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ABSTRACT  

The X-ray spectroscopy telescope Athena has been designed to implement the science theme "the hot and energetic 
universe", selected by the European Space Agency as the second large mission of its Cosmic Vision program. X-IFU, 
one of the two interchangeable focal plane instruments of Athena, is a high resolution X-ray spectrometer made of a 
large array of Transition Edge Sensors. Two options are under consideration for the X-IFU microcalorimeters: Ti/Au 
bilayers or Mo/Au bilayers. Here we report on our efforts to develop Mo/Au-based TES. The TES are made of high 
quality superconducting Mo/Au bilayers fabricated at room temperature on low stress Si3N4 membranes; Mo is deposited 
by RF magnetron sputtering and in-situ covered by a thin (15nm) Au layer deposited by DC sputtering; in a second step, 
the Au layer thickness is increased ex-situ by e-beam deposition, to obtain suitable resistance Rn and operation 
temperature values. Very sharp transitions (~few mK transition width) are obtained, with typically Rn~25mΩ and Tc~ 
100-120mK for 65/215 bilayers. First simple TES designs are being tested. Also, Bi films several µm thick, intended to 
constitute the X-ray absorber, are fabricated by electrochemical deposition. 
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1. INTRODUCTION  

The Athena mission (Advanced Telescope for High Energy Astrophysics) has been  designed  to implement the science 
theme “The Hot and Energetic Universe”1  that the European Space Agency (ESA) selected for the second large-class 
mission within the ESA’s Cosmic Vision science program. Athena will consist of a single X-ray telescope with two 
interchangeable focal plane instruments, one of them being X-IFU (X-ray Integral Field Unit), a revolutionary X-ray 
high-spectral resolution cryogenic imager2. The X-IFU is the instrument that Athena will use to meet some key science 
goals, in particular detecting weak absorption lines produced by filaments in the Warm-Hot Intergalactic Medium3, to 
measure bulk velocities and turbulence in the hot diffuse gas trapped in the potential wells of evolving groups and 
clusters of galaxies4, or to diagnose gas physical conditions in a variety of astrophysical environments5,6 using He-like 
emission line triplets. A key scientific requirement for the X-IFU to achieve the above (and other) scientific objectives is 
the spectral resolution, which is required to be 2.5 eV at X-ray energies below 6 keV. 
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The X-IFU is a state-of-the-art challenging instrument, as emphasized by Ravera et al.2 One of the key ingredients is the 
front-end sensor array, part of the detector system integrated in the focal plane assembly. This sensor will be constituted 
by 3840 Transition Edge Sensors (TES), made of superconducting sensors with an X-ray absorber on top of them. The 
superconducting element, acting as a microcalorimeter, is a proximity bilayer with operation temperature ~ 100mK. Two 
options are under consideration for the X-IFU microcalorimeters: Ti/Au bilayers7 or Mo/Au bilayers. These two 
materials have been shown to provide the X-ray spectrometers with the highest spectral resolution so far7,8,9, and are 
therefore the best possible candidates to meet the overall spectral resolution requirements of X-IFU. 

In previous work we demonstrated our ability to fabricate high quality, reproducible Mo thin films and Mo-based 
TES10,11,12,13. Now we have devised a development plan aimed at fabricating TES meeting X-IFU requirements. Here we 
provide an overview of the progress achieved so far and describe the development plan for the immediate future. 

 

2. FABRICATION 

2.1 TES fabrication 

Silicon nitride membranes are fabricated using silicon wafers from Si-Mat (diameter 100 mm, orientation <100>, 
thickness 500 µm, P/Boron doped with resistivity 1-30 Ωcm, polished on both sides and with a coating of 1000 nm low 
stress silicon nitride). A photolithography process is used to open windows on the silicon nitride with a RIE machine 
with SF6. Then the wafer is mounted on a PEEK wafer holder from AMMT that protects one of the sides and is 
introduced in a KOH bath (concentrated at 30% and at a temperature of 70 ºC); an internal illumination of the AMMT 
holder is used. The KOH process is stopped when a bright white light is seen through the membranes, which occurs 
approximately after 7 hours. Finally the wafer is rinsed in purified water several times to avoid residues from KOH in 
the surface.  

 

Figure 1. Optical micrograph of one of our Mo/Au TES. Wiring is made of Mo; the four edges of the square are covered by 
Au, as described in the text. 

Mo/Au bilayers are deposited on Si3N4 membranes in a UHV chamber at room temperature. RF magnetron sputtering in 
5µbar Ar pressure is used for Mo deposition. Si3N4 is cleaned with a KOH solution prior to deposition. This cleaning 
procedure and base pressure are crucial for the reproducibility and high quality of Mo, while bias voltage during 
sputtering controls the film stress, ultimately determining its Tc and residual resistance ratio11. After Mo deposition, the 
pressure is changed to 6µbar and a 15nm-thick Au film is deposited in-situ by DC magnetron sputtering; typical 
deposition rates are respectively 0.2nm/s and 0.5nm/s for Mo and Au. The Au layer deposition up to the designed 
thickness is completed ex-situ by e-beam. This procedure, which we call “trilayer solution” 10,12, ensures that the normal 
resistance of the bilayer is low enough, while preserving the proximity effect, which requires in-situ covering of Mo 
layer; high resolution Transmission Electron Microscopy displayed no apparent interface between both Au layers10. Mo 
and Au depositions by sputtering are done in a dedicated UHV chamber, used exclusively for this project in order to 
guarantee the absence of any contamination which would severely affect the performances of the TES. Typical 
thicknesses to obtain Tc~100mK are 60nm/215nm. These bilayers have been shown13 to be stable when heated up to a 
temperature of 150ºC, which guarantees that they will meet any thermal qualification tests. 



 
 

 

 

The Mo/Au bilayers are patterned after deposition, using selective standard optical lithography by wet chemical etching, 
to get detectors with lateral size 200µm. First, the Au layer is etched using a KI/I solution. Afterwards, the Mo layer is 
etched in a H3PO4/HNO3/H2O2 /DI solution, which is selective to Au. Lateral Mo etching is 20 times faster than vertical 
etching, producing an Au overhang that covers Mo edges10,12, producing in a rather simple way the banks that have been 
demonstrated essential to obtain sharp and reproducible transitions14. After this, Mo pads 200nm thick (critical current 
above 3mA) are deposited by RF sputtering. 

 

2.2 Electrochemical deposition of Bi films 

Bi films several microns thick are deposited by electroplating, to be used as absorbers. Several plating solutions have 
been tested, both acuous and EDTA-based; some of them are still being subject to optimization. Here we report on what 
has been obtained using a Bi3+ 7.5 10-3 M solution in 1.0 M HNO3, with a reference electrode Ag/AgCl (3M NaCl) and 
at room temperature.  

For the absorber optimization procedure, the substrate is glass, covered by a thin (20nm) Au layer deposited by e-beam; 
a 2nm Cr adherence layer is previously deposited. This very small thickness of the Au/Cr metallic layer allows 
measuring the Bi resistance, which we use as a proxy to optimize thermal conductance, since electrical and thermal 
conductances are proportional at constant temperature, according to the Wiedemann-Franz law. 

 

3. CHARACTERIZATION 

3.1 Transition-Edge Sensors  

Measurements are performed in a commercial dilution refrigerator (Kelvinox MX40, from Oxford Instruments), with 
base temperature 30mK, and an AVS47 resistance bridge. A program was developed to control the power supplied to the 
mixing chamber of the refrigerator, in order to perform temperature sweeps as slow as 1.7mK per hour; these allow 
characterization of very sharp transitions. The dilution refrigerator houses two sample holders: one, for 4-probe 
measurements, allows characterization of six samples at a time; a second one allows characterization of a TES in the 
same cooling run.  

 

Figure 2. Transition of a Mo/Au TES with Tc=123.7mK and α=560. The solid line is the fit used to obtain these values, as 
described in the text. The critical temperature is indicated by a circle. 



 
 

 

 

The TES is coupled to a sensor made of a 16-SQUID array provided by PTB (Physikalisch- Technische Bundersanstalt, 
Germany) and read with a Magnicon XXF-1 electronics box. The I-V curves are recorded both with positive and 
negative current allowing therefore the identification of eventual trapped magnetic fields in the setup. These fields can 
be compensated by a coil incorporated within the TES holder (providing 45mGauss/mA). The TES is nonetheless 
magnetically shielded with a lead can surrounded by µ-metal (Cryoperm). Finally, the electric signals are taken through 
RC filters at room temperature. At present work is in progress to perform complex impedance and noise measurements 
in the same setup with a spectrum analyzer, and to incorporate a 55Fe radiation source with enough intensity to 
characterize the performance of full pixels as X-ray detectors, and in particular to measure their spectral resolution. 

Fig.2 displays a typical transition of our TES. The critical temperature Tc, transition width ∆T and α values of the TES 
are obtained as follows: the transition is fitted to an exponential law followed by a linear dependence; Tc is defined as the 
temperature where both fits intercept. By forcing also the continuity of the first derivative, a three parameters fit is 
obtained from which a value for α is straightforwardly calculated. The fit is performed in a single step by introducing the 
Heaviside function H(x): 
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where the fitting parameters are Tc, ∆T and A, and the parameter α, which  characterizes the sharpness of the 
superconducting transition and is therefore directly related to the sensitivity of the TES sensor,  is calculated as 
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Usually, our TES display α values between 400 and 600, corresponding to transition widths between 2 and 6mK, 
although transitions as narrow as 1mK have also been recorded.  

Fig.3 displays the calibrated I-V curves of a TES recorded at different bath temperatures. The TES transition 
corresponds the I-V points between the two straight lines, the vertical one and the finite slope one, representing 
respectively the superconducting and the normal states of the device. The TES will act as a microcalorimeter when 
biased in the transition zone. By fitting the power flow to the bath at different bath temperatures, the thermal 
conductivity G to the heat sink is obtained; good agreement with estimated G values for the used membrane thicknesses 
are obtained.  

 

Figure 3. I-V curves at different bath temperatures of a TES with Tc~130mK. ITES and VTES are respectively the 
current through and the voltage across the device.  



 
 

 

 

3.2 Electrodeposited Bi films 

We are in the process of optimizing Bi films, fabricated by chemical electrodeposition, intended to constitute the X-ray 
absorber. Electrode isolation, plating solution, method to control the deposition (either constant voltage V or constant 
current I, or pulsed techniques) and the V (I) used affect the morphology of the films, therefore modifying their 
mechanical and functional properties. As an example, Fig.4 displays Scanning Electron Microscopy (SEM) photographs 
of two films of similar thickness(~4 µm, close to what would be required to have a high quantum efficiency detector), 
deposited at different conditions. Films are polycrystalline, with grain sizes that can vary from around 1µm to 10µm; the 
grain size distribution can also change significantly with the deposition conditions. 

 

        

Figure 4. Scanning Electron Microscopy images of two electrodeposited Bi layers, 4µm thick. Grain sizes between 
1µm and 10µm are obtained depending on deposition conditions.  

 
Materials to be used as X-ray absorbers for TES detectors are required not to affect the TES (changes in the transition) 
and have high thermal conductance. The absorber electrical resistivity must be carefully tuned in order not to perturb the 
performance of the TES, but at the same time providing high thermal (and therefore electrical) conductivity. Reliable 
direct measurements of thermal conductance in a thin film are quite difficult; this is particularly true for Bi films 
deposited on Au. This is why we are using resistivity measurements in the optimization process.  

 

Figure 5. Resistance versus temperature of a 4µm thick Bi layer deposited on Au(10nm)/Cr(2nm)/glass.  

The temperature dependent resistance of films is measured using the four-probe method, in a commercial PPMS 
(Physical Property Measurement System) from Quantum Design; measurement of a Au(10nm)/Cr(2nm) bilayer, 



 
 

 

 

identical to that underneath Bi films, shows that its contribution to the measured resistance when Bi is present is below 
10%.Fig.5 displays a representative R(T) curve of a 4µm-thick Bi film. Room temperature resistivity values close to 10 
µΩ m, one of magnitude larger than the nominal resistivity of Bi, are obtained. Although bulk Bi is a semimetal with 
very weak dR/dT, usually15,16,17 Bi films display semiconducting behavior as that shown in this figure. If we define 
RRR=R(300K)/R(4.2K), the goal would be to obtain an RRR value as close to 1 as possible18,19. Values of RRR around 
0.7 are measured, but strategies to further reduce this and the room temperature resistance are also being addressed. 

 

4. CONCLUSIONS AND FUTURE WORK 

We are developing X-ray detectors constituted by Mo-based TES, with the aim of providing highly performant TES 
front-end sensor arrays for the X-IFU instrument on Athena. We have already obtained and made the first dark 
characterization of TES microcalorimeters with Tc around the operating temperature 100mK; work in progress is focused 
on the optimization of electrodeposited Bi films to be used as absorbers, building the setup for complex impedance and 
noise measurements, and improving TES layouts as well as streamlining fabrication procedures.  

Several single pixel layouts have been designed and will soon be tested. The first goal is to analyse the effects on the 
TES transition and performances of the TES and pad contact geometry, and the effects of using either Mo or Nb for the 
superconducting pads and wiring.  A further goal will be comparison of Mo/Au and Ti/Au TES with identical designs. 
We aim also at analising the effect of the basic superconducting parameters of the proximity bilayers on the TES 
transition, in order to assist in the choice of best operating conditions in terms of temperature and magnetic field. 
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