaining the phenomenon. The phenomenon indicates that at low T, there is 

an unknown energy source that 'feeds' the recombination process. To identify this  
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energy source, I must understand if the saturation happens only at low T or even when 

𝑇 → 0, because the limit defines the power of the energy source. To decide between 

these two options, I propose to measure 𝜏𝑞𝑝 in LTS and HTS. In addition, it may be of 

interest to look for possible effects of magnetic field and transport current on 𝜏𝑞𝑝, 

because both add energy to the system which should change the saturation temperature 

and may help to reveal the saturation's mechanism.  

 

My M.Sc. studies showed that the kinetic inductance (𝐿𝑘) in HTS-based resonators can 

be affected by temperature and magnetic field. Zmuidzinas [21], indicated that DC 

transport currents that flow inside a resonator also affect 𝐿𝑘. The effect is described as: 

𝐿𝑘 = 𝐿𝑘(0)(1 +
𝐼2

𝐼2
2 +⋯), where I is the DC current and 𝐼2 is expected to be of order 

the critical current. To the best of our knowledge, this prediction has not been tested 

experimentally for HTS resonators. As discussed in the thesis, the effect of the field in 

HTS is different than that of LTS, I therefore suggest comparing the measured 𝐿𝑘(𝐼) 

with results for LTS. In addition, these measurements are expected to yield information 

on 𝜆𝐿(𝐼).  

 

Another open issue which has emerged from my M.Sc. studies is the effect of vortices 

compared to screening currents on 𝐿𝑘. As I showed in the thesis, screening currents are 

dominant in the low field limit; I assumed that it is dominant up to the full penetration 

field, 𝐻𝑝. This assumption should be confirmed experimentally. Also, I assumed that 

the screening current distribution is changing due to the existence of RF current. 

However, there is a possibility for an alternative view, namely that the RF current 

distribution is changing due to the existence of the screening currents. I suggest 

experiments to distinguish between these two scenarios. 

In terms of applied physics, my M.Sc. studies have pointed to several challenges, such 

as the need for improvement of the NEP in the YBCO-based detector. The NEP 

reported in this work is much better than previously reported values, but it is still well 

below the reported NEP for low-Tc MKIDs. In addition, a natural extension of our 

project should be in multiplexing several YBCO-based detectors into one device, 

aiming at an increase in the spatial resolution of the imaged object. Another challenge 

is associated with the detection of high-energy photons such as X-rays, an extension 

that is of interest in the security and medical industries. The challenge in detecting X-
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rays is because traditional MKIDs have to be made of thin films in order to increase Lk 

and, therefore, they do not absorb the X-ray photons. 

Based on the above, I define the objectives of my Ph.D. program as follows. 

9.1 Objectives 
 

1. qp lifetime: 

a. Measuring the qp lifetime for HTS and revealing its temperature 

dependence at low temperatures. (In the limit 𝑇 → 0, I expect that in 

both materials 𝜏𝑞𝑝 will diverge [59]. However, at least one experiment 

for LTS showed saturation of 𝜏𝑞𝑝 below 0.2𝑇𝑐). 

b. Revealing the qp lifetime behavior at LTS and HTS  as a function of 

magnetic field and transport current.  

2. DC currents: 

a. Transport currents: 

i. Evaluating the effect of DC transport current on 𝐿_𝑘  in HTS 

ii. Explore the dependence of DC transport currents on 𝜆𝐿  

b. Validating the assumption, that the screening currents are dominant 

(compared to the effect of vortices) is up to 𝐻𝑝. 

3. Unveil the RF current distribution in the presence of magnetic field. 

 

4. Applied physics:  

a. Improve the performances (NEP and 𝑄𝑖) of the MKID YBCO. 

b. Design and fabricate a YBCO-based multi-component detector. 

c. Design and fabricate a detector for X-rays. 

9.2 Methodology 
 

1. qp lifetime: To evaluate the qp lifetime, I intend to use two different methods. 

The first one is based on photoexcitation. A photon flux hits the superconductor, 

creating qp that change the kinetic inductance and losses of the superconductor. 

Using microwave resonators, it is possible to detect the time duration of the 

change in the kinetic inductance which is the qp lifetime. The microwave 

resonator photoexcitation method works only for LTS because the high Q-factor 
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resonator has a typical relaxation time of ~10−6 s, which is larger than the 

expected qp lifetime of HTS. To overcome this, I intend to build an HTS wire, 

which has a much lower relaxation time (~ ps) and can be used to measure qp 

lifetime.  

The second method uses a double-tunnel junction system. On one junction a 

voltage 𝑉 > 2Δ/𝑒 is applied, increasing the qp density, and at the same time, 

IV measurements are done on the other junction. (The qp lifetime can be 

extracted from the IV measurement using calculations in [62]). This method has 

been proven to be suitable for measurements of qp lifetime in LTS and HTS, 

contrary to the photoexcitation method, which has known limitations when 

measuring HTS.  

 

2. DC currents: 

a. Transport currents: I plan to redesign the known spiral YBCO 

resonator so that DC currents can be applied on it. Then  I plan to 

measure the resonator in various transport currents and magnetic fields 

using the MKID setup. I expect that the resonance frequency will 

decrease as the transport currents increase. 

b. Screening currents. The assumption can be confirmed by experimentally 

varying 𝐻𝑝 which depends on the width of the fabricated wires. I plan 

to fabricate spiral YBCO resonators with different wire widths and 

examine the magnetic dependence of the resonance frequency for the 

different MKIDs. 𝐻𝑝 depends also on the critical current 𝐽𝑐 which is a 

material-dependent parameter. I, therefore, propose to fabricate and test 

also NbN-based MKIDs to examine the field dependence of the 

resonance frequency, identifying the range for which screening currents 

and vortices determine Lk. 

3. RF current distribution. To distinguish between the two scenarios that were 

explained previously, I plan to artificially induce pinning centers at either the 

center of the YBCO-based resonator or near its edges. In the first scenario, as 

the RF current density is always low in the center of the resonator, I expect that 

the pinning centers in the center of the wire will affect the data only slightly. 

But if I consider the second scenario, where the RF current density increases in 
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the center as the magnetic field increases, pinning centers in the center will 

cause a reduction in the losses compared to resonators without pinning centers. 

For the pinning centers on the edge of the wire, in the first scenario, I expect a 

reduction in the losses, but for the second scenario, I expect a decrease in the 

losses at low magnetic fields, and after the magnetic field penetrates there will 

be a slight change in the data. 

4. Improve the YBCO-based MKID performances. The geometry of the fabricated 

MKID was designed for detecting sub-THz photons. I suspect that the efficiency 

of the MKID is reduced, at least in part, in using the fabricated geometry for the 

detection of IR photons. I plan, therefore, to use simulation tools that will direct 

us in fabricating a design for IR photons. Moreover, I will also fabricate YBCO-

based MKIDs with different film thicknesses. I note that thinner films increase 

Lk, but, on the other hand, thicker films improve absorption efficiency. To 

compensate for the decrease in Lk, I will narrow the wire width. All these 

changes in the geometry, which will be first checked by using the simulation 

tools, are expected to improve the MKID performance, in particular, the Q 

factor and the NEP.  

5.  Muti-component detector. A multi-component detector requires a multi-

number of resonators that coupled to one transmission line; Each resonator has 

different resonance frequency. To do so, each resonator has a different length 

which yields a different resonance frequency. Moreover, in the multi-

component MKID, the transmission is longer compared to single-pixel MKID, 

in order to contain multi-number of resonators. I intend to use simulation tools 

to tune each resonator, reduce its bandwidth and design a compact resonator 

array that each resonator in it does not affect the others. 

6. MKID for high-energy photons (e.g. X-rays). As explained above, high-

energy photons, such as X-rays, are not absorbed in conventional MKIDs 

which are made of thin films. To overcome this problem, I plan to design and 

fabricate a device that will be composed of two components: a thick 'absorber' 

that will be in thermal and electric contact with the thin resonator. The 

absorber is planned to have a higher critical temperature (i.e., higher energy 

gap), allowing quasi-particles generated in the absorber to diffuse to the 

resonator and to change its Lk and resonance frequency. I intend to use thin 

films of Nb as a resonator and thick films of NbN as an absorber, which yields 
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a gap energy difference. Alternatively, I intend to use NbN for both parts of 

the device, taking advantage of the reduction in Tc in thin films compared to 

the bulk. 
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