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HIGHLIGHTS

o The neutrino mass direct measurement is a paramount objective in contemporary science.

o The utilization of a Ho-163 source plays a pivotal role in neutrino mass measurement.

o Successful fabrication of a Ho source was achieved through molecular plating method.
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This manuscript reports on the optimization of a molecular plating procedure for the production of uniform and
homogeneous films of holmium deposited onto gold-plated copper substrate. In particular, the effects caused by
molecular plating solvents with different vapour pressure on the morphology and stability of the resulting films
were investigated, allowing the selection of the optimum solvent. The developed procedure will allow allow the

production of sources of holmium ions for the envisaged HOLMES experiment aiming at the direct measurement

of the neutrino mass.

1. Introduction

HOLMES is an experiment for the direct measurement of the neutrino
mass by the calorimetric measurement of the energy released during the
electron capture decay of '%®Ho [1], based on the idea originally sug-
gested by De Rujula and Lusignoli in 1982 [2].

In particular, about 6.24 x 10'® atoms of '%3Ho will be implanted
into the detector system, an array of about 1000 transition edge sensor
based microcalorimeters, allowing for the direct measurement of the
total energy released from the decay, excluding the fraction carried by
the neutrino. The difference between the experimentally measured en-
ergy at the end-point and the theoretical Q-value of the electron capture
decay will give an accurate estimation of the electron neutrino rest mass.

1630 will be produced via thermal neutron irradiation of 30%
isotopically enriched '®?Er,O5 at the Institut Laue-Langevin (ILL, Gre-
noble, France), chemically purified at the Paul Scherrer Institut (PSI,
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Villigen, Switzerland) [3], mass separated from 166“‘Ho, which is
co-produced during the neutron irradiation, and implanted into the
detectors using an ion implanter developed at the Genova INFN labo-
ratory (Genova, Italy) [4]. More precisely, holmium, integrated in a
solid source, will be atomized and ionized via penning sputtering, before
being mass separated and then implanted as Ho™ into the detector array
[5].

The solid source, hereafter referred to as holmium source, should
preferably contain holmium either in its metallic state or as a chemical
holmium compound that decomposes into its constituents when exposed
to the plasma. Additionally, the holmium species must be homogenously
and uniformly distributed along the surface of the source to ensure a
constant and controlled release of atoms during the sputtering.

According to the original project, the holmium source should have
been produced following a three-steps process [1]. The first step con-
sisted of the reduction of Ho,O3, which is the chemical form of holmium
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after its chemical purification, to its metal form, Ho?, at 1600 °C in the
presence of metallic yttrium. During the second phase, the vapour of
metallic holmium produced at this temperature, should be condensed
onto a gold-coated quartz substrate. Finally, the holmium-gold mixture
should be scratched from the quartz substrate and used as holmium
source in form of powder. In a test experiment, performed in 2019 using
natural holmium [5,6], an estimated yield of about 80%, obtained
measuring the mass of material condensed onto the quartz substrate,
was estimated. This evaluation was not supported by a chemical char-
acterization of the deposited species. Thus, the condensation of other
elements, present as contaminants in the source, or the presence of
holmium in other chemical forms, rather than the elemental one, cannot
be excluded. Furthermore, the authors proposed an additional step,
consisting in the sintering of holmium with titanium, nickel and tin to
obtain a metallic cathode to be used as holmium source. No yield was
reported for this step. In conclusion, the proposed process was charac-
terized by several steps, with not well-defined yields, performed at high
temperatures, which is a critical issue when working with the radioac-
tive 1®3Ho isotope for radioprotection reasons. Therefore, we propose an
alternative, one-step method working at room temperature, with almost
quantitative yields, requiring very simple and easy-to-handle equip-
ment, i.e. molecular plating.

Molecular plating (MP) is a well know method [7] for producing
thin, homogeneous films with uniform thickness, composed of elements
with a reduction potential more negative than water, such as actinides
[7-13], rare-earth elements [14-16] and alkaline earth metals [17].
Those elements cannot be electroplated as metal coatings on an elec-
trode/backing when dissolved in aqueous solutions, since water would
be rapidly reduced at the required potentials. The consequent develop-
ment of large amount of gaseous hydrogen would prevent a homoge-
neous deposition of the element, even if reduced to its zero oxidation
state. MP is usually performed in a two electrodes setup, using an
organic electrolyte, and it can be performed both in galvanostatic or
potentiostatic mode. This method has been mainly used for producing
standard sources for a-spectroscopy [18-21], targets for nuclear physics
experiments [17,22,23] and studies on superheavy elements chemistry
[24-26].

Homogeneity and adhesion of the deposited film produced by MP
depend on several parameters, such as applied voltage, current density,
plating time, surface density of the deposited species, temperature of the
electrolyte, and morphology of the cathode. The choice of the plating
solvent, which is strongly related to the chemistry of the element to be
deposited, is one of the most important aspects to be evaluated. The use
of an inappropriate plating solvent could result in cracking, flaking and/
or peeling off of the deposited material, which could cause burst releases
of holmium during the intended use as a source for the sputtering
processes.

Vascon et al. have already investigated the effects of the plating
solvent on the molecular plating of neodymium [27,28]. The reported
results indicated that solvents with higher boiling points or, equiva-
lently, lower vapour pressures, should be preferred since they ensure
smoother and crack-free films. The authors related the formation of
surface cracking to the post-depositional drying process. In this stage,
the obtained deposited layer is still permeated with the plating solvent,
which tends to evaporate with a kinetics that depends on its vapour
pressure. The faster the evaporation of the solvent, the more stress is
induced into the deposited layer, promoting the development of cracks.

Casting-based methods, wherein the initial material, in a liquid state,
is dispersed onto a substrate and allowed to dry, present a viable alter-
native to molecular plating. These techniques are generally rapid and
quantitative; however, they yield non-uniform and heterogeneous
layers, occasionally exhibiting inadequate adherence between the
deposited material and the substrate. Consequently, they were consid-
ered unsuitable for the objectives of this study.

Methods grounded in the physical vapour deposition (PVD) process,
including ion beam sputtering, thermal evaporation, pulsed laser
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deposition, and DC/RF magnetron sputtering, offer the ability to regu-
late the thickness of the deposited layer across a broader range, from pg
cm 2 to mg cm™2. This results in crack-free surfaces with superior ho-
mogeneity compared to molecular plating. Another notable advantage
of these techniques is the enhanced control over the chemical speciation
of the deposited species. However, two primary impediments render
PVD methods unsuitable for inclusion in this study. Firstly, their yield is
typically in the range of 10-20%, with slightly higher yields achievable
through sputtering. This low efficiency is impractical when working
with rare and costly materials, such as Ho-163, which is available in
extremely limited quantities. Secondly, the PVD process involves the
condensation of the vaporized starting material, particularly noteworthy
in the case of radioactive Ho-163, onto all surfaces within the reactor
chamber, beyond the substrate. Decontaminating these surfaces would
be prohibitively expensive, if feasible at all. Furthermore, the radio-
protection concerns are compounded by the necessity of maintaining
high vacuum conditions within the reactor chamber. This mandates the
use of non-conventional filtering systems, necessitating specific design,
manufacture, and approval by local radioprotection authorities. The
labor-intensive and costly nature of these procedures discouraged the
adoption of PVD methods for the objectives of this research.

The aim of this work was to optimize and implement the molecular
plating of natural holmium on a gold-plated copper substrate (corre-
sponding to the cathode of the MP setup), by studying the effects of
different plating solvents, with different vapour pressures, on the
morphology of the plated films. Different techniques were applied to
monitor the homogeneity and morphology of the produced films, such as
Scanning Electron Microscopy (SEM), Energy Dispersive X-Ray Spec-
troscopy (EDX) and Radiographic Imaging (RI). Based on the obtained
results, a holmium source was finally produced, which is going to be
used for first HOLMES test experiments at the Genova INFN laboratory.

2. Experiments
2.1. Molecular plating (MP)

In this method, a salt of the element of interest, here Ho(NO3)3 - 5
H50, is solubilized in a minimum amount of diluted acidic solution. This
solution is then dissolved in an organic solvent, here referred to as
plating solvent, forming a homogeneous electrolyte, referred to as
plating solution. When a high voltage, several tens to some hundreds of
volts, is applied to the plating solution, a current of a few mA is
generated by the reduction of water (among other secondary reactions),
according to the reaction (1):

2H,0+2e¢” - H, +20H™ (@)

The production of hydroxide anions causes an increase in the pH near
the cathode surface [29], until the conditions are favourable for the
formation of holmium(III) hydroxide (2):

Ho*" +30H —Ho(OH), (2)

The combination of reaction (1) and (2) gives the complete deposi-
tion reaction:

2Ho*" 4+ 6H,0 + 6¢ — 2Ho(OH),| + 3H, 3)

Holmium(III) hydroxide has a low solubility in the organic solvents
used for MP, and, when the solubility equilibrium is reached, it starts to
precipitate onto the cathode. The quantity of hydrogen formed is small
and does not interfere with the deposition process. Organic compounds
of holmium, such as holmium carboxylates, Ho(RCOO),,, can be formed
by the reaction of Ho>t with other species, resulting from the solvent’s
electrolytical decomposition [30], and co-precipitate on the cathode.
Overall, the cathode is “plated” with molecular species of the element of
interest, hence the name “molecular plating”.
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2.1.1. Molecular plating setups

Two setups were used in this work, one for the experiments per-
formed to study the effects of plating solvents (hereafter solv. exps) and
one to produce a holmium source for HOLMES test experiments (here-
after HOLMES exps). Fig. 1(a) shows the circuit diagram of both setups.
A cell (hereafter MP cell) hosts two electrodes which are connected to a
DC-power supply (Sorensen® programmable DC power supply XHR
600-1.7) allowing to regulate the output voltage from 0 V to 600 V. An
amperometer and a voltmeter are connected, in series and in parallel,
respectively, to the MP cell, to precisely monitor both current and
voltage. All the depositions reported in this manuscript were performed
in galvanostatic mode, i.e. a constant current was applied by varying the
input voltage over the course of the MP experiments. The MP cell of the
solv. exps, illustrated in Fig. 1 (b), consisted of two parts made of pol-
yvinylidene fluoride (PVDF): a cylinder, schematically described in
Fig. 1 (c), with an inner diameter of 25 mm ending with an aperture of
20 mm, and a base containing a 27 mm diameter circular copper cath-
ode. The backing material, serving as substrate for the deposition, was
placed on the top of the copper cathode. The sealing between the two
parts, cylinder and base, was guaranteed by a fluorocarbon-based elas-
tomer, Viton® FKM, O-ring. The anode, a 1 mm thick palladium wire
coiled into a spiral with an outer diameter of 20 mm, was inserted from
the top part of the cylinder and placed at about 20 mm above the
cathode. In some experiments, when using more volatile solvents, a lid,
also made of PVDF, was placed above the cylinder to minimize the
evaporation of these solvents during deposition. The surface of the
copper cathode was cleaned before each experiment with diluted HNO3
and rinsed with ethanol.

The MP setup for the HOLMES exps had to be adapted to host the
backing, schematically described in Fig. 2, consisting of a 65 mm
diameter and 10 mm thick gold-coated copper disk, with a 2.5 mm rim,
needed for fixing the holmium source in the ion implanter, and a 9 mm
diameter circular hole in the middle. The surface of the disk adjacent to
the inner hole has an angle of 45°. The total area available for the MP is
about 29 cm?.

Two samples were produced with this second setup. The first sample,
HOLMES 1, was produced using an unpolished copper backing, coated
with 50 nm of gold. This resulted in a rough surface with evident
machining marks visible to the naked eye. For this reason, a second
sample, HOLMES 2, was obtained using a copper backing that was
polished after its manufacture. The copper backing was then coated with
a 100 nm gold layer.

2.1.2. Molecular plating procedure

The starting holmium solutions of the reported experiments were
prepared by solubilizing Ho(NO3)3 - 5 HoO (99.9%, Fisher Scientific,
AG) in 0.01 M HNOg3 (69%, Sigma-Aldrich). The concentration of the
starting holmium solution, hereafter Hog,, was calculated considering:
1) the total amount of holmium atoms to be implanted into the detector
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Fig. 2. Side section of the gold-coated copper backing used for the holmium
deposition. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

system of the HOLMES experiment, i.e. about 6.24 x 10'®, 2) a hypo-
thetical yield of implantation of 0.8% and 3) that the total area of the
backing used for the HOLMES exps is about 29 cm?, while the area of the
backings used for the solv. exps is 3.14 cm? (see later). Otherwise, the
starting solution was spiked with trace amounts, few hundreds Bq, of
166mp14 to monitor the yield of the deposition process and later perform
radiographic imaging.

2.1.2.1. Solv. exps. The concentration of Hog, of the solv. exps was
0.128 mg/pL. Thus, each solv. exp was performed dissolving 5 pL of the
Hogo) in 10 mL of the designated plating solvent. Different plating sol-
vents, listed in Table 1, were selected based on their vapour pressure at
room temperature, ranging from 0.17 kPa (N,N-Dimethylacetamide) to
30.80 kPa (Acetone) [31]. The obtained plating solution was then placed
in the MP cell, where a current density of 0.8 mA x cm 2, which is a
value similar to the one used by Vascon, 0.7 mA x cm_z, for the MP of
samarium [18] and neodymium [28], was applied for 90 min. After, the
plating solution was gently removed and the backing plated with

Table 1
List of plating solvents and their relative vapour pressure at room temperature.

Plating solvent Vapour pressure at 25 °C [kPa]

[31]

Acetone (100v%, BDH Prolabo) 30.80
Methanol (99.9v%, Fischer Chemical) 16.94
Ethanol (99.8v%, Fischer Chemical) 7.87
Isopropanol (100v%, AnalaR NORMAPUR®) 5.78
Isobutanol (99v%, Alfa Aesar®) 1.53
N,N-Dimethylformamide (DMF) (99.8v% Alfa 0.44
Aesar®)
N,N-Dimethylacetamide (DMAc) (99 v% Alfa 0.17
Aesar®)
®
Anode
: O
N/ Cathode
PVDF base (c)

Fig. 1. (a) Photo illustrating the used MP cell made out of PVDF. (b) Schematic drawing of PVDF cylinder of the used MP cell. (¢) Circuit diagram of the deposition
setup used for the MP Backings for the solv. exps were produced by punching 20 mm diameter disks from a gold-coated copper foil, obtained by vapour phase
deposition, using a Leybold Univex 450 vacuum evaporator, equipped with a quartz crystal microbalance allowing for precise measurements of the deposited layer
thickness as well as of the coating rate. In particular, a 38 pm thick foil of copper (99.99%, Surepure Chemetals) was used as substrate. The copper foil was treated
with diluted HNOj3 prior to each vaporization to remove the oxide layer present. The foil was polished successively with 10-20 pm, 4-8 pm and lastly 0-2 pm
diamond pastes. After each polishing step, the foil was cleaned with ethanol and acetone. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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holmium, i.e. the holmium source, was removed, washed at room tem-
perature with the same organic solvent as used for the plating. Subse-
quently the morphology and uniformity of the molecular-plated layer
was investigated.

All the experiments were repeated at least twice to verify the
reproducibility of the obtained results. In one repetition, it was noticed
that, when performing SEM investigation soon after the MP, the
deposited layer presented a greater number of interconnected cracks,
resulting in an island-like structure, which was not detected in similar
samples analysed several days after their production. This phenomenon
was carefully investigated with an additional series of dedicated ex-
periments, not reported here. It was concluded that the main cause of
the island-like structure formation was a fast vaporization of the solvent
still trapped in the deposited layer after MP. This event occurs even at
ambient pressure when using solvents with relatively high vapour
pressure, such as acetone and isobutanol. On the other hand, when using
solvents with relatively low vapour pressure like DMF, it happens only
when the sample is still impregnated with solvent and it undergoes a fast
pressure drop, e.g. when introduced into the SEM chamber, where the
pressure quickly drops down to 1 x 107>~ 1 x 10~® mbar. As previously
mentioned in the introduction, similar phenomena were observed by
Vascon et al. [27,28]. Based on this observation, all the solv. exps
samples after MP were first left to dry in open air for 24 h. Then, they
were gradually exposed to a low pressure, 1 x 10~ ! mbar, in a desiccator
filled with silica gel for another 24 h. This treatment was proven to
successfully reduce the amount of solvent absorbed in the plated sample
and minimize the stress on the deposited film when exposed to the low
pressure of the SEM chamber.

2.1.2.2. HOLMES exps. The HOLMES exps, HOLMES_1 and HOLMES 2,
were carried out using DMF as the plating solvent. In particular, the
plating solution was obtained mixing 10 pL of Ho(NO3)s - 5H20 in 0.01
M HNOs (0.601 mg/pL) and 75 mL DMF (99v%, Emplura®). Addition-
ally, the plating solution of HOLMES_1 was spiked with 1.64 kBq of
166my, diluted in 5 pL of 0.01 M HNO3, used as tracer. Both experiments
were performed in galvanostatic mode keeping the current density be-
tween 1.4 mA/cm? and 1.9 mA/cm?. A longer plating time, with respect
to the solv. exps, of 180 min was selected to ensure high deposition
yields. After the MP, both samples were immersed into fresh DMF for 5
min to remove any residue and debris that might have formed or settled
on their surface during the MP. Subsequently, both samples were dried
in air for several days and then gradually exposed to a weak vacuum in a
glass desiccator filled with silica gel for five days.

2.2. Analysis and characterization methods

The yields of the MP experiments were evaluated by adding trace
amounts of the y-emitting radionuclide '%*™Ho to the plating solution
and by measuring the y count rate in the solution before and after the
plating, by means of a coaxial high purity germanium detector (Fal-
con5000®, Canberra, crystal dimensions: 35 mm diameter and 52 mm
length). Data were acquired using the Canberra acquisition interface
module and the Genie2000® software package. The count rate was
measured considering the most intensive y-ray of 1°*™Ho at 184.4 keV
[32]. When using the same detector and the same measurement geom-
etry, the yield could be calculated as:

CPSbefore — CPSafter
CPSbefore

yield =

where cpspefore and cpsafier stand for count per seconds before and after MP,
respectively.

Similarly, the solutions used to wash the samples after MP were
measured with the y detector to estimate the material eventually de-
tached from the surface of the obtained sample. This gave rough infor-
mation about the adherence of the layer plated onto the backing.

Materials Chemistry and Physics 314 (2024) 128837

Morphology investigations were carried out with scanning electron
microscopy (SEM) using a Zeiss NVision-40 microscope. Elemental
analysis of the deposited layer was studied by energy dispersive X-ray
spectroscopy (EDX), using an Oxford Instruments X-Max" 50 detector.
The energy of the electron beam was set at 6 kV, allowing to minimize
the emission of the gold L, X-rays from the backing.

The spatial distribution of the deposited holmium on the source was
investigated with radiographic imaging. A reusable Fyjifilm imaging
plate BAS-SR was exposed to the obtained samples, and then scanned
with a GE Typhoon™ FLA 7000 Imaging Plate Reader, with a 25 pm
pixel size. The image was saved as a 16-bit grey-value TIFF file. An
exposure time of 48 h was chosen, matching the used **™Ho activity, in
order to record data over the widest possible range of grey-values,
without reaching any saturation.

3. Results
3.1. Solv. exps

Table 2 lists name codes of the experiments together with the applied
plating solvents and the primary results expressed in terms of deposition
yield and material loss during the washing of the obtained samples.

All the EDX investigations of the experiments listed in Table 2 gave
similar results in terms of elemental composition of the deposited layer,
i.e. oxygen and holmium were the main constituents with minor con-
tents of carbon, indicating that the holmium could be precipitated as
oxide, hydroxide and/or, carboxylate, see Fig. 3 for a representative
example. Both gold and copper signals come from the used backing
material, while the small nitrogen signal may be due to adsorption of
species coming either from HNOs, which was the solvent used to solu-
bilise the holmium salt, or from the anionic component of the original
holmium salt, i.e. Ho(NO3)3 - 5 H5O.

EXP Ace: This experiment was performed using acetone as the
plating solvent. The voltage was regulated between 400 V and 450 V, to
keep the current density at the fixed value of 0.8 mA x cm 2. A rela-
tively low yield of 79.0% was measured for this experiment, with no
significant loss of material during the washing stage. The radiographic
image, Fig. 4 (a), reveals an inhomogeneous deposition with regions
characterized by very high concentration of holmium (dark area). The
SEM analysis of this sample confirms the inhomogeneity of the deposi-
tion, showing in addition that a large part of the backing is not covered
by holmium species, Fig. 4 (b). Moreover, the deposited layer shows
formation of agglomerates with poor adherence, Fig. 4 (c).

EXP MeOH: This experiment, realized using methanol as a plating
solvent, showed a different current/voltage trend, compared to all other
reported experiments. In fact, the average voltage needed to keep the
current density at 0.8 mA x cm™2 was 12 V, much smaller than the 50
V-2000 V generally required for MP [7]. Despite this unusual behaviour,
the yield reached 99.2% and the losses following the washing remained
low, about 1.8%. The radiographic investigation, Fig. 5 (a), shows a
distribution more concentrated in the perimeter rather than the central
area. The SEM analysis, Fig. 5(b-d), shows a different kind of deposit
compared to EXP Ace, made of spherical beads packed up into aggre-
gates arranged in a dendritic macrostructure.

Table 2
Codes, plating solvents and results in terms of deposition yield and material loss
during the washing stage of the MP experiments.

Code Plating solvent Yield/% Loss/%
EXP Ace Acetone 79.0 0

EXP MeOH Methanol 99.2 1.8
EXP EtOH Ethanol 82.6 0

EXP i-PrOH Isopropanol 99.9 14.8
EXP i-BuOH Isobutanol 98.1 0

EXP DMF DMF 99.4 1.8
EXP DMAc DMAc 96.5 0
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Fig. 3. Representative example of an EDX-spectrum obtained in the in-
vestigations, from EXP Ace.

EXP EtOH: The yield reached in this experiment, obtained with an
average applied voltage of 50 V, was 82.6% with 0% loss following the
sample washing. From the radiographic image, Fig. 6 (a), a significantly
more pronounced deposition in the outer rim region can be seen.

The SEM analysis, Fig. 6(b—d), reveals a deposited layer made of
interconnected “lumps”, and spheres similar to the microstructure of
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EXP MeOH, forming an island-like macrostructure. Neither flaking nor
peeling off was visible.

EXP i-PrOH: Although this experiment, performed using isopropanol
and applying a potential between 130 V and 170 V, recorded an almost
quantitative deposition of 99.9%, the adherence of the deposited layer
was poor, resulting in 14.8% of material loss after the washing step. The
deposition was very inhomogeneous, as shown by the radiographic
image in Fig. 7 (a), with spots of more concentrated activity randomly
distributed on the sample surface.

The SEM image, Fig. 7 (b), obtained with 150x magnification,
revealed an “island-like” structure, with large, interconnected cracks.
Those “islands™ are inclined to flake and peel off, indicating a very poor
adherence of the deposited film. This could explain the loss of material
during the sample washing, leaving large parts of the backing surface
completely uncovered.

EXP i-BuOH: The voltage applied was between 260 V and 300 V. The
yield measured, when using isobutanol as plating solvent, was 98.1%
while the loss associated with the sample washing was close to 0%. The
radiography, Fig. 8 (a), reveals an overall fairly good homogeneity of the
deposition, with the exception of some spots concentrating a large part
of the overall activity. These spots are also observed as bright spots on
the photographic image of the sample, Fig. 8 (b).

The microstructure revealed by the SEM investigation, Fig. 8 (c,d), is
more homogeneous, uniform and smoother compared to EXP EtOH and
EXP MeOH, without formations of lumps. Although there is a high
density of interconnected cracks forming different sizes of island-like
structures, no significant peeling off can be noted, and the backing re-
sults to be completely covered by the deposited layer.

Fig. 4. (a) Radiographic image, after 48 h of exposure, of sample EXP Ace. SEM images of the sample EXP Ace at (b) 40x (bar scale 100 pm)and (c) 600x (bar scale

10 pm)magnification.

(a)

Fig. 5. (a) Radiographic image, after 48 h of exposure, of sample EXP MeOH. SEM images of the sample EXP MeOH at (b) 150x (bar scale 100 pm), (c) 600x (bar

scale 10 pm)and (d) 2500x (bar scale 2 pm)magnification.

Fig. 6. (a)Radiographic image of sample EXP EtOH. SEM images of the sample EXP EtOH at (b) 150x (bar scale 100 pm), (c) 600x (bar scale 10 pm)and (d) 2500x

(bar scale 2 pm)magnification.
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Fig. 8. (a) Radiographic and (b) photographic image of sample i-BuOH. SEM images of the sample EXP i-BuOH at (c) 150x (bar scale 100 pm) and (d) 600x

magnification (bar scale 10 pm).

EXP DMF: An average voltage of 100 V was applied in this experi-
ment. The yield and material loss of this experiment were 99.4% and
1.8%, respectively. The sample was characterized by a very uniform
deposition, Fig. 9 (a), with only few slightly concentrated spots in the
peripheral region. The SEM investigation, Fig. 9(b-d), revealed sup-
porting information, namely, low amounts of small and isolated cracks
without either flaking or peeling off of the deposited material.

EXP DMAc: This experiment, obtained using DMAc with a similar
applied voltage of the EXP DMF, gave a yield of 96.5% and the loss
resulting from the washing was close to 0%. The overall deposition,
evaluated by radiography as shown in Fig. 10 (a), was homogeneous,
with a slightly more concentrated region in the centre of the sample.

No extended cracks are visible in the SEM image at 150x magnifi-
cation, Fig. 10 (b). Nonetheless, some flaking of the deposited layer is
visible in the SEM image with 600x magnification, Fig. 10 (c).
Furthermore, some clusters with different sizes, ranging from some
hundreds of nm to 10 pm, are randomly formed on the top of the
deposited layer.

3.2. HOLMES exps

HOLMES_1: An average voltage of 80 V was applied for 180 min. The
deposition yield measured for this experiment was 99.97%. The radio-
graphic image (obtained with 43 h exposure), Fig. 11 (a), shows a very
homogeneous deposition. A slightly darker area can be seen at the

borders of the source. However, this is not entirely connected with a
higher concentration of deposited holmium but with the geometry of
both the backing and the MP cell. In fact, the inner darker area resembles
the inner edge of the backing, where the surface starts to slant inwards,
see Fig. 2. On the other hand, the darker area in the periphery of the
sample is probably originated by a slightly higher concentration of
holmium in correspondence of the contact area between the backing and
the Viton® FKM O-ring used for sealing of the MP cell.

The SEM images, Fig. 11(b-d), reveal a small number of cracks which
are not interconnected. It is also possible to notice that the deposition
follows the machining marks of the backing surface. This last observa-
tion revealed the need for polishing the copper surface before coating it
with gold, to avoid the formation of oriented and/or preferential
deposition areas.

In Fig. 12, the EDX investigation of sample HOLMES_1 shows, be-
sides the signals of copper and gold coming from the backing material, a
deposition rich in holmium and oxygen with some carbon and very small
amounts of nitrogen and fluorine. The latter could result from the partial
dissolution of the Viton® FKM O-ring used to seal the two parts of the
MP cell.

HOLMES_2: Also in this case, the applied average voltage was 80 V.
The copper surface of the backing used for this sample was polished
before being coated with gold. This resulted in a much smoother surface,
as it is possible to appreciate in the SEM picture (81x magnification)
reported in Fig. 13 (a).

Fig. 9. (a) Radiographic image of sample EXP DMF. SEM images of the sample EXP DMF at (b) 150x (bar scale 100 pm), (c) 600x (bar scale 10 pm) and (d) 2500x

(bar scale 2 pm) magnification.
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(a)
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Fig. 10. (a) Radiographic image of sample EXP DMAc. SEM images of the sample EXP DMAc at (b) 150x (bar scale 100 pm) and (c) 600x (bar scale 10 pm)

magnification.

(a)

Fig. 11. (a) Radiographic image of sample HOLMES_1. SEM pictures of sample HOLMES_1 at (b) 64x (bar scale 100 pm), (c) 256x (bar scale 30 pm) and (d) 2200x

(bar scale 3 pm) magnification.
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Fig. 12. EDX spectrum of a selected point of interest in the deposit of sample
HOLMES_1 exp.

The SEM images at 1270x and 4230x magnification, Fig. 13 (b,c),
show that the deposited area is very homogeneous with no significant
cracks nor island structures, and most importantly, with no peeling off of
the deposited layer (the bright scratches are due to mechanical handling
of the sample).

The EDX analysis of this sample, not shown here, gave similar results
to sample HOLMES_1, i.e. an elemental composition rich in both hol-
mium and oxygen, with some trace of carbon, nitrogen and fluorine.

4. Discussion

A first important output of the plating exp series was the establish-
ment of a procedure for reducing the concentration of solvent absorbed
by the deposited layer after MP. This minimized the stress on the
deposited layer when subjected to a fast decrease of pressure, preventing
misinterpretations of the SEM results. These inputs were used to
implement a protocol for performing the MP at constant current density,
aiming to study the influence of plating solvents with different vapour
pressure, on both yield of deposition and morphology of the resulting
plated layer.

The first experiment presented in this manuscript, EXP Ace, per-
formed using acetone as the plating solvent, the most volatile solvent
used in this work, showed the lowest yield among the reported experi-
ments. It is clear that the deposition was insufficient and characterized
by several interconnected cracks resulting in an “island-like” micro-
structure. This could be due to the high vaporization rate of the solvent
causing the fragmentation and eventually the detachment of the
deposited layer.

The use of methanol as plating solvent, EXP MeOH, also led to an
atypical result obtained at a much lower voltage than usually achieved
in molecular plating. Despite that, the experiment resulted in a high
yield with low material loss during the cleaning step, indicating a good
adherence of the deposited layer, which completely covered the

Fig. 13. SEM pictures of sample HOLMES 2 at (a) 81x (bar scale 100 pm), (b) 1270x (bar scale 10 pm) and (c) 4230x (bar scale 2 pm) magnification.
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backing, although not uniformly.

The MP using ethanol, EXP EtOH, resulted in a deposited layer with a
microstructure similar to EXP MeOH, although with lower adherence to
the backing. The transition to solvents with lower vapour pressure, such
as isopropanol and isobutanol, resulted in molecular plating with higher
yields but with inhomogeneous layers with bad adherence. Much better
results, in terms of deposition yields, morphology and adherence of the
deposited layers, were obtained when using DMF and DMAc, the least
volatile solvents used in this work. In both cases, a nearly quantitative
deposition yield was achieved, and the resulting layer presented a
smooth surface without interconnected cracks developing into flaking
and peeling off, which could result in material loss during the envisaged
HOLMES experiments. Very likely, the relatively low vapour pressure
allowed a smoother and gradual vaporization of both DMF and DMAc,
minimizing mechanical stress in the resulting deposited film. However,
some local cracks were formed. This indicates the need of optimizing the
drying process even further, for instance, by increasing the vacuum
strength in more steps and for longer times. In addition, the resulting
plated sample could be gently heated up to ensure a more complete
vaporization of the solvent. One additional source of inhomogeneity
may arise from variations in the electric field intensity between the
electrodes, attributable to the utilization of a stationary coiled spiral as
the anode. As documented, for instance, in Ref. [33], achieving a more
uniform electric field—resulting in molecular plated layers of greater
uniformity—can be realized by employing either more densely packed
and continuous surfaces, such as a disk, or by introducing rotation to the
anode during the plating process.

Regrettably, both of these solutions proved impractical within our
laboratory setting, primarily due to the requirement for an excessively
large anode, approximately 60 mm in diameter, mandated by the
HOLMES experiments. Attempts using a 60 mm diameter gold disk as
the anode were unsuccessful, primarily due to structural failure at the
weld joint connecting the disk and the wire used for electrical connec-
tion. Conversely, the attainment of a completely flat anode was unfea-
sible, precluding the use of a rotor.

Based on the results reported above, we decided to produce the
sample for the HOLMES experiments using DMF as a plating solvent. In
particular, we produced two samples, HOLMES_1 and HOLMES_2. These
samples had an almost ten times larger surface than the ones produced
in the solv. exp series (about 29 cm? for the HOLMES exps compared to
3.14 cm? for the solv. exps). HOLMES_1 achieved an almost quantitative
deposition, indicating that the developed deposition procedure is also
suitable for the production of large samples. The deposited layer, which
showed a very good adherence, was characterized by some micrometric
non-interconnected cracks, and a complete absence of peeling off.
However, the non-smooth surface of the used copper backing led to an
inhomogeneously deposited layer, characterized by visible grooves. In
HOLMES_2 the use of a polished copper backing resulted in an equiva-
lently good deposition (in terms of both, deposition yield and adherence
of the deposited layer), but also with a much better homogeneity. Based
on these results, the HOLMES_2 sample was selected to be used in the
forthcoming preparatory HOLMES experiments for the sputtering.

5. Conclusions

A procedure for the molecular plating of holmium onto a gold-coated
copper cathode was developed, investigating the effects of plating sol-
vents with different vapour pressures on both, deposition yield and
morphology of the deposited layers. The best result was obtained using
DMF as plating solvent and applying a specific procedure to dry the
obtained samples after molecular plating. The developed method
allowed to obtain almost quantitative deposition yields, homogeneously
deposited holmium layers with a stable microstructure and very good
adherence to the gold-coated copper cathode, despite the use of a non-
ideal anode, i.e., a stationary platinum wire coiled into a spiral.
Following the developed method, a first holmium source was produced

Materials Chemistry and Physics 314 (2024) 128837

for testing the ion implanter developed at the Genova INFN laboratory.
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