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Abstract
Superconducting Transition Edge Sensors employed in X-ray astrophysics space 
missions were realized and fully characterized in the Low temperature detector labo-
ratory at UniGe. Several samples of Ir and Ir/Au bilayer films were grown by pulsed 
laser deposition  at different deposition rate, varying thickness and resulting varia-
bility in critical temperature (Tc) was observed. In particular, we noticed two classes 
of films having discrete critical temperature (Tc), one at about the critical tempera-
ture of the bulk Ir and one at around 1.6 times compared to the bulk. Structural 
characterization was made and interesting correlation between critical temperature 
(Tc) and deposition conditions were found. Detailed X-Ray Diffraction investiga-
tions suggest a possible explanation of this effect with a clear correlation between 
microstrain value, grain size, and critical temperatures of the films. The study has 
been carried out to optimize the specified conditions to grow the film under which it 
is possible to accurately predict the critical temperature (Tc) by analyzing the X-ray 
diffraction patterns of Ir/Au films.

Keywords Critical temperature (Tc) · Superconductive edge sensor · X-ray 
diffraction · Structural analyses

1 Introduction

Highly innovative cryogenic anti-coincidence detectors based on the superconduc-
tivity phase transition: iridium-based TES are employed for the X-rays detection 
in the Advance Telescope for High Energy Astrophysics (ATHENA) mission [1, 
2]. In order to meet the stringent requirements of the mission, preliminary accurate 

 * E. Celasco 
 edvige.celasco@unige.it

1 Università di Genova, 16146 Genoa, Italy
2 INFN Genoa, 16146 Genoa, Italy

http://crossmark.crossref.org/dialog/?doi=10.1007/s10909-023-03037-2&domain=pdf


183

1 3

Journal of Low Temperature Physics (2024) 214:182–189 

characterizations of the Iridium and Iridium Gold films are necessary [3].  The 
quality of the superconducting film, its morphological properties and structural 
characteristics play a fundamental role, for the accurate determination of the criti-
cal temperature (Tc). The sub-surface mechanism such as underlying variability in 
micro-structure and morphology, including the crystalline structure of the films, ori-
entation, grain sizes, and the stress induced by lattice mismatches with the substrate 
vitally attribute to the final value of critical temperature (Tc).

In this study we report the structural analysis of Ir and Ir/Au bilayer films grown 
by pulsed laser deposition (PLD) for the fabrication of Superconducting Transi-
tion Edge Sensors (TESs) for the application in cryogenic detectors. Two different 
families of samples with a high Tc (180 mK) and low Tc (130 mK) were found. A 
detailed investigation of the structural properties of these two classes of film transi-
tions showed a strong correlation between a tensile strain, of the reticular lattice, in 
the high Tc samples, with a consequent increase in the correspondent Tc. A shift in 
structural spectra of Ir and Ir/Au film is evident of structurally induced variation in 
critical temperature (Tc). Also, the grain dimensions of the bare film, at higher Tc, 
were calculated to be bigger as compared to the low Tc family.

2  Experimental

All the Iridium films included in this study were grown by pulsed laser deposition 
(PLD, system) on Silicon substrate having orientation Si(100) with high resistiv-
ity (ρ > 10,000 Ωm). Before the deposition of Ir, standard cleaning procedure was 
followed. All the silicon substrates were carefully cleaned with standard RCA pro-
cess (sequence of dilute water baths of NH4OH, HF, HCl) to get rid of organic and 
metallic residues. During the Iridium deposition a PLD (Pulsed Laser Deposition) 
system of an Nd:YAG (Neodymium-doped Yttrium Aluminum Garnet) infrared 
laser was employed having a wavelength of 1064 nm, with pulse emission of 10 ns 
and output energy of 750  mJ at a repetition rate of 10  Hz. Several samples of Ir 
films were grown by PLD system as mentioned before, on Si substrate, was fol-
lowed by gold film, in situ deposition. Gold film of desired thickness was deposited 
in situ by electron beam (e-Beam). The final thickness of the film was checked by 
an interferometric optical profilometer, and with a Field Emission Scanning Elec-
tron Microscope (FESEM), combined with Focused ion beam (FIB) system. To this 
purpose, cross sections were obtained by ion milling with FIB a section view to 
investigate with FESEM with secondary electron. (CrossBeam 1540xb, Carl Zeiss 
AG, Oberkochen, Germany). The as prepared samples were subjected to a number 
of characterizations, i.e., final thickness of the film, critical temperature (Tc) and 
structural and morphological analysis and its electronics properties. The film resist-
ance was measured at 100 mK in a He-3/He-4 dilution refrigerator (Oxford Instru-
ment Kelvin ox 25). The structural measurements, by X-ray Diffraction, were made 
with X-ray beam produced by copper cathode (Bruker D4 Endeavor) having wave-
length λ = 0.15046 nm from a Cu-Kα source. A detailed discussion on the charac-
terization of the film samples is given next.
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3  Discussion/Results

After gold metallization resulting variation in critical temperature (Tc) was 
observed, due to the proximity effect, two different clusters are formed clearly. The 
first cluster corresponds to the original bare film, with a transition temperature at 
180 mK; whereas, the second cluster transitions at 130 mK. In the future, the sam-
ples with Tc at 180 mK will be indicated with high Tc family, while the one at 130 
mK, with low Tc family.

In Fig. 1. Tc versus ratio of Ir/Au film give us a clear indication of the two differ-
ent families, where black triangle symbols correspond to the high Tc samples, red 
dot symbols refer to the low Tc samples. After a cross check of the film quality and 
its thickness with FESEM, a tentative explanation of this behavior was found in the 
structural characteristics of the film investigated by the X-ray diffraction (XRD). The 
following Fig. 2 shows a typical XRD spectra of Ir/Au film of the high Tc family 
that we deposited on the Si substrate (panel a). The XRD spectra show the char-
acteristic reflection line Si (400); whereas, Ir films grow with a preferred structure 
(111), along with sub-structures (110) and (311), Ir (222), with gold characteristic 
peaks as Au (111) and Au (222). An example of the shift occurred on Ir (222) peak 
is shown in the panel (b) where one sample from the high Tc family was compared 
to the one of low Tc family. The same samples (DM 111 and DM 27) are reported 
in the following Fig. 3. Firstly, the reference on Si(400) peak of the substrate was 
fixed, in order to avoid shift due to the not complete planarity of the sample during 
the XRD analyses. Interestingly, shift toward lower degree value in XRD spectra 
was observed in this representative sample reported in the panel (b) as well as in all 
samples of high Tc family. It is worth noting that these samples also present a higher 
tensile strain values, as described in detail in Sect. 4. We focused our attention on a 
reproducible shift on all the films with a starting transition temperature of the bare 
Iridium film of 180 mK. This shift is confirmed for both the Ir (111) and Ir (222) 
peaks. The correlation of the shift obtained on both Ir (111) and Ir (222) XRD peak, 
is shown in the panel c) where it is reported the shift of Ir(222) versus Ir(111) peaks 

Fig. 1  Dark triangles corre-
spond to proximity effect for 
the high Tc family, red circles 
indicate the low Tc samples. 
(color figure on line)
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Fig. 2  Panel a: Representative XRD Ir/Au spectrum; panel b: XRD representative shift on Ir (222) peak 
of high Tc (black) and low Tc (red); c correlation between Ir (222) and Ir (111) shifts. (color figure on 
line)

Fig. 3  Shows plot of the fit of Ir(110), Ir(111), Ir(311), Ir(222). In the left panel higher slope give an 
indication of higher value of microstrain respect to the right panels plot. (color figure on line)
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of all samples. A similar shift was found the first time, in our previous work [4], on 
Titanium-based bolometer.

4  Williamson–Hall (W–H)

Thanks to the W–H method is it possible to estimate the kind of strain (compressive 
or tensile) of each sample and calculate a direct quantitative evaluation of the micro-
strain parameter.

The W–H method works best for isotropic materials, so anisotropy probably 
makes some peaks wider than others. The W–H method assumes that the line broad-
ening is isotropic, i.e., independent of direction along which they are measured.

All XRD Ir peaks were fitted by Gaussian–Lorentzian—fit with FullPro dedi-
cated XRD data analysis program, and βCosθ versus 4sinθ are plotted in Fig. 3, with 
Origin software. The equation used for calculation is as follows:

In the above Eq. (1), size of crystallites is represented by D, ε is strain in the lat-
tice, K is constant having value 0.9, and wavelength of X-rays λ is 0.15046 nm from 
a copper Kα radiation source. β is FWHM value and θ corresponds to the Bragg 
angle of the XRD peaks. Linear fitting was done by plotting βCosθ against 4Sinθ 
as represented in Fig. 3, where the slope of the linear fitting indicates lattice micro-
strain (ε).

With the W–H method it is possible to have a quantitative estimation of the retic-
ular microstrain labeled (ε) in the future [5, 6]. We noticed that the microstrain of 
each sample has a correlation with different final Tc. The microstrain average value, 
taking in account all the sample reported in Fig. 1, is 0,0046 for the high Tc cluster 
and 0,0036 for the low Tc one. Herein, higher microstrain parameters (ε) is corre-
lated with higher Tc samples.

This interesting result allows to correlate higher microstrain value to the bigger 
Ir(111) or Ir (222) shift in the XRD pattern, of all the high Tc family samples.

From the positive slope of the fitting value of the W–H method, we can also con-
clude that our sample presents a tensile strain.

The different lattice constant of IrSi2 respect to Iridium film [7] could produce 
a tensile strain. The iridium silicate formation is always present when Iridium is 
grown on Silicon by PLD. In the following Fig. 4, the left panel shows a FESEM 
estimate of the iridium silicate thickness of a high Tc sample of 30 nm and the right 
panel shows a representative low Tc sample with a thickness of 19.8 nm.

To avoid the limits of isotropic deformation hypothesis on which W–H method is 
based, in our future research, more specific methods [8] will be employed to include 
deformation anisotropy of the sample, which can influence the W–H fitting proce-
dure [9], and give us also the possibility to evaluate the preferred direction of the 
deformation. The results will be combined with theorical model.

In this work we estimate the grain size (L) with Scherrer formula (L) in both 
Tc sample’s families. Using the formula represented in the following Eq. 2, where 

(1)�Cos� = K�∕D + 4�Sin�
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λ = 0.15046 nm is the wavelength of Cu-Kα XRD source, β the FWHM of peak 
and θ is the diffraction peak angle:

An average value for the grain dimension of (111) crystallographic peak of 
27 nm was obtained for high Tc family, with respect to the 24 nm grain dimen-
sion, calculated for the low Tc family.

The correlation of grain dimension, microstrain, shift, and critical temperature 
is clear and reported in Table 1, with the error in the last digit.

The main difference in the deposition conditions between the two sample fami-
lies lies in the positioning of the laser pointer on the Iridium target relative to its 
center point. The “high Tc family” samples were grown with the laser directed at 
the Iridium target, positioned 2.5–3.5 mm off-center. Whereas, the “low Tc fam-
ily” samples were deposited with the laser aimed at the Iridium target, located 
4–5 mm off-center. Also we noted a difference in the thickness of IrSi layer in 
the two families. The observed difference in IrSi layer thickness is hypothesized 
to be related to the difference of laser plume conditions during the deposition 
of the two sets of samples. Specifically, the deposition conditions (such as laser 
positioning) may have influenced the temperature of the laser plume, leading to 
variations in the thickness of the resulting IrSi layer.

(2)L =
0.9�

� cos (�)

Fig. 4  FESEM for the evaluation of the IrSi thickness in a high Tc sample on the left and of low Tc fam-
ily on the right panel, the after FIB vertical section view preparation. (color figure online)

Table 1  Correlation between higher Tc values and higher microstrain, XRD and average grain dimension

Samples family Microstrain (average) Shift (average) (2ϴ) Average grain size 
referred to Ir (111) 
(nm)

High Tc 00046 (1) 006 (1) 27 (1)
Low Tc 00036 (1) 001 (1) 24 (1)
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In order to confirm and try to tune the previously described Tc variation between 
two values on the bare Iridium film, correlated to the microstrain, one possibility, is 
to induce an external controlled stress, patterning the Iridium film by focused ion 
beam, with different density matrix of air pillars.

5  Conclusions and New Perspectives

In the as reported study, we confirmed the replication of two sample populations 
of Ir/Au films grown on Si (100) substrate labeled as a high Tc (180 mK) family 
and low Tc (130 mK) family, with better understanding of the underlying phenom-
enon by structural investigations. Different thickness of Au film has proximity effect 
evident by the decreasing Tc. The Structural characterization by X-ray diffraction 
revealed a correlation between, compressive microstrain value, crystal size and Tc. 
The results are reproducible on several samples and with different XRD analyses 
such as Scherrer and Williamson–Hall methods. It is clearly evident that larger XRD 
shift, grain size and microstrain correspond to a higher Iridium critical tempera-
ture. Future works will be the study of the electrical superconductive characteristics 
induced by lattice stress modification by FIB.
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