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Abstract

Palosaari, Mikko

Development and Applications of Transition-Edge Sensors
Jyvaskyla: University of Jyvaskyla, 2015
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This thesis focuses on the theory, development and applications of Transition-
Edge Sensor (TES) arrays. The main results are the design and development of a
fabrication process for a 256 pixel X-ray TES detector with a novel geometry and
the development of a measurement setup for TES detectors used in elemental
analysis with Particle Induced X-ray Emission (PIXE) measurements.

In the early stages of this thesis we fabricated a small scale 32 pixel TES
array, but for an actual application purposes the pixel count and the consistency
of the fabrication needs to be higher. The cleanroom facilities in the Nanoscience
Center are well suited for basic research but they are not suitable for a wafer
scale processing. To make the fabrication of a large scale TES array possible we
collaborated with VIT (Technical Research Centre of Finland) and used their
Micronova clean room facilities for the fabrication of the detectors.

We’ve shown a setup consisting of 12 pixels being used in a PIXE mea-
surement with the best pixel having a remarkable 3.06 eV energy resolution at
5.9 keV. This kind of resolution has not been reported before for a wide band
energy dispersive detector used in a PIXE system. The thesis will also show ex-
periments done with an updated measurement system capable of analyzing the
elemental contents of thin film samples with 60 pixels. Also the energy efficiency
of the setup is reported.

Keywords Transition-Edge Sensor, X-ray detector, Particle Induced X-ray Emis-
sion
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Chapter 1

Introduction

In 1895 X-rays were discovered by Wilhelm Rontgen! [1], which awarded him
the first ever Noble price in physics in 1901. X-rays are a powerful tool that have
numerous applications. Thanks to their penetrating ability X-rays are used in
medical industry and in security to see inside of objects. In X-ray crystallography
the structural information, distances between atoms and the angles between
bonds of a material, can be measured by analyzing how the material diffracts X-
rays [2]. X-ray absorption spectroscopy is a structural method that allows one to
investigate the neighborhood of a particular element embedded in a condensed
medium [3].

Soon after the discovery of X-rays it became clear that the energy of X-rays
are intimately related to the atomic structure of the element that emits them.
Each element has its own characteristic X-ray spectrum, which is a fingerprint
of the material. By measuring an X-ray spectrum from a sample the elemental
content of it can be solved.

Characteristic X-rays of a material can be excited by photons or by particles,
whose energy has to be high enough to ionize the target material. In 1913
Moseley measured the frequency of the characteristic X-rays of many elements
by irradiating them with electrons and by interpreting the data he even found
three new elements that were later added to the periodic table [4]. The main
technique to excite X-rays used in the experiments of this thesis is Particle
Induced X-ray Emission (PIXE), which was first demonstrated in 1970 by S.
Johansson et al. [5]. In PIXE, accelerated proton or other light ion beam is
used to ionize material to excite its characteristic X-rays. The technique is
nowadays used in many fields including material science [6], medical diagnostics
[7], geology [8], archeology [9] and art conservation [10]. These are fields, where
the sensitivity of PIXE (parts per million in many cases), quantitative accuracy
and a multielemental analysis run is needed. Typical research done with PIXE
is trace element studies [11].

Superconductivity was discovered in 1911, when H. Kamerlingh Onnes mea-
sured the sudden total vanishing of electrical resistance in mercury when cooled

lin Finnish like in many other languages X-rays are still called Réntgen rays.



below liquid helium temperatures [12]|. This discovery and the advances he made
in cryogenics earned him the Nobel prize in physics in 1913. Another trademark
feature of superconductivity is the expulsion of magnetic field from a supercon-
ductor making them perfect diamagnets [13] (Fig. 1.1).

Figure 1.1: A permanent magnet levitating on top of a superconductor, the
Meissner effect.

To measure X-rays one needs a detector. The main topic of this thesis is the
Transition-Edge Sensor (TES), which is an extremely sensitive energy dispersive
detector that is operated at temperatures near absolute zero. The TES utilizes
the sharp transition between the normal and the superconducting state. The
device is biased between the two states, and when a photon hits the detector
it warms up the device and the resistance of it changes. From the resistance
change the energy of the incident photon can be deduced.

A TES was first demonstrated in 1941, when a tantalum wire was operated in
its superconducting transition and the increase of resistance caused by infrared
signal was measured [14]. It took more than 50 years for the read out technology
to mature enough so that TES devices could be effectively used in applications.
The TES can be used as a bolometer, where the power of the radiation is mea-
sured or as a microcalorimeter, where the energy of the individual photons are
measured. This thesis focuses on the latter.

Nowadays TES devices are used in numerous experiments. TESs are used
in search for evidence of the inflationary gravitational waves [15],[16],[17], ad-
dressing key questions relating to the origins of galaxies [18], in energy disper-
sive X-ray microanalysis [19], in quantum information research [20], in nuclear
materials characterization [21], in neutrino mass detection [22] and in X-ray
absorption spectroscopy [23] to name a few.

In this thesis the development of a large scale 256 pixel TES X-ray detector
array and the characterization of the detectors will be covered. Another focus
point is the applications, mainly PIXE measurements done with TES detectors.



Chapter 2

Microcalorimeters

2.1 Transition-Edge Sensor 101

Transition-edge sensor is a type of microcalorimeter that can be tailored to
measure photon energies from the near infrared to v-rays [24]. In its heart there
is a superconducting thin film that is biased between the superconducting state
and the normal state. The superconducting film is connected to an absorber
with a heat capacity C, where the energy of the incident photon is deposited.
The absorber is connected to a heat sink with a weak thermal link that has

thermal conductance G (Fig. 2.1).
7
/ Thermometer

Photon —
Energy E,

Figure 2.1: Schematics of a microcalorimeter.



700 T T T T T T T T T T T T T T

600 |-

500 |-

400 -

300

R [mQ]
T[A.U]

200 |

100 |

0

L L L L
100 101 102 103 104 105 106 107 108 109 110 111 0 1 2 3 4

T[mK] Time [ms]

Figure 2.2: Left: The transition. Right: The pulse.

When a photon with an energy E hits the detector, the temperature of the
TES will rise by AT = E/C, after which it will cool back to the steady state
temperature with a natural time constant 7 = C'/G if no electrothermal feedback
is present [25]. In the case of a TES the change in the absorbers temperature is
measured with the very steep resistance vs. temperature Ryps(T) behavior of
the superconducting film operated at the transition.

The transition between the superconducting and the normal state is de-
scribed with the temperature sensitivity parameter

0log R
_vlog TES’ (2.1)
0log T
and the current sensitivity parameter
0 log RrEs
=—" 2.2
p 0log I (22)
In a small signal limit the resistance of a TES can be written as
R R
Ryps(T, 1) ~ Ry + a=26T + 361, (2.3)
T 1y

where Ry, Iy and T} are the steady state TES resistance, current and temperature
respectively. The a of a TES can be two orders of magnitude higher than with
a semiconductor thermistor thermometers [24].

With a constant power P, applied, the temperature of the TES detector will
rise above the bath temperature T}, until the power flowing into the detector
equals the out flowing power P,,; to the heat bath. In general a thermal equation
can be used to describe the system [26]

dT(#)

o—"
dt

- _Pout + PJ + -Piny (24)



where Pj is the Joule heating power. Let’s assume the P,,; has the form
P,y =K(T" =1T..,). (2.5)

The differential thermal conductance is defined as

dPout
dT

G = =nKT" (2.6)
The bias circuit for a TES and it’s Thevenin equivalent circuit [27] are de-
picted in Fig. 2.3 and its electrical differential equation is

d7
LE =Vry — IrgsRr — IrpsRres(T, ). (2.7)

RB Rp RL

Y1
B TES

Y hres

7 7

—V, Rs B —V, B
3O 3O

Figure 2.3: Left: Voltage bias circuit for a TES. Rp is the front resistor, Rg
the shunt resistor and Rp is the parasitic resistance of the circuit. L is the
inductance of the circuit to couple the current change through the TES to a
Superconducting QUantum Interference Device (SQUID, see Section 4.3). For
the circuit to work as a voltage bias Rg < Rrgs << Rp. Right: the Thevenin
equivalent of the circuit, where Ry, = Rs + Rp and Vg = VpRs/Rp

Solving the two connected linear equations 2.4 and 2.7 will give the current
response of a TES. The derivation will be skipped here as it has been done by
many authors [24], [26], [28], [29]. The power to current responsivity is then

defined as
B dl

dP

Negative Electrothermal feedback (ETF) is a way to make the operation of
a TES more stable and to impose its characteristics. It was first proposed by
Irwin [28] and it’s achieved by voltage biasing the TES. When the detector is
voltage biased the Joule heating keeps the TES in its transition. With a constant
voltage the Joule power is

sr(w) (2.8)

(2.9)



When the TES is in the transition a temperature increase will cause a resistance
increase decreasing the heating power, which then cools down the TES. This
effect is the negative ETF. Besides stability, the ETF e.g. shortens the duration
of pulses, which increases the possible count rates [26]. With ETF the effective
thermal time constant is

1+7

= T——————, 2.10

T Y B+ 2 (2.10)
where PR
« 0

077 2.11

is the loop gain.

2.1.1 Complex impedance

By measuring response of the detectors to voltage signals applied to the bias
line, the complex impedance can be measured as a function of frequency [24].
The complex impedance is a useful tool to examine the circuit parameters of a
TES [30].
The Thevenin equivalent circuit in Fig. 2.3 has a frequency dependent com-
plex impedance
ch(w) = ZTES + RL + iwl. (2.12)

In the case of the simple block model (Fig. 2.1) the TES impedance is [24]

RyZ 2+4+p
1—$1+in[’

Zrps(w) = Ro(1+ ) + (2.13)

where 77 = 7/(1 — £). By measuring the complex impedance, parameters such
as 3, %, 17, L and C can be extracted.

2.1.2 Noise

Four noise sources are always present in a TES: the Johnson noise of the TES,
Johnson noise of the resistors, amplifier noise and thermal fluctuation noise
between the TES and the heat bath (phonon noise)[31]. The power spectral
density of the current noise due to Johnson noise is [24]

Srops = 4kpToRo&(1)(1 + w?r?)|s(w)]? /L2, (2.14)

where £(I) = 1+ 20 [32] and kg is the Boltzmann constant. The thermal
fluctuation current noise has power spectral density

SIITFN = 4kBT’OC:F’(ZﬁOa Tbath)|51(w)|2, (215)

where F'(Tj, Tyan) depends on the thermal link and typically has values between
0.5 and 1[24].



2.1.3 Energy Resolution

The energy resolution, AFE, of a TES is the main attraction why one would want
to use complex detectors operated near absolute zero. AFE of 1.8 eV at 5.9 keV
has been reported for a TES [33]. The full width at half maximum (FWHM)
energy resolution of a TES detector is [24]

© 4 —-1/2

where Sp,, is the total total power referred noise that includes all noise sources

Sftot (w)

[s1(w)*

In the case of strong electrothermal feedback (. >> 1) and with no load
resistance Ry, the energy resolution can be written as [24]

SPio (W) = (2.17)

AEFWHM = 2v2In2

Ak, Ty C \/ nF(Ty, Tharn) 218

a 1 — (Tyaen/To)™’

where e.g. in a ballistic case with the simple thermal model the term F' de-
pending on the thermal link becomes F' = 1/2[1+4 (Tyuen/To)™ ). From Equation
2.18 one can see that by operating the detectors in as low temperature as pos-
sible is beneficial in regards to the energy resolution. By having a C' as small
as possible and the « as large as possible enhances the energy resolution also.
On the other hand the heat capacity and the sensitivity « set the saturation
energy of the detectors, which is the upper limit for the photon energy that can
be measured, and they behave inversely in the case of saturation energy com-
pared to the energy resolution. For practical reasons the a can not be too high
as too fast detectors are hard to read out and multiplex. For these reason the
parameters need to be engineered for the particular application in hand mostly
depending on the energy of interest.



2.2 Other Low Temperature Detectors

There exist many type of X-ray microcalorimeter low temperature detectors.
Here a few major competitors for TESs are introduced.

2.2.1 Microwave Kinetic Inductance Detectors

Microwave kinetic inductance detectors (MKIDs) are Cooper pair breaking de-
vices. In a superconductor the supercurrent is carried by bound electrons, known
as Cooper pairs. The electrons are bound together with an energy 2A =~ 3.5k, T,
where T, is the critical temperature of the superconductor. A DC current flows
in a superconductor with zero resistance but superconductors have a nonzero
impedance for AC currents [34]. The Cooper pairs near the surface can be ac-
celerated with an electromagnetic field. This energy can be stored in the form of
kinetic energy. By reversing the field, this energy may be extracted. The over-
all effect is that a superconductor has a surface inductance due to the reactive
energy flow between the superconductor and the electromagnetic field [35].

Photons with energy higher than 2A can break Cooper pairs into quasipar-
ticles (Fig. 2.4). When the quasiparticle density in the superconductor changes,
the surface impedance changes too. This change can be accurately measured
using a thin film superconducting resonant circuit, resulting in a measurement
of the energy and arrival time of the incident photon for the case of near-IR
to X-ray photons (Fig. 2.5). Detectors designed for different wavelengths differ
only in the way how the photon energy is coupled into the MKID. The detectors
themselves and the readout are nearly identical [36].

A

Energy
N
g
m

Density-of-states

Figure 2.4: Photons with higher energy than the energy gap of the supercon-
ductor are absorbed in the superconducting film and thus breaking a Cooper
pair.
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Figure 2.5: After a photon hits and changes the surface impedance of the
device the resonance frequency shifts and the dip also gets shallower. From this
the energy of the photon can be deduced.

The primary attraction of MKIDs is that they are easy to multiplex [37] so
that large arrays are feasible. The resonance circuit with a high quality factor for
each detector in an array can be easily be made such that every detector has its
own resonance frequency. This way the whole array can be read simultaneously
with out the need of time-division multiplexing, for example. Passive frequency
domain multiplexing allows up to thousands of resonators to be read out through
a single coaxial cable and a single low noise, high bandwidth cryogenic amplifier
[38]. This simplifies the read-out tremendously compared to TES detectors.
Also the structure of an MKID array is simpler compared to a TES and thus
it’s easier and cheaper to fabricate.

MKIDs are not on par with TESs energy resolution wise, though progress is
being made. One issue that is poorly understood is the interaction of MKIDs
with magnetic fields. MKIDs show significant frequency response to changes in
the magnetic field normal to the metal surface. This can be a significant problem
in some applications [36].

2.2.2 Superconducting Tunnel Junctions

The superconductor-insulator-superconductor sandwich structure of a Supercon-
ducting Tunnel Junction (STJ) detector is a Josephson junction [39]. Normally
Al is used as the superconducting layer material and AlOx as the insulating
layer.

After the energy deposition at a certain position in either superconducting
electrode forming the tunnel junction, quasiparticles created at that position
diffuse, tunnel to the other electrode and possibly tunnel back, and finally re-
combine to form Cooper-pairs producing 2A phonons [40]. The number of quasi-
particles is proportional to the energy of the absorbed photon. The number of
quasiparticles is measured by measuring the amplitude of a current pulse caused
by tunneling of quasiparticles through the tunnel barrier.



The optimum energy range for STJs is typically below few keV for a good
energy-linearity with energy resolution of 8-16 eV [41].

2.2.3 DMetallic Magnetic Calorimeters

The basic working principle of a Metallic Magnetic Calorimeter (MMC) is quite
similar to a TES (Fig. 2.6). However, instead of measuring resistance change it
measures the change in the magnetization of the detector caused by a tempera-
ture change due to absorbed photon. The sensing element is paramagnetic and
usually Au with low concentration of Er is used [42]. The MMC is placed in an
external field, and when a photon is absorbed the magnetization of the sensor
is reduced. A SQUID is used to read out this change, which correspond to the
energy of the photon. 2 eV at 5.9 keV energy resolution for MMCs have been
reported [43].

Photon

Absorber

Paramagnetic

sensor Magnetometer

Wea

Figure 2.6: Schematics of a MMC.
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Chapter 3

Complex Thermal Models

When one starts to analyze characteristics of a TES, it can happen that the
simple one block model is not sufficient to describe the behavior of it. The
simplest thermal model lumps together all the thermal masses of the detector
into one. It’s often too simple and it does not necessarily describe the measured
noise or complex impedance (Fig. 3.1.

T v L} v L} v T

0.00 4
N
=

-0.05 1
g g
“ Q
& -g
N c
£ L0104 £
5
(@]

-0.15 1

T v T 4 r . . e ———r—rrr———{
-0.08 0.00 0.08 0.16 1000 10000 100000
Re(Z;g) [Q] Frequency [Hz]

Figure 3.1: a) The measured (black dots) and fitted complex impedance with
a simple and a complex thermal model. b) The measured (black dots) and fitted
current noise with a simple and a complex thermal model. Also the individual
noise sources are plotted. The simple noise total consist of the Johnson, SQUID,
shunt and phonon noise. The complex total consists of additional two internal
thermal fluctuation noise sources. From article B.I.

The theoretical thermal model of the detector needs to be expanded. The
straightforward way is to divide the one lump of mass into more parts connected
together thermally. When the device consists of several blocks of heat capacity
there will be more thermal fluctuation noise [44]. It has turned out that a model
with one additional thermal block is insufficient to fully fit measured noise and
impedance data in some detectors [45], [46].

11
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Figure 3.2: a) A model with one hanging and an intermediate block between
the TES and the bath (IH model). b) A model with two hanging thermal blocks
(2H model). From article A.IL.

By using three thermal blocks (Fig. 3.2) we have been able to explain both
the measured noise and complex impedance data successfully (see Fig. 3.1).
Adding additional bodies into the thermal model introduces new thermal fluc-
tuation noise sources to the system. The noise arising from these internal bodies
are referred to as internal thermal fluctuation noise (ITFN). ITFN1 noise plot-
ted in the Fig. 3.1 is caused by the thermal mass C'4ps and the ITFN2 by the
thermal mass Cgx, when using the IH model in Fig. 3.2. Thermal conductance
between different bodies can be via electron or phonon system. With these three
block thermal models we usually don’t need to include the M-parameter for the
excess noise [47]. More detailed information about different noise mechanisms
and modeling of them can be found for example in K. Kinnunen’s thesis [31] and
in the article B.I. Derivation of the responsivity and the complex impedance for
the models expressed in Fig. 3.2 has been analytically done by I. Maasilta [48].
In articles A.I. and A.IIl. the modeling is done with these complex thermal
models.

Naturally, the additional blocks need to have a physical origin to make the
use of more complex models justifiable. We have seen evidence that two of
the heat capacities are actually the superconducting and the normal phase of
the TES decoupling thermally at the transition and fluctuations in the energy
exchanged between thermal bodies is observed as a thermal fluctuation noise,
which is discussed in article B.I.

In article A.I. we studied the complex impedance and the noise characteristics
of a TES pixel from an X-ray array fabricated at Netherlands Institute for Space
Research (SRON). The device had a 1 pm thick Cu absorber, which was coupled
to the Ti/Au bilayer through seven rectangular vias. The device had a normal
state resistance of about 300 m{2 and a critical temperature of 125.5 mK.

The measured data could not be fitted with a two block model but a three
block model was needed in order to fit the complex impedance and the noise
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simultaneously without the use of M-parameter as can be seen in Fig. 3.3. The
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Figure 3.3: Left: the measured and fitted current noise of the device. Right:
the measured and fitted complex impedance of the TES. Bias points between
20% — 80% of the normal state resistance in 10% intervals are presented. The
higher bias points correspond to the lower noise levels and bigger semicircles.
The model used in the analysis was the IH model shown in Fig. 3.2. The 2H fits
look identical.

heat capacities and the thermal conductances used as free parameters in the
fittings are plotted in Fig. 3.4 as well as the o and 5 as a function of the bias

point.
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Figure 3.4: Some of the parameters from both IH and 2H models vs. bias
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(IH open circles) and the estimated theoretical values as dashed lines. b) grgs
(IH squares, 2H circles), go (IH triangles) and gg, (2H stars). ¢) a and g.
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Chapter 4

Experimental Methods

4.1 3He-*He Dilution Refrigerator

3He-*He dilution refrigerator works on the principle of phase separation between
the two isotopes at low enough temperatures [49] and it was first proposed
in 1962 [50]. 3He-*He dilution refrigerator is the only continuous refrigeration
method for temperatures below 0.3 K [51].

Below 0.87 K the two phases separate to a normal fluid rich in 3He on top
of a superfluid phase rich in *He. With a controlled cycle of mixing, diffusion,
and condensing the mixture cools beyond the temperature of the surrounding
bath, which is usually a liquid He at 4.2 K. When 3He atoms are pumped away
from the dilute phase *He atoms re-enter the dilute phase from the concentrated
phase through the phase boundary. Cooling will result according to the enthalpy
difference of the two phases [51]. The schematics of a dilution refrigerator is
shown in Fig. 4.1.

3He gas coming from room temperature is precooled by the liquid He bath
at 4.2 K. Then, it is condensed at the pot, to which liquid *He flows through a
siphon from the surrounding He bath, cooling it to about 1.5 K. Below this *He
refrigerator, a main flow impedance is needed to establish sufficient pressure
to condense the incoming *He gas. Next the 3He gas will flow through heat
exchangers that are in thermal contact with the still at 0.7 K. Below the still
there can be a secondary impedance to prevent re-evaporation of 3He. After
flowing through heat exchangers to precool the He liquid it enters the upper,
concentrated phase in the mixing chamber. A wider tube for the dilute phase
in the refrigerator leaves the lower dilute mixture phase of the mixing chamber,
and through the heat exchanger to precool the incoming 3He. Then it enters
the dilute liquid phase in the still. Vapor above the liquid phase in the still
has concentration of about 90 % of 3He. Now, if the still is pumped and the
condensation line is resupplied continuously with *He gas a closed *He circuit
is formed where 3He is forced down the condensation line. By continuously
pumping the closed circuit from the still the He will eventually cross the phase
boundary and by doing so it will cool down the system. State of the art dilution
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Figure 4.1: Schematical image of a dilution refrigerator.

refrigerators can reach temperatures below 2 mK [52].

4.2 Adiabatic Demagnetization Refrigerator

In 1926 P. Debye [53] and W. F. Giauque [54] proposed independently that
the magnetic disorder entropy of electronic magnetic moments in paramagnetic
salts could be used for cryogenic cooling. A decade later a group in Berkeley
reached 0.53 K with the method and little later a group in Leiden reached 0.27 K.
Nowadays this technique can be applied to experiments in the temperature range
from 2 mK to 1 K.

After the 1950s the ADR technique was replaced by the continuous *He-
“He dilution refrigeration. Nowadays thanks to their cryogen free nature due to
pulse-tube precooling, the ADR devices have again gained ground in research.

In the heart of the ADR cryostat is the paramagnetic salt pill. When the tem-
perature is decreased, the interactions between the magnetic moments become
comparable to the thermal energy (k,7") which causes spontaneous magnetic or-
dering and lowering of the entropy. An external magnetic field will interact with
the magnetic moments orienting them to form a magnetic state of higher order.
So, when an external magnetic field is applied the entropy of the system will
decrease at a higher temperature than without the field.

In Fig. 4.2 the entropy curve as a function of temperature during a mag-
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Figure 4.2: Entropy as a function of temperature during a magnet cycle. Graph
based on [51].

netic cycle is shown. In the refrigeration process the salt is first isothermally
(meaning that the temperature stays constant) magnetized (AB). Next the salt
is thermally isolated and it’s adiabatically demagnetized (BC) leading to cool-
ing. Eventually the salt will warm up along the red entropy curve at the final
demagnetization field. The rectangle ABDSg is the heat of magnetization dur-
ing the magnetization and the cooling energy of the salt after demagnetization
is given by the purple area.

The properties of the ADR are mainly determined by the initial starting
conditions (temperature and the applied magnetic field), heat leaks and the
properties of the paramagnetic salt [51]. The salt should have a low magnetic
ordering temperature and a large magnetic specific heat in order to achieve a
large cooling power. The paramagnetic salts suitable for magnetic cooling must
contain ions with only partly filled electronic shells meaning either 3d transition
elements or 4f rare earth elements. One example of a salt used is the FAA

(Feg+(SO4)3 . (NH4)2SO4 . 24HQO)

4.3 Superconducting QUantum Interference De-
vice

In 1969 the magnetic field of a human heart was measured with a SQUID [55].
Since then the device has found numerous applications, where the detection of
very weak magnetic fields is needed. SQUID is a device that utilizes flux quanti-
zation [56], [57] in a closed loop with Josephson junctions [39] and combines the
two phenomena [58]. The flux contained in a superconducting loop is a multiple
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of the flux quanta &5 = %, where h is the Planck constant and e is the electrons
charge. The quantization of the flux arises because the macroscopic wavefunc-
tion needs to be single valued going around the loop. Josephson current is a
tunneling current between two superconductors that have been separated with
an insulator or a metal [58]. The current across the junction is I = Iysind,
where ¢ is the phase difference between the two superconductors and I is the
critical current. When a bias voltage U is applied over the junction the phase
evolves as Z—‘ts = %.

In the early days of TES development the sensor were read out with a FET
amplifiers [24]. The difficulty was matching the noise of low impedance TES to
the FETs. Cross-correlation circuits [59], step-up transformers [60] and resistive
meander lines [61] were used to try to solve the issue, but switching from FETSs
to SQUIDs to read out the TES eliminated this problem. SQUIDs are sensitive
enough to measure fields as low as 5 - 107!® T with a few days of averaging [62]
(Earth’s magnetic field is about 40 puT [63]).

A SQUID current amplifier consists of a SQUID and an input coil which
converts an applied current to a magnetic flux, which in turn causes the SQUID
voltage output to vary. Due to the nonlinear response of the SQUID it is usually
linearized by applying a feedback flux [64]. When a SQUID current amplifier
is used to read out the change in the current through a TES array consisting
of many devices, the number of wires running to room temperature needs to
be minimized. This can be done by connecting the outputs of many SQUIDs
in series and turning the SQUIDS on one at a time. This is called time divi-
sion multiplexing (TDM). TDM has been demonstrated with over 10000 pixels
for bolometers [65], where instead of energy quanta the power of radiation is
measured. For calorimeters such high pixel number is not yet feasible for multi-
plexing because of the faster current changes [66]. Other types of multiplexing
methods are code division multiplexing [67],[68] and frequency domain multi-
plexing [69]. SQUIDs are well suited for reading out TESs thanks to their low
noise, low power dissipation, and low input impedance [70].

4.4 Particle Induced X-ray Emission

Particle Induced X-ray Emission (PIXE) is a method of determining the ele-
mental composition of a material. The basic principle behind PIXE is to knock
off inner shell electrons from a material by irradiating it with particles, usually
2-3 MeV protons. This energy range is used because the X-ray production has
maximum cross section at about 3 MeV. When an outer shell electron relaxes
back to fill the void a characteristic X-ray photon of the given element is emitted
(Fig. 4.3).

Due to the fact that the electron shell structure is unique for every element
the resulting spectrum will give information about what elements the radiating
material consists of [71].
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Figure 4.3: Basic principle of PIXE.

Some X-ray transitions between different shells are labeled In Fig. 4.4.
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Figure 4.4: Some of the energy levels and X-ray transitions in medium-heavy
element. The Siegbahn and the corresponding International Union of Pure and
Applied Chemistry (IUPAC) notation [72] are labeled for the transitions as well
as the naming of the levels by energy level, electron configuration and quantum
numbers [n,1,j].

There are some transitions that have a very low probability although they are
energetically possible, such as from L; to K shell, due to quantum mechanical
rules involving the angular momentum properties between the two states [73].

The most common case in PIXE analysis is the determination of trace ele-
ments in a matrix of light elements. The highest sensitivity for detecting ele-
ments is obtained at rather low proton energies (2-3 MeV) as can be seen in the
contour plot in Fig. 4.5. This means that relatively low cost and small acceler-
ators are suitable for PIXE. From Fig. 4.5 it can also be seen that the elements
with atomic number between 2040 and over 75 have the highest sensitivity,
which coincidentally are the elements that are usually most interesting in many

19



y -l <0510°
18 ©0.5-1)10°
8910 (1-210° -
-1 @a)10°
[ ]>410°

Proton energy [MeV]
[0}
1

20 30 40 50 60 70 80 90
Atomic number

Figure 4.5: Minimum detectable concentration as a function of atomic number
and proton energy in a typical PIXE arrangement. Adapted from Ref. [71].

analytical applications [71].

Use of heavy ions like '2C, 6O or 28Si can limit PIXE analysis, because
the interaction of heavy charged particles can destroy the sample by sputtering.
Also projectile X-rays, which are characteristic X-rays of the ion beam itself, are
produced, which may interfere or overlap with the sample X-rays.

In Scanning Electron Microscope Energy-dispersive X-ray spectroscopy (SEM-
EDX), where the sample X-rays are excited with electrons, the brehmsstrahlung
from the deceleration of electrons results in greater background levels compared
to PIXE. This of course limits how small quantities can be detected. In PIXE the
brehmsstrahlung from protons is negligible as the amount of radiation emitted by
a particle is proportional to the square of its deceleration[71]. This is because
the proton electron mass ratio differs by a factor of 1836 and the Coulombic
forces are the same. The main cause of background in PIXE produced spectrum
is due to brehmsstrahlung from secondary electrons produced by the proton
beam [71]. In X-ray Fluorescence (XRF) instead of protons X-rays are used to
ionize sample material. Either radioactive sources or X-ray tubes are used as an
exciter. The smallest detectable limits for PIXE have been shown to be as low
as 0.02 ppm, where for the XRF the corresponding limits are 1-10 ppm [71].
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Chapter 5

Large Scale X-ray Detector
Array Development

5.1 Motivation

Low temperature detectors have sparked interest outside their original use in cos-
mology research, thanks to their excellent energy resolution and broad energy
range. There have been only a handful of places in the world capable of mak-
ing large arrays of over hundred pixels namely National Institute of Standards
and Technology (NIST) Boulder, Jet Propulsion Lab, National Aeronautics and
Space Administration (NASA) Goddard and SRON in the Netherlands. Then
we added NSC/VTT to this list by making 256 pixel arrays.

Our group has been studying the physics of TES detectors for a decade.
We’ve been interested in the noise properties of the detector and what is their
physical origin. We’ve also developed an unconventional detector geometry, the
so-called Corbino TES named after an Italian physicist Orso Mario Corbino who
first used the geometry to observe the Hall effect-based magnetoresistance with-
out the associated Hall voltage. We have studied extensively the responsivity
and noise of these detectors [74]. In the Corbino geometry the supercurrent flows
radially in the superconducting film, which means that there is no edge effects.
This means that we don’t need to use any normal metal edge banks, which is
typical for a square design [75].

We have mostly been fabricating single pixel detectors with electron beam
lithography (EBL) [76], which is discussed in articles B.I. and B.IL. In Fig. 5.1
four samples are being loaded into an EBL machine. EBL is very versatile
and flexible way of fabrication, but it’s also a slow method compared to UV
lithograhy (UVL) [77]. The smallest features in a TES detector is in the order
of few micrometers so there really is no benefit of the superior line width reso-
lution of the EBL compared to the UVL. One other drawback to EBL is that a
TES detector array chip consisting of hundreds of pixels can easily cover over a
1 cm? of area and usually the working area of EBL exposure is smaller than few

mm?. This means that stitching of the different working areas has to be done
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Figure 5.1: Samples being loaded into Raith E-line SEM.

very precisely so that e.g. long leads are continuous. When doing wafer scale
processing and multiple chips at a time, the EBL method becomes unbearably
slow and the stitching and aligning different pattern layers becomes very hard,
if not impossible. Also, we can not fit anything bigger than few centimeters in
diameter inside our EBL Scanning Electron Microscopes. So all in all UVL is
much better suited for fabricating arrays of TES detectors.

Nevertheless, we have made a one prototype consisting of 32 Ti/Au square
TES devices (Fig. 5.2). The critical temperature from halfway between the 10%

o 2

i

Figure 5.2: Left:CAD image of the array. Center: SEM image from the center
of the array. Right: SEM image of one detector.

and 90% of normal state was To=(105.2+1.2) mK and the normal state resis-
tance was Ry= (621.0 £ 4.8) m2, where the errors are the standard deviation
of the data points. This tells that the especially the T spread across the chip
was very small. A T spread of less than a few mK is needed in order to bias
many detectors with the same voltage [66].

The fabrication was done with a Raith E-line electron microscope and with
lift-off process. The materials were evaporated, and the Si3N, membranes were

22



wet etched in KOH [78]. We evaporated a 2 pm Bi as the absorber material
right on top of the superconducting bilayer with out any normal metals [75] or
any mushroom shaped structure [33]. After the deposition of the Bi the T was
lowered and also the transition steepness was decreased considerably.

As we do not have the UVL infrastructure to do wafer scale processing a joint
project with VI'T (Technical Research Centre of Finland) was started. The aim
of the project was to fabricate TES arrays to be used in X-ray material analysis
discussed more in Chapter 6. The main energy range of interest would be 1-
15 keV. We also wanted optimize detectors capable of measuring harder X-rays
upto 70 keV. We wanted to fabricate detectors with different heat capacities on
a single wafer and with the Corbino design this can done by varying the radius
of the absorber. The main results of the project are in article A.III.

5.2 Designing the Detector

First, we decided what materials we would be using in our detector array. We
opted to chose molybdenum and copper as the superconducting thermal sensing
element. This change from titanium and gold was done to lower the normal
state resistance. A normal state resistance of less than 10 m{2 is needed in
order to couple well with the NIST read out that is used in our measurement
setup. The critical temperature of bulk Mo is 920 mK [79]. As the energy
resolution of a TES scales down as a function of temperature [24] the T of
the superconducting film should be as low as possible. On the other hand we
have to cool down the detectors and the read out with reasonable cost so the
typical critical temperature is engineered usually to around 100 mK. The critical
temperature of a superconductor can be lowered with the so-called proximity
effect [80], where a normal metal in contact with the superconductor lowers the
To when the thickness of the superconducting film is less or of the same order
of magnitude than the coherence length &£(77) [24].

The initial CAD designs are shown in Fig. 5.3. Some alterations were done
later to better suit for etching processes e.g. overlaps between layers were opti-
mized.

With the Corbino geometry, the resistance of the device can be tuned by
changing the size of the inner or the outer contact. The circumference of the
superconducting layer was kept the same as it’s been with our previous single
pixels devices — 320 um. Three different size inner contacts were designed. This
way we can fabricate three different normal state resistance devices with the
same layer thickness.

The absorber material was chosen to be gold due to its thermal conductance
and good stopping power. Thanks to the structure of the Corbino TES, there’s
no need for a mushroom like hanging structure, especially since we did not aim
at 100% coverage of the chip area. The absorber sits on top of the detector
with electrical contact only at the center. The rest is separated with a thin
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Figure 5.3: a) CAD image of a 256 pixel array. b) Outer Nb bias contact
on SizN, membrane. ¢) Mo/Cu layer $=320pm. d) Insulating SiO, layer. By
changing the size of the inner hole the resistance of the device can be tuned. e)
Inner Nb contact with a via for the absorber. f) Absorber covering the whole
TES. By changing the diameter of the absorber the C' can be tuned.

layer of insulator (SiOj). Bismuth is used regularly as an absorber material by
other groups. It’s fairly heavy material and so it absorbs X-rays well. Being a
semi-metal it has quite a low heat capacity due to low number of electrons. Bi
was not available at VI'T at this stage.

The lead material was selected to be Nb as it’s a superconducting material
with high a T, of 9.5K for bulk material. This way there is no electrical losses
in the leads.

5.2.1 Modeling of the Device

The absorption of X-rays for different thickness Au layers were calculated (Fig.
5.4). We see that by choosing Au thickness of 2 um we can reach good stopping
power up to 10 keV and even above.

A dummy square Ti/Au TES was also fabricated at the NSC on a SizNy
membrane fabricated by VI'T. The device was done so that the thermal con-
ductivity of the membrane could be extracted. A square device was selected
as it’s easier to fabricate and the device was only fabricated to probe the ther-
mal properties of the membrane. The SizN, membrane on Si frame would be
the same as we would use on the actual array. A set of current-voltage (I-V)
measurements were carried out in similar way as described in Section 5.4. The
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Figure 5.4: Absorption of X-rays for different thickness Au films. For com-
parison a 2.5 um Bi is also plotted for reference. Data from online database

81].

result was that the thermal conductance G was 0.404 nW/K at 100 mK and the
exponent of thermal conductance was obtained to be n = 3.6 (Fig. 5.5)
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Figure 5.5: Power at 98% R/Ry as function of temperature for the test sample
on VIT Si3N4.

After the thermal conductance was measured, other parameters could be
evaluated. First the C' of Corbino pixels were calculated by using literature
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values for materials [79],[24]. The specific heat of a material is ¢ = T + AT?,
where the first term comes from electronic contribution and the second from
phonons. At low temperatures for metals the phonon part can be neglected.
By knowing the volume of each contributing element the heat capacity of the
detectors could be calculated. Three different size absorber were evaluated with
diameters 190 um (large, L), 122.5 pm (medium, M) and 55 pm (small, S).
The TES film was also taken into account, when calculating the total C' of the
devices. Of course by decreasing the absorber diameter the active detector area
decreases lowering the amount of absorbed X-rays in actual measurements.
The energy resolution in an ideal case can be approximated with the equation

[24]
1 /n

By using a typical value for the transition steepness, =100, a theoretical energy
resolution for different thickness absorbers was obtained (Fig. 5.6).
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Figure 5.6: FEnergy resolution for different size absorbers as a function of
absorber thickness.

For a TES to operate stably, the solution for its response needs to be stable
and usually critically damped [25], which means that the signal has the fastest
decay without oscillations. The stability was modeled with a formula [24]

L
Ry + Ro(l + 5) .
The inductance used in the TES circuit of the NIST SQUID system used

here is L = 275 nH, which was used in the calculation. Values for other param-
eters used in the calculations were R;,=0.3 m{2 (shunt resistance), Ry=1 m

7> (& -1y =(Z—-1)

(5.2)
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500nm thick SizNy

(approximate TES resistance when biased low in the transition) and 5 was ap-
proximated to be 1. A set of curves were calculated that are plotted in Fig.
5.7.
Conclusion from the stability analysis is that at least with this naive calcu-
lation all of the detector geometries should be stable with the measured G.
The saturation energies as function of a for each TES with a different size
absorbers were evaluated with an approximative formula calculated by Ullom
[32]
Eg = 0.8CT¢ /. (5.3)

In the graph in Fig. 5.8 is the evaluated saturation energies as function of the
transition steepness for different heat capacity detectors. For the detector to be
able to measure X-rays near 10 keV one can see that the a can not be much
higher than 200 for any of the designs.

From the modeling the outcome was that we decided to use 2 wm thick Au
as the absorber. We decided to make 9 different Corbino designs. Absorber
diameters were designed to be 190 um, 122.5 um and 55 um. Each of these
would have three different size inner contacts 35 pm, 45 pm and 55 um by
varying the diameter of the middle hole in the insulator layer. This way we
could ensure to have normal state resistance, Ry, value that would couple well
with the read out.
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Figure 5.8: Saturation energy estimate as a function of a. L refers to the
largest diameter absorber, M for the medium and S for the smallest.

5.3 Fabrication of 256 Pixel TES Arrays

5.3.1 Hunt for the Critical Temperature

The Molybdenum-Copper bi-layers have been used extensively and other groups
have reported [66] that Mo/Cu thickness’ of 100nm/200nm have given them a
critical temperature around 100mK. As the Ty of a proximized superconductor
is highly sensitive to the film properties, calibration of the thickness monitors,
processing temperature and pressure, the processing parameters differ from lab
to lab and thus we had to find the best film thicknesses for our process. In
principle the T¢ of a bilayer can be evaluated from the Usadel theory [83].

For our first test wafer, we chose to fabricate a film with 100 nm of Mo
with 200 nm of Cu on top, which yielded a Ty of 240 mK. Between the Mo
and Cu we also used a 10 nm layer of TiW as a diffusion barrier. TiW has
been seen to act as an interdiffusion barrier [84] and it’s purpose was to keep
the interdiffusion minimal in the later processing stages, especially with higher
temperature processing steps. After a few fabrication iterations we got the Ty
close to 100 mK with 75nm of Mo and 240nm of Cu.

The samples for T-tests were unpatterned chips (about 10 mm x 2mm) cut
from 6 inch wafers. The R(T') curves were four-probe measured with a lock-in
amplifier with about 10 pA AC current. Data from the measured Tg-tests is
shown in Fig. 5.9. By knowing the dimensions of the chip, the resistivity of
the Mo/TiW/Cu films could be also calculated from the measured resistance.
The sheet resistance was measured to be 20-30 uf). For Corbino devices the
resistance has a logarithmic dependence on the ratio of the inner and the outer
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Figure 5.9: Critical temperature as a function of Mo/Cu ratio.
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From Equation 5.4 it can be seen that by changing the size of the inner radius
the resistance of the pixel can be tuned [85]. Plugging in the measured sheet
resistance and the radii (35 pm and 170 pm) to the Equation 5.4 one gets a
device resistance of 6-8 m(2, which is value that’s well coupled with the read out
electronics. Square Ti/Au devices that we've made at the NSC have had over

20 times larger resistances [86], which is the main reason why we opted to use
Mo/Cu and the Corbino design.

5.3.2 The Process Steps

After the correct parameters to produce the desired Ty were found the masks
for the optical lithography process were designed and ordered. In total 8 masks
were used. As the processing was done on 6 inch wafers a total of 36 chips (15
mmx 19 mm) could be fitted on one wafer. The size of the chips were chosen so
that it would fit to the existing detector read out unit designed by NIST.

Different chip designs were made by varying the dimensions of the detectors.
Three different sizes of center contacts were used to vary the normal state re-
sistance. Also three different sizes for the absorber diameter were used to make
detectors suitable for different energy ranges.

380 pm thick Double Side Polished (DSP) silicon wafers were used as a
substrate. Standard UV-photolithography [76] and a contact mask aligner were
used.
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LPCVD SiN 500 nm

Figure 5.10: A schematic cross section of a pixel where absorber covers the
whole TES area.

The fabrication was done by L. Gronberg at VI'T Micronova facilities. Next
the processing steps are covered in detail. The sideview schematic of a finished
detector is shown in Fig. 5.10.

As a first step a 50 nm AlO, layer was deposited by Atomic Layer Deposition
(ALD) [87] after which a 500 nm thick low stress silicon nitride by Low Pressure
Chemical Vapor Deposition (LPCVD) [88]. The purpose of the AlO, was to act
as an etch stop layer when etching through from the back of the wafer as a final
step to release the SizN, membranes on top of which the single devices sit on.

A 10 nm ALD AlO, was deposited on top of the LPCVD SisNy, followed
by sputtering [77] the first 120 nm superconducting niobium layer (Nb1l), which
will form the outer annular bias contact for the trilayer. The Nb1 was patterned
by plasma etching and the 10nm AlO, acted as an etch stop layer. After the
patterning of the Nb1 layer the 10 nm AlO, was wet etched [77] by using the Nb1
wiring as the mask. A third 10 nm ALD AlO, was then deposited and patterned
to act as an etch stop layer when patterning the superconducting trilayer. The
AlO, was removed from the areas that will be under the trilayer.

In the next phase the Mo/TiW/Cu trilayer was deposited by sputtering.
The top Cu layer was Ion Beam Etched (IBE) [89] and the TiW and Mo layers
were Reactive Ton Etched (RIE) [76]. The third AlOx was then wet etched.
An insulating SiO, layer was then grown by Plasma Enhanced Chemical Vapor
Deposition (PECVD) [77] and the contact openings were wet etched. After
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this the second superconducting niobium lead layer (Nb2) was sputtered and
patterned. The Nb2 layer acts as bias leads, forms the upper contact to the
trilayer and also acts as a magnetic shield to it. After patterning the Nb2, the
areas where the absorber will contact the trilayer will be exposed.

The 2 wm gold absorber was electrodeposited with a help of 10/100nm
TiW/Au seed layer. The absorbers were patterned with a thick photoresist,
and after the electrodeposition another layer of photoresist was applied to pro-
tect the absorber, and the seed layer was etched from areas outside the absorber.
Gold was chosen over e.g. bismuth, because fabrication of high quality Bi films
is not trivial [90], and because the fabrication facility at the Micronova is not
suitable for production of Bi films without investments in a dedicated system.

After all the patterning was done on the frontside of the wafer, the patterning
on the backside could be done to release the SisN, membranes. First a protective
photoresist was applied on the front side of the wafer. Then circular holes to the
LPCVD SizNy film on the backside were patterned with RIE. Next by using the
holes in the SisN, as a mask the AlO, was wet etched. After this the wafer was
etched through to free the membranes by using an Inductively Coupled Plasma
(ICP) etcher, where the SizN, and AlO, layers were used as an etching mask.
The AlO, under the SisN, on the frontside of the substrate acted as an etch
stop layer for the Si etch. As a final step the AlO, under the released membrane
was removed by using chlorine based ICP etching. In Fig. 5.11 is a photograph
of a finished detector array and in Fig. 5.12 are Scanning Electron Microscope
(SEM) images of a chip.
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Figure 5.11: Macro photograph of a finished detector array with the largest
absorber (covering the whole trilayer).
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Figure 5.12: Top: SEM image taken in 60° angle of a Corbino array with the
smallest diameter absorber. Bottom: SEM image from the backside of the chip
after the membrane release.
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5.4 Characterization of a TES Array

5.4.1 Cryogenics and the Electrical Measurement Setup

To cool down the detectors below their critical temperature requires sophisti-
cated cryogenics. The electrical characterization measurements were done in a
in-house built He-*He dilution refrigerator [91]. Our cryostat is built in a such
way that it fits into a standard liquid *He-dewar (Fig. 5.13), which makes the
cool down rather fast and low cost, with temperatures below 50 mK reached
routinely.

Figure 5.13: A *He-dewar

The downside of a small cryostat is that there is not much room for samples
and the cooling power is also quite small. This limits the number of electrical
wires that can be connected to the coldest parts of the cryostat due to heat flow
from room temperature, which means that only a few samples can be measured
simultaneously.

Our cryostat has 12 unfiltered measurement lines that can be used for elec-
trical measurements. The cryostat is equipped with a heater resistor at the still
to control the amount of cooling. Usually a constant voltage is held over the
still heater to achieve maximal cooling, and the temperature is controlled with
a another heater at the sample stage. The temperature of the sample stage
is measured with a RuO, resistor that is located right next to the samples.
The RuOy is calibrated with a commercially calibrated Ge thermistor. To read
out the resistance of the thermometer a Picowatt AVS-47 resistance bridge is
used. To control the temperature a Picowatt T'S-530 temperature controller was
used in most measurements. However, it causes unwanted noise in the SQUID

33



"' Continuous
| heat exhanger

Siphon for Sample stage

He pot

Figure 5.14: Left: A photograph of our shielded measurement room with the
He dewar and the cryostat in it. Right: Photograph of the cryostat without the
vacuum jacket.

measurements, and in those cases a less noisy LabVIEW based software PID
controller with the output of the DAQ card was used.

SQUID Readout

Our dilution refrigerator is equipped with a two-stage SQUID from NIST. It
has eight input channels, only one of which is wired to the sample stage. The
second stage consists of 100 SQUID series array and it’s on the same chip as the
first stage. The SQUID chip needed to be installed at the 1.5 K stage due to
the power consumption of the SQUID array, which makes the setup somewhat
sensitive for noise pickup and also the input inductance is increased due to length
of the wires running from the sample stage to the 1.5 K stage.

The room temperature readout and control electronics for the SQUID was
designed at SRON (Netherlands Institute for Space Research). The electronics
consists of a preamplifier module that attaches at the cryostat and a remote
control system for SQUID biasing. More information and details about the
readout can be found in K. Kinnunen’s thesis [31].
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5.4.2 Critical Temperature Measurements

To study the film uniformity critical temperatures were measured from seven
different chips from two different wafers. The electrical contacts to the samples
were wire bonded with a 50 um Al wire. Because of the limited number of
measurement lines, all the samples had a common current line and the voltage
was measured over each pixel (Fig. 5.15). This way with 12 measurement lines
9 samples could be T checked in one cooldown. 7T, measurements were done
in a four-probe lock-in measurement with a 10-25 pA (rms) 17 Hz AC current
with SRS 830 digital lock-in amplifier and Ithaco 1201 voltage amplifier.
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Figure 5.15: Photograph of an array bonded and ready for a Ty test.

For the most chips the T¢:s were between 80-200 mK with about 10 mK
standard deviation. In one chip with no absorber, the spread was quite large
being 150-500 mK.

One of the chips was chosen to be used in further characterization. The
detector array chosen was the one with the biggest absorber and the smallest
inner bias radius — largest heat capacity and highest resistance. In total 26 T¢:s
were measured from this chip (Fig. 5.16) The standard deviation of the T from
different pixels was quite large. This makes it hard or even impossible to bias
multiple pixels reasonably with one bias voltage. This is needed in multiplexing,
when typically 20 pixels are biased with same voltage in order to limit the
number of wires going to the coldest part of the cryostat. The double transition
or the knee structure is not typical for Corbino detectors and it was also visible
in I(V)-measurements. To rule out the possibility of the absorber proximising
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Figure 5.16: Critical temperatures measured from one chip that was more
extensively studied. The Standard deviation was 7.5 mK and the normal state
resistance around 5.5 m{2 with a couple of outliers.

the bilayer locally and maybe longitudinally [92], an array without the absorber
was also T checked. The critical temperature of a couple of detectors from an
array without absorbers were measured in order to see if the absorber is the
cause of the double transition (Fig. 5.17). Because even without the absorber
some pixels showed the double T behavior, the reasonable conclusion is that
the patterning and the Mo/TiW/Cu material is the origin of the feature. Some
pixels without absorbers did, however show nearly ideal transition shapes. No
double T features have been seen in either Ti/Au Corbino devices or plain
Mo/TiW/Cu thin films.

5.4.3 Noise and Impedance Measurements

A few of the pixels shown in Fig. 5.16 were selected for more extensive electrical
measurements. Current-Voltage (I-V), complex impedance [30] and noise mea-
surements were carried out. By measuring [-Vs at different bath temperatures
(Fig. 5.18 a) the exponent of thermal conductance n, was obtained to be n = 3
(Fig. 5.18 b)) by plotting the TES power at R/Rx=0.75 as a function of bath
temperature. From the IV-data the steepness of the transition oy, that incorpo-
rates both the current and temperature sensitivity were calculated as a function
of bias points [31]. The values for oy, were slightly below our design value of
100 and from the values that have been typical for Ti/Au Corbino devices [74]
(Fig. 5.19 a)). The inset at Fig. 5.19 a) shows the measured complex impedance
with the best fit with a three-block model discussed earlier. Fig. 5.19 b) shows
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Figure 5.17: Critical temperatures measured from an array with no absorber.
Some pixels show the double transition, while others don’t.
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Figure 5.18: a) IVs at different bath temperatures (70-130 mK). b) P =
K(Trge — T, fitted to experimental data. n=3 and K = 11 nW /K3.

the corresponding noise measurement at the same bias point with a fit from the
three-block model fitted simultaneously with the complex impedance data. The
figure also shows the different noise components, where phonon noise refers to
thermal fluctuation noise between the TES and the bath, ITFN is the thermal
fluctuation noise internal to the TES and Johnson refers to the nonlinear elec-
trical noise of the TES [48]. Also the current noise calculated with a simple
thermal model is plotted to show that the measured noise can not be explained
with a simple model.

From the noise data the predicted energy resolution was calculated for this
pixel to be AE = 9.5 eV. This particular pixel was designed for high energy
X-rays and it has an estimated saturation energy ~ 68 keV (heat capacity
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Figure 5.19: a) oy, as function of bias point calculated from the 130 mK bath
temperature 1I-V curve. The inset shows the measured complex impedance at
R/Ryx= 0.5 and fit to data with a three block thermal model. b) The noise
spectrum at the same bias point and the three block fit with a breakdown of the
noise components.

C=2.4 x107'2 J/K). It also had quite a high critical temperature of 152 mK. For
the smaller heat capacity devices and with a T- of 100 mK the energy resolution
should be around 3 eV.

The array that was most analyzed was also attached to the X-ray measure-
ment system discussed more in Chapter 6 and a few pixels were bonded (this
was the snout that only had readout for 12 pixels). The energy resolution for
Mn Ko was above 20 eV, which is still far from the predicted. The full reason for
this discrepancy is currently unknown. It might be because of read-out issues,
but we also note that no collimator was used in the measurements, which can
cause photons to absorb at the substrate and by so degrade the energy resolu-
tion. Nevertheless, X-rays were recorded and the pulse shapes were quite similar
with a NIST detector described in Section 6.1.1 and with our Corbino detector
(Fig. 5.20). The rise time and the decay time of a Corbino were slightly longer
compared to a NIST detector.

X-ray measurement were done with an *Fe source at multiple bias point for
one of the pixels to see how it affects the energy resolution. NIST detectors are
biased low at the transition (about 10 % R/Ry). Because of the non-linearity
of v as a function of bias point in the Corbino detectors, this might not be ideal
for them. From Fig. 5.21 it’s apparent that the Corbino detectors need to bias
a bit higher at the transition to achieve the best energy resolution.
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Figure 5.20: Pulse comparison between a NIST TES and a Corbino TES
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Figure 5.21: The energy resolution of a Corbino detector as a function of bias
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Chapter 6

Particle Induced X-ray Emission
Measurements

6.1 PIXE in Jyvaskyla

The main tool of the Accelerator based materials physics group is the 1.7 MeV
Pelletron accelerator (Fig. 6.1). It has beamlines for Rutherford Backscatter-
ing Spectrometry (RBS) [93], Time-of-Flight Elastic Recoil Detection Analysis
(ToF-ERDA) [94], Ion Beam Lithography (IBL) [95] and one for PIXE. The
energy range for ions that can be used start from less than 200 eV for H, He
and O and for the multiply charged heavy ions goes up to 20 MeV.

The main results of the TES-PIXE experiments are reported in articles A.Il
and A.IV.

Figure 6.1: Photograph of the accelerator lab. On the left is the Pelletron
accelerator. In center of the frame are the different beamlines and on the right
is the TES setup connected to the target chamber.
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6.1.1 The Measurement Setup
The TES array

The 160 pixel TES detector array used in all PIXE measurements was fabricated
at NIST Boulder. The superconducting thin film is a Mo/Cu bilayer with a criti-
cal temperature of about 100 mK. The absorbing material is a 350x350x2.5 pm?
Bi and the collimator sits on top of the detector separated by 20 um distance
and it has a 320 pm x 305 um aperture size for each pixel. The purpose of the
collimator is to prevent photons from hitting the substrate. The sides of the su-
perconducting Mo/Cu bilayer perpendicular to the bias leads have thick 500 nm
Cu banks to suppress the Ty fully at the edges. This is done to prevent local
T variation at the edges due to imperfect contact between the layers [75]. A
finger structure with 500 nm thick Cu fingers is deposited on top of the Mo/Cu
film to make the supercurrent travel in a zig-zag pattern inside the bilayer. This
has been shown to decrease the unexplained noise [47] by reducing the « of the
detector([82].

Demonstration of combining a single TES detector pixel with PIXE have
been published before [96], but the energy resolution achieved (18 eV at 1.7
keV) has been much worse than in the work presented in this thesis.

Silicon Drift Detector

As a Silicon Drift Detector (SDD) is used as a reference detector in the mea-
surements its basic working principle is presented here. The device was first
introduced in 1984 by Gatti and Rehak [97]. The operation of the detector is
based on collecting ionized electrons generated by photons. Radiation absorbed
in the detector’s sensitive area creates mobile electron-hole pairs [98]. The elec-
trons are then drifted with an electric field to the anode, after which the signal
is amplified [99].

The energy of the photon is proportional to the charge collected at the anode.
Typically the devices are peltier cooled to around —60°C to minimize thermally
excited electrons that degrade the resolution [100]. Commercial cooled SDDs
have a FWHM at Mn K« (5.9 keV) typically around 130 eV with a count rate
up to 100 kHz. These merits also hold true for the Amptek X-123SDD Silicon
drift detector that we used as a reference detector.

Adiabatic Demagnetization Refrigerator (ADR)

The cryogenic cooling of the TES array was achieved with an ADR (Denali
Model 102 by High Precision Devices, Inc.) (Fig. 6.2). The pre-cooling of
the ADR’s two stages (60 K and 3 K) was done with a Cryomech pulse-tube
refrigerator (model no. PT407 RM). This makes the whole system cryogen free,
meaning that no liquid nitrogen or helium is needed to cool down the system.
The system uses two types of paramagnetic salts: Gadolinium Gallium Garnet
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Figure 6.2: A photograph of the ADR

(GGG) and a Ferric Ammonium Alum (FAA). A 4 T magnet that is used to
align the spins of the salt pills is controlled by software and hardware made by
STAR Cryoelectronics LLC. The current to the magnet is fed by a Kepco BOP
bipolar power supply (BOP 20-10M). All of the critical electronics are behind
an Uninterruptible Power Supply (UPS) to prevent uncontrolled magnet ramp
down and a possible quench of the superconducting magnet during a power
outage. To minimize vibrations to the cold part of the ADR the pulse tube is
equipped with a remote valve system and flexible bellows between the pulse tube
and the cryostat body. Sandbags and lead weights are also placed in strategic
places of the ADR system and the table where the ADR sits on is damped with
foam and rubber feet to minimize any vibrations from the building.

Before the pulse tube is turned on the inner parts of the ADR are carefully
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pumped to vacuum. Caution is required as the outer AP3.3 vacuum window
is quite fragile and quick pressure changes can break it. Same holds true for
the IR filters. To ensure slow enough pumping rate the pumping is done in
the beginning through a valve where the gas flow impedance can be controlled.
After the pressure inside the ADR has reached below 1072 mbar the valve is
slowly opened more to speed up the pumping. This initial pumping can last
over a day depending how much out gassing from the insides occur. When the
pressure is below 5x10~* mbar the pulse tube is switched on and the cooling
starts. After the 3 K stage of the ADR reaches 50 K, the pumping is closed as
the cryopumping of the ADR itself becomes more sufficient. When warming up
the cryostat, pumping has to be started at temperatures around 77 K to check
that there is not a pressure build up due to a leak. Again this is done to protect
the vacuum window, which can not withstand an overpressure above 1 bar.
One additional precaution is done when pumping the measurement chamber
that is connected to the end of the ADR snout when e.g. changing samples.
The whole pumping system is vented (the turbo pump is closed from front and
back) to ensure that the pumping starts from atmosphere, instead of leaving a
low pressure at the backing pump that is also used as a rough pump for the
chamber.

When the base temperature of the pulse tube coolers have been reached the
cool down to the base temperature of the ADR can be done. First the magnet
current is ramped up to about 85 A in a time of 30-45 minutes, while the
mechanical heat switch that contacts the 50 mK stage to the 3 K stage is closed.
After the maximum current has been reached the current is held there for about
60-120 minutes to dump the heat generated during the ramp up from the 50 mK
stage to the 3 K stage. After this soak time when the 50 mK stage temperature
has saturated, the heat switch between the 50 mK stage and the 3 K stage
is opened. Then the magnet current is ramped down between 30-45 minutes
decreasing the 50 mK stage temperature below 40 mK. During a temperature
controlled measurement, a small current is fed through the magnets that is PID
controlled to hold a specific temperature. In normal operation hold times at
e.g. 70 mK are longer than 15 hours, after which another regeneration cycle is
needed. Typical behavior of the ADR at different times of operation is shown
in Fig. 6.3.

During the first measurements low frequency (30 — 60 mHz) vibrations caused
a lot of headache and ruined many measurement hours. The vibrations seemed to
start at random times and would last up to 18 hours. It caused the temperature
to oscillate between 0.1-0.3 mK from the set value, which ruins the energy
resolution of the detectors. The cause of the problem was searched all over the
lab and the building from air conditioning to pump stations but in the end it
turned out that an electronics board inside the ADR, where the SQUID array
sits, was attached poorly (Fig. 6.4). After tightening the board the vibration
issue was solved.
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Figure 6.3: a) The cool down from room temperature. b) The current through
the magnet and the 50 mK stage temperature during a regeneration cycle. c)
The PID controlled temperature of the 50 mK stage and the current through
the magnet during a typical measurement showing a standard deviation for tem-
perature of less than 20 uK. The spikes in the temperature are due to external
vibrations like someone bumping into the cryostat or a valve being closed at the
beam line.

6.1.2 First Round of Measurements

In the first proof of principle measurements with TES-PIXE only 12 pixels were
connected out of which 9 operated optimally. One of the pixels had major
problems with SQUID locking, and two pixels had very small count rates during
the measurements and they were omitted from the analyzed data. The outer
300 K snout of the ADR was connected to the measurement chamber with a
plastic coupler to separate the grounds of the two pieces of apparatus (Fig. 6.5).
The ADR and the chamber had separated vacuums. The vacuum window used
at the end of the 300 K snout was a AP3.3 ultra-thin polymer/Al silicon grid X-
ray window by Moxtek Inc. The backscattered incident ions were stopped with
an 80 um Polyethylene terephtalate (PET) film inside the sample chamber, that
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Figure 6.4: The plot on the left shows the behavior of the vibration and how
it increases as a function of time. On the right is a photograph of the cause.

Figure 6.5: Left: The 300 K snout of the ADR connected to the measurement
chamber with a plastic coupler. The separation of the grounds was later found
to be unnecessary. Right: The second version of the coupling between the
measurement chamber and the cryostat to shorten the distance from the sample
to the detector.

also filters out low energy X-rays. The three cooling stages of the cryostat (60 K,
3 K and 50 mK) all had a 1 wm PET film with 1 pm Al coating at the end of
each stages snout to block infrared radiation, which would otherwise saturate
the detectors.

The SDD was positioned to an angle of 135° with respect to the ion beam
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Figure 6.6: Schematic image of the target chamber and the ADR snout sepa-
rated by a vacuum window. The distance from the sample to the detector was
30 cm. The dimensions are not in scale. The SDD measurements were done in
a different target chamber.

and the TES X-ray detector to an angle of 90° and the sample was tilted 45°
towards the detector (Fig. 6.6).

6.1.3 Second Round of Measurements

After the first set of measurements the detector unit was shipped to NIST for an
upgrade. The detector chip was mounted on a new snout with a new multiplexer
(MUX) and interface chips and all of the 160 pixels were bonded (Fig. 6.7). The
old detector unit was left for testing purposes for our own detector arrays.

During the first iteration of measurements it became clear that the X-ray flux
at the detector needed to be increased in order to measure thin film samples with
reasonable measurement times and ion beam currents. This was done in three
ways. Firstly, the number of pixels was increased. Secondly, the IR filters were
replaced from the PET sheets with Al coating to homemade SizN4 windows with
Al coating, increasing the transmission. Thirdly, the coupling between the ADR
and the measurement chamber was redesigned so that the 300 K snout goes into
the chamber decreasing the distance between the source and the detector to 15
cm. This increases the flux by a factor of four, see Fig. 6.8.

The new IR-filters were fabricated at the NSC by wet etching the silicon sub-
strate with KOH leaving a 280 nm thick Si3gN,; membrane with 14 mm x 14 mm
horizontal dimensions and evaporating 100 nm of Al on both sides of the chip
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Figure 6.7: Photograph of the detector unit without the Al shield.
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Figure 6.8: Schematic image of the target chamber and the ADR snout sepa-
rated by a vacuum window after moving the setup closer.

to prevent pin holes (Fig. 6.9). The SizNy-Al filters were tested with a Fourier
Transform Infra-Red (FTIR) spectrometer!' to ensure that they actually block
IR and that they are pinhole free. The outcome of the measurement was that
the filter transmission was (0.0 = 0.2) % between 1.7 um — 20 pum wavelengths.
This was the range that FTIR instrument was able to analyze. The intensity
maximum for a 300 K blackbody object has about 10 um wavelength calculated
with the Wien displacement law [101].

!Dr. Pasi Myllyperki6 ran the FTIR experiment at the NSC.
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Figure 6.9: Before and after evaporating Al on the Si3sN; membranes.

To get quantitative data out of a PIXE measurement for the elemental com-
position of a sample, the X-ray transmission from the source to detector needs
to be known. The manufacturer (Moxtec Inc.) of the vacuum window (AP3.3)
for the ADR vacuum window doesn’t provide the chemical composition of their
window, so some reverse-engineering was needed. They provide a graph of the
X-ray transmission at low energies out of which the composition of the polymer
could be concluded by looking at the absorbtion edges. From the high energy
data the thickness of the Si grid that fills 23 % of the filter area could also be
deduced. Putting together these pieces of information we could calculate their
X-ray transmission data by using the X-ray transmission calculator from [81].
To replicate the vacuum window transmission from 500 eV to 30 keV we used a
polymer with a chemical composition of BCgO5NAlj ¢ with a thickness of 200 nm
and a 200 pum thick silicon frame. The actual thickness of the filter might be
different as the amount of hydrogen in the polymer is not known, but this does
not affect the X-ray transmission in the energy range of interest. The gridded
silicon support in a filter is not the best option for a detector that consists of
pixels. It might explain why some of the detectors have slightly lower count
rates than others.

When changing the PET-AI foils to SigN4-Al thin films and the 80 um PET
foil that blocks the ions to a 125 um Be sheet the transmission at e.g. 3 keV
goes up from 9 % to 40 % (Fig. 6.10). After the changes elements P, Si and
Al become all detectable. In the next update the ion beam will be taken out
to atmosphere at the TES beam-line, the Be sheet that blocks the ions from
entering the cryostat can be omitted with a help of polycapillary X-ray optics.
This will make the detection of elements lighter than Al possible (Mg, Na, F).
The use of the polycapillary optics will also increase the flux at the detector
by focusing the emitted X-rays and basically circumventing the 1/7? X-ray flux
decrease.

A general purpose calibration sample was also fabricated in the NSC clean-
room. The materials were electron beam evaporated and the chosen materials
were Ge (300nm), Cu (147 nm), Cr (72 nm) and Ti (65 nm) on a Si substrate,
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Figure 6.10: Comparison between 1st generation (red) and 2nd generation
(blue) filters. Also the 2nd gen. filter without the Be sheet is plotted (green).

so that their characteristic X-rays would cover a wide energy range (1-11 keV).
The thickness’ of the elements were chosen so that the X-ray production from
each element would be on the same order of magnitude for each element. The
fluorescence yields and X-ray production cross sections to calculate the thick-
nesses were taken from Ref. [102]. In Fig. 6.11 we show the peak height spectrum
of the calibration sample.

Also a retractable radioactive *Fe source holder was build inside the mea-
surement chamber. The purpose of this source is to act as a reference during a
measurement. Later in the analysis the Mn K« can be used as a gain drift cor-
rection reference as well as a calibration point. The source can be turned away
from outside of the chamber by pulling it inside an Al cage. This way the tuning
of the SQUIDs and the noise measurements that are needed for each detector
prior a measurement can be done without the radioactive source interfering with
them. In Fig. 6.12 some details of the measurement system are shown.
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Figure 6.12: Top-left: measurement setup being operated. Top-right: a pho-
tograph from inside the measurement chamber showing also the Be-filter at the
end of the snout. Bottom-left: The readout tower and its SMB cables. Bottom-
right: A photograph of the electronics crate and the magnet controller unit.
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6.2 Data Collection and Analysis

6.2.1 The Read Out

The SQUID system used in our detector setup is TDM based and it is designed
and constructed at NIST Boulder in the Quantum Devices Group [103]. The
basic working principle is that the circuit for each pixel is inductively coupled
to a first stage SQUID that can be switched on or off. A second stage SQUID is
inductively coupled to summing circuit of all the first stage SQUIDs. By turning
the first stage SQUIDS on sequentially, each pixel is read one by one during one
time frame. The signal from the second stage SQUID is then amplified by a
SQUID array that sits at 3 K, after which the signal is sent to room temperature
electronics through more amplification. The digitized data is finally written at
the CPU.

6.2.2 Analysis of the Data

For the analysis of the data produced by the TES readout we have used two
methods. A commercial Igor Pro technical graphing and data analysis software
by Wavemetrics inc. was used. It has macros developed at NIST Boulder that are
suitable for analysis and graphing of the digitized data. This method is suitable
for analyzing data from a single pixel, but it becomes exhaustively tedious to
analyze data from multiple pixels. For this reason a Python based software
called Mass has been developed at NIST by Dr. Joe Fowler. Mass removes the
need for doing all the steps by hand and lets the computer do the work. During
the analysis of the data presented in this thesis, both methods were used in
parallel to ensure that the analysis had been done correctly. As the number of
pixels will be increased to full 160 pixels and now that we are comfortable using
the Mass, we will be shifting solely to it in the future. The analysis procedure for
both methods is nevertheless quite the same and the main steps in the analysis
will be covered next.

First, non-ideal events need to be cut from the data. These events might be
pile-up pulses, pulses that have had a pulse in the pre-trigger or pulses that are
distorted for some other reason due to SQUID readout problems, for example.
There are many ways to single out the good data. These include checking that
the prepulse is stable and has low enough standard deviation, removing all pulses
that have abnormally high peak time in the event window meaning a pile-up.
One way is to plot the pulse height vs. the pulse area as in Fig. 6.13.

After the cuts, usually about 20-50% of the data is omitted, mostly depend-
ing on the number of pile-up events. Of course, there still is information in the
pile-up pulses and work is being done and algorithms being coded to analyze
heavy pile-up data [104]. The amount of pile-up can be controlled by tuning
the X-ray flux and the record length, which is the time that is recorded when
a event is registered. By increasing the record length also the energy resolution
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Figure 6.13: Pulse height as a function of pulse area. The good data lies in
the main blue line and the red events outside it are cut off. The insets show
examples of non-ideal pulses: a) previous event still visible in the prepulse, b)
and c) show problems with SQUID locking, d) is a good pulse and e) shows
three pulses in the event window — a pile-up. For a linear detector the blue line
would be straight.

gets better in a multiplexed system [105], but there always is a trade-off between
data collection time and number of pile-up events. In Igor software, these cuts
are done by hand, but in Mass these are done by algorithms meaning a lot faster
analysis time. For the NIST 160 pixel X-ray array the highest count rate for a
single pixel for 10 keV photons is around 9 Hz meaning a total maximum count
rate above 1 kHz. A total count rate for a 256 pixel y-ray TES array of 1.25
kHz has been reported [106].

After the cuts have been made, an average pulse shape is calculated from the
collected data. Next, optimal filtering is applied to the raw pulses by using the
calculated average pulse and a noise spectrum that has been obtained during
the measurement, but without any pulses. Optimal (or Wiener) filter theory
presupposes that a signal obeys scaling such that [107] S = Ha(t), where S is
the signal, a(t) is an energy independent pulse shape of unit height (or integral),
and H is proportional to the pulse height (or integral of the signal). The filter
is optimal as long as the signal shape is not a function of energy and both
the signal and the noise don’t vary in time. If the pulse shape is a function
of energy the filtering has to be made in steps [107]. The optimal filtering
minimizes the mean square error between the estimated random process and
the desired process. An optimal template function is computed from the noise
spectrum and the pulse average and this template is convolved with each X-ray
pulse record. The maximum of this convolution is the best estimate of the pulse
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Figure 6.14: Drift correction after optimal filtering and its effect on uncali-
brated Cu Ka (around 8 keV) complex histogram.

height [108], which corresponds to the energy of the incident photon.

After the optimal filtering, a drift correction is often needed for some of the
pixels. This means that sudden jumps or overall creep as a function of time are
corrected (Fig. 6.14). This gain correction is usually done to a monochromatic
X-ray line near the center of the dynamic range.

When the drift correction has been done, the SQUID output voltage is con-
verted into energy. This energy calibration needs to be done to each pixel
separately as the calibration differs for each measurement, due to the non-linear
nature of the TES, the biasing of the detector and the SQUID readout, as can be
seen in Fig. 6.15. A polynomial energy calibration is not sufficient because even
less than 1 eV energy differences in the peak position will produce distortions to
the peak shapes and it will also degrade the energy resolution. A cubic spline
calibration is needed.
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Figure 6.15: Measured non-linear behavior of few TES detectors. Left: Raw
pulse height as a function of photon energy. Right: amount of non-linearity
compared to a line fitted at low energy.

6.3 PIXE Experiments and Results

In article A.Il. the main results of the first proof of principle measurements
are reported. The resolution of the detectors were tested with a radioactive
%Fe source. *Fe decays via electron capture, where a nucleus absorbs an inner
atomic electron changing a nuclear proton to a neutron and emitting an electron
neutrino [109]. The Fe decays into Mn in an ionized state that will then emit
characteristic X-rays of Mn. The instrumental FWHM energy resolution after
subtraction of the natural line shape and width of the emission for the best
detector was 3.06 eV. This is within a few percent of the expected resolution
calculated from the measured average signal and noise. From the nine pixels
that gave good data the arithmetic mean resolution was 3.8 + 0.6 eV. Under
the TES detector there is a coil that could be used to optimize the magnetic
field at the array, but no such field optimization was done.

To compare how the spectrum from the radioactive source differs from a
spectrum obtained with PIXE, a thin sheet of Mn was measured with 2 MeV
protons (The same energy for protons was used in all of the measurements unless
stated otherwise). The count rate in both measurements was about 8 Hz. The
comparison of the spectra isin Fig. 6.16. The inset of the graph shows the spectra
in logarithmic scale, where a satellite peak next to Ka; on higher energy side can
be seen. This is produced by multiple ionization during proton bombardment of
the sample [110]. The FWHM energy resolution of the combined >*Fe spectrum
was 3.75 eV compared to the 4.45 eV in the Mn PIXE spectrum. So there
was almost 1 eV broadening of the FWHM in the PIXE case. The cause of
the broadening is not yet fully understood and it needs more investigation and
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Figure 6.16: A comparison of the Mn K& complex spectrum produced by
PIXE and the %Fe source. Data from 9 pixels in both spectra.

modeling.
To compare the SDD and TES detectors a bulk copper sample was measured.
The results are shown in Fig. 6.17. The improvement in energy resolution is

obvious.
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Figure 6.17: A comparison of SDD and TES spectra from a Cu sample. Bin
width for TES histogram was 0.4 eV and for SDD 7 eV.
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A bulk stainless steel sample was also measured to demonstrate the TES
ability to distinguish peaks that are close in energy (Fig. 6.18).
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Figure 6.18: Measured spectrum for first multi element sample with TES-
PIXE.

After the changes made to the measurement setup described in section 6.1.3
it was soon realized that due to the finicky nature of our outdated power supply
for the crate that controls all the feedback and row address cards the system
could only be run stably with 3 x 20 rows meaning 60 pixels in total. In article
A.TIV. the main results done with the upgraded setup are reported. Since then,
we have received an updated readout room temperature electronics from NIST
and the system will be in full scale 160 pixel operation in the near future.

6.3.1 Efficiency of the Detectors

A NIST reference sample SRM-611 (impurities in glass) and SRM-1157 (stainless
steel) were measured in order to calibrate the efficiency of the TES detector as
a function of energy. The spectrum of the SRM-611 is in Fig. 6.19.

As we know the composition of the reference samples, we could find out the
detector efficiency from the measured spectra. The efficiency is crucial to know,
if quantitative data is required from a PIXE analysis. To find out the detector
efficiency, the measured data was analyzed using GUPIXwin software, which cal-
culates the elemental concentrations based on the known physical parameters of
the setup, after converting it from digital pulses to channel data. In GUPIXwin
analysis, external filters were taken into account but the to-be-determined in-
trinsic detector efficiency was temporarily set to 1. For the SRM 611 sample,
the nominal matrix composition in mass percentage was 72 % SiO,, 14 % NayO,
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Figure 6.19: Measured peak height spectrum with TES and SDD of the NIST
SRM-611 reference sample.

12 % CaO and 2 % Al,O3 according to the NIST certificate and it was used
in the GUPIXwin analysis. For the SRM 1157 sample, the matrix composition
(consisting mostly of iron) was iterated by the GUPIXwin.

We did not use the standard fitting procedures of the program; instead, the
peak areas were integrated after the continuous background was removed by a
visual fit. Then, the concentrations (without the TES efficiency) were calculated
using the X-ray yields that GUPIXwin had calculated. Finally, the detector effi-
ciency was calculated as the ratio between the measured concentration without
the detector efficiency, and the known reference concentration, for all reference
energies. In the analysis, statistical uncertainties and uncertainties in the ion-
ization cross-sections for K-lines (17 %) [111] and L-lines (5%) [112] were taken
into account. The reference values for the concentrations and energies of the
analyzed elements were taken from Ref. [113] for SRM 611 and from the NIST
certificate for the SRM 1157 sample.

In Fig. 6.20 we also show the simulated efficiency curve consisting of vacuum
window transmission and bismuth absorption (calculated using reference [114]).
The red and blue dots represent the analyzed efficiency values for SRM 611
and SRM 1157 references, respectively. It can be noted that the experimental
values agree well with the theory with a few exceptions. Firstly at the lowest
energy, the Al Ka peak deviated clearly from the theoretical curve and it is not
shown in the graph. The efficiency value for the Al was 258 % 4 28%. This
can be explained by the fact that the reference sample consisted mostly of SiOq
and thus there are plenty of Si Ko X-rays hitting the Al filters in front of the
detector. Since Si K« is very efficient in causing fluorescence X-rays in Al, we
will see a lot more Al X-rays than would be expected to come just from the
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Figure 6.20: Measured and simulated efficiency of the TES-array. The effi-
ciency curve was calibrated using a known reference materials (NIST SRM 611
and NIST SRM 1157). The absorber material in our TES-detector is bismuth,
and the vacuum window used in the front of the detector is AP3.3 window that is
included in the simulated efficiency. The nominal thickness of Bi absorber is 2.5
um. The statistical error bars for the SRM 611 data points are greater, because
there were fewer events per element as the sample has many more elements than
the SRM 1157 sample. The total number of events in both spectra were similar.

sample. Another deviating peak is the Cu Kea. The efficiency value for Cu was
(135 £ 8) %. The expected concentration of Cu in the sample is small, only
(430.3 £ 23.6) ppm so the flux of the Cu K« X-rays originated from the sample
is very small. Thus it can be easily deducted that even a small alternative source
of Cu K« will interfere the analysis. This alternative source of Cu X-rays is very
likely the Cu layer that is in TES underneath the Bi absorber. It should be also
noted that the theoretical efficiency never reaches level higher than 77 % below
10 keV energies. This is due to the fact that a thick silicon grid with 77 % hole
area is under the polymer that holds the vacuum.

A simple measurement to probe the origin of the excess measured Al and Cu
X-rays is planned for near future. A broadband X-ray tube source is going to
be used as an X-ray source. If we then see characteristic Al and Cu excitations
we know that they originate from the detector and the IR-filters, which is the
assumption.

6.3.2 Pigment Measurements

Three different pigment samples (lead red, lead white, and cobalt blue) were also
studied to see how much impurities there are in commercial pigments. Studying
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pigments in art is one application for PIXE when detecting possible forgeries
[115]. The pigment powders were pressed into pellets that could be mounted in
the sample chamber. A bulk lead sample was also used as a reference for the Pb
pigments (Fig. 6.21). The lead white pigment has much more impurities than
lead red (Ca, Ti, Ba, Fe, Ni,). Again, with a TES e.g. Ba L-shell excitations
can be resolved that are not resolved with a SDD.
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Figure 6.21: Lead pigments. Bin width for TES was 0.5 eV and 5 eV for SDD.

A pressed cobalt blue pigment sample was also measured to demonstrate
the power of a TES detector over a SDD. Spectra of the cobalt blue is in Fig.
6.22, where the two detectors are compared. In the TES spectrum e.g. the Fe
impurity can be differentiated from the Mn unlike with the SDD. By using the
obtained efficiency curve the concentrations for impurities could be estimated.
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Figure 6.22: Spectra from the SDD (dotted red line) and TES (solid blue line)
detectors. The bin width for TES was 0.5 eV and for the SDD 7 eV.

The level of impurities in the Co sample were measured to be (290 4+ 60) ppm
of Ti and (110 £ 40) ppm of Cr for example.

6.3.3 Chemical Shifts

The chemical state of an element (oxidation number, chemical bonding) influ-
ences its electronic transitions and atomic energy levels, even those of the inner
shells of the atoms. Four kinds of effects have been observed that influence
X-ray transitions: energy shifts of the characteristic X-ray lines, the alteration
of X-ray relative intensity ratios and line shapes, and satellite peak formation
[116]. The size of the chemical shift is usually in the eV range. For example for
Fe compounds the amount of the shifts measured is between —2 eV to +2 eV
depending on the ligand and the biggest shift is for halogen compounds [117].

To test if we can see the chemical environment of a sample, three titanium
compounds were fabricated. A 500 nm TiN sample and a 450 nm TiO, sam-
ple were fabricated with ALD? and a 400 nm Ti was electron-beam evaporated
in ultra-high vacuum conditions. All of the samples had a Si substrate. The
samples were measured in an order of Ti-TiN-Ti-TiO,-Ti, and the energy cali-
bration of the spectra was done on the combined Ti spectrum through the whole
measurement time. The reason why the Ti sample was measured before and af-
ter both TiN and TiO, was to ensure that the calibration stayed the same during
the whole measurement. A possible energy drift was corrected on the Si K line
that was common in all of the samples.

A Gaussian function was fitted to the spectra of the Ti samples Ko complex

2Dr. Jari Malm fabricated the ALD samples.

61



for each pixel. A standard deviation of 0.3 eV for the position of the complex was
obtained across the pixels. In Fig. 6.23 we show parts of the spectra from the
three samples. A chemical shift of 1.1 eV was seen on the Ko complex of the TiO,
sample compared to the pure Ti sample and a 1.0 eV shift was seen in the Kf3.
No shifts were seen in the TiN spectrum. The shifts were determined by fitting a
Gaussian function on the K and K3 peaks. X-ray photoelectron spectroscopy
measurements [118] and wave dispersion spectrometer measurements [119] agree
with these results.
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Figure 6.23: Spectra from the three different Ti-samples normalized for the Ti
Ko peak area. The spectra are split to three regions for visual reasons. a) the
Si Ket, b) The Ti Kf, ¢) the Ti K« .

The KB/Ka intensity ratios were (12.5 £ 0.1) % for Ti, (13.1 £ 0.2) %
for TiN, and (13.31 4+ 0.2) % for TiOy. The Ko satellite intensity compared
to the total Ti emission was (4.9 £ 0.1) % for Ti, (5.0 & 0.1) % for TiN and
(4.8 £ 0.1) % for TiO4. The satellite peak next to the Ko emission is generated
during the ion bombardment when 1s and 2p vacancies are created simultane-
ously and a shake process occurs [120]. The 2p vacancy has a relatively long
life-time compared to that of the 1s vacancy. When the inner vacancy de-excites
in the presence of this spectator hole, there is a change in the electrostatic po-
tential leading to shifts in the energy levels, affecting as a result to the energy
of the photon emitted [110].
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Chapter 7

Summary and Future Prospects

In this thesis the development of a TES array from design to characterization
has been presented. Also the thermal models describing the detectors have been
probed theoretically and experimentally.

A working fabrication procedure for 256 pixel TES array was developed for
detectors to be used in X-ray material characterization. This information can
be used in possible future projects, where fabrication of superconducting X-ray
detector arrays are needed. The uniformity of the arrays left some room for
improvement for possible next fabrication iterations. Work is still to be done in
the characterization as only one array with the biggest heat capacity was used
in X-ray measurements.

The development of the measurement setup, where TES detectors are used in
PIXE experiments was also presented. From the initial 12 pixel proof of principle
setup to the 60 pixel setup with better filters capable of actual measurements
with reasonable measurement times was shown. The TES setup is unique in the
field of PIXE and it has raised much curiosity in the field, mainly because of
its energy dispersive nature and the excellent energy resolution reported also in
this thesis.

TES-PIXE has only just seen its daylight and actual measurements in the
field of material science and art restoration are just starting. The new setup also
opens possibilities to study new physics in the field of ion beam X-ray science.

Upgrade for the outdated power supply that was limiting the number of
pixels will be installed shortly. Then we will have a full scale operation finally
at hand. With count rates near the kHz range the TES becomes competitive
with the SDD detector in regards of measurement times. This is also crucial for
sensitive samples when the exposure to the ion beam needs to be minimized. A
new beam line is also under development that will have the option to use external
ion beam with TES-PIXE. This will make the analysis of big or vacuum delicate
samples possible. New X-ray optics that will be installed soon will not only
make smaller ion doses possible, but it will also act as an ion filter. This will
make lighter than Al elements detectable.
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Abstract The so-called excess noise limits the energy resolution of transition-edge
sensor (TES) detectors, and its physical origin has been unclear, with many com-
peting models proposed. Here we present the noise and impedance data analysis of
a rectangular X-ray Ti/Au TES fabricated at SRON. To account for all the major
features in the impedance and noise data simultaneously, we have used a thermal
model consisting of three blocks of heat capacities, whereas a two-block model is
clearly insufficient. The implication is that, for these detectors, the excess noise is
simply thermal fluctuation noise of the internal parts of the device. Equations for the
impedance and noise for a three-block model are also given.

Keywords TES - Thermal model - Impedance - Noise

1 Introduction

Calorimeters and bolometers based on superconducting transition-edge sensors
(TES) have proven to be valuable tools in a number of applications in a broad energy
range [1]. The number of pixels in TES detector arrays are constantly increasing and
the limits of single pixel performance are being pushed closer to the theoretical lim-
its. However, the lack of understanding of some of the noise components (‘“‘excess
noise”) has plagued the field in recent years [2, 3]. One source for the excess noise,
in addition to the recently introduced non-equilibrium Johnson noise [4], could be
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a complex thermal circuit of the device: if the device consists of several blocks of
heat capacity, more thermal fluctuation noise will exist [5, 6]. To determine unam-
biguously the thermal noise components of the device, the thermal circuit should be
determined independently. This can be done by measuring the complex impedance
in addition to the noise [7]. For the device discussed here, the impedance data is fit
well by a three-block thermal model, and the model simultaneously explains all the
noise of the device. Thus, all noise sources are fully understood in the detector types
presented here.

2 Theoretical Models

To fully characterize the thermal and electrical properties of many TES devices, the
conventional thermal model of one heat capacity connected to a heat bath is too sim-
ple. Even the model with one additional thermal block does not always fully fit the
measured noise and impedance [8, 9]. Here we have used a system of three ther-
mal blocks. We have analyzed the measured data with two different variations: one
with both a hanging and an extra intermediate block between the TES and the heat
bath, and another with two hanging thermal blocks (Fig. 1). The derivation and full
theoretical discussion of the impedance and noise of the three-block models will be
presented elsewhere [10], here we only cite the results for the IH model (Fig. 1a).
Equations for 2H model (Fig. 1b) are similar. The IH model assumes that heat flows
first from the TES to the “intermediate” or excess heat capacity C,,, and only then
to the heat bath, therefore the steady state temperatures of the TES and the excess
heat capacity are not equal. The hanging heat capacity C,ps could represent the ab-
sorber, but does not in general need to do so, and in steady state it has the same
temperature as the TES. There are now five different dynamical thermal conduc-
tances that need to be defined, one between the TES and the “absorber”, two be-
tween the TES and the excess heat capacity and two between the excess heat capacity
and the bath: g7gs = nAT}lgé, go = mBT}”{SI, 8ex = mBTe”’;_l, 8ex2 = pCTeﬂ_l,
gs = pCTY _1, where the power between the TES and the absorber, the TES and
the excess heat capacity, and the excess heat capacity and the bath are given by
P=ATpps—T,.), P=B(T;pg—T,7) and P = C(Th — TJ), respectively (see
Fig. 1).
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2.1 Complex Impedance

The complex impedance of the model (Fig. 1a) is

~ L Ro(2+ B)
Z“”_R“1+ﬁ}+1—£1+um7—Am»—B@y (1)

8tes 1 808ex 1 _
where A(Cl)) 1- ﬁ (8res+80) 1+iwTaps’ B((l)) - E (8res+80)(8ex+8ex2) 1+HiwTex’ L=

Poa/[(8res + 80)Tol, T1 = Cres/[(8res + 0)(1 — L)1, Tabs = Cabs/8res and Tey =
Cex/(8ex + gex2), and the transition steepness parameters are o = d log(R) /0 log(T),
B = 0dlog(R)/dlog(l) at the bias point Ry (with power Py and temperature 7j).

2.2 Noise

Three major classes of unavoidable noise sources are included: the power fluctuations
in the thermal circuit, the electrical thermal noise of the detector (Johnson noise),
and the Johnson noise of the shunt resistor. We disregard correlations between fluc-
tuations in the thermal conductances.

The frequency dependent current responsivity, s; (w) = I,/ P,, for power input in
the TES heat capacity C;.s can be written [10] as

B 1 Zrgs— Ro(1+B)
M (w) T ZcircIO R0(2 + ﬂ) ’ (2)

where Z.irc = ZTEs + Rp +iwL, Ry, is the Thevenin equivalent circuit resistance
(shunt + parasitic) and L is the circuit inductance.

Now the thermal fluctuation current noise terms (one phonon noise term and two
internal thermal fluctuation noise (ITFN) terms) are

2
gex 1
|I|2 = P2 |Sl(a))|2 , (3)
B ph (gex + gex2)2 1+ a)ZTezx
2.2
0T
7 en = Praglsr(@) P ——225—, @)
ITFN,1 tes 1 i a)zfjbs
2 2 2.2
2 _ p2 2gex2/(gex2 + gex)” + @ Ty
(77 rNn 2 = Pexlsi(@)] ot , (5)

where P2 oh= 2kp (Texgexz + ngs) tes— 4kp Tozgtes and Pezxz 2kp (Tozgo + Tezxgex).
The non-equilibrium Johnson current noise in the TES film is given by

2
Yo ©)
L(Ro—R—iol) 2

1115 =
| Zeire,00 + Thiat,p—(I=L)(A(@) + B@)

where [4] V2 =4k ToRo(1 +28) and Zc;yc.00 = Ro(1 4+ B) + Ry +iwL. The John-
son noise due to the shunt and parasitic resistances is simply |/ |2 = V2 snl 1 Zei rel?,

with Vw o = 4kpTsp R if both the parasitic resistance and the actual shunt are at
temperature Ty,.
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Fig. 2 (Color online) Left: schematic cross-sectional view of the device. Orange: Cu absorber and dots,
blue: SiOx insulator, gray: Ti layers, yellow: Au layer, black: Nb contacts. Right: optical micrograph of
the TES. The size of the Ti/Au TES is 186 x 150 pmz and it is on a 1 pm thick SiN membrane fabricated
on Si (110) surface

3 Experiments and Analysis

The measured TES was a pixel from an X-ray array fabricated at SRON (Fig. 2).
It features a 206 x 162 x 1 um> Cu absorber on top of a SiOx insulator that is cou-
pled to the TES through seven rectangular vias at the center of the TES. There are
also 10 x 7 Cu dots of 10 um diameter on top of the TES film (but not in contact
with the absorber) to tune the transition properties. The critical temperature, T¢, is
125.5 mK and normal state resistance Ry ~ 300 m<2. Measurements were performed
in a compact plastic dilution refrigerator at Jyviskyld, with an old NIST SQUID read-
out [11] and a FLL electronics unit designed at SRON. The complex impedance was
measured up to 100 kHz, taking into account of the transfer function of the readout
circuit [12].

In the analysis, the measured complex impedance and noise were fitted simulta-
neously by eye with the equations described above, as high-dimensional non-linear
least-squares fitting would be demanding to implement. The heat capacities, go, g7Es
and T,, were free parameters. The other thermal conductances were calculated using
the constraint that the total thermal conductance to the bath is fixed by the I-V data
and that the links on both sides of the intermediate block have the same thermal ex-
ponent p = m. This is physically reasonable if all the conductances are dominated by
the SiN membrane. During the fitting four curves were plotted on top of the experi-
mental data: The noise as a function of frequency, the complex impedance and also
the real and imaginary parts of the impedance as a function of frequency. White noise
of 4 pA/+/Hz for the SQUID was included in the noise analysis.

4 Results and Discussion

One can fit all the major noise and impedance features with both three-block models
(IH and 2H, Fig. 1), whereas a simpler two-block model (TES + hanging C) cannot
produce an adequate fit, as can be seen in Fig. 3. In Fig. 4 the measured data and
fitted theoretical curves for the IH model are presented. In the noise data, one can
see that there is some deviation with the measured and the fitted data above 100 kHz.
This is likely because the transfer function of the circuit was not corrected for in the
noise data. We also analyzed the measured data with the two hanging (2H) block
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Fig. 4 (Color online) Left: the measured and fitted current noise of the device. Right: the measured and
fitted complex impedance of the TES. Bias points between 20-80% Ry in 10% intervals are presented.
The higher bias points correspond to the lower noise levels and bigger semicircles. Only IH model fits are
shown, 2H fits look identical

model of Fig. 1b and obtained qualitatively identical goodness of fit results with the
IH model. The fitted parameter values for both models are plotted in Fig. 5, except
for C,x in the 2H model which was approximately constant C., ~ 0.08 pJ/K. We
also estimated the theoretical heat capacity of the Cu absorber, Cyps = yTTES, tO
be around 0.40 pJ/K, which is quite close to the fitted C,pg, as shown in Fig. Sa.
The TES film heat capacity Crgs was also calculated with a correction [13] to the
BCS heat capacity jump for bilayer films, to get values around 0.08 pJ/K, which
again agrees with our results. We see that the two model variants do not produce
significant differences, and cannot be easily differentiated from each other. We do
not want to draw conclusions from the bias dependence of the parameters yet, be-
cause we have evidence that the IH model is required even in devices without an
absorber [6].

In conclusion, good simultaneous fit to complex impedance and noise can only
be achieved with a three-block model in these devices. The fitting parameter values
are consistent with the heat capacities being the TES film, the absorber and a third
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Fig. 5 (Color online) Some of the parameters from both IH and 2H models vs. bias point. (a) Ctgs
(IH: triangles, 2H: stars), C,ps (IH: squares, 2H: circles) and Cex (IH: open circles) and the estimated
theoretical values as dashed lines. (b) g7 s (IH: squares, 2H: circles), go (IH: triangles) and g, (2H:
stars). (¢) @ and B

unknown heat capacity of the order of 0.1 pJ/K. No unexplained excess noise remains
after the three-block fit.
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Abstract In this paper we present a new measurement setup, where a transition-
edge sensor detector array is used to detect X-rays in particle induced X-ray emission
(PIXE) measurements with a2 MeV proton beam. Transition-edge sensors offer orders
of magnitude improvement in energy resolution compared to conventional silicon or
germanium detectors, making it possible to recognize spectral lines in materials analy-
sis that have previously been impossible to resolve, and to get chemical information
from the elements. Our sensors are cooled to the operation temperature (~65 mK)
with a cryogen-free adiabatic demagnetization refrigerator, which houses a specially
designed X-ray snout that has a vacuum tight window to couple in the radiation. For
the best pixel, the measured instrumental energy resolution was 3.06 eV full width
at half maximum at 5.9 keV. We discuss the current status of the project, benefits of
transition-edge sensors when used in PIXE spectroscopy, and the results from the first
measurements.
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1 Introduction

In particle induced X-ray emission (PIXE) measurements an energetic ion beam,
normally a 1-4 MeV hydrogen or helium ion-beam, is directed to the sample to be
analyzed, and sample composition for elements typically heavier than Na or Mg can be
determined by means of characteristic X-ray emission [1]. Over the last four decades
PIXE has developed to become a standard tool for elemental analysis in many fields
of science. In geology, art restoration and medical diagnostic, to name a few, PIXE
has been used to determine the elemental composition of samples [2—4].

The development of micro-PIXE, where the particle beam is focused to about
1 wm diameter spot, has opened the possibility to raster the target in order to get
the positional elemental information of the sample. One interesting special feature of
PIXE is that it is possible to irradiate samples with ion beams in ambient conditions,
thus making the analysis of biological and large specimens, like paintings, possible.
In addition, compared to electron beam excitement, the bremsstrahlung from protons
is negligible because of their higher mass [1]. This means that the continuum X-ray
background is orders of magnitude smaller compared to scanning electron microscope
energy-dispersive X-ray spectroscopy (SEM-EDX).

Traditionally, reverse biased silicon or germanium detectors have been the work
horse for PIXE because of their wide dynamic range in energy, ease of use and reason-
able cost. These properties have so far compensated the limited energy resolution. On
the other hand, wavelength dispersive detectors with their great energy resolution have
been successfully used with PIXE [5], but their intrinsically low throughput makes
the measurements cumbersome and time consuming.

By using transition-edge sensor (TES) microcalorimeters operating at cryogenic
temperatures, one combines the benefits of energy dispersive detectors (efficiency,
wide energy range) and wavelength dispersive detectors (resolution) [6]. TES detectors
have matured to the state where they are used in number of applications, thanks to their
superior energy resolution and sensitivity. A TES is a device that operates between the
superconducting and the normal state of a metallic thin film with a coupled absorber
[7].

Within the superconducting transition region, the resistance of a TES is very sensi-
tive to changes in temperature. The device is connected to a heat bath via a weak
thermal link so that when a photon hits the absorber and is converted into heat,
due to the small heat capacity of the detector, a relatively large temperature excur-
sion and change in the resistance of the detector is produced. The change in the
current through the TES during the photon event is read out with a superconduct-
ing quantum interference device (SQUID), which acts as a highly sensitive current
sensor that can be coupled to the low impedance of the TES [7]. Multiplexing is
needed, when the number of detectors increases and when the number of measure-
ment wires needs to be minimized in order to limit the thermal load to the cryo-
stat.

Demonstrations of combining a single TES detector pixel with PIXE have been
published before [8], but the energy resolution achieved (~18 eV at 1.7 keV) has been
much worse than in this work, and quite far from the expected theoretical limits of
~1.3 eV for a typical TES detector at that energy [9].
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2 Experimental Setup

A Pelletron accelerator with 1.7 MV maximum terminal voltage was used to produce
2.015 MeV incident '"H™ ion beam that was used in the measurements. The TES X-
ray detector array was positioned to an angle of 90° with respect to the incident ion
beam. The sample was tilted 45 ° towards the detector (see Fig. 1). The backscattered
incident ions were stopped before reaching the detector snout by means of 80 wm
Polyethylene terephthalate (PET) film inside the sample chamber, which also filtered
out low-energy X-rays. An Amptek X-123SDD silicon drift detector (SDD) (130 eV
resolution for 5.9 keV X-rays from > Fe source) positioned to an angle of 135° with
respect to beam line was used as a reference detector.

The microcalorimeter TES detector array consisting of 160 pixels was fabricated at
NIST Boulder. The superconducting thin film is a molybdenum—copper bilayer film,
where the proximity effect [10] is used to achieve a critical temperature of ~100 mK.
The absorber is made of bismuth with horizontal dimensions of 350 pm x 350 pum and
with 2.5 wm thickness. A collimator with a 320 pm x 305 pm aperture size for each
pixel is placed on top of the detector chip to stop photons from hitting the substrate.
The separation between the detector and the collimator is 20 pm. The X-rays from
the sample chamber enter through a vacuum window (AP3.3 ultra-thin polymer/Al
silicon grid X-ray window by Moxtek Inc.) into the cryostat. Inside the detector snout,
the X-rays still have to penetrate through three layers of IR radiation filters (each a
1 wm PET film with 1 pm aluminum coating) at three different temperature stages of
the snout (60, 1 K, 50 mK), before impinging on the TES detector array.

In these first measurements only 12 pixels were connected out of which 9 gave
good data. One pixel had major problems with SQUID locking and did not produce
good enough data and two pixels had over an order of magnitude smaller count rates
and their data was removed from the final spectra due to energy calibration problems
of insufficient number of events. The read-out of the detectors was realized with
NIST time-division-multiplexing (TDM) SQUID electronics [11]. In TDM, many
microcalorimeters are read out in a single set of wires by turning the SQUIDs on
sequentially.

The cryogenic cooling was achieved with an adiabatic demagnetization refrigerator
(ADR) (Denali Model 102, High Precision Devices, Inc.). The cryostat has a special
snout designed to couple the X-rays into the detectors, with two layers of cylindri-
cal magnetic shielding from A4K material (Amuneal Corp.) at 60 and 1 K, and one

Fig.1 Schematic image of the ’ 8

target chamber and the ADR 45 f “y, Sample
snout separated by a vacuum lon beam

window. The distance from the Beanreiifatst

sample to the detector was

30 cm. The dimensions are not in
scale. The SDD measurements
were done in a different target 300K snout:
chamber. (Color figure online) 60K shout

@ Springer



288 J Low Temp Phys (2014) 176:285-290

cylindrical superconducting Al shield at 50 mK. The pre-cooling of the ADR’s two
stages (60 and 3 K) is done with Cryomech pulse-tube refrigerator model no. PT407
RM, making the whole system cryogen-free. Vibrations from the pulse tube are min-
imized by using a remote valve system and a flexible bellows between the pulse tube
and cryostat body. The control software and hardware for the ADR’s 4 T magnet was
made by STAR Cryoelectronics LLC. The ADR has a base temperature of ~30 mK
and can be regulated at the 65 mK operation point with below 15 wK rms accuracy
for about 12 hours with the read-out electronics on.

In this first proof of principle measurement, the detector array was in a location
with a solid angle of only = 1.3 x 107> of 47 sr (for the 12 pixels and only the
absorber area visible through the collimator) at a distance of 30 cm from the sample.
The solid angle will be increased by a factor of 36 in the future by moving the detector
array closer to the sample from 30 to 5 cm. Also, by connecting all of the 160 pixels
the solid angle will increase by another factor of 13, leading to a total increase by a
factor 468. This increase will translate straight to increase in the X-ray count rates
and it gives the possibility to study thin film samples in contrast to the bulk samples
discussed here.

3 Results

A spectrum of Mn Ka lines produced by a > Fe-source was measured. After the
subtraction of the natural line shape and width of the emission, the instrumental energy
resolution of the best pixel was 3.06 eV full width at half maximum (FWHM), which is
within a few percent of the expected resolution based on the measured average signal
and noise. The arithmetic mean resolution of 9 pixels was (3.8 = 0.6) eV each having
approximately the same number of events. No external magnetic field optimization
was done during the measurements for any of the results.

In Fig. 2, we present the comparison between the >>Fe produced Mn spectrum and
spectrum from a PIXE measurement with 2 MeV protons and a Mn sample, with the

3500

Mn Koo complex
2 MeV protons, Mn sample
— - =%Fe source

3000 -

2500
2000 -
1500

1000 -

Counts /0.4 eV bin

500 ~

0

5870 5880 5890 5900 5910 5920
Energy [eV]

Fig.2 Comparison of Mn Ka complex spectrum of PIXE and 5Fe source. Spectra are combined from the
9 pixels. Inset shows a satellite peak in the PIXE spectrum discussed later. (Color figure online)
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Fig. 3 Comparison of Cu-sample spectra excited with 2 MeV protons measured with TES (9 pixels) and
SDD detectors. Inset shows the same data in logarithmic scale, where the Co Ko, KB and Ni Ka impurity
lines of the sample are more visible. The theoretical energy values [13] for the impurity lines are represented
with the vertical arrows. (Color figure online)

combined data from the 9 pixels. The FWHM broadens by less than 1 eV with the PIXE
data compared to the > Fe measurement (4.45 vs. 3.75 eV respectively). The origin of
this broadening is not yet fully understood, but there was some electrical interference
present during the Mn PIXE measurement unlike in the >>Fe measurement, which
could affect the energy resolution.

A bulk copper sample was also measured with 2 MeV proton excitation, using both
TES and SDD detectors to compare the two detector types, with the results shown
in Fig. 3. The Ni impurities in the sample cannot easily be resolved with the SDD
detector but they are clear in the TES data. The satellite peak on the high energy
side of the Cu Ko and Cu kP emission line visible in the TES spectrum is possibly
a multivacancy satellite line, where two (or more) inner shell electron vacancies are
created simultaneously [12]. The same feature is also seen in the Mn spectrum in
Fig. 2.

4 Conclusions

In this paper, we have demonstrated particle induced X-ray emission (PIXE) spec-
troscopy using a multiplexed microcalorimeter TES detector array with an unprece-
dented energy resolution for PIXE applications. In the future, the beam line and the
target chamber will be optimized to maximize the X-ray flux for thin film analysis.
This will make it possible to measure not only the elemental composition of thin films
in greater detail, but also the chemical environment of the different elements in cases
where the chemical shifts are large. Another very interesting future application is the
study of the formation of embedded metallic clusters in insulators after implantation
and annealing.
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Large 256-Pixel X-ray Transition-Edge Sensor
Arrays With Mo/TiW/Cu Trilayers

Mikko R. J. Palosaari, Leif Gronberg, Kimmo M. Kinnunen, David Gunnarsson, Mika Prunnila, and Ilari J. Maasilta

Abstract—We describe the fabrication and electrical charac-
terization of 256-pixel X-ray transition-edge sensor (TES) arrays
intended for materials analysis applications. The processing is
done on 6-in wafers, providing capabilities on a commercial scale.
TES films were novel proximity coupled Mo/TiW/Cu trilayers,
where the thin TiW layer in between aims to improve the stability
of the devices by preventing unwanted effects such as Mo/Cu
interdiffusion. The absorber elements were electrodeposited gold
of thickness 2 pum. The single-pixel design discussed here is the
so-called Corbino geometry. Most design goals were successfully
met, such as the critical temperature, thermal time constant, and
transition steepness.

Index Terms—ILarge format arrays, transition-edge sensors,
X-ray spectroscopy.

I. INTRODUCTION

ARGE format arrays of sensitive radiation detectors are

important in nearly all applications where the detectors
find use. That is also the case with transition-edge sensors
(TES) [1], which have been applied in large array format from
the detection of gamma-rays [2] to sub-mm radiation [3]. For
the X-ray energy band, TES detector arrays have mostly been
developed for their eventual use in future astrophysics satellite
missions, and large 240-1024 pixel arrays have successfully
been fabricated for example in Refs. [4]-[6].

Here, we report the first results on our new large-format
X-ray Mo/TiW/Cu TES arrays containing 256 pixels, fabricated
on 6-in wafers at VTT’s (Technical Research Centre of Finland)
Micronova clean room facilities. The single-pixel design is
based on the circular Corbino geometry, which was previously
fabricated from Ti/Au bilayers as single pixels at Jyviskyld, us-
ing electron-beam lithography [7], [8]. Mo/TiW/Cu was chosen
here over Ti/Au to lower the film resistivity, which is needed for
proper impedance matching to the readout. The design and its
implementation will be explained in detail, in addition to some
examples of electrical characterization on some pixels.
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Here, the arrays are primarily designed for terrestrial materi-
als science applications, like, for example, for particle-induced
X-ray emission spectroscopy (PIXE) of material composition,
especially impurities [9], or for time-resolved table-top ex-
tended X-ray absorption fine structure spectroscopy (EXAFS)
of chemical reactions [10]. Similar arrays could also be used for
synchrotron-based spectroscopies [5] or e-beam-induced X-ray
spectroscopy [11].

II. DESIGN GUIDELINES

The major design guidelines we used are as follows:

i) In astrophysics applications, dense packing of the indi-
vidual pixels is essential for efficient photon collection
from dim sources [4]. As our design is to be used for
materials science applications, where the X-ray flux is not
necessarily small and can perhaps be adjusted by a control
parameter (such as laser power in table-top EXAFS [10]
or ion beam current in PIXE [9]), we do not need a
complete coverage of the detector area. This has the big
advantage that mushroom-type complex absorber designs
[4] are not necessary.

ii) State-of-the-art SQUID multiplexing electronics [12] cur-
rently limits the number of pixels that can be read out to
around a few hundred. For this reason, we have decided to
limit ourselves to 256 pixels in the first generation arrays.

iii) The diameter of the active detector area (12.5 mm) was
chosen to match the X-ray window size in the ADR setup
at Jyviskyla [9].

iv) To facilitate a larger yield from a single fabrication round
and to conform to Micronova instrumentation, 6-in wafer
size was chosen. This means that 36 chips can be fabri-
cated on each wafer.

v) We chose the circular Corbino geometry [7], [13] for
the single-pixel design, where the current in the TES
film flows radially, unlike in a square TES design, from
a center contact to an annular outer edge contact. One
benefit of the Corbino design is the lack of edge effects.
This means that we do not have to use any normal metal
edge banks, as is typically done with square designs,
to suppress superconductivity at the edges to overcome
critical temperature variation or etching problems [1],
[14], which simplifies the fabrication. Also, the absorber
contacts the TES film only at the center, which stays in
the normal state anyways in the Corbino design, due to
the higher current density there [13]. Thus, we do not have
to worry about any added direct proximity effect from the
absorber. Another reason for using Corbino geometry is

1051-8223 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. (a) Two-hundred-fifty-six-pixel X-ray TES array chip. The size of the
chip is 15 mm X 19 mm. Visible in the image: Nb bonding pads and leads, Au
absorbers, and thermalization pads. (b) Micrograph of a single pixel. The center
area is covered by a Au absorber that contacts the TES film in the inner circle
area. The outer annular Nb contact is visible at the outside edge of the TES
(diameter 360 pm), as is the released SiN membrane edge (diameter 500 pzm)
outside the pixel. The lines are Nb microstrip leads.
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Fig.2. Schematic cross section of a pixel where the absorber covers the whole
TES area.
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that we have extensive experience in modeling the physics
of responsivity and noise. In particular, we have shown
with previous Ti/Au Corbino devices that typically all
noise can be understood based on the appropriate thermal
model of the device [7]. So even if there is thermal fluc-
tuation noise beyond the simplest one-block thermal
model, we can still expect to be able to control it to some
extent. Finally, the top superconducting lead acts naturally
as a local magnetic shield making the Corbino geometry
quite immune to externally applied magnetic fields [13].
This can be an advantage in a measurement environment,
where the external magnetic field is strong, or changes
temporally or spatially during a measurement.

A photograph of a final 256-pixel array chip is shown in
Fig. 1(a), with an enlargement shown in Fig. 1(b). A schematic
cross section is shown in Fig. 2. The TES film in each pixel
is a circular Mo/TiW/Cu trilayer of diameter 380 pm, with a
2-pm-thick circular Au absorber of diameter 245 pum at the
center. Each TES pixel is mounted on top of a 500-nm-thick
circular SiN membrane of diameter 500 pum, and contacted at
the inner and outer radii by two Nb bias leads that arrive in
a microstrip geometry on top of each other, separated by an
insulator layer. Several different pixel designs have also been

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 25, NO. 3, JUNE 2015

implemented with varying inner contact radius and absorber
diameter. Varying the inner contact radius is a convenient way
to tune the resistance of the device [7], [13]. As these are the
first Corbino arrays made, and the process is different from the
ones used for previous square array and Corbino single-pixel
devices, we describe the fabrication in detail below.

III. DETAILS OF THE FABRICATION PROCESS

The detectors were fabricated on double-side polished (DSP)
Si wafers of 380 pm thickness. Photolithography was done us-
ing standard UV-photolithography and a contact mask aligner.
Eight mask layers are required to complete the lithographic
processing. The processing proceeds as follows:

First a 50-nm-thick AlOy layer was deposited by atomic
layer deposition (ALD), followed by growth of 500-nm-thick
low stress silicon nitride by low-pressure chemical vapor de-
position (LPCVD). The AlOy layer acts as an etch stop layer
when etching through the wafer from the wafer back side.

A second, thin ALD AlOy layer (10 nm) is deposited on top
of the LPCVD SiN layer, followed by the first superconductor
layer (120 nm of Nb, layer Nb1), which is deposited by sput-
tering. The Nb1 layer forms the lower bias leads and the outer
annular contact to the trilayer. The Nbl layer is patterned by
plasma etching, and the second AlOy acts as an etch stop. After
the patterning of the Nb1 layer, the second AlOy layer is wet
etched using the Nb1l wiring as the mask. A third, 10 nm ALD
AlOy layer was then deposited and patterned. This AlOy layer
acts as an etch stop when patterning the TES trilayer, but it was
removed from the areas that will be under the trilayer.

Next, the Mo/TiW/Cu trilayer was deposited by sputtering.
The top Cu layer was Ion Beam Etched (IBE) and the TiW and
Mo layers were RIE etched. The third ALD AlOy mask layer
was then removed by wet etching. The insulator SiO, layer
was then deposited by PECVD, and contact openings were
patterned by wet etching. Then the second Nb superconductor
layer (Nb2) was sputtered and patterned. In addition to the
second bias leads, this layer forms the upper contact and the
shield of the trilayer. When the Nb2 layer is patterned, the areas
where the absorber will contact the trilayer are also exposed.

The Au absorber was electrodeposited to a thickness of
2 pm. Here a 10/100-nm-thick TiW/Au stack served as the seed
layer. The absorbers were defined by openings in thick photo-
resist. After electrodeposition, new photoresist was applied to
protect the absorbers, and the seed layer was etched from the
areas outside the absorber.

Finally, the backside processing was performed as the last
step. The LPCVD SiN film on the back side was patterned
using RIE, forming circular holes at each pixel. A protective
photoresist was applied on wafer front side during the following
backside processing. The ALD AlOy film on the wafer back
side was patterned by wet etching with the LPCVD SiN layer
as mask. Then the wafer was etched through to free the mem-
branes, using an inductively coupled plasma (ICP) etcher. The
SiN layer and AlOy layer acted as the etching mask on the back
side. The AlO, layer under the membrane acted as etch stop
layer for the Si etch, and it was removed by chlorine-based ICP
plasma etching to conclude the processing.
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Fig. 3. Transitions measured from a single chip, all 26 pixels are Corbino

devices with inner diameter 45 pm and absorber diameter 380 pm. Standard
deviation for T ~ 7.5 mK.

The purpose of the middle TiW layer in the trilayer is to act as
an adhesion layer and a protective barrier against interdiffusion
[15] and corrosion in the later stages of the fabrication. This
layer enhances the stability of the components and, in general,
enables higher processing temperatures (if needed). It can be
utilized in other trilayer material combinations as well (e.g.,
Mo-TiW-Au).

Before final device fabrication rounds, tests were made to
adjust the thicknesses of the Mo and Cu layers to obtain a
critical temperature 7, of about 100 mK. In all the tests, the
thicknesses of the TiW layers were kept constant at 10 nm.
The final thicknesses used were 67.5 nm for the Mo layer and
220 nm for the Cu layer. However, the above thickness values
are nominal as they were determined from the sputtering times.
Moreover, we expect some variation across the wafer due to the
nonuniformity of the sputtered films.

IV. ELECTRICAL CHARACTERIZATION

To study uniformity, superconducting transitions were mea-
sured from four different arrays and from two different wafers.
T. measurements were done in a four-probe lock-in measure-
ment with a 25-pA (rms) ac current. The total variation of
T, in all the chips was between 80 and 160 mK. However,
large part of that variation is from chip to chip or wafer to
wafer. Within one chip, the standard deviation was typically
below 10 mK. Values below a few mK are typically desired
for proper multiplexing operation [2]. Fig. 3 shows all the
transitions measured from a chip most extensively studied, with
26 pixels measured. The standard deviation in 7. of that dataset
is 7.5 mK. No clear position dependence of 7. within a chip
was observed. We see that the transitions are typically fairly
sharp with widths < 2 mK, but that a curious knee structure
appears above the main transition in all pixels. The origin of the
knee structure is not clear presently, it has not been observed
in Ti/Au Corbino devices. The normal state resistances Ry
are more closely bunched around 5.5 m(2, with a couple of
outliers with slightly smaller values. These resistance values
are well matched to our SQUID electronics readout. The Ry
values are consistent with the separately measured trilayer film
resistivities of ~1 pfQcm, which are lower than for typical
Ti/Au devices ~3 pflem [7].
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Fig.4. (a)Setof I-V curves measured at different bath temperatures, ranging
from 70 to 130 mK. (b) TES power versus bath temperature at R/ Ry = 0.75
bias. Solid line is a fit to the equation P = K (T}, — T}, ), Where n. and K

are sample-specific parameters. Here, n = 3, K = 11 nW/K>.

120{(a)

g. 0 (b)
100 D £ 100
w 3 — measured
_ 80 N 3 2 Total (conv.) N
89 60 E)e % —_m« __--\": """"
-4 -2 0 2 K2 [=-=ITFN2 5 s
A it S B R :
20 S S X N
0 E PEP 1 )
02 03 04 05 06 0.7 083 10 100 1000 10000

R/RN Frequency [Hz]

Fig. 5. (a) atot as a function of bias, determined from the -V curve
measured at Tha¢p = 130 mK. (Inset) The measured complex impedance at
R/Rx = 0.5 (points) and the best fit (line) of a complex thermal model
with three blocks. (b) The corresponding noise spectrum at R/Ry = 0.5 and
the three block best fit (red line), with a breakdown of the different noise
components. Phonon noise refers to the thermal fluctuation noise between
the TES and the bath, whereas ITFEN is thermal fluctuation noise internal to
the TES, and Johnson refers to the nonlinear electrical noise of the TES
[18]. The cyan dash-dot line (Total conv.) is the best fit using a single block
model. The heat capacity and thermal conductance values in the fit were:
CTES =1.2 pJ/K, C1 =1 pJ/K, CQ =2.1 pJ/K and g1 = 7 nW/K, g2 =
60 IIW/K, gbath — 0.8 nW/K.

A couple of pixels from the set shown in Fig. 3 were selected
for more extensive electrical measurements, including current-
voltage (/-V') characteristics, complex impedances [16] and
noise. By measuring a set of /-V curves at different bath
temperatures, one can obtain information on the exponent of
thermal conduction, n, as shown in Fig. 4. For these devices we
obtained a value n = 3.

Fig. 5(a) shows the unitless transition steepness parameter ooy
[7] as a function of bias point, for a pixel with a large absorber
(covering the whole area of the TES film, estimated heat capac-
ity ~2.4x 10712 J/K and T. = 152 mK), measured at a bath
temperature T, = 130 mK. oo is the logarithmic derivative
of R(T'), and it incorporates both temperature and current
dependence. The values are calculated from the /-V data. The
ot values are slightly below our intended design value o =
100 and what we have seen before for Ti/Au Corbino devices
[17]. The larger the a4, the better the energy resolution.

Fig. 5(b) shows an example of a measured noise spectrum
from the same pixel, at a bias point R/ Ry = 0.5 and at That, =
130 mK. The theory curves show, in addition to the simplest
one heat capacity thermal model, a best fit to a model with two
additional hanging heat capacities [18], which describes the
noise accurately. Note that the fits were done simultaneously
to the measured complex impedance, as well [inset, Fig. 4(a)].
More data are required before statements can be made about
the origin of the different thermal blocks, or to see whether
these devices (preferably with higher o and without absorber)
have a similar phase separation as in Ti/Au devices [7].
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The predicted rms energy resolution AFE for this pixel,
calculated from the noise is ~9.5 eV. This particular pixel was
designed for high X-ray energies having an estimated saturation
energy ~68 keV, predicting a high resolving power of ~7 000.
Also note that by choosing a pixel with a lower T¢ ~ 100 mK
and measuring at a lower bath temperature, AE would go
down to below 5 eV. For the smallest absorber sizes fabricated,
we expect AE ~ 3 eV. Those designs are better matched to
lower energies. The effective time constant of the device was
measured to be ~0.9 ms (from X-ray pulse decay).

V. CONCLUSION

We have successfully fabricated 256-pixel X-ray Mo/TiW/
Cu TES detector arrays designed for materials analysis ap-
plications, on 6-in wafer scale. Most design goals for the
performance were met, namely, the critical temperature, normal
state resistance, transition steepness, and the overall capability
to fabricate large scale working arrays, as checked by electrical
characterization of a few pixels. However, the T¢ uniformity
leaves some room for improvement for the future. More exten-
sive X-ray characterization of the arrays will proceed soon.
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Wide-Energy-Range High-Resolution Particle Induced X-ray Emission Spectroscopy
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We introduce wide energy range, energy dispersive X-ray emission spectroscopy in the particle
induced mode (PIXE) using high-energy resolution superconducting cryogenic detector arrays. We
demonstrate the efficiency and resolving capabilities of the instrument by spectroscopy of several
complex multi-element samples in the energy range 1 - 10 keV, some of which have trace amount of
impurities not detectable with standard silicon drift detectors. The ability to distinguish the chem-
ical environment of the sample was also demonstrated with the characteristics X-rays of titanium

compounds.

PACS numbers: 29.30.Kv,85.25.0j

Keywords: Particle induced X-ray emission, PIXE, Transition-edge sensor, TES, chemical shift

I. INTRODUCTION

X-ray emission spectroscopy is an ubiquitous technique
for the studies of the elemental composition of a mate-
rial. Several different excitation sources, such as high-
energy electrons, ions or X-rays can be used to excite
inner shell transitions in materials, leading to character-
istic X-ray emissions which identify the elements in the
sample. The choice of the excitation source depends on
many factors, with electron-beam and X-ray sources be-
ing common. Here, we focus on ion-beam excitation, or
the so called Particle Induced X-ray Emission (PIXE)
technique. Most often 2-3 MeV protons are used in
PIXE, because they give the best X-ray yield for elements
between Z = 2040 [1]. The advantages of PIXE as com-
pared to electron-beam excitation are: i) the accelerated
particle beam in PIXE can be taken out of the vacuum
to study large or delicate samples (artefacts, biological
samples etc.), ii) particle beams penetrate much deeper
into the bulk of the sample, whereas electron beams give
information from the surface, and iii) due to the orders
of magnitude heavier mass of the proton, the background
brehmsstrahlung which can limit sensitivity, is much re-
duced. Compared to conventional X-ray induced fluores-
cence, PIXE does not suffer from the presence of charac-
teristic peaks of the X-ray tube anode material.

In any spectroscopic experiment the ability to detect
energy differences as small as possible is always thrived
after, so that close lying emission lines in complex sam-
ples can be resolved. In addition, in X-ray emission mea-
surements the energy resolution of the used detector often
sets the limit on how small impurity levels can be mea-
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sured, as the signal-to-background ratio improves with
narrower lines. The commonly used detector in PIXE
measurements is the Silicon Drift Detector (SDD), which
is energy dispersive, fairly cheap, offers a high count rate
beyond 100 keps, and has a wide dynamic energy range.
The energy resolution of the SDD (typically around 130
eV at 6 keV) is quite poor, and limits the detection of
elements with overlapping excitations and low impurity
levels. On the other hand, wavelength dispersive detec-
tors have excellent energy resolution (around 1 eV at 6
keV) [2], but their limited energy range and small solid
angle limits their use to experiments where either only
a small range in energy is in interest, or where high
excitation beam currents and long measurement times
are possible. Here, we integrate a detector instrument
into PIXE that combines the wide energy-range advan-
tages and simplicity of the energy-dispersive detection
with high energy resolution (in the best cases down to
3 eV at 6 keV [3]) and high sensitivity, by using arrays
of superconducting transition-edge sensor (TES) X-ray
microcalorimeters operated at 0.1 K [4]. Competitive
counting rates in the kHz range are made possible by
using large arrays with hundreds of individual detector
elements. Similar TES arrays have also been used in
table-top X-ray absorption spectroscopy experiments [5]
and in synchrotron-based X-ray spectroscopy [6].

The maturation of low-temperature detector technol-
ogy has enabled their use in many experiments ranging in
frequency from THz bolometry [7] to «-ray detection [8].
The detector type used here, a TES microcalorimeter, is
an energy dispersive detector that is based on the sharp
transition between the normal state and the supercon-
ducting state of a thin film [9]. When a photon hits an
absorber material that is coupled to the superconduct-
ing thin film, the temperature of the film first quickly
rises and then falls back to the steady state, causing a



pulse-shaped change in the resistance of the device. This
resistance change causes a pulse in the current, which is
read out with a Superconducting QUantum Interference
Device (SQUID) [9]. SQUIDs are well suited for reading
out TESs thanks to their low noise, low power dissipa-
tion, and low input impedance [10, 11]. TES devices op-
timized for X-ray detection are relatively slow (effective
time constants around 0.1 ms — 1 ms), which limits their
count rate to below 10 cps, but they have high energy
resolution when operated at temperatures around 0.1 K
(in the best cases below 2 eV at 6 keV [12]). However,
with an array of hundreds of TES detectors, the total
count rate can be beyond keps [8]. Another advantage
of the array format is that the active detector area, and
thus the collection efficiency, is increased to keep the ir-
radiation times shorter, so that the possible damage to
delicate samples in a PIXE measurement can be limited.
The major motivation for using TES detectors are their
exceptionally good energy resolution for energy disper-
sive detectors.

Pioneering work on using single pixel X-ray TES mi-
crocalorimeters in electron-beam induced X-ray spec-
troscopy of materials was performed at NIST Boulder
at the turn of the millennium [13, 14], with the result
that single pixel TES electron microprobe analysis is now
commercially available [15]. In addition, TES measure-
ments were recently performed with PIXE, as well [16],
but only with a single pixel and with energy resolution
being around 18 eV at 1.7 keV. To highlight the capa-
bilities of our spectrometer further, we present results
showing that the energy resolution is high enough to ob-
serve chemical sensitivity as shifts in the Ka peaks of
Ti, while collecting data in the full energy range 1 keV—
10 keV. Also, impurities with atomic concentrations in
the 200 ppm level were resolvable with a measurement
time of 45 min in a pigment sample. SDD based PIXE
measurement could not resolve such impurities at all.

II. EXPERIMENTS
A. Detector setup

The 160 pixel TES array and the time division multi-
plexed SQUID read-out [11] used in the experiments were
fabricated at NIST Boulder. A single TES pixel consist of
about 300 nm thick superconducting Mo/Cu bilayer with
a critical temperature T around 100 mK. 500 nm thick
normal metal Cu strips were deposited on top of the bi-
layer to suppress local T¢ variation at the edges [17] and
to suppress noise [18]. The absorber, coupled directly to
the superconducting film, is a 350x350x2.5um? bismuth
block. Bi is used because of its advantageous combination
of X-ray absorption and low heat capacity. A collimator
chip with a 320 um x 305 wm aperture size for each pixel
sits on top of the array chip to prevent X-ray hits outside
the absorber area.

The experiments presented in this paper were per-

formed with a total of 60 pixels, a 65 mK bath tempera-
ture and a 2.01 MeV proton beam striking the samples in
vacuum. A pulse-tube precooled cryogen-free Adiabatic
Demagnetization Refrigerator (ADR) [19] was used to
cool the detectors and the read-out, which are located
inside a specially designed ”snout” structure [3] to facili-
tate close proximity to the samples. The sample and the
detector vacuums are separated by a AP3.3 ultra—thin
polymer/Al silicon grid X-ray window from Moxtek Inc.,
allowing efficient X-ray transmission above 1 keV ener-
gies. In addition, to stop back-scattered protons from
hitting the detector setup, an additional 125 um thick
Be foil was placed in front of the vacuum window. The
snout was positioned at 90° angle with respect to the
proton beam axis, and the sample surface was tilted 45°
with respect to it. Thin infrared filters fabricated in-
house (280 nm SiN membrane supporting a 225 nm of Al
film) were used at the three shielding stages (60 K, 3 K
and 50 mK) of the snout, to reduce unwanted power load-
ing on the detectors. Further details of the measurement
geometry and the setup can be found in Ref. [3], where
the full-width half maximum energy resolution 3.06 eV of
the best pixel in our setup is also reported. In contrast to
Ref. [3], however, the distance between the detector and
the samples was reduced from 30 cm to 15 cm, increas-
ing the collection efficiency by a factor of four. Amptek
X-123SDD silicon drift detector was used as a reference
detector, with measurements performed in air.

B. Reference samples and efficiency calibration of
the TES array

To be able to discern quantitative information on el-
emental concentrations, an efficiency calibration of the
detector is required. Two NIST standard reference sam-
ples with known compositions, SRM 1157 (Fig. 1, stain-
less steel sample with seven elements V, Cr, Mn, Fe, Ni,
Cu and W and SRM 611 glass sample (Fig. 2, with 61
trace elements each having nominal concentration of 500
ppm and a glass support matrix, which has a nominal
composition of 72 % SiOs, 14 % Nay0, 12 % CaO, and 2
% Al;O3), were measured both with the TES-PIXE setup
and with the standard PIXE with an SDD detector. The
average count rate for a single TES pixel was 9.3 cps,
leading to a total count rate of about 550 cps for 60 pix-
els, the SDD count rate was 1400 cps. The measurement
times (4 h for TES, 1.13 h for SDD) were chosen such
that the total number of counts was approximately the
same. For the TES detector, the conversion from pulse
height to energy was achieved by a spline interpolation
of the known peak energies, for each pixel separately due
to the intrinsic non-linearity of the TES detector. In the
full energy range of 1 keV - 10 keV, the typical observed
non-linearity was around 25 % at 10 keV compared to a
line fitted at the lower energy range.

2). We can see from Figs. 1 and 2 the clear difference
in the energy resolution between the SDD and the TES
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FIG. 1. SRM 1157 reference sample measured with both TES
and SDD detectors. Bin width for TES was 0.5 eV and for
SDD it was 7 eV. The Ar excitations from air can be seen
in the SDD data around 3 keV as well as the Si escape peak
from the Fe X-rays at 4.6 keV and from the Cr at 3.7 keV. In
the TES data the Bi escape peaks can be seen just below 4
keV.
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FIG. 2. SRM 611 reference sample measured with both TES
and SDD detectors. Bin width for TES was 0.5 eV and for
SDD it was 7 eV. The Ar excitations from air can be seen
in the SDD data, as well as the Si escape peak from the Ca
X-rays at 2 keV.

setup. In particular, for the more complex sample SRM
611, some of the dense peaks in the energy range 4-8 keV
overlap in the SDD data, making the identification of
some elements impossible or extremely challenging with
SDD detectors, particularly the heavier rear earth ele-
ments (Ce, Nd, Sm, Gd, Tb, Dy) whose Lo lines are
mixed in with the Ka lines of the lighter transition met-
als (Sc, Ti, V, Cr, Mn, Fe, Co, Ni). In contrast, all the
elements in the sample are resolved with the TES detec-
tor with ease.

To determine the detector efficiency, the measured
data was analyzed using the GUPIXwin program, which
calculates the elemental concentrations based on the
known physical parameters of the setup. In the
GUPIXwin analysis, all the external filters were taken
into account, but the to-be-determined intrinsic detec-
tor efficiency was temporarily set to 1. For the SRM

611 sample, the nominal matrix mass composition (72 %
Si03, 14 % Na 0O, 12 % CaO and 2 % Al;03) was used in
the GUPIXwin analysis whereas for SRM 1157 sample,
the matrix composition (consisting mostly of iron) was
iterated by the GUPIXwin. We did not use the standard
fitting procedures of the program; instead, the peak ar-
eas were integrated after the continuous background was
removed by a visual fit. Then, the concentrations (with-
out the TES efficiency) were calculated using the X-ray
yields that GUPIXwin had calculated. Finally, the de-
tector efficiency was calculated as the ratio between the
measured concentration without the detector efficiency,
and the known reference concentration, for all reference
energies. In the analysis, statistical uncertainties and un-
certainties in the ionization cross-sections for K-lines (17
%) [20] and L-lines (5%) [21] were taken into account.
The reference values for the concentrations and energies
of the analyzed elements were taken from Ref. [22] for
SRM 611 and from the NIST certificate for the SRM 1157
sample.

Fig. 3 shows the measured efficiency data (dots), com-
pared with the theoretical efficiency curve consisting of
the known vacuum window transmission, calculated bis-
muth absorption for thickness 2.5 pm (using Ref. [23]).
We see that the experimental values agree well with the
theory, and conclude that within the accuracy of the mea-
surement here, the calculated theoretical curve can be
used to represent the efficiency of the setup. However,
we do note that two observed peaks, the Al and Cu K«
peaks, had inconsistently too many events and were ex-
cluded from the analysis. In the case of Al, the extra Al
emission is likely caused by fluorescence X-ray emission
from the Al filters, excited by the Si K X-rays from the
SiO5 matrix. In the case of Cu, heavier element charac-
teristic X-rays from the sample can give birth to Cu X-
rays in the Cu layer underneath the absorber. It should
be also noted that the theoretical efficiency never reaches
level higher than 77 % below 10 keV energies. This is due
to the fact that a thick silicon grid with 77 % hole area
is under the polymer in the AP3.3 vacuum window.

C. Chemical Shifts in Ti-based Samples

Because of the excellent energy resolution of TES de-
tectors, we expect that even chemical shifts, where the
characteristic X-rays of a material is dependent on the
chemical environment of a element, can be observable
in our setup. The chemical state of an element (oxida-
tion number, chemical bonding) influences its electronic
transitions and atomic energy levels, even those involv-
ing the inner shells of the atoms. Different kind of effects
have been observed that affect X-ray transitions: energy
shifts of the characteristic X-ray lines, the alteration of
X-ray relative intensity ratios and line shapes, and satel-
lite peak formation [24]. Typically these kind of shifts
can only be resolved with a wavelength dispersive and
not with an energy dispersive detector, see for example
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FIG. 3. The measured (dots) and simulated (line) efficiency of
the TES-PIXE setup. The efficiency curve was calibrated us-
ing the known reference materials (NIST SRM 611 and NIST
SRM 1157). The absorber material in our TES-detector is bis-
muth and the vacuum window used in front of the detector
is included in the simulated efficiency. The nominal thickness
of Bi absorber is 2.5 um.

[25]. With TES detectors in the electron-probe analysis
setup, evidence for Fe L-shell transition chemical shifts
has been seen before [14].

We measured the X-ray spectra of three different
titanium-based thin film samples (Ti (400 nm), TiN
(500 nm) and TiO2 (450 nm) all on Si substrates) with
TES-PIXE, using 2 MeV proton excitation. The TiN
and TiO, were fabricated with atomic layer deposition
(ALD), the Ti film was electron-beam evaporated. The
samples were measured in the order Ti-TiN-Ti-TiOs—
Ti, so that any possibility of jumps in the calibration
was ruled out by comparing the Ti spectra. Any possible
energy drift of a pixel was corrected on the Si Ka line,
which was common in all of the samples. Each sample
was measured for 1 h with an average count rate of about
8 cps per pixel. The energy calibration of the spectra was
done on the Ti sample, using the Ka and K3 peaks of Si
and Ti.

Fig. 4 shows the measured Ti Kx and Kf3 complexes
from all the three samples. A chemical shift of 1.1 eV is
seen on the Ko complex of the TiO5 sample compared
to the pure Ti sample. Also a slightly smaller shift of 1.0
eV can be seen in the Kf3. No measurable shift can be
seen in the TiN spectrum. The shift was determined by
fitting Gaussians to the peaks, and taking the difference
between the peak centroids of the Ti and TiO4 lines. The
standard deviation of the peak position for all the lines
was 0.3 eV (24 pixels in this measurement), which is well
below the observed shift value, giving us confidence on
the statistical significance of the result. Moreover, all the
shifts had the same negative sign, strong evidence against
a random process. This chemical shift result agree with
X-ray photoelectron spectroscopy measurements [26] and
wave dispersion spectrometer measurements [27]. Note
that due to the peak fitting procedure, chemical shifts
much below the FWHM energy resolution of the instru-

ment are observable. The observed Kf3 /K« intensity ra-
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FIG. 4. Spectra from the three different Ti-compounds nor-
malized for the Ko peak area. The spectra are divided to two
plots for visual reasons. Left: The Ti Ky o, right: The Ti
KpB1,3. A chemical shift for the TiO2 sample is visible.

tios were (12.5 £+ 0.1) % for Ti, (13.1 £ 0.2) % for TiN,
and (13.31 + 0.2) % for TiO2. On the high energy side
of the main peaks, the spectra show also smaller satellite
lines, typical in PIXE measurements. The Ko satellite
intensity compared to the total Ti emission was (4.9 +
0.1) % for Ti, (5.0 £ 0.1) % for TiN and (4.8 + 0.1) %
for TiOy. This satellite peak is most likely generated
during the ion bombardment when 1s and 2p vacancies
are created simultaneously. The 2p vacancy has a longer
life-time than the 1s vacancy. When the inner 1s vacancy
de-excites in the presence of this spectator hole, there is
a change in the electrostatic potential, leading to shifts
in the energy levels and thus changing the energy of the
emitted photon [28].

D. Pigment measurements

As an example of a more complex real sample with
trace impurities, we also studied a cobolt blue pigment
sample, using both the TES and SDD detectors (Fig.
5) and a 2 MeV proton beam. The spectra were col-
lected with a measurement time of 50 min (TES) and yy
(SDD) mins. Trace impurities like Ti, and Cr are clearly
observable in the TES spectrum, in contrast to the SDD
spectrum. The estimate for the Ti concentration is (290
+ 60) ppm and for the Cr (110 £ 40) ppm, calculated
with the efficiency curve obtained previously. This type
of information can be valuable, for example, when deter-
mining the origin of a piece of art [29].

III. CONCLUSIONS

‘We have developed a novel and powerful X-ray spectro-
scopic materials analysis tool, which utilizes an array of
superconducting transition-edge sensors operated at 0.1
K as the detectors, coupled with an ion beam (proton) ex-
citation by an accelerator (TES-PIXE). The operational
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FIG. 5. PIXE spectra of a Co pigment sample using the SDD
(dotted red line) and TES (solid blue line) detectors. The bin
width for TES was 0.5 eV and for the SDD 7 eV. Ti, Cr, and
Fe trace impurities can be resolved with the TES detectors.

capabilities of the instrument were demonstrated by mea-
suring several complex spectra with many elements. The
TES detectors clearly give a big advantage over the tra-
ditional silicon drift detectors in terms of the capabilities
to identify and resolve closely lying characteristic X-ray
peaks in a large energy window (1- 10 keV). Much smaller
concentrations of trace impurities can be resolved, and in
some cases even chemical shifts are observable (here in
the Ti K-shell transitions). High energy resolution can

be obtained with wavelength dispersive methods, as well,
but not as efficiently and easily in a broad energy range
as here. The energy dependent efficiency of the detector
setup was also measured, agreeing with the calculated
X-ray window attenuation and absorber stopping power.

All the measurements discussed here were performed
in vacuum. In PIXE, the excitation beam can be brought
to atmosphere, as well, and our cryogenic setup does al-
low the coupling of X-rays from air. This means that
there are future prospects of studying also specimens that
are large, or specimens that might not survive the vac-
uum with TES-PIXE. Collection efficiency will also be
improved by operating the full 160 pixel array. Detector
fabrication and readout electronics improvements in the
future will also allow for operation of even larger arrays,
possibly up to kilopixel range.
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