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We present the contribution of x-ray incident-position dependence on the absorber to the energy resolution of Ti/Au
transition-edge sensors (TESs). The pulse height varies with the position due to insufficient thermal conductivity and
geometry of the absorber that degrades the measured energy resolution. We develop a three-dimensional (3D) electro-
thermal simulation model and thoroughly study the position dependent contribution to energy resolution (AE;) for two
presentative absorber structures: an absorber directly deposited on the center of TES sensor (design A) and an absorber
cantilevered on the TES sensor by several stems (design B). For design A with a 30 pmx40 pm Au absorber AE}, is found
to be 9.4 eV, while it is reduced to 1.35 eV for design B with a 100 umx 100 um Au absorber. Although the contribution
of position dependence is relatively small, this study facilitates further optimization of the absorber structure to achieve

enhanced energy resolution.
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1. Introduction

Transition edge sensors (TESs), with extremely high en-
ergy resolution (AE) as calorimeter and sensitivity as bolome-
ter, are detectors of choice in diverse fields including x-ray
spectroscopy,!!l dark matter detection,!?! and astrophysics. 3!
As a thermal detector, TES, operating on the sharp resistive
transition of superconducting materials near the critical tem-
perature (7c), enables high-precision signal transduction. !
For example, Ti/Au bilayer TES microcalorimeter exhibits a
AE of 2.0 eV at 5.9 keV.’! To absorb the high-energetic par-
ticles, TES is usually coupled to a thin absorber made of high
atomic number metals (i.e., Au and Bi) with high photon stop-
ping power and quantum efficiency. Theoretical AE depends
on the total heat capacity (C), which is mainly dominated by
the large absorber. Due to the limited internal thermal conduc-
tivity, the pulse shape including its pulse height (PH) and rise-
time (7,) varies with the incident position of the x-rays, which
will degrade AE.!® The effect of position dependence can be
reduced by increasing the thermal conductivity of absorber.!!
We are developing TiAu-based x-ray TES with an Au absorber
directly placed in contact with the TES sensor.! To reduce the
thermal conductance (G), the silicon substrate underneath the
TES sensor is etched!”! to form a membrane and the measured
AE is about 100 eV at 5.9 keV, which is much higher than sim-
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ulated one due to unknown excess noise. Besides the thermal
fluctuation noise, Johnson noise and SQUID amplifier noise,
the measured AE is further influenced by temperature stabil-
ity, stray light as well as position dependence. We build an
electro-thermal model with COMSOL Multiphysics software
to study the position dependence and find that its contribution
to the total AE is 9.40 eV. This contribution is further reduced
to 1.35 eV for a cantilevered absorber structure (mushroom
absorber).

2. Electro-thermal model
The temperature (7') in the TES follows the heat balance
equation!!?]

oT

pcW =V. (kVT) + Qext + Qjou]ev (M

where p is the density, c is the specific heat, & is the thermal
conductivity, Qex; is the external heat source, and the joule heat
(Qjoule) can be described as

Qjoule =J-E, 2

here E is the electric field and J is the current density!!'!!

oD
J—GEJrEJrJe, 3
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where o is the electrical conductivity, D is the electric flux
density, and J. is the external current density.
The TES resistance (R) as a function of temperature (T)

can be reproduced with an empirical formula!!?!

R(T)= % [l—i-tanh(TA_TTC)], (4)

where R, is the normal-state resistance and AT is the transition

width, controlling the steepness and consequently the temper-
ature sensitivity (¢ =T /R x dR/dT).
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Fig. 1. (a) Top view and (b) cross-section view of the x-ray TES calorimeter.
Au absorber and TiAu TES are 1.2-pm and 100-nm thick, respectively. Note
that the thickness values are not in scale with the actual device for clarity.
(c) The schematic diagram of the TES readout circuit. Shunt resistor (Rsy)
and parasitic resistor (Rp) are both 2 mQ, and the input coil (L) of the DC
SQUID is 6 nH.

Table 1. Physical parameters of the TES calorimeter at cryogenic
temperatures. 711

Parameter Value
TES cres (J/(kg-K)) 1.53 x1073
kres (W/(m-K)) 1.66
PrES (g/em?) 14.77
Absorber cauw (J/(kgK)) 5.91x 1074
kau (W/(m-K)) 4.57
Pau (g/cm?) 19.32
SiN, esin, (J(kg-K)) 5.82x 1073
ksin, (W/(m-K)) 6.91x 1076
psin, (g/cm®) 3.00
Si Csi (J/(kg-K)) 7 %1070
ksi (W/(m-K)) 148
psi (g/em®) 2.33

We first construct the whole structure of TiAu TES
calorimeter with the Au absorber in contact with the TES sen-
sor (called design Al). As shown in Fig. 1(a), the SiN, mem-
brane is 400 pumx400 pwm, while the TES sensor and absorber
are 50 umx50 pum, and 30 umx40 wm, respectively.[®! Fig-
ure 1(b) shows the cross-section view, and the thickness val-
ues of each layer are given. Note that the thickness is not in
scale with the actual device for clarity. The physical parame-
ters of all materials at cryogenic temperatures are taken from
references!”!%1 and listed in Table 1. The readout circuit is
shown in Fig. 1(c). The TES is constant-voltage biased by
applying a bias current (/i) to the 2-m€2 shunt resistor in
parallel with the TES. Note that a 6-nH input coil (L) and a

2-m{Q parasitic resistor (Rp) are in series with the TES to sim-
ulate the actual circuit. Therefore, electro-thermal feedback is
included in the simulation. The COMSOL software, based on
finite-element method, can solve the electric circuit and ther-
mal equations (Egs. (1)—(3)) simultaneously. The current flow-
ing through the TES (Itgs) is monitored by a virtual ampere
meter. The Joule heat dissipated in the TES is taken into ac-
count with Eq. (4) as Prgs = I%ESR( T). During the simulation,
the temperature at the membrane edges and bias current (Iyjas)
were set to 120 mK and 220 pA, which are consistent with the
measurement condition.

3. Simulated results

We first simulate the steady-state temperature distribution
of this whole device as shown in Fig. 2(a). The Joule heat
generated in TES sensor is transferred to the heat sink via the
weak SiN, thermal links. Figure 2(b) shows the temperature
distribution in the absorber. It is ~ 190 mK and uniform due
to good thermal conductivity of Au.

To simulate the pulse response, we replace the 5.9-keV
x-ray irradiation with a heat source with a radius of 0.1 um
and duration of 10 ns. Figure 3 shows the simulated current
pulse with a PH of 0.357 nA, which is in good agreement with
the measured one. The rise time (1) and fall time (T) are
5.4 us and 56 ps, respectively. We can conclude that the sim-
ulation is reliable as we adopt the actual physical parameters
at cryogenic temperatures and the electric circuit includes Rp
and L of DC SQUID.

mK mK
190

(a) 180 ’ ‘ 190.0038

170 190.0036
160 190.0034
150 190.0032

140 L ‘ 190.0030
130 190.0028

Fig. 2. (a) The steady-state temperature distribution of the whole device (A1),
(b) temperature distribution in the absorber.
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Fig. 3. A comparison of the simulated pulse and a measured typical

pulse of Al device. A heat source with an energy of 5.9 keV is injected
at the center of the absorber.
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Fig. 4. (a) The heat injection points (p1-p9) on the absorber. r denotes
the distance between the injection point to the center, and R is the max-
imum distance, (b) PH and 7 as a function of the normalized distance
(r/R) of device Al.
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Fig. 5. PH as a function of normalized distance (r/R) for devices Al
and A2. The calculated contributions of position dependence to energy
resolution are 9.4 eV and 8.24 eV, respectively.

We then investigate the position dependence of PH. As
shown in Fig. 4(a), only 9 points (p1-p9) on the absorber are
selected as the heat incident positions, thanks to the geomet-
ric symmetry of the TES calorimeter. The parameter r de-
notes the distance between the point to the center, and R is the
maximum distance. Figure 4(b) shows the simulated PH as a
function of distance normalized to R. It can be seen that PH
gradually decreases with distance, while the rise time (7) in-
creases. Assuming the pulse height at the center corresponds
to 5.9 keV, PH value at each point is then converted to en-
ergy. The energy’s standard deviation (o) is calculated with
the assumption that x-rays should uniformly impinge on the
absorber. The contribution of the position dependence to the
energy resolution is AE}, = 2.3550. Although PH at the corner
is close to the value in the center: 99.76%, AE, is estimated
to be 9.4 eV, much less than the measured AE of ~ 100 eV. It

indicates that the position-dependent contribution is relatively
small.

To minimize the position effects, the absorber is changed
to a square with a length of 40 pm (called design A2). The
other parameters including physical parameter and geometry
are kept unchanged. We repeat the simulation and plot the
normalized PH as a function of normalized distance as shown
in Fig. 5. PH at the corner reaches as high as 99.79% that in
the center, and hence position-dependent contribution (AE}) is
reduced to 8.24 eV.

The thermal conductance (G) between absorber and TES
sensor is good enough as the absorber is directly deposited
on the TES sensor. The heat deposited into the absorber is
quickly transferred to the TES sensor. However, if x-ray is
incident at the corner, part of energy possibly escapes into
the heat bath through the weak SiN, membrane before heat-
ing the TES. We thus studied an alternative absorber structure:
mushroom-type (design B).I'3] As shown in Fig. 6, a large Au
absorber is supported by 6 Au stems: 4 stems are anchored on
the membrane and 2 stems on the TES sensor. These cylin-
der stems are 3 um in diameter and 2 pwm in height, and the
absorber is 200 umx200 pm (design B1).

(a)

Absorber

(b)
Absorber

Stem
- TES

SiN,

Fig. 6. (a) Top view and (b) cross-section view of the mushroom-type
device (design B). Au absorber is supported by 6 Au stems: 4 stems are
anchored on the membrane and 2 stems on the TES sensor.

In this case, the heat capacity is much larger than be-
fore, thus the temperature change is smaller as well as PH.
As shown in Fig. 7(a), for the case that heat is injected at
the center of absorber, 7.; and 7.¢ of design Bl are 7.26 us
and 74 ps, which are slightly larger than design Al. There
are three points with the same distance (i.e., 32%, 64%, and
71%), where the calculated PH is slightly different due to the
asymmetry of two stems on the TES senser. In general, the
pulse height exhibits uniform distribution: PH at the corner is
99.94% that at the center (see Fig. 7(b)). The contribution of
position dependence is improved to 2.16 eV, which is much
smaller than design Al.
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Fig. 7. (a) Simulated pulses with the heat source injected at the center
of absorber for designs A1, B1, and B2. (b) The corresponding PH as a
function of normalized distance. The position-dependent contributions
to energy resolution are 9.4 eV, 2.16 eV, and 1.35 eV.

We further decrease the Au absorber to 100 pmx 100 pm
(design B2). The simulated current pulse is also plotted in
Fig. 7(a) for comparisons. The PH of design B2 is increased
to 0.329 pA thanks to a smaller thermal capacitance. For the
same reason, T, and Tegr are 6.11 ps and 62 ps, respectively.
PH at the corner is further increased to 99.96% that at the cen-
ter. The position-dependent contribution to energy resolution
is further reduced to only 1.35 eV.

4. Conclusion and perspectives

We investigated the contribution of position dependence
to the energy resolution of x-ray TESs by electro-thermal sim-

ulation with COMSOL software. The simulation model was
first verified by measured pulse. By optimizing the absorber
structure and size, the energy resolution degradation caused by
position dependence was reduced to 1.35 eV. We will optimize
our x-ray TESs to achieve better performance in the future.
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