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Atomic batteries (ABs) containing radioactive iso-
topes such as 93¢, 28pu, ** Ac, etc., show promise for
the development of a new generation of autonomous
microwatt power sources characterized by long opera-
tion life (>20 years), high specific power, small size,
safety, and operation stability in a wide temperature
range [1].

Atomic batteries operating on the basis of the
B-voltaic effect with “Ni as a working radioactive iso-
tope meet the safety and efficiency requirements to the
greatest extent [2, 3]. A B-voltaic converter (Fig. 1a) is
a semiconductor cell with p—n transition, contacting
with a radioactive source of B-particles (i.c., electrons).
Pairs of charge carriers are generated via transfer of
the energy of B-particles upon their interaction with
electrons of the crystal lattice, and the amount of the
generated nonequilibrium carriers is proportional to the
incident particle flux energy.

The advantages of **Ni compared to the majority of
other f-emitting nuclides are long half-life (100 years)
and low B-particle energy (£,, = 17 keV). The external
shell of the device absorbs the B-radiation of such en-
ergy completely [4, 5].

158

The performance of a [-voltaic battery is deter-
mined by characteristics of both the semiconductor
converter (efficiency of the conversion of the
B-particle energy to electricity) and the ®Ni layer. It is
necessary to obtain a homogeneous, uniform, and
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Fig. 1. Operation principle of a B-voltaic current source:
(a) schematic presentation and (b) electron microscopic
image of a Ni layer.



A CVD PROCESS FOR PRODUCING ATOMIC CURRENT SOURCES

159

Fig. 2. Scheme of the installation for deposition of thin **Ni films onto semiconductor supports: (/) cylinder with Ni(PF3)s, (2, 9,
12,13, 16, 17) locking valves, (3) fine control valve, (4, 7) connecting tubes, (5) reaction vessel, (6) rotary tubular furnace, (&) pres-
sure gage, (10, 14) Dewar vessels, (/7) condenser for Ni(PF;)4, (/5) condenser for fluorinated waste, (/8) nitrogen trap, (19) turbo-

molecular pump, and (20) mechanical pump.

dense conducting coating approximately 2 pum thick (to
exclude the self-absorption loss) from nickel with no
less than 70-80% **Ni enrichment. This coating should
also exhibit high adhesion to the semiconductor sup-
port.

Various methods are known for depositing nickel
coatings. These include, e.g., the electrochemical
method [10] or CVD method using nickel tetracar-
bonyl [6-9] or organometallic nickel compounds [11—
13]. Electrochemical deposition involves problems
with adhesion, nonuniform coating, and loss of the ini-
tial expensive isotope. The use of nickel carbonyl in
the process is impossible because of its low thermal
stability and fire and explosion hazard, which is critical
when working with a radioactive material. Synthesis of
more complex nickel organometallic compounds in-
volves loss of the material, complicated regeneration
procedure, and large amount of radioactive waste.

In this study, we chose tetrakis(trifluorophosphine)-
nickel Ni(PF;)4 as the starting nickel compound for the
deposition of nickel layers. It can be synthesized in a
high yield from nickel metal and phosphorus
trifluoride [14]. Ni(PF3); under normal conditions is a
transparent liquid with the freezing point of —55°C and
boiling point of 70.5°C. Tetrakis(trifluorophosphine)
nickel is thermally stable up to 150°C, in contrast to
nickel carbonyl decomposing at temperatures of the
order of 60-70°C. Ni(PF3), is relatively stable in air,
incombustible, and explosion-safe, which is favorable
for the technology. Another important factor is that all
the constituent atoms of the compound (except Ni)
consist of single isotopes. Therefore, Ni(PF3), is suit-
able for use in isotope enrichment processes in the pro-
duction of ®Ni.
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EXPERIMENTAL

An installation schematically shown in Fig. 2 was
developed for experiments on deposition of nickel
coatings.

In the first step, we performed experiments with
Ni(PF;)4 containing nickel of natural isotope composi-
tion. As semiconductor supports we used 20 x 20 mm
silicon plates 200 p thick, equipped with silver current
collector. The external appearance of the support is
shown in Fig. 3.

Experiments were performed at support tempera-
tures in the range 100-500°C and constant residual
pressure of 6-7 Pa. The time of the nickel coating
deposition was 2 min.

The installation (Fig. 2) operates as follows. A cyl-
inder with Ni(PF;); (/) is connected to reaction
vessel 5 via connecting tube 4. A semiconductor sup-
port is placed into reaction vessel 5. The system con-

Fig. 3. External appearance of the semiconductor silicon
support used in the experiments.
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Fig. 4. Photograph of the stage for conductivity measure-
ments.
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Fig. 5. Diffraction patterns of samples with Ni coatings
deposited at different support temperatures: (a) 200 and
(b) 400°C.

taining pipelines, reaction vessel 5, and condensers 7/
and 15 is evacuated using vacuum system /8—20 to a
residual pressure no higher than 10™' Pa. On reaching
this pressure, heating of reaction vessel 5 in rotary fur-

nace 6 is switched on. At the fine control valve 3
closed, the locking valve 2 on the cylinder with
Ni(PF5), is opened. Then, the fine control valve 3 is
slowly opened for feeding the gas to reaction vessel 5.
The working pressure of 67 Pa is set. The pressure is
monitored with pressure gage §.

At temperatures higher than 155°C, Ni(PF3), de-
composes into nickel metal and phosphorus trifluoride.
Nickel metal in the form of a thin film is deposited
onto a support (a small amount of the metal in the form
of powder and thin flakes is deposited on the reaction
vessel walls), and phosphorus trifluoride is removed
from the reaction zone using the vacuum system.

Condenser /1 is cooled to —75°C, and condenser
15, to —193°C. Phosphorus trifluoride is collected in
condenser /5, and the unchanged Ni(PF3), is collected
in condenser /7 to exclude its loss and is recycled.

The samples obtained were examined by scanning
electron microscopy (SEM) and X-ray diffraction
(XRD). Also, the sample conductivity was determined
using a specially developed stage (Fig. 4).

RESULTS AND DISCUSSION

At support temperatures lower than 200°C, the effi-
ciency of the Ni(PF;), utilization was less than 2%,
and the major fraction of Ni(PF;); (>98%) remained
unchanged and passed into the trap (condenser /7,
Fig. 2). At temperatures higher than 450°C, Ni(PF;),
underwent intense homogeneous decomposition in the
gas phase with the formation of a finely dispersed
nickel powder depositing in the form of a loose,
weakly bound layer on the surface of the reaction ves-
sel.

The surface color of the coatings obtained at differ-
ent temperatures varies from mirror silvery (at 200°C)
to dark gray (at 400°C). The coating sample obtained
at 200°C (Fig. 5a) is X-ray amorphous with low con-
tent of crystalline Ni. The diffraction patterns of the
samples obtained at a support temperature of 400°C
demonstrate the presence of the crystalline nickel
phase (cubic system, Fig. 5b).

The SEM images of the coating surface (Fig. 6)
show that the nickel coating is uniformly distributed
over the support. However, the shape of conglomerates
forming the layer is different depending on the process
conditions. With increasing temperature, the structure
consisting of coarse amorphous conglomerates gives
way to a dense crystalline structure, which is proved
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Fig. 6. Electron micrographs of the surfaces of the samples prepared by CVD at different temperatures: (a) 200, (b) 350, and
(c) 400°C.
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Fig. 7. Images of the break surface of samples obtained at different temperatures: (a) 200, (b) 350, and (c) 400°C.

by the X-ray diffraction pattern. Simultaneously, the
coating becomes denser (visually) and more uniform
(Fig. 7), and its specific electrical resistivity decreases
(Fig. 8).

The Rutherford backscattering (RBS) spectra of the
samples were obtained at an HVEE 500 cascade ion
accelerator at the Skobeltsyn Institute of Nuclear Phys-
ics, Moscow State University [15, 16]. These spectra
allowed estimation of the thickness and composition of
the surface layer of the power source. The spectra were
taken using an analyzing beam of 860-keV He”" ions.
The detectable scattering angle was 160°. The RBS
spectra were recorded between silver contacts.

As seen from the RBS spectrum shown in Fig. 9,
the initial structure consists of a Si p-layer (300th
channel) and a protective silicon nitride layer (550th
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channel) with the inclusion of silver (plateau up to
860th channel), most probably originating from the
contacts. After the Ni deposition by the CVD process,
followed by annealing at 200°C, the deposited layer
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Fig. 8. Specific conductivity per unit area of the nickel
layer as a function of the semiconductor support tempera-
ture.
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Fig. 9. Energy spectrum of backscattered He?" ions with an
energy of 860 keV for a scattering angle of 160°. (/) Initial
structure and (2) after Ni deposition and high-temperature
treatment at 200°C.
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Fig. 10. Enegry spectrum of backscattered He®" ions with
an energy of 860 keV for a scattering angle of 160° after
the Ni deposition and high-temperature treatment at
(1) 200, (2) 350, and (3) 400°C.

thickness was 34 + 8 nm. This scatter can be attributed
to the fact that the support surface has developed to-
pography (Figs. 6 and 7). This fact strongly compli-
cates the interpretation of the RBS spectra, because the
scattering angle for the backscattered particles varies
in a wide range. Annealing resulted in an increase in
the nitrogen concentration (350th channel) and in the
appearance of oxygen (400th channel) in the surface
layers.

As the treatment temperature (Fig. 10) is increased
to 350°C, the signal from the backscattered ions (600—
900th channels) sharply increases. This is due to the

onset of fusion of the silver contacts. Simultaneously,
the signal from oxygen and nitrogen in the 300-500th
channels decreases, suggesting a considerable decrease
in the concentration of these ions in the surface layers.
As the temperature is increased further to 400°C, a
continuous weakly sloping front from the 300th to the
900th channel appears. This fact indicates that the ele-
ments in the surface layer have underwent uniform
mixing, so that it becomes impossible to reveal by
RBS the boundary between the nickel layer, protective
silicon nitride layer, and silicon p-layer.

Thus, we have examined the possibility of deposit-
ing nickel coatings from tetrakis(trifluorophosphine)-
nickel Ni(PF), by the CVD method on the surface of
silicon semiconductor structures. A dense uniform
crystalline nickel layer with high electrical conductiv-
ity is formed at a support temperature of 400°C, work-
ing pressure of 6—7 Pa, and coating growth rate of 0.1—
0.2 um min'. The data obtained prove good prospects
for using the CVD process with tetrakis(trifluorophos-
phine)nickel as a precursor for fabrication of atomic
B-voltaic batteries based on “*Ni.
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