Medical cyclotron solid target preparation by magnetron sputtering technique
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Introduction 

Conventional medical cyclotron solid target comprises the target material deposited onto a baking plate, cooled by water from the back and possibly by helium gas flow from the front. The common techniques for solid target realization include pressing, sintering, electrodeposition, lamination, etc. [1]. For some materials, it is difficult to satisfy the requests for maximum cyclotron production rate of radioisotope of interest. Indeed, in order to maximize the nuclear reaction yield, the production should be performed at maximum proton currents. This means that the target system should provide high efficiency of heat dissipation. In order to satisfy this request, the materials should have maximum thermal conductivity, including both target material itself and target backing plate, and should be linked by a method providing good thermo-mechanical contact between them.

INFN-LNL group has proposed to use magnetron sputtering as a technique for deposition of target material onto appropriate backing plate in order to provide high density, high thickness uniformity and high adherence to the backing.
Magnetron sputtering is a very flexible physical vapor deposition (PVD) technique, allowing to change a lot the properties of the deposited film by changing the sputtering parameters. Among PVD techniques, magnetron sputtering is a well-known technique for deposition of thin metallic films. However, it is not used for thick film deposition because of tensile or compressive stress always present in the films [2, 3]. The control of stress in PVD films is extremely important because of its close relationship to material technological properties, adhesion strength to the substrate, and the limit of film thickness without cracking, buckling or delamination.

One of the most critical technological issues of this work was to develop a method to deposit dense stress-free films of refractory metal of hundreds of microns thick. Magnetron sputtering was used to deposit directly a thick target film onto a backing plate. This approach would have a further advantage to simplify the often under-evaluated problem of the thermal contact between target and target backing plate.

The sputtering process parameters were optimized as for Mo, as for Y with the aim to be used as for the target preparation for 99mTc and 89Zr cyclotron production, respectively. 
The interest to additional routs for 99mTc production is stimulated by possible new 99mTc crisis, due to scheduled shutdown of the Chalk River nuclear power plant in 2018. Cyclotron-based production of 99mTc starting from 100Mo by 100Mo(p,2n)99mTc reaction has been developed and evaluated at the INFN-LNL [4]. The direct 99mTc production through proton beam irradiation of 100Mo-enriched targets requires the development of a suitable Mo solid target. 

The main interest in 89Zr radionuclide mostly includes the radiolabeling of slowly accumulating radiopharmaceuticals (in vivo imaging of antibodies, nanoparticles and other large bioactive molecules) for targeting tumor cells [5]. Therefore, the availability of large quantities of high-specific activity 89Zr for medical applications remains challenging.
Material and Methods 
The films were deposited by DC sputtering with a 2" planar magnetron cathode source unbalanced of the II Type. The depositions were performed onto a planar substrate holder, with the distance of 6 and 7 cm from the cathode. For Mo a heated sample holder by an IR 450 W lamp was used and the temperature was controlled by a K-type thermocouple. 
The “down-top” deposition configuration with magnetron source placed from downside of the cylindrical chamber and substrate holder with substrates from the top of the chamber was used for film deposition in order to minimize film delamination probability caused by metallic dust particles [Figure 1].
Natural Molybdenum (99.99%, MaTeck GmbH), natural Yttrium (99%, Goodfellow) and Argon (99.99% purity) were used for sputtering deposition as target materials and sputtering gas respectively. Different substrate materials were used: copper (Ø32 mm × 1 mm), sapphire (Ø13 mm × 0.5 mm) and CVD diamond (Ø13 mm × 0.4 mm) for molybdenum deposition, and niobium of 99.9% purity Goodfellow® (Ø24 mm × 0.5 mm) for yttrium. 
The deposition onto 5/7 substrates was realized simultaneously. The sputtering materials were deposited on a spot of 10 mm in diameter in the centre of each substrate (backing plate) defined by an appropriate mask.
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Figure 1. Sputtering of Mo (a) and Y (b) in a “down-top” configuration.
The sputtering parameters were optimized in order to minimize residual stress in the film, avoiding the stress-associated problems (e.g. cracking in the deposit or substrate, cracking at the substrate-deposit interface, adhesion problems [6]).
Stress state in the deposited films depends on the energy supplied to the growing film surface during deposition. The variables significantly involved into the change of arriving energy, and so the microstructure growth mechanism, are sputtering gas pressure, temperature of the holder, bias etc. Theoretically, it exists a gas pressure that signs the transition between the tensile and compressive stress. At relatively high pressure, the frequency of the gas phase collision increases, reducing kinetic energy of sputtered atoms and reflected neutrals bombarding the growing film exhibiting an open porous microstructure; the interatomic attractive forces produce tensile stress. At low pressure, the arriving atoms have high kinetic energy and the resulting film has a dense microstructure, perceiving compressive stress [7]. The optimal pressure was obtained experimentally, performing depositions of the material of interest (Mo, Y) onto flexible substrates (Kapton). The radius of curvature assumed by the kapton is an indicator of the stress [Figure 2]. 
The substrate temperature influences the kinetic energy of the particles already arrived to the substrate. A low temperature promotes the columnar voided microstructure that is associated to the tensile stress. A high temperature corresponds to an increase of adatom mobility that leads to a bulk like structure [2].
In the current work the deposition at the homologous temperature Th=T/Tm=0.2 (where T is the temperature during vacuum deposition and Tm is melting point of material deposited) was realized.
Furthermore, a multilayer deposition technique was shown to reduce stress [8], so the deposition of Mo thick films was fragmented in thousand subsequent brief depositions of thin films using an automation program to control the power. Each deposition was spaced by a “relaxation time” in which the film was annealed. 
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Figure 2. Stress vs sputtering pressure.
The evaluation of the thickness of all films deposited by magnetron sputtering was performed by contact profiler scans. 

5 µm Mo film onto silicon wafer deposited with the same parameters listed in Table 1 was used to analyze the cross section microstructure with Scanning Electron Microscope (SEM).
The optimized sputtering parameters were used to deposit Mo on copper, sapphire and CVD diamond substrates and Y on niobium substrates. 
Results and Conclusion 
For the purpose of this work it is mandatory to avoid stressed films because poor adhesion between target material films and backing plate can drastically increase the thermal resistance of the contact, decreasing the heat exchange efficiency. Reduction of stress is mandatory when hundred micron thick films are to be deposited. The best sputtering parameters in order to obtain not stressed Mo and Y films are listed in Table 1.
The high temperature of the holder during Mo sputtering process provided a microstructure with a density more than 95% of the bulk material, thanks to renucleation. Mo film had a columnar microstructure with the grain size of about hundreds nm as shown in SEM image in Figure 3. 
	Parameters
	natMo
	natY

	Argon flux [sccm]
	17
	19

	Ar pressure [mbar]
	1.63×10-2
	1.36×10-2

	Power [W]
	5-550
	400

	Target-substrate distance [cm]
	6
	7

	Substrate temp-re [C]
	500
	Floating

	Film thickness [µm]
	100
	50

	Program for multilayer
	Yes
	No


Table 1. Sputtering process parameters.
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Figure 3. Mo film microstructure.

The combination of optimized sputtering parameters, influencing the stress, high temperature of the sample holder (500 C), suitable working pressure and multilayer deposition, have given the best Mo films in terms of adhesion, density and stress-free despite of the thickness (100 μm) [Figure 4]. 
Furthermore, the fact that high thickness Mo films were deposited onto ceramic substrates, as sapphire and CVD diamond, without stress-induced damage of the substrate, is demonstrating the efficiency and versatility of the developed sputtering technique. The use of chemical inert backing materials, like ceramics, would be the best choice for the dissolution process after target irradiation. Indeed, with an appropriate dissolution module, it avoids radiochemical impurities in the final injectable radiopharmaceutical.
Thermomechanical stability of Mo targets produced with magnetron sputtering was evaluated under the beam of a 16 MeV GE PETtrace cyclotron, placed in Sant’Orsola Hospital, Bologna, at 15.6 MeV increasing beam currents with 10 µA steps for 1 min irradiation, starting from 20 µA up to 70 µA. A visual control of the target after each irradiation was performed.
All the Mo target prototypes realized by 100 µm thick Mo film deposition by magnetron sputtering onto copper backing directly [Figure 4a] and ceramic (sapphire [Figure 4b] and CVD synthetic diamond [Figure 4c]) substrates brazed to copper support (Italian patent application N. 102017000102990), showed performing thermomechanical stability under the proton beam. The maximum heat power density corresponding to the irradiation tests performed is of about 1 kW/cm2. Excellent adhesion (no delamination) and no any film damage were observed after each irradiation.
Stress-free Y films of more than 50 µm were obtained by the optimization of the sputtering pressure only. Yttrium is very sensitive to oxidation, for this reason, the multilayer technique was not applied in order to avoid an introduction of oxide layers between metallic that can promote increase of the intrinsic stress (and further possible delamination) instead of stress relaxation. Furthermore, the use of floating temperature of the substrate holder simplifies the system configuration from the point of view of hardware and safety. The heating of the sample holder in a case of Y sputtering is not required, since the Tm of Y is lower in respect to Mo, and Th=0.2 is reached due to the interaction of the substrate-holder with plasma during sputtering process. 
50-70 µm stress-free Y targets [Figure 4d] were received by direct deposition onto 0.5 mm thick niobium backing. Y target tests under the beam are planned to be performed in the next future.
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Figure 4. Mo and Y targets: Mo deposited on copper (a), Mo deposited on sapphire (b) and on CVD diamond (c) brazed to copper; Y deposited on niobium (d).
Developed magnetron sputtering technique has been successfully applied for the preparation of Mo and Y solid medical cyclotron targets, since this deposition method guarantees high density of target material and high adherence to different backing materials. Thus, it is possible to choose the best backing material for the purpose that each radionuclide production requires (thermal conductivity, chemical inertness, etc.).
However, it should be noted that the main defect of magnetron sputtering deposition technique is the high loss of deposited material. Therefore, for very expensive material, as 100Mo it is necessary to develop a suitable strategy for the deposition of a small amount of material and efficient recovery method. Instead, magnetron sputtering can be a powerful technique for natural target materials, as Y for production of 89Zr in the case when high yield of production is requested. Indeed, providing an excellent thermal contact (requesting high adherence) between the target material and the backing plate, it allows a good heat dissipation level that means the possibility to use elevated beam current.
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