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Low Noise Transition Edge Sensor (TES) for
the SAFARI Instrument on SPICA

P. Khosropanah, R.A. Hijmering, M. Ridder, M.A. Lindeman, L. Gottardi, M. Bruijn,
J. van der Kuur, P.A.J. de Korte, J.R. Gao, H. Hoevers

Abstract—We fabricated and characterized a low thermal
conductance (G) transition edge sensor (TES). The device is
based on a superconducting Ti/Au bilayer deposited on a
suspended SiN membrane. The critical temperature of the device
is 78 mK. The low thermal conductance is realized by using
narrow SIN supporting structures. All measurements were
performed having the device in a light-tight box, which to a great
extent eliminates the loading of the background radiation. We
measured the current-voltage (IV) characteristics of the device at
different bath temperatures and determine the thermal
conductance (G) to be equal to 0.13 pW/K. The current noise and
complex impedance are also measured at different bias points at
a bath temperature of 30 mK. The measured electrical (dark)
NEP is 4.2x10™"° W/\Hz, which is about a factor of 3 higher than
what is expected from the thermal conductance that comes out of
the IV curves analysis. We also measured the complex impedance
of the same device at several bias points. Fitting a simple first
order thermal-electrical model to the measured data, we find an
effective time constant of about 1-4.5 ms and a heat capacity of
2-3 fJ/K.

Index Terms—Transition-edge sensor, TES, far infra-red
spectrometer, submm spectrometer, SiN membrane.

I. INTRODUCTION

PICA [1] is a Japanese-led mission to fly a 3.5 m diameter

IR telescope with a cryogenically cooled mirror (~5K).
Cooling the optics reduces the background radiation caused by
the ambient temperature of the telescope that limits the
sensitivity. The loading is then dominated by astrophysical
background sources. SAFARI [2] is the European instrument
on SPICA. It is an imaging Fourier Transform Spectrometer
(FTS) with three bands in the wavelength ranges: 35-60 um,
60-110 pm and 110-210 pm. The loading in these bands is
dominated by emission from the Zodiacal light at a level of
0.3-1 fW [2]. This gives a photon noise equivalent power
(NEP) at the detectors of 1-3x10™"* W/NHz. We require
detectors with electrical NEP at least 3 times lower than the
photon noise limit, i.e. < 3x10™"" W/VHz. This sensitivity is
about 2 orders of magnitude higher than what is required for
detectors on a ground based telescope, imposing a great
challenge on the detector technology. The requirement for the
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response time of the detectors for SAFARI is set to
T < 8 ms, determined by the maximum scanning speed of the
FTS mechanism and the downlink bandwidth.

A transition edge sensor (TES) is the selected detector
technology for the SAFARI. Silicon nitride suspended
structures (although not for TES) were originally developed
for ground-based mm-wave observations and have been used
in a large number of ground-based and sub-orbital
experiments [3]-[6]. Silicon nitride suspended structures were
used in the Herschel-SPIRE [7] and the Planck space
observatory [8]. All of the detectors in these instruments use
bolometer chips that are bonded to the silicon nitride
membranes in a hybrid process [9]-[10]. More recently, a
number of groups have developed bolometers incorporating
silicon nitride thermal isolation combined with TES
bolometers (see Ref. [11] and references therein).

In collaboration with several European TES groups, SRON
is developing low thermal conductance TES bolometers for
SAFARI. These devices are based on a Ti/Au superconducting
bilayer as the sensitive element on a suspended silicon nitride
membrane.

Previously we reported measurements of a single pixel TES
using long diagonal legs [12]. Also the optical test of a similar
TES integrated with an absorber was reported [13], where the
radiation is coupled to the detector using a conical horn. In
order to achieve very low thermal conductance we needed to
use 4 very long diagonal legs of 1800 pm. This makes the
detector size rather large and therefore not suitable for making
arrays with required pixel pitch size for the SAFARI. One
solution to overcome this problem is to make ring-like
supporting structure [14]. In this paper an alternative
approach is taken by having the TES supported by tilted
parallel legs.

We present the details of the detector and electrical (dark)
characterization, including IVs, noise, impedance data and the
analysis.

II. TES DEVICE

The device under test is based on a Ti/Au (16/60 nm)
bilayer, deposited on 0.5 pm thick suspended SiN membrane.
The TES area is 50x50 pmz and the critical temperature (7¢) is
78 mK. In order to be able to test this device optically (not
reported here), we have an absorber close to the TES, which is
an 8 nm thick Ta with an area of 70x70 um®. The absorber and
the TES are sitting on a 130x70 um” SiN island.

Fig. 1 shows a picture of the device. There are 4 SiN
supporting legs that are 2 um wide and 2000 pum long. The
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electrical contact to the bolometer is realized by 90 nm thick
Nb wiring on the top of SiN legs.

Similar devices are fabricated in an array of 5x5 with a
pitch size of 840 pm, which is required by the SAFARI long
wavelength focal plane array (see Fig. 2).

Ta Absorber

Nb wires on
SiN legs

SiN legs

\

Fig. 1. TES on suspended SiN structure with a spider-web-like design. In the
middle of each detector there is a TES and an absorber on a SiN membrane.

Fig. 2. TES array on suspended SiN structure with tilted parallel legs design.
By increasing the tilt angel the leg length increases while the pitch size stays
the same.

III. CURRENT-VOLTAGE CHARACTERISTICS

The detector is tested using a Kelvinox dilution fridge with
a base temperature of 16 mK. The detector is mounted in a
light tight box, which is designed to minimize the background
loading due to possible stray light. The electrical wiring into
this box goes through a meander path that is filled with Stycast
mixed with SiC grains.

The biasing is done by using a dc current source in parallel
with 5 mQ shunt resistance that simulates a voltage bias. The
current in the TES is read out using a SQUID with a closed
flux locked loop. Fig. 3 shows a set of measured IV curves at
bath temperatures varying from 30 to 70 mK. The dc power in
the transition at each bath temperature is almost constant.
Fig. 4 shows the power level as a function of bath temperature.

The heat flow equation for a TES can be written as:

P = K(Tcn - Eyamn) ’ @)
where P is the bias power applied to the TES; K a constant
that depends on the geometry and material properties of the

supporting legs; T¢ the critical temperature of the bilayer; and
Tpan, the bath temperature. All parameters are known in (2)

2

except for n and K, we can fit (2) to the measured data to find
both values. For this device the best fit was obtain using
n=2.5 and K =2.66 pW/K". The fundamental phonon noise in
TES can be written as [15]:

NEP = \ly4k,T°G . 3)

where y is a number between 0.5 and 1 that accounts for
temperature gradient along the supporting legs and in our case
is about 0.5, kz is the Boltzmann’s constant, 7 is the
temperature of the TES, which is equal to T¢, and G is the
thermal conductance between the TES and the substrate which
can be written as:

G =nKT!™". (4)
Inserting the values from the fit in Fig. 4 gives a G of

0.13 pW/K, which in turn results in an expected dark NEP of
1.4x10" W/\Hz using (3).
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Fig. 3. Calibrated IV curves at different bath temperature.
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Fig. 4. Power plateaus in the transition as a function of bath temperature.

IV. NOISE MEASUREMENT

Fig. 5 shows the measured current noise spectra at several
bias points in the transition at a bath temperature of 30 mK.
The data have a frequency resolution of 1 Hz. Dividing the
current noise by the responsivity yields the electrical (dark)
NEP at each operating point. The responsivity at low
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1 0 (Ro - RTh)
the bias current, R, is the resistance of TES and Ry, is the
Thevenin resistance in the bias circuit that is R jestRgpum. The
dark NEP at low frequency at all points in the transition is
about 4.2x10™" W/\Hz, which is a factor of 3 higher than
what we expect from the measured G. We believe that the
main part of this excess noise is due to the thermal fluctuations
in the long legs.

frequencies can be approximated by , where [ is
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Fig. 5. Noise current spectra measured at a bath temperature of 30 mK in the
transition that corresponds to NEP=4.2x10"* W/VHz. R, is the TES resistance
at the bias point where the noise was measured and R, is the normal state
resistance of the device.

V. TES SPEED

The speed of the device at different bias points is measured by
applying a small step current (less than 10% of the bias
current) and recording the output signal. Since the signal is
small it has to be averaged for over 500 times. The curves are
then fit by a first order exponential function that gives the time
constant of the response. Fig. 6 shows the measured curves
and the fits. The effective time constant varies between 4.5 ms
at high in the transition to 1 ms at low in the transition. These
numbers are well within SAFARI specifications that require
1< 8 ms.
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Fig. 6. The response signals (blue curves) to a small current bias step at
different bias points. The fits (red curves) are first order exponential decay
functions that give the time constants.

VI. COMPLEX IMPEDANCE MEASUREMENT

For the complex impedance measurements we use a 10 kQ
resistance as a noise source. This noise is amplified and then
added to the dc bias. Both the input noise signal and the output
of the SQUID amplifier are recorded. The complex impedance
of TES can be written as:

. V,c(jo) . . 4
Zpps (j) = 4= T(jw) = Z,, (jw)- )
’ Rypiic s (J@) "
where
ZTh (]6()) = Rserias + Rshunt + JC()L ' (5)

Here Ry .q4c 18 the resistance in series with the noise source,
Ry.ies 1S the series resistance with the TES in the bias circuit ,
Ry 18 the shunt resistance and L is the inductance in the bias
circuit. 7(jw) is the transfer function of the signal lines that is
determined experimentally. In order to calculate the Zrzs(jw)
from (4) and (5), we need to find 7T(jw) and L. All other
parameters are known. These two can be calculated by using
two equations for superconducting and normal state where
Zrgs is known. At the superconducting state the Zrgs(jw) is
simply zero and at the normal state it is the normal resistance
of the TES which is 103 mQ in this case. The L obtain from
this measurement is 0.5 uH.

Fig. 7 shows measured complex impedance curves different
bias points in the transition at a bath temperature of 30 mK. In
order to extract the TES parameters from the data we choose a
simple, first order model that is described in great detail in
Ref. [11]. In this model, the TES is seen as an isolated element
with a certain heat capacity C that is connected to the bath
with a low heat conductance G. In first order our device can be
explained with this simple model especially in the low part of
the transition where the complex impedance curves are very
close to perfect semi-circle. In order to study these devices in
greater detail more sophisticated models are needed that
accounts for distributed heat capacities and heat conductance
through the long legs.
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Fig. 7. Measured impedance at 5 points in the transition. R, is the TES
resistance at the bias point where the impedance is measured and R, is the
normal state resistance of the device.

Using the electrical and thermal equations, the Zrzg can be
written as:

1
Z]ES = Zoo + (Zoo _ZO) ’ . : (6)
-l1+iw o
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, Where Z; and Z,, are the impedances at zero and at very high
frequency, respectively. 7.y is the effective time constant,
defined as:

_ 1+B+R, /R,
T "1+B+R,/R,+(1-R,/R)L,
where 7o = C/G is the intrinsic time constant and L, is the low
frequency loop gain that is: [, = Pa/GT,. Here Py is the dc

T

(M

bias power and 7 is the temperature of TES, which is close to
Tc in the transition. a is the resistance dependence of the
temperature at constant bias current. Similarly g is the
resistance dependence of the current at constant temperature.
These two are defined as:

_ToR| 1, 0R| ©
R, 0T I R, oI I
In this model Z; and Z,, become:
Zo = ROH/J)—-'-LO 9)
1-L,
Z, =R+ p) (10)

By choosing the Z,, Z,. and . at every bias point, (6) is
fitted to the measured data. Knowing Z,, and Ry, we derived S
from (10) and using that in (9), Ly will be known. Knowing
the loop gain (L¢) and effective time constant (z.;) and S, we
calculate the intrinsic time constant (zy) from (7) and since the
thermal conductance (G) is known from the IV measurement,
we can estimate the thermal capacity (C) of the device.

Table 1 summarizes the outcome of this analysis for the
TES in the transition at bias point where Ry/R, = 0.30, which
is a preferred operating point for these devices.

TABLE I DEVICE PARAMETERS FROM

IMPEDANCE MEASUREMENT
TES Value
parameter

G 0.13 pW/K
C 2.3 1I/K
Ty 17.7 ms
Top 1 ms
Ly 30
Ry 30 mQ
Py 3.8 fW
o 80
B 0.4

VII. CONCLUSION

We have fabricated and measured low thermal conductance
TES devices as required for SPICA. We measured IV curves
at different bath temperatures from 30 to 70 mK while it is
mounted in a light-tight box to minimize the background load.
The saturation power is 3.8 fW at 30 mK bath temperature.
The thermal conductance extracted from the IV curves is
0.13 pW/K that corresponds to phonon noise NEP of
1.4x10™" W/\Hz. However our noise measurement shows an
electrical (dark) NEP of 4.2x10™"° W/\Hz. The reason for this

4

excess noise is under investigation but we believe that the
main part of this excess noise is due to the thermal fluctuations
in the long legs. The complex impedance data can be
relatively well described by a simple, first order model. We
derive a heat capacity of 2.3 fJ/K and an effective time
constant of about 1 ms when the TES is biased at Ro/R, = 0.30
in the transition. The speed of the device is well below the
specification for SPICA and can be further compromised by
lowering the G to meet the sensitivity requirement.
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