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ABSTRACT

Magnetic microcalorimeters (MMCs) have become a key technology for applications requiring outstanding energy resolution, fast signal rise
time and excellent linearity. MMCs measure the temperature rise upon absorption of a single particle within a particle absorber by using a
paramagnetic temperature sensor that is thermally coupled to the absorber. The design and fabrication of the particle absorber is key for
excellent detector performance. Here, we present a microfabrication process for free-standing particle absorbers made of two stacked and
independently electroplated high-purity Au layers. This enables, for example, the embedding of radioactive sources within the absorber for
realizing a 4π detection geometry in radionuclide metrology or preparing detector arrays with variable quantum efficiency and energy reso-
lution as requested for future applications in high-energy physics. Due to careful optimization of photoresist processing and electroplating
parameters, the Au films are of very high purity and very high residual resistivity ratio values above 40, allowing for fast internal absorber
thermalization.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0238524

I. INTRODUCTION

Magnetic microcalorimeters (MMCs) are state-of-the-art cryo-
genic detectors for energy-dispersive single particle detection and
have, in the recent years, become an extraordinary powerful tool
for a variety of applications.1,2 They make use of the properties of a
paramagnetic temperature sensor placed in a weak magnetic field
to yield a very strong dependence of the sensor magnetization on
temperature. Typical sensor materials are Au:Er or Ag:Er operated
at temperatures below 100mK. The sensor is in tight thermal
contact with a particle absorber and weakly coupled to a heat bath.
Upon absorption of a particle with energy E, the detector tempera-
ture rises by ΔT ¼ E=Ctot, with Ctot denoting the total heat capacity
of the detector. The magnetic flux change resulting from the
change in magnetization is read out with high precision using a
direct current superconducting quantum interference device

(dc-SQUID). Figure 1 depicts a three-dimensional illustration of
state-of-the-art microfabricated MMC comprising two supercon-
ducting meander-shaped pickup coils that are connected in a gra-
diometric configuration to reduce the influence of temperature
fluctuations of the heat bath as well as fluctuations of external back-
ground fields. The pickup coils provide a magnetic field bias to the
overlying sensor layers by storing a persistent current and pick up
the temperature-induced magnetization changes. On top of the
sensors, the particle absorbers are placed, typically free-standing on
a few stems, to avoid athermal phonon loss during internal
absorber thermalization.2

Recent experiments demonstrate that MMCs achieve out-
standing energy resolution as good as 1.25 eV for photon energies
of 5:9 keV.3 Furthermore, MMCs provide a very fast signal rise
time in the order of 100 ns as well as very good linearity of the
detector response.1,4 Current MMC applications include the search
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for dark matter,5 direct neutrino mass determination,6 x-ray
spectroscopy,7–10 search for neutrinoless double beta decay,11,12

and x-ray astronomy.13,14 A specific example in radionuclide
metrology is the EMPIR project “PrimA-LTD—Towards new
primary activity standardisation methods based on low-temperature
detectors” that used MMC technology to demonstrate activity
standardization with unprecedentedly low uncertainties as well as
high resolution decay energy spectrometry on low-energy decaying
radionuclides.15,16 More information about the project can be
found in the official PrimA-LTD website: https://prima-ltd.net/.

The design and fabrication process of the particle absorbers
are very important for any of these applications and play key roles
for well-performing MMCs. There are three parameters to be opti-
mized: (1) a large quantum efficiency for high particle absorption
probability, (2) a low heat capacity for a large detector signal, and
(3) a high thermal conductivity for fast internal thermalization of
the absorber. To achieve a quantum efficiency close to 100 %, the
thickness of the particle absorber is determined by taking into
account the energy of the particles to be measured as well as the
absorber material, which sets a lower limit to the detector’s heat
capacity Ctot. Gold is an established absorber material as its high
atomic number reduces the required absorber thickness and,
therefore, heat capacity. Furthermore, its high thermal conductivity
provides fast internal absorber thermalization to prevent position-
dependencies of the signal shape.17 To prevent energy loss in the
early stage of thermalization due to athermal phonons escaping
the detector through the substrate,18 stems with height and diame-
ter of several micrometers are typically introduced, on which the
absorbers are free-standing (see Fig. 1 and Refs. 2 and 19). This
increases the phonon interaction length in the absorber by drasti-
cally reducing the contact area to the sensor, enhancing the achiev-
able energy resolution but making the fabrication process more
challenging.

In this work, we present a microfabrication process for free-
standing absorbers that are composed of two individually electro-
plated Au layers. This allows on the one hand the fabrication of
particle absorbers with different thicknesses on the same wafer, e.g.,
by covering only a fraction of the absorbers with a second absorber
half. The usage of such devices is strongly considered in the

context of the microcalorimeter detectors for high-energy physics
(HEP) experiments,20 for example, in the search for axions.21 On
the other hand, the presented process enables the integration of a
radioactive source into the absorber to yield a 4π detection geome-
try as schematically depicted in Fig. 1. Experiments that use inte-
grated sources in low-temperature calorimeters are, for example,
ECHo6 and HOLMES,22 that aim for direct neutrino mass deter-
mination by precise measurement of the 163Ho electron capture
spectrum. In these experiments, the second absorbers halves of a
few micrometer thickness are presently deposited on top of the
source by sputtering or evaporation. While such a procedure is
suitable for comparably thin absorber layers, the deposition of
thicker layers leads to an expensive material usage and introduces
further challenges like photoresist stability. In the framework of
the EMPIR project PrimA-LTD, for instance, one goal was the
high-resolution, high statistics decay energy spectrometry on the
electron capture decaying nuclide 55Fe. This required a Au thick-
ness of 12 μm all around the source to achieve a detection effi-
ciency of 99.99 %, making electroplating the much preferred
deposition technique.

Electroplating of all absorber layers not only minimizes the
material costs but further provides Au with high thermal conduc-
tivity in the entire absorber volume. This is because electroplating
of Au is known to produce films with greatly improved purity as
compared to other deposition techniques such as evaporation or
sputtering. A typically used qualitative measure for the sample
purity is the residual resistivity ratio (RRR) that is defined as the
ratio of room temperature resistivity and resistivity at 4.2 K:
RRR ¼ ρ300K=ρ4:2K. This is because the mean free path of the elec-
trons at room temperature is dominated by electron-phonon scat-
tering, whereas at low temperatures, it is set by scattering on lattice
defects like grain boundaries and on any impurities. In very pure
films, the geometric limitation of the sample sets an upper limit to
the electron mean free path and, therefore, to the RRR that can be
achieved.23 According to the Wiedemann–Franz law, the thermal
conductivity of a metal is linked to its electrical conductivity; there-
fore, a high RRR value is an indicator for high thermal conductivity
at low temperatures24 and it should be maximized to suppress any
position dependence of the detector signal.

FIG. 1. Three-dimensional illustration
of a microfabricated MMC comprising
two superconducting meander-shaped
pickup coils that are connected in par-
allel with the input coil of the readout
dc-SQUID. As indicated at the right
detector pixel, the particle absorbers
allow to integrate a radioactive source
into the absorber to yield a 4π detec-
tion geometry.
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II. OVERVIEW OF THE ABSORBER FABRICATION AND
SOURCE EMBEDDING PROCESS

The fabrication of fully microfabricated particle absorbers
with 4π detection geometry is split into three main steps: (1) elec-
troplating of the first absorber half that is virtually free-standing
and mechanically supported by only a few small-diameter stems,
(2) source deposition on top or source integration into the first

absorber half, and (3) electroplating of the second absorber half on
top. In the following, we give an overview on the fabrication proce-
dure and outline challenges we have faced during process develop-
ment. Various details on photoresist processing, Au electroplating,
substrate treatment, etc., are then given in the sections below.

Figure 2 depicts the sequence of fabrication steps that we have
developed to realize fully microfabricated particle absorbers with

FIG. 2. Schematic illustration of the individual fabrication steps for particle absorbers consisting of two independently electroplated Au layers with an integrated radioactive
source in between. (a) Structuring a photoresist layer with holes for the absorber stems onto the detector wafer. (b) Thermal reflow of the photoresist for rounded edges.
(c) Deposition of a thin Au seed layer onto the entire wafer. (d) Structuring of the upper photoresist layer that defines the absorber size. (e) Electroplating of the first
absorber half. (f ) Releasing the absorber by removing supporting photoresists and the seed layer. (g) Structuring of a photoresist that defines the size of the integrated
source. (h) Integration of the source, e.g., by drop deposition and ion implantation. (i) Capping the integrated source with thin Au layer and removal of the photoresist. ( j)
Structuring of a photoresist layer that defines the size of the second absorber half. (k) Electroplating of the second absorber half. (l) Removal of the photoresist.
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4π detection geometry. The fabrication of the first absorber half
follows essentially the fabrication process that is used for fabricat-
ing MMC-based detectors with free-standing x-ray absorbers.19 It
starts with depositing a positive-tone photoresist layer on top of the
detector wafer, which is finalized except for the particle absorbers.
This resist layer is patterned such that only the parts of the resist
layer where the absorber is supposed to contact the temperature
sensor, i.e., where the absorber stems are located, are removed
during resist developing [see Fig. 2(a)]. The photoresist is then
thermally reflowed to achieve a smoothened/rounded resist profile
[see Fig. 2(b)]. This enhances the stability of the absorbers and
ensures that the subsequently sputter-deposited thin Au layer is
continuous and not intersected by sharp resist edges [see Fig. 2(c)].
This layer acts as a seed layer to which the cathode of the electro-
plating setup is later electrically connected. Next, a second positive-
tone photoresist layer is spun onto the wafer. This layer is patterned
such that molds defining the absorber area are formed during the
resist development process [see Fig. 2(d)]. In the next step, the
molds are filled with Au by electroplating up to the target absorber
thickness [see Fig. 2(e)]. The latter is adjusted by varying the time
of electrodeposition. Finally, the absorber is released by removing
both resist layers and the parts of the seed layer that are not under-
neath the particle absorbers [see Fig. 2(f )]. To achieve straight
edges of the electroplated particle absorbers, the second photoresist
layer must be significantly thicker than the target absorber thick-
ness. Such photoresists typically require specific handling and pro-
cessing parameters. The inherent interplay with the lower first
resist layer, however, significantly constrains the usable process
parameter space and makes careful process optimization crucial.

After the fabrication of the first absorber half, the radioactive
source to be embedded into the absorber is deposited. This is done
by any available radioactive source deposition technique, e.g., drop
deposition and subsequent drying of the deposited droplets,25 elec-
troplating,26 or much more advanced, and ion implantation.27,28 In
any case, the source is deposited by spin-coating a photoresist layer
and patterning this layer such that the part of the first absorber
half where the source should be deposited is removed during pho-
toresist development [see Fig. 2(g)]. After source deposition [see
Fig. 2(h)], the source is encapsulated by a thin, sputter-deposited,
or evaporated Au layer to protect the deposited source against sub-
sequent steps of absorber fabrication and the photoresist is
removed [see Fig. 2(i)]. When ion implantation is the method of
choice, the additional deposition of a thin Au layer onto the entire
wafer may be introduced before source deposition to prevent the
charging of the wafer during the ion implantation process.28 It is
worth mentioning that the deposition of the radioactive source is
optional. It can be easily omitted in order to, for example, fabricate
absorbers with different thicknesses on the same wafer, as men-
tioned above.

For adding the second absorber half, a single positive-tone
photoresist layer is spun onto the wafer and structured such that
molds on top of the first absorber half are created during resist
development [see Fig. 2( j)]. The second absorber half is then
deposited via electroplating [see Fig. 2(k)]. This process step is per-
formed without the use of a dedicated seed layer. Instead, the elec-
trical contact to the cathode of the electroplating setup is realized
via the first absorber half, the underlying temperature sensor layer,

and its electrical connection to the on-chip heat bath realized by a
metal layer. After electroplating, the resist is fully removed by
immersing the substrate in an organic solvent [see Fig. 2(l)]. The
deposition of the second absorber half requires a resist thickness
that is larger than the total absorber thickness to ensure that even
at the very edge of the first absorber half, the resist thickness
exceeds the target thickness of the second absorber half. Here, the
topology of the wafer after depositing the first absorber half as well
as the viscosity of the photoresist layer required to achieve large
resist layer thicknesses is causing an inhomogeneously thick photo-
resist layer. Moreover, it is worth mentioning that for applying and
patterning the thick photoresist layer, the process parameters are
not constrained as no underlying resist is existent.

In Sec. III, we discuss in detail the photoresist processes
needed for the above described fabrication steps and how they were
optimized. The custom electroplating setup developed for this work
is described in Sec. IV as well as the optimization of the electroplat-
ing parameters. The releasing steps after the deposition of every
absorber layer are described in Sec. V. Finally, in Sec. VI, we dem-
onstrate the successful microfabrication of absorbers with 4π detec-
tion geometry and their integration into actual MMC-based
detector systems.

III. OPTIMIZATION OF THE PHOTORESIST PROCESSES

As discussed above, two main photoresist processes are
required for the fabrication of free-standing particle absorbers with
4π detection geometry: (1) a double-resist stack with seed layer in
between for the fabrication of the first absorber half and (2) a
single, thick resist for electroplating of the second absorber half.
We note that in the course of the project PrimA-LTD, processing
of the resist mask used for ion implantation15,28 is equal to the
second process and that individual chips rather than an entire
wafer were processed. All photoresists and developers used in this
work were produced by Merck KGaA, Darmstadt, Germany, and
distributed by MicroChemicals GmbH, Ulm, Germany. For the
exposure of all photoresists, we used a laser lithography system/
maskless aligner for exposing the photoresist.

We chose the positive-tone photoresist AZ 4533 for the
lower resist layer of the double-resist stack, that is 5 µm thick
when spun on at 1900 rpm on a 2 in. wafer and softbaked at 100 °C
for 3 min. Several dose tests resulted in an optimal exposure dose
of 360 mJ/cm2 with a development time of 4 min using the devel-
oper AZ 2026 MIF. The baking step for thermal reflow, taking
place above the softening point of the resist, was tested at 120 °C
for 60 and 120 s and at 130 °C for 120 s. Profilometer measure-
ments showed an insignificant increase in the reflow strength with
higher baking temperature and duration; thus, we fixed the reflow
step at 120 °C for 60 s. The deposition of the Au seed layer with a
thickness of 80 nm on the entire wafer is done by dc-magnetron
sputtering with the wafer being attached to a metal sample holder
using vacuum grease and without any active cooling.

Before optimizing the upper resist layer, we performed a test
series to find the maximum baking temperatures and duration
at which the upper resist layer can be processed without the dis-
turbance of the underlying structures. For this, test chips with
reflowed stem holes and seed layer underwent various baking steps.
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Baking on a hotplate at 85 °C for a few minutes already leads to
strong wrinkling of the seed layer with increasing baking time due
to the softening of the lower resist layer. This may lead to an
incomplete removal of the seed layer during further process steps.
Reducing the hotplate temperature to 80 °C, baking times can be
increased to 45 min without issues, whereas weak wrinkling starts
at baking times longer than 60 min. In order to achieve even higher
baking times, we found the use of an oven to be much more gentle
and baking times of over 16 h at 80 °C could be realized.

For the upper resist layer of the double-resist stack, we chose
the positive photoresist AZ 40XT that can yield thicknesses from
15 to 100 μm. It is optimized specifically for this thickness range
and as a chemically amplified resist provides steep edges at reason-
ably low exposure doses and development times compared to stan-
dard positive resists at such thicknesses. Furthermore, no
rehydration before exposure is necessary for this resist. The resist is
spun on the 2 in wafer with the following spin profile: 1500 rpm
for 20 s, 0 rpm for 10 s, and 7000 rpm for 2 s. With the additional
high-speed step, the width of the edge bead can be significantly
reduced. The resulting resist thickness is about 25 μm. Taken from
the datasheet, the recommended baking temperatures for softbake
and postexposure bake (PEB) are specified as 125 and 105 °C,
respectively. However, with the limitation of the baking tempera-
ture to 80 °C to avoid a reflow of the lower resist layer of the
double-resist stack, we chose a significantly longer baking time of
16 h in a drying oven for compensation. To further minimize the
solvent concentration in the vicinity of the substrate surface, we
introduced a drying step at room temperature for about 3 h before
starting softbake. This greatly improves the adhesion of the resist to
the substrate and lowers the dark erosion rate in the substrate-near
resist. The exposure is done with a comparably large dose
. 1000 mJ=cm2. We found that, with a single exposure step, pho-
toresist still remains in the holes for the absorber stems after devel-
oping, as the resist thickness there is effectively larger (by the
thickness of the lower resist layer). Introducing a double-exposure
step by additionally exposing the stem areas with a dose of about
300 mJ/cm2 enables a sufficiently high development rate of this
deep photoresist. In the next step, the post-exposure bake is done
on a 80 °C hotplate for 8 min. For resist development, the developer
AZ 2026 MIF is used. The structured resist is then hardbaked on a
60 °C hotplate for 20 min.

We observed that very dry resist (in the sense of low water
content) soaks up when fully immersed in a heated water bath.
This can degrade the structural stability of the photoresist and may
also promote the contamination of the electrolyte during electro-
plating. To achieve a very reproducible process, we, therefore, intro-
duced a hydration step before electroplating. This is done in a
sealed container with a humidity of . 90% for a duration of
. 12 h. After this hydration step, the wafer is immediately
immersed into the electrolyte and the electroplating process as
described below is performed.

For the fabrication of the second absorber half, a single photo-
resist layer of AZ 40XT is processed similarly to above. In the fol-
lowing, we, hence, mention only differences. After spin coating, the
room temperature drying of the photoresist is performed for 3 h. In
this case, it especially prevents the formation of bubbles during the
softbake in the vicinity of the first absorber halves, where the resist

can get very thick. Due to the absence of a lower photoresist layer,
the resist AZ 40XT can be processed at the baking temperatures
recommended by the manufacturer. Therefore, the softbake is per-
formed on a 125 °C proximity hotplate in the following steps:
1.5 mm for 5 min, 0.5 mm for 5 min, and contact for 3 min. The
post-exposure bake is done at 105 °C with 1.5 mm for 10 s, 0.5 mm
for 10 s, and contact for 80 s. After development, hardbake, and
hydration, the second absorber half can be electroplated.

When the fabrication of second absorber halves needs to be
performed on separated chips (rather than on a full wafer), e.g.,
when ion implantation is chosen as the source preparation tech-
nique, the spin coating of the AZ 40XT can be performed by using
a carrier plate with a recess having the exact chip dimensions. This
allows for a better resist flow off the chip and, therefore, reduces
the width of the edge bead. For a separated chip having the dimen-
sions 5� 25 mm2, as used in the project PrimA-LTD, the spin
coating parameters needed to be adjusted to 2200 rpm for 20 s to
yield a photoresist thickness of about 25 μm.

IV. ELECTROPLATING OF HIGHLY PURE AU LAYERS

Figure 3 shows a total photograph and 3D-rendered close-ups
of the electroplating setup developed for this work. To minimize
the number of impurities in the deposited Au layer, the contamina-
tion of the electrolyte has to be prevented during its handling and
the actual Au deposition process. For this reason, we chose polyte-
trafluoroethylene (PTFE), polyamide (PA), and DURAN glass (by
DWK Life Sciences GmbH, Wertheim/Main, Germany) as non-
metallic and inert materials to use in direct contact with the elec-
trolyte. A small sample, e.g., an individual chip, or an entire wafer
up to a size of 2 in. is mounted onto a custom PTFE plate by
contact rods made from PTFE that are screwed to the plate and
hold the sample in place. One contact rod is hollow and hosts a
copper wire running down inside. This wire is soldered to a short
Au cylinder with a diameter of 1 mm. The Au cylinder is pressed
tightly (to create a liquid-tight sealing) into a small drilling at the
bottom of the contact rod, providing a contact point to the sample.
With this configuration, we ensure that the copper wire is not in
direct contact with the electrolyte to avoid contamination. The
setup together with about 200 ml of the Au electrolyte TECHNI
GOLD 25 ES (by Technic France, Saint-Denis, France) fit into a 1 l
DURAN beaker, which is covered with a lid that allows the upper
ends of the contact rods to pass through but otherwise seals the
beaker, preventing the escape of evaporated electrolyte during the
process. A custom platinized titanium grid anode supplied by
METAKEM (Metakem GmbH, Usingen, Germany) is attached to
the lid, and its grid is placed in parallel to the surface of the sub-
strate with a distance of about 1 cm. The beaker is placed in a
temperature-controlled open heating bath circulator CORIO C-BT9
(by JULABO GmbH, Seelbach, Germany). A PTFE stirrer (mini-
propeller stirrer by Bohlender GmbH, Grünsfeld, Germany) can be
fed through the lid of the beaker to provide a bottom-up axial flow
to the electrolyte before or during the electroplating. A Keithley
Model 6221 current source is used and connected to both the
anode and the contact rods by crocodile clamps.

The absolute current that we use for the electroplating process
depends on the area to be electroplated. To achieve equal
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deposition conditions (especially deposition rate), a fixed current
density is used across different samples, which is defined as the
current strength per area to be electroplated. The Au deposition
can be performed with either constant-current or pulsed-current
electroplating. In the case of constant-current, a continuous current
Idc is applied to the electrolyte over the whole duration of the
process. Pulsed-current means that a current Ion is applied to the
electrolyte for a time ton and withdrawn for toff , periodically. For
this, we use the square wave generator of the Keithley Model 6221.
The currents used in both process types can be compared by a
mean current Iep b¼ Ion[ton=(ton þ toff )] b¼ Idc.

For an electroplating process, the sample patterned by a pho-
toresist mask is mounted to the PTFE plate, electrically contacted
to dedicated contact points on the wafer by one or two contact rods
(depending on the substrate size) and transferred into the beaker.
The required amount of electrolyte is filtered through a cellulose
nitrate membrane filter by vacuum filtration and is filled into the
beaker, which is then placed within the heated water bath. During
the heating of the electrolyte to the process temperature of
T ¼ 60 °C, the electrolyte is stirred for about 20 min with a speed
of 600 rpm to remove air bubbles from the substrate that form
during the pouring of the electrolyte. Next, the lid including the
anode is placed onto the beaker, the current source is connected,
and the process is started. No stirring is applied during the electro-
plating process. After the deposition is finished, the electrolyte is
filled back into a glass bottle and the whole setup is thoroughly
rinsed with DI water and dried with compressed air.

To achieve good thickness homogeneity of the electroplated
absorbers, we performed a test series with 200 μm wide Au strips
and varying mean current densities jep by the variation in the time
toff . Figure 4(a) depicts the height profiles of these samples

measured with a stylus profiler. We observed that too large current
densities jep lead to a strong thickness inhomogeneity with a char-
acteristic u-shape that is a result of Au depletion in the substrate-
near electrolyte due to insufficient re-diffusion of Au-ions. The
observed asymmetry of the u-shape is not fully clarified. It may be
induced by the deposition of Au-ions in neighboring structures,
which leads to an asymmetric depletion of the electrolyte in the
measured structure. The detection efficiency of an absorber with
such a thickness profile would significantly vary over the absorber
area. With a current density of jep ¼ 0:30 mA=cm2, however, suffi-
cient re-diffusion of Au-ions is provided and excellent thickness
homogeneity can be achieved. We did not observe a significant dif-
ference in thickness homogeneity between constant-current or
pulsed-current electroplating.

In Fig. 4(b), measured RRR values of Au test structures are
shown. For this, we deposited straight Au lines with different thick-
nesses h and linewidths w using the photoresist AZ 40XT and the
electroplating processes described above. For comparison, we used
both constant-current (empty symbols) and pulsed-current (filled
symbols) electroplating, with jep ¼ 0:30 mA=cm2. In the case of
pulsed-current electroplated samples, we used ton ¼ 10 ms and
toff ¼ 50 ms. The resulting deposition rate was about 17.6 nm/min
for all samples. A single batch of electrolyte was reused from
sample to sample. The data clearly show that pulsed-current elec-
troplated samples can yield RRR . 44, when dimensions are large,
i.e., h ¼ 12 μm and w ¼ 400 μm. However, the RRR values of
samples with smaller dimensions are slightly reduced down to
RRR , 34 for d ¼ 3 μm and w ¼ 10 μm in our test series. The
mean free path of the electrons, calculated like shown in Ref. 23 is
in all cases limited by the scattering of electrons on film impurities
and not by the geometric limitations of the film itself. Nevertheless,

FIG. 3. Total photograph (a) and 3D
render images (b) and (c) of the setup
used for Au electroplating. The glass
beaker with electrolyte, anode, contact
rods, and wafer to be electroplated is
mounted into a heated water bath. The
beaker is fully covered with a lid, and
crocodile clamps provide contact with
the current source. A stirrer allows to
create a bottom-up flow of the
electrolyte.
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the RRR values are in all cases very high, exceeding typical values
reported in the literature by about a factor of 219,29 and being in
the order of the highest values reported in the literature.23,30

Furthermore, we see that pulsed-current electroplated samples
show higher RRR than corresponding samples of about the same
thickness electroplated by constant-current. We ensured that the
changing RRR is not a result of the aging electrolyte batch by a
mixed order of sample fabrication. From this test series, we con-
clude that particle absorbers will have RRR between 40 and
45 with excellent thickness homogeneity, when using pulsed-
current electroplating with ton ¼ 10 ms, toff ¼ 50 ms, and
jep ¼ 0:30 mA=cm2.

V. RELEASE PROCESS FOR FREE-STANDING
ABSORBER STRUCTURES

After the electroplating of the first absorber half, the release
of the absorber is performed by removing the supporting struc-
tures layer by layer [see Fig. 2(f )]. For this, the wafer is immedi-
ately rinsed with water for several minutes after electroplating to
remove any electrolyte residues. Fast drying of the photoresist at
ambient humidity leads to cracks in the resist that can peal off
large pieces of the underlying seed layer, making the following
process steps rather difficult. For this reason, the wafer is
immersed in an organic solvent immediately after the rinsing with
water in order to remove the upper resist layer. When using dime-
thylformamide (DMF), 1 min is sufficient for complete removal,
without affecting the lower resist layer. When using acetone, one
has to make sure that any electrolyte is completely washed away
from the wafer, as strong precipitation can occur otherwise. After
the drying of the wafer, the Au seed layer is etched using an
iodine-potassium iodide solution for up to 15 min and the wafer
is subsequently rinsed with water and dried. To remove the lower
resist layer, the wafer is immersed in acetone for at least 1 h.

We observed that the seed layer cannot be etched entirely and a
very thin, but electrically conductive, residue is still attached to
the absorbers. To remove this residue, the same acetone bath is
exposed to a megasonic treatment for 30 s (megasonic transducer
by SONOSYS Ultrasonic Systems GmbH, Neuenbürg, Germany).
Afterward, the wafer is cleaned in two isopropanol baths and
finally dried. The release after source deposition [Fig. 2(i)] and
electroplating of the second absorber half [Fig. 2(l)] is much
simpler and just performed by immersing the wafer into an
organic solvent similarly to above.

VI. DEMONSTRATION OF THE FULL ABSORBER
FABRICATION PROCESS

For giving a full demonstration of the developed fabrica-
tion process, we used a dummy 2 in. wafer with a 100 nm thick
sputtered Au layer structured to imitate the temperature sensor
and the heat bath of an MMC. The typical yield with the pre-
sented process between 80 % and 90 % of absorbers that meet
the requirements is very high. Figure 5(a) depicts a colorized
scanning electron microscope (SEM) image of one of the fabri-
cated absorbers consisting of a lower and an upper absorber
half having thicknesses of about 11.1 and 12.6 μm, respectively.
The surface roughness of the first absorber half is a result of
the Au wet etching step performed to remove the seed layer
(as described above). Such an absorber stack was used within
the EMPIR project PrimA-LTD for measuring the electron
capture decay spectrum of 55Fe. Figure 5(b) shows a colorized
SEM picture of one of these MMCs fabricated up to the first
absorber half [corresponds to Fig. 2(f )]. Both absorbers have a
thickness of 11.4 μm and are free-standing on three stems each,
as can be seen from the shadow underneath the absorbers. As
the electron-beam of the SEM may damage the detectors, no
image of a completed MMC with fully enclosed 55Fe source is

FIG. 4. (a) Measured height profiles of 200 μm wide Au stripes electroplated with varying mean current density jep. jep was adjusted by the variation in toff with fixed
jon ¼ 1:78 mA= cm2 and ton ¼ 10 ms. With jep ¼ 0:30 mA=cm2, excellent thickness homogeneity can be achieved. (b) Measured RRR values of straight Au lines with
varying thickness h and linewidth w. Samples electroplated with pulsed-current and constant-current are indicated by filled and empty symbols, respectively. Samples with
large dimensions achieve RRR . 44, while smaller dimensions lead to a slightly reduced RRR. Moreover, Au samples electroplated with pulsed-current yield larger RRR
compared to constant-current. All samples were electroplated with a mean current density of jep ¼ 0:30 mA=cm2.
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shown here. For the fabrication on any other detector, the layer
thicknesses of both absorber halves can be adjusted as desired
by changing the total electroplating time. The thickness of the
absorber layers is only limited by the thicknesses of the respec-
tive photoresist layers.

VII. CONCLUSION

We have successfully developed a microfabrication process for
realizing microstructured particle absorbers for cryogenic detectors.
The absorbers are composed of two separately electroplated Au
layers with thicknesses up to 12 μm each. For this, we optimized
the necessary photoresist processing and electroplating parameters
for the deposition of highly pure Au having residual resistivity
ratios above 40. In this way, position-dependencies of the detector
signals can be effectively suppressed. Furthermore, the absorbers
are free-standing and the microfabrication process is compatible
with the embedding of radioactive sources in a 4π geometry by
drop deposition or ion implantation, for applications in, e.g., radio-
nuclide metrology that require almost unity detection efficiency.
Excellent thickness homogeneity of the deposited Au layers ensures
a uniform detection efficiency over the entire absorber area. The
presented advances in particle absorber fabrication enable new pos-
sibilities in a variety of microcalorimeter applications like decay
energy spectrometry, where integrated sources need be measured
with excellent energy resolution.
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FIG. 5. (a) Colorized SEM image of a
free-standing 4π absorber composed
of separately electroplated first and
second absorber halves, having thick-
nesses of about 11.1 and 12.6 μm,
respectively. The roughness of the first
absorber half is due to the etching step
applied during its fabrication. This dem-
onstration of the fabrication process
took place on a dummy wafer without
actual MMC on it. (b) Colorized SEM
image of two MMC pixels that were
fabricated for measuring the decay
energy spectrum of 55Fe in the frame
of the PrimA-LTD project. The free-
standing absorbers are fabricated up to
the first absorber half. Up to this fabri-
cation stage, no 55Fe is ion-implanted
into the absorbers.
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