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Abstract
We report measured Tc of superconducting Ti/Au bilayer strips with a width W vary-
ing from 5 to 50 µm. The strips were fabricated based on a Ti/Au bilayer that con-
sists of a 41-nm-thick Ti layer to which a 280-nm-thick Au layer was added. We 
find that the Tc drops as W decreases and the declining trend almost perfectly fol-
lows Tc∕[mK] = −738.4[μm]2∕W2 + 91.0 , where Tc(W = ∞) of 91 mK is consist-
ent with the intrinsic Tc of the bilayer. The result is interpreted as a consequence 
of the lateral inverse proximity effect originated in normal-metal microstructures, 
namely Au overhangs that exist at the edges of the Ti/Au bilayer. The Tc shift from 
the intrinsic Tc should be anticipated in addition to the longitudinal proximity effect 
from superconducting Nb leads when one designs Ti/Au TESs.

Keywords  Ti/Au · Bilayer · TES · Proximity effect · X-ray · Microcalorimeter · 
Athena · X-IFU

1  Introduction

Superconducting transition-edge sensors (TESs) [1] can achieve very high sensitivi-
ties at low temperature in almost any wavelength bands. There are many aspects 
to be considered thoughtfully when designing TESs for space/ground-based appli-
cations. However, superconducting transition temperature T

c
 is one of the most 
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important parameters to be tuned precisely because it is essentially associated with a 
detector sensitivity and a signal bandwidth. In many cases, TESs are fabricated with 
proximity-coupled normal-metal/superconductor bilayers because T

c
 can be adjusted 

relatively straightforward in a wide target range. Tci , defined as an intrinsic T
c
 to be 

observed for an infinitely wide bilayer, is roughly speaking determined by the thick-
ness of each layer and interface transmissivity. However, T

c
 of real TES devices are 

known to be different from Tci . This �T
c
= T

c
− Tci is thought to be originated in 

two additional in-plane proximity effects: the longitudinal proximity effect and the 
lateral inverse proximity effect. These effects were firstly reported by Sadleir et al. 
[2, 3] on devices based on square Mo/Au TESs of different sizes with or without 
additional normal-metal structure such as "banks" and interdigitated "fingers" made 
of Au. The main points are briefly summarized as follows:

–	 �T
c
 and the transition width of a superconducting RT (resistance vs. temperature) 

curve are scaled with 1∕L2 , where L is a spacing between superconducting leads 
directly attached on a TES. This is interpreted that superconductivity is enhanced 
by the leads longitudinally in the bilayer.

–	 �T
c
 is scaled with −1∕s2 , where s is a spacing between the normal-metal struc-

tures. In this case superconductivity is suppressed laterally in the bilayer. The 
banks at the edges of a TES do not seem to have much to do with the transition 
width.

We are developing TES microcalorimeters based on a bare Ti/Au bilayer in the 
framework of a European sensor backup for the Athena/X-IFU instrument [4]. We 
have reported in de Wit et al. [5] that an excellent spectral performance of below 2 
eV at 5.9 keV was achieved under AC-bias with high-aspect-ratio TESs, of which 
widths W were designed to be much shorter than the lengths. In the same paper, we 
shortly mentioned that �T

c
 observed for the TESs with W = 20, 30, 40 µm follows a 

scaling law −1∕W2 . We suggested that Au ”overhangs” that exist at the edges of the 
Ti/Au bilayer (described in detail in Sect. 2) could suppress superconductivity in the 
bilayer as well as normal-metal banks do. However at that time, our understanding 
regarding this unique microstructure was limited and obviously more T

c
 measure-

ment data in the range of W < 20 µm was needed to characterize the scaling formula 
precisely.

In this paper, we examined the Au overhang microstructure in details. We report 
T
c
 observed for superconducting Ti/Au strips with W ranging from 5 to 50 µm, 

revealing the lateral inverse proximity effect on our Ti/Au bilayer.

2 � Design and Fabrication of Test Samples

In Fig. 1a, we show a schematic of a test sample of which T
c
 was characterized in 

this paper. It consists of a Ti/Au bilayer patterned into a strip shape lithographically 
and Nb/Ta superconducting leads directly deposited on the strip with a lift-off pro-
cess. We designed the strips with the widths of 5.5, 8, 10, 15, 20, 30 and 50 µm that 
are fitted within a 11 mm square Si chip. The lengths of the strips were set to 5000 
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µm so that the longitudinal proximity effect has very little impact on T
c
 and the tran-

sition width [6]. In this way, we can easily and accurately determine T
c
 for each strip 

with a sharp RT curve, securing the robustness of our experiment. The Ti/Au bilayer 
consists of a 41-nm-thick Ti layer to which a 280-nm-thick Au layer was added 
anticipating the intrinsic T

c
 of about 90 mK. More details about the deposition pro-

cess of the Ti/Au bilayer can be found in [7]. The Ti/Au bilayer was patterned with 
wet processes at room temperature. The Au layer was etched with an iodine/iodide 
solution (prepared with a mixing ratio of KI ∶ I2 ∶ H2O = 20 g ∶ 5 g ∶ 300 ml ) for 
55 s, followed by etching of the Ti layer with a dilute hydrofluoric acid solution 
(1%).

Here, the etching time of the Ti layer is crucial because the Au overhang 
indicated in the inset of Fig. 1a is formed by an undercut while etching the Ti 
layer. Figure 2 shows a typical Au overhang structure observed by using a SEM 
combined with a focused-ion-beam instrument. We beforehand investigated 
the growth rate of the Au overhang as presented in Fig.  1b. With an extrap-
olation from the data, the Au overhang starts being created about 11.5 s and 
rapidly grows to ∼ 1 µm in the next few seconds, and then gradually saturates 
around 1.2 µm over the next 10 s. As a preliminarily test, we evaluated T

c
 of 

two 50-µm-wide Ti/Au strips prepared with different Au overhang widths. These 
samples were fabricated on a Si wafer coated with SiN and measured following 
the same manner described in details in Sect.  3. As shown in Fig. 3, T

c
 of the 

strip with the wider Au overhangs is lower than the other. This indicates that the 
superconducting order parameter is reduced due to the Au overhangs, and thus 
the Au overhangs present as normal metal at low temperature or at least should 

Fig. 1   a Schematic of a Ti/Au strip. The Inset schematic shows a cutting view of a microstructure at the 
edge of the bilayer. The Au overhang is formed due to an undercut while etching the Ti layer. b Growth 
rate of the Au overhang measured with sacrificial samples of which Ti layers were etched for 12, 14, 18 
and 24 s. Subsequent to the Ti etch, the Au layer for each sample was completely removed and the width 
of the Ti layer was directly inspected to determine the overhang distance (color figure online)
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have sufficiently lower T
c
 than Tci . It also means that Tc of our Ti/Au bilayer 

is sensitive to the width of the Au overhang so the bilayer etch process should 
be carefully controlled. Note that this bilayer was from stock and consists of a 
41-nm-thick Ti layer to which a 270-nm-thick Au layer was added in different 
conditions. Therefore, T

c
 observed in this test is not directly comparable with 

our main result presented in Sect. 3. Supported by these preliminary results, the 
Ti layer of the strips characterized in this paper was etched for 16 s, resulting a 

Fig. 2   SEM image of the Au overhang structure formed by the Ti undercut. The Ti layer of this bilayer 
sample was etched for 12 s

Fig. 3   RT curves measured for 
the 50-µm-wide Ti/Au strips 
with the 0.36-µm-wide (red 
solid line) and 1.15-µm-wide 
(blue solid line) Au overhangs. 
The steep transition curves were 
observed due to very little longi-
tudinal proximity effect induced 
along the long stripes [6] (color 
figure online)
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1-µm-wide Au overhang on each side of the strip. After the sample fabrication, 
the actual width for each strip was inspected with an optical microscope and a 
SEM and determined as W = 3.58, 5.88, 8.28, 13.34, 18.04, 27.93 and 47.96 µm.

3 � Measurement Results and Discussion

We measured RT curves for all the Ti/Au strips with a standard four-terminal 
method using a low excitation current of 1 µA. The strips were mounted on a 
sample holder at the cold stage of an adiabatic demagnetization refrigerator cry-
ostat equipped with a magnetic shield at 1 K stage. The RT curves were charac-
terized by sweeping temperature with 0.05–0.1 mK/min from the lowest tempera-
ture achieved in the cooling run to 100 mK. T

c
 presented here for each strip was 

then determined as the temperature recorded at 50% of the transition.
In Fig.  4, we show the measurement result and the best fit to the data with 

blue dots and a black solid line, respectively. Unfortunately, we could not observe 
the transition for the narrowest strip with W = 3.58 µm because T

c
 was too low 

compared with the lowest temperature of 42 mK that we could reach. Therefore, 
we placed this value as an upper limit on T

c
 for this strip as marked with a blue 

downwards arrow from bar. This data point was not included for the fitting. The 
observation shows that T

c
 starts decreasing gently from W = 50 µm to around W = 

20 µm and then drops rapidly as W decreases. This declining trend was well fitted 
with the following expression:

(1)T
c
∕[mK] = −738.4

[μm2]

W2
+ 91.0

Fig. 4   T
c
 observed as a func-

tion of W (blue dots). The data 
indicated with a blue down-
wards arrow from bar show an 
upper limit given by the lowest 
temperature we could achieve 
in the experiment (not included 
in the fit). The best-fitted curve 
is shown with a black solid line. 
The data with the upper limit 
were not included in the fitting 
(color figure online)
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where T
c
(W = ∞) of 91 mK is consistent with Tci of the bilayer predicted from the 

ratio of the Ti and Au layer thicknesses. Based on these evident results, we con-
cluded that the lateral inverse proximity effect exists in our Ti/Au TES due to the Au 
overhangs at the edge of the bilayer.

As briefly mentioned in Sect. 2, we previously studied Tc affected by the longitudi-
nal proximity effect from Nb superconducting leads [6]. We found that �Tc is scaled 
with L as

Suppose �T
c,l and �T

c,w (defined as �T
c
 induced by the lateral inverse proximity 

effect) are independent from each other. �T
c
 to be observed for a rectangular-shaped 

Ti/Au TES can be estimated as a linear superposition of these two effect character-
ized as Eqs. (2) and (1):

In Fig. 5, �Tc calculated by Eq. 3 is visualized in a two-dimensional parameter space 
consisting of L and W. As expected, �Tc becomes more pronounced as L and W 
are reduced. The 3 red dots show actual measurement results for our devices. We 
recently produced a new batch following the fabrication details presented in Sect. 2 
based on a new bilayer consists of a 42-nm-thick Ti layer to which a 300-nm-thick 
Au layer was added. We just started some basic functionality checks and found �T

c
 

(2)�T
c,l∕[mK] = 8418

1

L2
.

(3)
�Tc(L,W)∕[mK] =�T

c,l(L) + �T
c,w(W)

=8418
[μm2]

L2
− 738.4

[μm2]

W2
.

Fig. 5   Heatmap displaying the size effect on T
c
 for a rectangular Ti/Au TES. In a two-dimensional 

parameter space consisting of L and W, �T
c
(L,W) = T

c
(L,W) − Tci(L = ∞,W = ∞) calculated by Eq. 

(3) is visualized. To improve readability, supplementary contour lines with inline labels ( �T
c
 from − 

10 to 10 mK in increments of 1 mK) are superposed on the heatmap (black dashed and solid lines). T
c
 

measurement results for 80x9, 70 × 50 and 30 × 50 µm2 TESs are indicated with red dots labeled with 
observed �T

c
 . (color figure online)
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of − 7.6 mK, 1.2 mK and 6.3 mK for 80(L) × 9(W), 70 × 50 and 30 × 50 µm2 TESs, 
respectively. In general, these results are in good agreement with the calculated val-
ues but there is a difference of ∼ 3 mK with the shortest TES (30 × 50 µm2), prob-
ably indicating that �T

c,l(L) has not been measured accurately enough. Nevertheless, 
this insight gives a practical overview of how much �T

c
 should be anticipated when 

designing TESs. It is also useful for estimating an impact of accuracy in TES pat-
terning on T

c
 uniformity over a TES array, although other factors such as film stress 

and quality of a film might be more significant.
Over the last couple of years, a TES film has no longer been considered just as 

an ordinary square-like film, and has become a target for optimization in its size 
to deliver the full potential of a TES-based instrument such as Athena/X-IFU. The 
optimal TES size for the main microcalorimeter array for the X-IFU instrument is 
under investigation with respect to many aspects: normal resistance, thermal con-
ductance, magnetic field sensitivity [9, 10] and so on. We now have a better under-
standing of our Ti/Au bilayer and how much �T

c
 must be compensated in a wide 

range of L and W, showing our capability of tuning T
c
 as desired for Athena/X-IFU 

and other future missions.

4 � Conclusions

We have experimentally shown that T
c
 for our Ti/Au bilayer is suppressed as the 

width decreases. This is a consequence of the lateral inverse proximity effect from 
the normal-metal microstructures that exist as the Au overhangs at the edges of 
the Ti/Au bilayer. Based on the result, T

c
 for rectangular-shaped Ti/Au TESs to be 

designed for future applications can be tuned more precisely, taking into account 
the longitudinal proximity effect from the Nb leads attached on the Ti/Au bilayer as 
well.
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