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The signals of STJ detectors Ti/Nb/Al,AlOx/Al/Nb/NbN with killed Ti/Nb 

electrode were studied as a function of the bias voltage, the energy of the 

absorbed quanta and the thickness of the electrodes. The nonlinearity of the 

energy calibration for the killed electrode signal had a positive curvature 

due to the quasiparticles self-recombination losses and 2Δ-phonon 

exchange. Suppression of residual signals of the killed electrode was 

achieved by increasing the thickness of this electrode. 

PACS numbers: 85.25.Am, 74.50.+r. 

 

1. INTRODUCTION 

 

X-ray detectors based on superconducting tunnel junctions (STJ 

detectors) have three main designs: detectors with identical electrodes, 

which work in multiple tunneling mode, strip STJ detectors, and detectors 

with killed electrode [1, 2]. Detectors with killed electrode consist of two 

electrodes with essential different properties. The detector signal arises from 

absorption of the quantum in the main electrode, which usually has a 

multilayer structure. The signals of the opposite killed electrode should be 

suppressed due to the presence of the quasiparticle trapping layer placed at 

the side opposite to the tunnel barrier. Two potential advantages of these 

detectors are the absence of line doubling caused by quantum absorption in 

the both electrodes and the short duration of the signals. 

In previous studies, we proposed the STJ detector design with killed 

electrode on the basis of the additional titanium trapping layer [3]. The 

general sequence of layers is described by the formula 

Ti/Nb/Al,AlOx/Al/Nb/NbN. The bottom killed electrode consistes of two 

layers: a Ti trapping layer and a thicker Nb layer. The main top electrode has 

three layers: thin Al trapping layer, the main absorbing Nb layer, and the 

outer NbN layer. 
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Unfortunately, the experiment has shown that the full suppression of 

the signals of the killed electrode does not occur and that this signal have the 

amplitudes of 5-10 % of the main signals amplitude depending on the 

sample. To clarify this situation, the signals of STJ detectors with killed 

Ti/Nb electrode were studied as a function of the bias voltage, the energy of 

the absorbed quanta, and the thickness of Nb-layers. 

 

2. EXPERIMENT 

 

The samples of STJ detectors Ti/Nb/Al,AlOx/Al/Nb/NbN were 

fabricated by magnetron sputtering in Ar. The STJ detectors with the 

rhombic shape of the electrodes and areas S = 6400 and S = 20000 μm
2
 were 

studied. The normal resistance of the tunnel barrier was RNS ≈ 400 Ω μm
2
. 

The layer thicknesses were as follows: Ti and NbN (30 nm each), base Nb 

layer (100 or 150 nm), Al/AlOx oxide layer (4 nm/2 nm), top Nb layer (150, 

200, or 250 nm), and trapping top Al layer (11-13 nm). The superconducting 

gaps for the bottom and top electrodes were Δbase = 1.36 meV and Δtop ≈ 0.95 

meV. The best resolution was of about 90 eV at the 5.9 keV line. The details 

of the sample preparation and experimental setup are given elsewhere [3,4]. 

The detectors were tested at temperature of 1.25 K. The samples were 

irradiated by MnKα and MnKβ X-rays (5.9 and 6.4 keV) of a 
55

Fe radioactive 

source and by fluorescent TiKα and TiKβ X-rays (4.5 and 4.9 keV) from a Ti 

Fig. 1. Pulse height spectrum of the STJ detector 

Ti/Nb/Al,AlOx/Al/Nb/NbN at Vd = 0.59 mV: (a) total spectrum and 

(b) subspectrum of the bottom electrode. Layer thicknesses are 

30/150/4,2/13/250/30 nm; the detector area is 6400 μm
2
. 
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foil shield placed around the source. The typical spectrum of the STJ 

detector of area S = 6400 μm
2
 is shown in figure 1a. The Mn Kα, Mn Kβ, and 

Ti Kα lines corresponding to X-ray absorption in the top electrode are clearly 

seen. The spectrum also contains the fluorescent Si Kα line caused by X-ray 

absorption in the silicon substrate. In the low amplitude region, the spectrum 

contains the peak corresponding to X-ray absorption in the bottom electrode. 

The amplitudes of these signals are smaller than those of the top electrode by 

a factor of ~13. Thus, the killed electrode signal is not completely 

suppressed. Figure 1b shows the spectrum fragment in the low-amplitude 

region, measured with higher amplification. In this region the lines of X-rays 

with different energies corresponding to the absorption in the bottom 

electrode are also visible. 

Figure 2 shows the dependences of the signal amplitude on the 

absorbed X-ray energy. The signals of the top and bottom electrodes are 

denoted by Qtop and Qbase, respectively. The data for the top electrode 

(squares in the line 1) exhibit the nonlinearity of response and are 

characterized by negative curvature. Such behavior is caused by self-

recombination of excess quasiparticles in the top electrode [4]. Squares in 

the line 2 show the data for the bottom killed electrode. One can see that the 

signals of the killed electrode also nonlinearly depend on the X-ray energy; 

however, in this case, the dependence exhibits the positive curvature. 

Fig. 2. Dependences of the signal amplitude on the X-ray energy for 

the top electrode (1) and the bottom electrode (2); Vd =0.59 mV. 

Squares are the experimental data. Solid lines are the diffusion model 

calculations. Dash lines show the linear response. 
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3. ANALYSIS OF THE DATA 

 

In the analysis of experimental data, three basic mechanisms were 

considered: (a) multiple tunneling of quasiparticles, (b) quasiparticle 

tunneling from the energy trap region. (c) 2Δ-phonon exchange 

accompanying recombination of excess quasiparticles. All data were 

considered for signals of both killed and main electrodes. 

Multiple tunneling of quasiparticles. To calculate the tunneling rate 

γT and the loss rate γL in multilayer electrodes, the proximity theory should 

be used [5]. Unfortunately, we are not aware of any calculations or 

experimental data concerning the proximity effect in Nb–Ti bi-layers. For 

Ti, there are also no calculations of the electron–phonon coupling constant τ0 

that defines the scale of the relaxation rate γTrap
 
[6]. Therefore, we present 

only some estimates. 

The tunneling probability Ptop for the top electrode was estimated from 

the signal amplitude, Ptop ≈ 0.65. For the killed electrode the tunneling rate 

was estimated from the total electrode thickness dbase = db(Nb) + db(Ti):  

γT-base ≈ 0.7 μs
–1

. The main loss process in the killed electrode is the 

quasiparticle trapping in the Ti layer region. Trapping rate was estimated as 

γTrap ≈ 0.5 ns
–1

. As the result, Pbase ≈ 0.002. Accordingly the signal 

amplitudes should be Qbase ≈ 6∙10
3
 e and Qtop ≈ 2.4∙10

6
 e [1]. However, the 

experiment yields ten times higher amplitudes for the bottom electrode, 

Qbase(exp) ≈ (14–22)∙10
4 

e. The multiple tunneling mechanism can not cause 

the detector nonlinearity with respect to X-ray energy also. Thus multiple 

tunneling is insufficient to explain experimental data. 

Tunneling from the trap. According to the proximity effect theory 

[5], the superconducting gap Δg in multilayer structures is identical for all 

layers. Hence, in the killed Ti/Nb electrode near the tunnel barrier, there 

exist quasiparticle states at low energies, which correspond to energies in the 

Ti-trap. The density of these states is exponentially small. Nevertheless, 

excess quasiparticles have a certain probability to tunnel from these levels, 

particularly in the case of thin electrodes [7]. In samples under study the Nb 

and Ti layers were thick as compared with coherence lengths. As a result, 

the contributions of this process are expected to be very small. 

Phonon exchange mechanism. A significant contribution to the 

bottom electrode signal can be made by the phonon exchange mechanism. 

The quasiparticles resulting from X-ray absorption have high density, which 

causes their recombination and emission of 2Δ-phonons. A part of 2Δ-

phonons go out to the opposite electrode and produce excess quasiparticles, 

whose tunneling additionally contributes to the signal. Since the phonon 

contribution is caused by self-recombination, it depends quadratically on the 

initial number of quasiparticles N0, i.e., on the X-ray absorption energy. In 
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contrast to the top electrode signal, where recombination results in signal 

attenuation (line 1 in Fig. 3), the recombination in the bottom electrode 

increases the resulting signal. As a result, the energy dependence of the 

bottom electrode signal Qbase should have the positive curvature (line 2 in 

Fig. 3).  

In figure 2 the solid lines show the calculation within a diffusion 

model. The movement of the excess quasiparticles in both electrodes was 

described by the system of differential diffusion equations which included 

processes of tunneling, losses and self-recombination of quasiparticles. The 

calculations were performed by numerical methods. One set of parameters 

describes the experimental data for two electrodes, including the different 

curvature of the curves for the top and bottom electrodes. Thus, the 

experimental data suggest that the self-recombination and phonon exchange 

make a significant contribution to the killed electrode signal. 

What are recommendations on reducing the killed electrode signal? 

The tunneling contribution is controlled by the quasiparticle trapping rate 

γTrap, which depends on electrode materials and the trap depth. It is important 

to provide the maximum trap depth, which yields the maximum rate γTrap. 

These conditions are satisfied at )(NbdNb   and )(* TidTi  .  

To reduce the main contribution of 2Δ-phonon exchange, self-

recombination of quasiparticles should be weakened. The recombination loss 

ΔNR is inversely proportional to the squared thickness db [8]. Therefore, the 

simplest method for decreasing ΔQbase-R is an increase of the electrode 

Fig. 3. Signal amplitudes of Nb–Ti (1–4) and Nb–Al (5) killed 

electrodes in STJ detectors as functions of the voltage Vd for 

samples with electrode thicknesses dbase, dtop, and dAl(2): (1) 130, 

193, and 13 nm; (2) 180, 243, and 13 nm; (3) 180, 293, and 13 nm; 

(4) 180, 243, and 12; (5) 90, 145, and 15 nm. 
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thickness db. Figure 3 shows the killed electrode signals as a function of the 

voltage Vd for samples differing by thicknesses of top and bottom electrodes. 

Lines 1–4 are the data on (Nb/Ti) detectors; line 5 presents the data for 

similar detectors with killed Nb/Al electrodes [7]. One can see that 

thickening of the bottom electrode results in the decrease of its signal. At the 

same time, the top electrode thickness has no appreciable effect on the signal 

Qbase.  

 

5. CONCLUSION 

 

The residual signals of the killed electrode in STJ-detectors 

Ti/Nb/Al,AlOx/Al/Nb/NbN have the amplitudes at the level up to 10% of the 

main signal, and complicates the low-energy X-ray detection. The analysis 

of the experimental data shows that the 2Δ-phonon exchange between 

electrodes, caused by self-recombination of excess quasiparticles, yields the 

main contribution to the signal. Thickening of the killed electrode is an 

efficient method of suppression these signals. 

This work was supported by the Ministry of Education and Science of 

the Russian Federation (contract no. 02.740.11.0242). 
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