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Motivation

Next X-ray astronomy satellites

kilo~Mega pixel TES array

DIOS (~2016) (Ohashi+05 SPIE)

Mapping of missing baryon 

ΔE ~ 2 eV, Area ~10x10 mm2 @ 0.2-1.5 keV

Good ΔE → Small pix

16x16 array w/ 200 μm sq TES

wiring width 10 μm

DIOS needs >20x20

1.5 m

400 kg

90 M lyr

!E !
!

CT 2/!
TABLE 1. DIOS requirements.

Energy range 0.3–1.5 keV
Energy resolution 2 eV at 0.6 keV
Grasp >100 cm2deg2 at 0.6 keV
Point Spread Function <5 arcmin
Field of view 49 arcmin square
Size of Detector Array 10!10 mm2

Array Format >16!16

(a) 

(b) 

100 !m

10 mm 

Si collimator t200 !m

SiO2 t300 nm 

Au t200 nm Ti t50 nm 

SiNx t400 nm  

Si t 300 !m

X-rays 

108 !m

147 !m100 !m

180 !m

FIGURE 1. (a) Photographs of the central part of the 16!
16 TES array (left) and a pixel (right). (b) Cross-sectional
geometry of a pixel with a collimator.

DEVELOPMENT STATUS

For the DIOS mission, we have been developing two
types of TES microcalorimeters [7]. One is a small ar-
ray with 4!4 pixels , to study and optimize TES and ab-
sorber properties. The best energy resolution with this
type is 2.8 eV (FWHM) at 5.9 keV for a 200 µm-square
Ti/Au TES with a 120 µm-square Au absorber (thickness
1.7 µm). This result is reported in [8].

The other type is a large-format array with 16!16
pixels, aiming at development of the array fabrication
techniques such as closely-packed membranes made by
dry etching and fine-pitch read-out wires by wet etching.
Last year, we have succeeded in fabrication of the 16!16
TES array with read wires [9]. The pixel size and pitch
were 180 µm square and 600 µm, respectively. Asa first
step, we fabricated the TES array without Au absorbers
and investigated its characteristics. Figure 1 (a) shows the
fabricated TES array. All pixels were wired with Al and
stood on SiO2 and SiNx membranes. The measured tran-
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FIGURE 2. (a) Mn K! energy spectrum of our device num-
ber "L8W2-1" from 55Fe source. (b) Frequency dependence of
noise components of L8W2-1. Solid lines indicate data (black),
Johnson noise (blue), phonon noise (magenta), excess Johnson
noise (cyan), excess phonon noise (green), and a sum of these
four noise components and read-out noise (red).

sition temperatures in several pixels were nearly uniform
around "130 mK. The energy resolution of a representa-
tive pixel was, however, not satisfactory, 11 eV (FWHM)
at 5.9 keV, in spite of a good baseline resolution (the res-
olution determined by noise) of 3.7 eV. The pulse and
noise analyses showed that the discrepancy of the energy
resolution with the baseline arises from a thermal fluctu-
ation, i.e., variation in the pulse shape and the contami-
nation of small events which hit substrate, membrane and
readout wires. Details on this study were summarized in
[9].

To confirm the above hypothesis and suppress this
unwanted component, we newly fabricated a 200 µm-
thick silicon collimator with a diameter of 108 µm and
measured the energy resolution of the same pixel again.
Figure 1 (b) shows the setup. As we expected, the small
pulse-height events dramatically decreased. As shown in
figure 2 (a), the energy resolution of 4.4 eV was achieved
for the same pixel, where the baseline resolution was 3.1
eV. The remaining discrepancy of the energy resolution
from the baseline is supposed to mainly arise from the

10 mm

4.4 eV @ 5.9 keV
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Key technology

Superconducting readout wiring

Key for many missions 
(IXO, DIOS, Xenia)

Multilayer readout

Space saving

Min mutual inductance

Development plan

Wirings w/o TES

Wirings w/ TES



Design
Four 4x4, two 8x8, two 20x20 wirings in 4 inch Si

TES size 200 μm sq,  pitch 500 μm sq for DIOS (Ezoe+09 LTD)
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TABLE I
FOUR TEST WAFERS FOR THE MULTILAYER READOUT WIRING.

ID upper wiring lower wiring

MLR #1 Al t100 nm Al t100 nm

MLR #2 Al t50 nm Al t100 nm

MLR #3 Nb t50 nm Al t100 nm

MLR #4 Nb t100 nm Al t100 nm

Fig. 2. Photomask design of the multilayer readout wiring. (a) An overview.
(b) Close-up views of pixels for the resistance measurement and the TES array
fabrication, respectively.

of the multilayer readout wiring. The hot and return lines

sandwich an insulation layer and connect with each other

through a contact hole near a pixel. Both the upper and lower

wirings should be made of superconducting materials because

a typical impedance of our TES at an operating temperature is

small (several tens m!). In this regime, the TES and absorber
are formed upon the wiring to make our fabrication process

easy. Thin membranes composed of silicon nitride and silicon

oxide films are fabricated with dry etching, to control thermal

link between the TES and the substrate, where the silicon

oxide is used as etch stop.

Previous studies have revealed good superconducting tran-

sitions of thin Nb and Al films. We thus fabricated four

types of multilayer readout wirings as summarized in table

I. We changed the thickness and material of the upper wiring.

The different thickness is to study a proper value for a good

electrical contact, while the different material is to examine

an appropriate superconducting transition.

Figure 2 displays our photomask design. From a single 4-

Fig. 3. (a) Photographs of the 20!20 array wirings (ID MLR #4 20!20T).
An overview (left) and a close-up view of wirings (right). (b) Cross-sectional
images of the contact hole of the panel (a). The FIB-processed contact hole
(left) and a close-up view (right).

inch Si wafer, four 4!4, two 8!8, and two 20!20 arrays can
be obtained. Half of the arrays are devoted for resistance mea-

surements. Hence the upper and lower wirings are connected

by design (fig. 2 b left). The other half arrays are for TES

array fabrications (fig. 2 b right).

In fabrication of devices, we first deposited the 100 nm-

thick Al film on a 300 µm-thick Si (100) wafer with mem-
brane films and patterned the film as the lower wirings.

Secondly, we put a 180 nm-thick SiO2 film as an insulation

layer and etched it as the contact holes. Thirdly, we deposited

the Al or Nb film and patterned it to form the upper wirings

and bonding pads. We added an extra 150 nm-thick Nb film on

the contact hole, to strengthen the electrical contact. Finally

we cut the array chips by using a dicing saw.

Figure 3 (a) shows an example of the fabricated 20!20
array chips. Widths of the upper and lower wirings were as

narrow as 10 and 15 µm, respectively. Sub-µm alignment

accuracy can be confirmed from these photographs. We took

cross sectional images of the contact hole using a FIB-SEM

(focused ion beam-scanning electron microscope) instrument

(XVision200, SII Nano Technology Inc.) as shown in figure

3 (b). A good physical contact of the upper and lower

wirings and an uniform insulation layer can be seen. We thus

proceeded to evaluate their electrical performances.
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Fabricated wiring samples

MLR #1, #2 : Al t50 or 100 nm + Al t100 nm

MLR #3, #4 : Nb t50 or 100 nm + Al t100 nm 

High alignment accuracy (<1 μm)

Good contact by eye check2
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Resistance check at room T

All the 400 pix in each 20x20 R sample 

High process yields → 95~97 %
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Resistance check at low T

Transition of 2~4 pix in each 20x20 R sample

Al-Al : Sharp transition, Large Ic (>100 μA) 

Nb-Al : Slow transition, Small Ic (~10 μA)
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TABLE II
RESISTANCE MEASUREMENTS AT ROOM TEMPERATURE.

ID open short process yield

MLR #1 20!20R 5 6 389/400 (97%)

MLR #2 20!20R 4 4 148/155 (95%)

MLR #3 20!20R 2 16 382/400 (96%)

MLR #4 20!20R 6 9 385/400 (96%)

III. RESISTANCE MEASUREMENT

We measured all the 400 pixels of the four 20!20 array
chips at room temperature using a manual prober. The resis-

tance measurement array (type R) in each wafer (see fig. 2)

were utilized, because these arrays allow us to quickly check

electrical connections without depositing the TES. We put the

metal probes directly on the bonding pads for each pixel.

Typical resistances of the MLR #1, 2, 3, and 4 20!20R
wirings at room temperature were 600"1000 !, 1100"1800
!, 3500"5800 !, and 1700"2800 !, respectively. These
values vary from pixel to pixel because of different lengths.

Almost every pixel showed a factor of 1.5"2.0 higher resis-
tance than a theoretical value assuming a resistivity of bulk

material (Nb and Al). This difference could be explained by

thinness and/or quality of the films. When a resistance of a

certain pixel is outside of this range, we decided to identify

such a pixel as an open or a short one depending on the value.

The number of open, short, and good pixels are summarized

in table II. Since the MLR #2 20!20R was broken when

we separated it from the wafer by hand, a part of pixels

could be measured. All the four chips showed high process

yields of 95"97%. From a series of photographs taken with

an optical microscope, we found out that the bad (open and

short) pixels are mainly due to two reasons. One is a miss

handling during the process (e.g., scratches by tweezers, dust

particles on wirings) that often leads to the open pixels. The

other is imperfections of a photomask used in the pattering

of the insulation layer (SiO2) (e.g., holes on wiring patterns)

that can cause the short pixels. By improving these defects,

we expect to increase the process yield close to 100% in the

next fabrication.

We characterized R-T curves of representative pixels in the

four chips (MLR #1"4 20!20R). An Al bonding wire was
used to connect the bonding pads at the perimeter of the chip

to a four terminal sensing experiment. R-T curves of three,

one, four, and four pixels were taken for the MLR #1, 2, 3, and

4, respectively. All the pixels showed normal-super transitions

near the expected transition temperatures of Al and Nb (1.2

K and 9.5 K).

Figure 4 (a) shows a typical R-T curves of the MLR #2

wirings around 1.2 K. The pixels both in the MLR #1 and

2 showed two sharp transitions around 1.2 K with a residual

resistance of " 3 m!. Since the temperature is consistent with
the transition of Al, the two transitions could be those of the

multilayer wirings and the Al bonding wire. The R-T curves

were stable when we changed a current from 1 µA to 100

µA, which suggests a large critical current. Since a typical
current and resistance for our TES at an operating point is on

Fig. 4. R-T curves of a representative pixel in (a) MLR #2 20!20R and
(b) MLR #3 20!20R.

the order of 10 µA and 10 m!, these Al-Al wirings can be
used for the TES readout.

As shown in figure 4 (b), the transitions of the Nb-Al

wirings (MLR #3 and 4) around 1.2 K was not as sharp

as those of the Al-Al. The critical current was smaller on

the order of 10 µA. Above this current, the resistance rapidly
increased upto several !. These phenomena must hinder us to
use these wirings for the TES readout. Although exact reasons

are not clarified, we suppose that impurities between Al and

Nb at the contact hole, such as an AlO2 layer and/or a Ar gas,

are related to these features. This insight is supported by the

fact that O and Ar emission lines were detected in the energy

dispersive X-ray spectroscopy (EDS) measurement of the Nb-

Al contact hole as shown in figure 5. The Ar gas was used for

an inverse sputtering before depositing the Nb upper wiring.

MLR #3 20x20 R (Nb-Al) 
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were stable when we changed a current from 1 µA to 100

µA, which suggests a large critical current. Since a typical
current and resistance for our TES at an operating point is on

Fig. 4. R-T curves of a representative pixel in (a) MLR #2 20!20R and
(b) MLR #3 20!20R.

the order of 10 µA and 10 m!, these Al-Al wirings can be
used for the TES readout.

As shown in figure 4 (b), the transitions of the Nb-Al

wirings (MLR #3 and 4) around 1.2 K was not as sharp

as those of the Al-Al. The critical current was smaller on

the order of 10 µA. Above this current, the resistance rapidly
increased upto several !. These phenomena must hinder us to
use these wirings for the TES readout. Although exact reasons

are not clarified, we suppose that impurities between Al and

Nb at the contact hole, such as an AlO2 layer and/or a Ar gas,

are related to these features. This insight is supported by the

fact that O and Ar emission lines were detected in the energy

dispersive X-ray spectroscopy (EDS) measurement of the Nb-

Al contact hole as shown in figure 5. The Ar gas was used for

an inverse sputtering before depositing the Nb upper wiring.
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Summary
We have designed and tested a novel readout 
wiring for a large format array of TES X-ray 
microcalorimeters. 

It minimizes wiring space and mutual 
inductance b/w hot and return lines.

20x20 wiring samples made of Nb/Al-Al have 
been successfully fabricated. 

From R check, high 95~97 % process yield at 
room T is confirmed.

Al-Al wirings show sharp transition and large 
Ic, while Nb-Al do not. Impurity such as Ar or O 
may influence the latter.
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Fig. 5. (a) Scanning transmission electron microscope-EDS image of the
contact hole in the MLR #4 20!20R. (b) Four energy-band EDS images of
the box region in the panel (a).

Therefore, further improvements on fabrication processes are

necessary before using the Nb-Al multilayer readout wirings.

IV. CONCLUSIONS

We have designed a novel way of readout wirings to TES

sensors that allows us to save wiring spaces and minimize

mutual inductance between hot and return lines. This will

allow us to achieve a large 20!20 TES array with a good
energy resolution of " 2 eV, required for future astrophysical
missions such as DIOS. We fabricated samples whose wiring

materials are either Al or Nb. From resistance measurements

at room and low temperatures, we have concluded that Al-Al

multilayer wirings satisfy required electrical properties such

as sharp transitions, low residual resistances, high critical

currents, and high process yields. The Nb-Al combination was

not satisfactory due to their not-sharp transitions, high residual

resistances and low critical currents. Impurities between Nb

and Al at electrical contacts can influence these unwanted

behaviors. Now we proceed to fabricate large TES arrays

using the Al-Al multilayer wirings. We will investigate the

energy resolution and electrical cross talks of the 20!20 TES
arrays with the multilayer readout wirings.
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