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H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Surface sintering of W powder was ar-
ranged under the “pressureless glow
discharge”.

• A novel vapor source was encouraged
due to the mass transport between W
particles.

• In-situ sliding front of sinter gave a loss-
less material input inW cathode design.

• As consolidated tungsten favored a
metastable (β)-W nucleation in depos-
ited film.

• Free-impurities W film proven to be
promising for conductive spintronic
application.
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A three-dimensional (3D) sintering method of bulk magnetron targets has been developed recently.
However, the use of bulk target had the following limitations: constrained geometry, limited chemical-
phase composition, small size and cost-effectiveness. Thus a novel approach of surface sintering (2D)
was arranged by a method of electromagnetic discharge evolution without applying any mechanical
press. In the proposed method, the internal energy of pulsed plasma flux (~102.3 J) was dissipated at a
tungsten (W) powder interface, therefore providing a form of sintered body with a density of
9.24–14.21 g/cm3 in the crystal structure of (α)-W. The morphology view indicates that, for the most
part of sinters, only a subsurface (b 100 nm) was well-consolidated, which was in accordance with an al-
most fourfold increase in thermal diffusivity there, as showed the results of laser flash analysis. Subse-
quently, the decrease in mean porosity distribution (Vv) from 42.4% to 27.1% in consolidated surface
was confirmed by using the microcomputed tomography (μCT) reconstruction. The (2D) sintered target
was then used in the synthesis of pure metallic films by gas injection magnetron sputtering. As a result,
icher).
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Fig. 1. Relationship between self-diffusion activation ene
expressed as the localization level of transient metals [21
a conductive (β)-W phase was recognized (103–405 μΩ cm), giving a promising hope for spintronic de-
vice applications.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Magnetron targets serve as a source of coating material in magne-
tron sputtering (MS). The main advantage of MS is that the coating
can be performed both in the laboratory scale and the industrial scale
[1,2]. But, the reproducibility of bulk magnetron targets of all remains
a crucial factor, which determines their manufacturing method until
now. Therefore, a three-dimensional (3D) sintering method of those
green bodies was developed in recent times [3,4]. However, consolida-
tion of bulk targets has some limitations in terms of their: physical
form (constrained geometry), poor availability of chemical composition
and cost-effectiveness. The above limitations occur when pressing
methods and hot plasma sintering were being arranged. In these
methods, the structure of consolidated bulk targets often decomposed
as a result of the severe plasma conditions (T N 1600 °C) andmechanical
press (P= 50MPa), respectively. Possibly, these have provided the ap-
pearance of some thermal shocks within low-temperature resistance
areas, which subsequently favored material target cracking, and then
its continuous outgassing [5–7]. Further, this has a presence for
sintering high-melting point materials, where the relatively high self-
diffusion activation energy needs to be exceeded (see Fig. 1).

In simple terms, an above described idea of high-melting point tar-
get fabrication consists in the delivery of thermal energy into an isolated
system, combined with a mechanical press, which is aimed at “3D bulk
sintering” until now. Meanwhile, in this study, an entirely original con-
cept was developed that relies on surface sintering of inhomogeneous
powder mixture by way of energy exchange between electrically ex-
cited plasma particles (ions and electrons) and the free surface of
loosely packed powder. The proposed technological design emphasizes
an importance of manner in which the internal energy stored within
nonequilibrium plasma act as a substitute of thermal source. Accord-
ingly, this put forward the purpose to activate an in situ surface
sintering process within the substance, being initially loosely packed
powder mixture, with no further mechanical press. In this sense, glow
discharge phenomenon is investigated in terms of its energy controlled
dissipation, which occurs at the powder-plasma interface during
rgy and valence electron state,
].
relatively low-pressure oscillations (P b 100 Pa). This, in turn, should
provide the successful mass transport effect occurrence, between
sintered particles. By this hypothesis, the authors developed novel ap-
proach in magnetron target designing by using surface-sintered W
powder structure, with the aim followed by pure thin solid film synthe-
sis due to the MS process.

Although the allotropic transformation in synthesized tungsten has
been analyzed widely, though, form of the equilibrium state of ((α)-
W phase) appeared, most times [8,9]. However, metastable state of
((β)-W phase) has attracted greater attention for a novelty, cause it
possess the highest spin Hall angle among transition metals [10]. Fur-
ther, this allows to convert the charge current into the spin current,
making (β)-W promising for low-power consumption spintronic mag-
netic random access memories, as well as for spin-logic devices
[11,12]. But unfortunately, the currently available methods for the syn-
thesis of metastable (β)-W phase are strongly limited, as shown by pre-
vious studies. This is because (β)-W easily decomposes into (α)-W at
common sputtering temperatures when the relatively high surface dif-
fusion of atoms occurs, either the critical thickness was being exceeded
by only few nanometers, or substrate bias was being used, respectively
[13–15]. Nevertheless, β‑tungsten thermal equilibrium was already en-
hanced by way of the physisorption of nitrogen and oxygen molecules,
which act as nucleation sites and promote its growth [16,17]. Despite
this fact, non-conductive O2 and N2 impurities are undesirable because
they lead the high-resistivity film deposition, which could not be ap-
plied for spintronic devices. Thus, until now, an appropriate method
for the synthesis of metallic (β)-W film was not available, which
would be free of any nonconductive dopants. Therefore, the gas injec-
tion magnetron sputtering (GIMS) technique equipped with a surface-
sintered tungsten target is implicated in this work, since that would
provide the most favorable conditions of nonequilibrium and low-
temperature plasma. And what is important, that reason has been al-
ready clarified in our former findings, where the pure metastable
phase nucleation, i.e.: diamond-like carbon with an 80% contribution
of sp3 bindings [18], a rutile phase within deposited TiO2 structure
[19], or mixture of high-temperature point carbides of γ-WC1−x and
β-W2C [20] was confirmed with no doubt.

2. Materials and methods

2.1. Surface sintering step

In this experiment, surface consolidation of raw tungsten powder
(with particle size b6 μm and purity of 99.9%) was carried out to fabri-
cate pure metallic targets, by using pulsed glow discharge, enhanced
by 200-mT magnetic flux density. For this purpose, 20 g of W powder
was evenly distributed across the intentionally recessed pyrolytic
graphite disk, to a depth of 2 mm, providing an active surface area of
9.5 cm2. Besides, only a gravitational force of 30 N originating from
the tungsten blockwas being used to slightly tamp down theWpowder
inset and obtain the uniform thickness and a smooth surface over the
prepared W target. No further processes such as mechanical pressing
were involved, which was otherwise applied elsewhere [22,23]. The
surface sintering approach assumes that the evolution of plasma flux
would be subsequently developed along the periodically injected por-
tion of argon molecules (N5.0 purity) with a frequency of 0.5 Hz,
which implied the pressure amplitude of only 50 Pa. This was examined
against varying surface sintering time (30–120 min), where each life-
time of electromagnetic pulse lasted 500 ms and the repetition period

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
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was set to 2000 ms. As the time evolution of that, the calculated wave-
forms of discharge power density are shown in Fig. 2,

To verify the mass transport results at the gradually densified tung-
sten subsurface, X'Pert PANalytical diffractometer emitting Cu-Kα radi-
ation was used. X-ray diffraction profiles were measured using an
incident-beam Johansson monochromator and a strip detector. The
tungsten subsurfacewas subjected to the Bragg-Brentano configuration,
in which 2θ values were obtained in a range of 35° - 155° subsequently,
with a step value being set to 0.0167. Following the obtained
diffractograms, Williamson-Hall's approach was used to estimate the
crystallite size and the state of microstrains [24]. Furthermore, the aver-
age density of surface-consolidated tungsten targets was measured
using an AccuPyc II 1340 helium pycnometer. From the theoretical den-
sity of bulk tungsten (19.25 g/cm3), total porosity was estimated after
He gas displacement has been measured.

Probing a mass-transfer mechanism in detail, a transient state, the
flash method was used to measure the thermal diffusivity of each
surface-sintered sample. Measurements were made using LFA 447
(Netzsch) apparatus, equipped with a standard holder of 8-mm diame-
ter. Because the extracted surfaces of consolidated tungsten body did
not possess a flat geometry, they were subsequently prepared to be
smooth, making use of abrasive paper. This allowed tungsten to over-
come the irregular shape of sinters and also obtain their thinned under-
surfaces. Thus, the impact of surface thickness on thermal diffusivity
was studied with regard to directional heat transfer flow within mea-
sured W samples.

Tungsten samples of height 100 μmwere then cut at various depths
from their subsurface to analyze the porosity and its size distribution.
For this purpose, microcomputed tomography (micro-XCT) was con-
ducted using a high-resolution Xradia XCT-400 (Zeiss) instrument
with an accelerating voltage of 150 keV and current of 60 μA. Around
Fig. 2. Power density waveforms and the corresponding average pulse energies, registered and
sputtering during GIMS synthesis. Interestingly, the “self-healing” evolution of W surface struc
1000 radiographs were collected, and a 3D reconstruction was com-
puted by using dedicated Zeiss software. As a result, 3D structures
were obtained in a stack of about 900 grayscale images (in 16-bit for-
mat) with a resolution of 2.2 μm. Skyscan CTAn software was then
used for image processing and quantitative image analysis. To binarize
the collected data, an adaptive thresholding algorithm with pre-
threshold based on the Otsu algorithm took advantage. To obtain a
more convincing experiment, the reconstructed structural features of
tungsten sinters were compared with those identified by scanning elec-
tron microscopy (Zeiss Ultra Plus SEM).

2.2. Sputtering and synthesis stage

The same vacuumchamber and a circularmagnetron,which consists
of a tungsten powder target, were used during the surface sintering
stage, as well as thereafter. To maintain a high vacuum purity in the
GIMS process, the chamber was evacuated to a base pressure of
5 × 10−4 Pa using a turbomolecular pump with roots and rotary
pumps. Because of the advantages of 10-kW DPS pulse power supply,
that are provided in previous studies [25–28], the magnetron gun was
powered by this power supply and operated in DC mode with the
main frequency of 100 kHz. Nevertheless, to provide favorable condi-
tions of cold plasma during the sputtering step, we adjusted Ar pressure
amplitude to below 0.5 Pa. Therefore, an abrupt repetitive gas evacua-
tion was arranged from the vacuum chamber (rapid pressure drop to
10−2 Pa), therefore resulting in plasma pulse decay before each consec-
utive gas injection. Tungsten filmswere synthesized onmonocrystalline
silicon substrates 〈100〉, located parallel to the target at 100-mm dis-
tance and remained at the floating potential. No intentional substrate
heating or biasing was applied, either a surface-consolidated or bulk
tungsten target was sputtered, respectively.
calculated according to a) surface sintering process of powder tungsten target and b) its
ture was delivered, through a pulse pressure amplitude drop (1) → (2).



Fig. 3. X-ray diffraction spectra of tungsten patterns, with regard to varying periods of
surface sintering time.
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The morphology of synthesized W films was obtained by selected
area electron diffraction (SAED) and high-resolution TEM, which was
performed using an FEI TECNAI G2 F20 S-TWIN microscope operating
at 200 kV. Prior to the preparation part, the cross-sectional TEM speci-
mens were fixed bymechanical grinding, followed by argon ion milling
at 3 keV. In this experiment, to make interplanar discrepancies much
easier to distinguish, high-resolution images or its Fast Fourier trans-
form (FFT) patterns were analyzed.

To obtain the electrical conductance ofW films and changes in their
sheet resistivity, the 4-point probe method was applied, as described in
a previous study [29]. An equal electrode spacing of 1 mmwas used be-
tween each electrode, accordingly. All measurements were made on
nonconductive boundary conditions, thus an appropriate relation be-
tween film thickness (t) and electrode spacing (s), t/s ≪ 0.5, was
implemented.

3. Results and discussion

3.1. Evaluation of electromagnetic discharge conditions

The electronic structure is described as the most fundamental law,
which strictly includes the microstructure (grain boundaries), atomic
structure (dislocations, impurities, and defects), and crystal structure,
as well. Hence, research into it undoubtedly symbolizes the beginning
of the final stage of contemporary materials science development. This
is a reason, the electronic design is considered in this paper, on the
basis of an unknown surface sintering phenomenon. From the elec-
tronic theory, an increase in localized valence electrons into d5 configu-
ration is related to melting point enhancement, thus increasing the
activation energy for the synthesis (see Fig. 1). If we consider the most
demanding and reasonable proof of this concept, a d4,8 configuration,
which describes tungsten molecules, tends to be an excellent choice
among any other elements. In this sense, we construed pulsed power
density waveforms, which were registered at cathode during
(a) surface sintering of tungsten target and (b) sputtering stage (see
Fig. 2). Oddly enough, both amplitudes reached similar values of ap-
proximately 40–60 W/cm2, just at the beginning of constituent plasma
pulse initiation (dashed rectangles). This indicates that the degree of
surface atom excitation requires a similar amount of energy to be over-
come, meaningless of the pressure amplitude was being applied at that
time. Although, still important differences were observed between the
two power density plots. If we consider the target surface sintering phe-
nomena (1), being held at 50 Pa of pulse pressure amplitude, a greater
density of plasma particles is expected within the cathode sheet, as it
shows an almost eightfold increase in average pulse energy consump-
tion (102.3 J)with respect to further step (2). Because of the intermolec-
ular collisions caused by two orders of magnitude pressure rise, the
mean free paths were efficiently suppressed to the sintering surface.
This, in turn, favored electric (thermal) energy dissipation at the inter-
face of plasma molecules and tungsten target, thus leading to mass
transport activation between powder particles, most likely. To empha-
size this effect, a little balanced magnetic field (g = 1.34) was used as
an efficient ionization trap, in order to enhance the surface diffusion ef-
fect between particles' contact zones [30]. By that logic, an approach of
“electromagnetic pressure flow” designed in this work, would act as an
unconventional substitute of thermomechanical force, providing a
surface-sintered body of W.

The assumption proposed above seems to be also in good agreement
with the exponential plot of power density, derived from a sputteredW
target, see Fig. 2b. As the already obtained surface crust of tungsten al-
lows to overcome the initially poor powder target conductivity, its
sputtering stage consumed only ~14 J energy, within subsequent
plasma pulse discharge. It means that under conditions of thinner
plasma flux (5 × 10−1 Pa ≪ 5 × 101 Pa), the electrically excited atoms
preserve its higher kinetic energy due to amarkedly reduced impact fre-
quency between them. Accordingly, a fewer population of plasma ions
and with higher-energy seems to be favorable in terms of thermal en-
ergy released at the boundary interface (sintered surface - plasma). Fol-
lowing, this contributed primarily to the atomic bonds breaking from a
surface-sintered target, implying a “self-healed” structure effect over
the W surface sinter (see Fig. 2). In that thought expressed, substantial
part of excited species escapes away from the cathode sheet and
forms a wide-spreading plasma flux (identified as plasma consumption
in Fig. 2b). And curiously, this is facilitated itself by a magnetic flux den-
sity shift to the unbalanced mode (g = 0.83), apparently due to mag-
netic shield formation in a shape of surface-sintered W crust.

3.2. Structural consideration

As a first approximation of plasma flux energy dissipation phenom-
ena at the gradually densified tungsten subsurface, the identification of
mass transport there, conducted by X-ray diffraction, appears to be well
founded. For that reason, Gaussian profile fitting analysis was used,
where the crystal characteristics of α-W phase with a preferred (110)
plane orientation tended to be predominant for all surface-sintered W
targets (Fig. 3) [31]. It is worth mentioning that only a negligible shift
of this peak position was registered, whichmeans a next to nothing lat-
tice strain is present within all sinteredW surfaces (see Table 1), in line
with the following Williamson-Hall expression:

βcorrcosβ ¼ λ
T
þ 4εsinβ; ð1Þ

The volume-weighted microstrains were estimated from ε = |
d− d0| / d0, as λ of 0.1542 nmmeans the X-ray wavelength, T is the as-
sumed mean crystallite size, and d0 is the interplanar spacing derived
from peak position. Therefore, as an α-W (110) phase possesses the
lowest surface free energy, the above outcome is rather comprehensi-
ble, where the common feature of stress-free lattice structure was ob-
tained, elsewhere [32].

Equally important observation driven by XRD study comes from the
standard deviation of texture coefficient (TC), that originates from a
preferred (110) orientation in a loosely packed powder model (W –
1). TC was estimated using the modified Harris analysis technique [33]
and by making use of below described Eq. (2):

TC hklð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I hklð Þ
I0

hklð Þ � ∑
n

i¼1

I hklð Þ
I0

hklð Þ
� �−1

 !2

n

vuuuut
ð2Þ



Table 1.
Properties of surface-sintered W targets as determined using different characterization
techniques.

Sample
ID

Surface
sintering
time [min]

Crystallite
size [nm]

Strain
[%]

Av.
density
[g/cm3]

Texture Coeff.
(deviation)
[%]

W - 1 – 105 – 3,73 –
W - 2 30 54 0,05 9,24 21,5
W - 3 60 49 0,07 14,42 31,6
W - 4 120 35 0,12 11,2 40,1

Fig. 4. W powder target densification effect, expressed as average density plot versus
surface consolidation time.

Fig. 5. Thermal diffusivity results of irradiated W powder crusts at room temperature,
correlated with gradually thinning target thickness (along zones 1–4), with respect to
their varying time of surface sintering treatment.
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where I is themeasured intensity of the peak, Io is the intensity obtained
from theW powder diffraction pattern, and n represents the number of
peaks. Following the TC results, also given in Table 1, an interesting hy-
pothesis is being put forward, assuming that “transfer of energy” from
plasma source (also source of thermal energy) to the powder surface,
was being exposed to plasma flux is most likely correlated with two in-
dependent energy dissipationmechanisms, over the consolidating time.
The first one concerns spreading phonon frequencies in a crystal lattice
of tungsten during the plasma activity, which causes its heating. This in
turn, promote atoms' internal energy (thermal energy) relaxation over
the tungsten sintered subsurface, thus leading sufficiently toward triax-
ial (nonpreferred) crystal structure transition in W, with time. There-
fore, up to 40% of TC deviation was obtained from a preferred (110)
crystalline texture, after the 120-min pulsed electromagnetic pressure
blow exposure over W – 4 powder surface.

But besides this, an equally crucial energy dissipation mechanism is
also considered here because ameaningful interaction of plasma species
with powder particles also occurs through proceeding momentum ex-
change due to nonelastic intermolecular collisions. The said surmise in-
volves that the kinetic energy stored in partially ionized plasma
provides not only a gradual crystalline structure fragmentation along
surface sintering time (W – 1 → W – 4), but also encourages an in-situ
consolidation of tungsten subsurface body, becoming a novel structural
design of vapor source, which certainly can be used in the consecutive
MS step.

3.3. Consideration of mass transport effect

A technological necessity of MS is aimed to placing the cathode
source in versatile spatial arrangement; therefore, it is inevitable to
counteract the force of gravity that acts on sintering form of powder
mixture. However, we put in place of conventional 3D green body sin-
ter, a novel approach consisting of surface-sintered form by using elec-
tromagnetic glow discharge. The effect of mass transport activation
during surface consolidation was verified according to the aforemen-
tioned concept by density measurements (Fig. 4). Although the mea-
sured results of average density showed almost twice divergence from
the bulk value (Wb = 19.25 g/cm3), the degree of sintering turned out
to be promising, in particular the solidW crustwas formed over the sur-
face area only. Nevertheless, this allows to freelymaintain awhole tung-
sten input within the magnetron socket, irrespective of its space
arrangement and operating time.

To explain the results of density, particular attention was paid to the
activity of surface diffusion, which potentially occurs in the contact
zones between powder particles due to pulse electromagnetic stimulus
application. On the basis of the kinetic model of W sintering, whichwas
evaluated in another study [34], particle rearrangement (45–58%) and
plastic flow (58–75%) were considered as a dominant mechanism in
our sinters in terms of measured values of density. Although the afore-
mentioned provided density in a range of 9.24–14.21 g/cm3, these also
correspond to the entire volume of investigated tungsten input, instead
of an only sintered surface. Therefore, by considering the limitation of
the experiment, it cannot be ruled out that the density on the tungsten
surface might be much greater and close to that of a nonporous struc-
ture, after the consolidation stage lasted for 120 min. On the basis of
this consideration, we believe that even a diffusion effect along grain
boundaries (N80%) might occur and lead to interparticle neck region
formation [35]. So, bringing up the considered electronic theory, we as-
sume that these mass-transfer effects should come from the destroyed
non-located states of 1 s within the crystalline surface sinter. Accord-
ingly, an extensive electrons exchange occur inW\\Wwhich is accom-
panied by the course of plasma flux, directed toward the continuously
suppressed target surface, where mass transfer is occurring.

Surface-consolidatedW targets were assessed by thermal diffusivity
analysis that became a sensitive indicator of themass-transfer outcome,
was initiated during the pulsed injection of pressure. The obtained find-
ings present a meaningful correlation between the exponentially grow-
ing diffusivity, in linewith decreasing thickness ofW targets. This result
emphasizes the importance of distinctly sintered surface zone (1),
where the highest improvement in thermal conductance was achieved
compared to the remaining deeper-lying structural region (Fig. 5).
However, thermal diffusivity values observed in the present study, are
still almost threefold lower (70 mm2/s in [36]) than that reported for
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bulk W. Although it is not out of the question, whether sintered tung-
sten target could asymptotically approach this level, if the only surface
area (target thickness b 0.2 mm)might be verified in any available way.

The dissipation of plasma flux energy is occurring at sintered surface
(zone 1) due to the relaxation of electromagnetic pressure force (heat
energy substitute). Hence, we have a reason to believe that high tem-
perature generated through resistance heating might prompt localized
neck formation betweenWparticles contact. A clear proof of this is pro-
vided by an almost fourfold rise of thermal diffusivity along with target
thickness, which is possibly due to the presence of fine consolidated W
powder particles within zone 1. In our view, however further clarifica-
tions related to the remaining tungsten zones (2–4) are needed to
fully understand the surface sintering concept. Because under a well-
sintered surface area, limited contact between tungsten powder parti-
cles exists, an efficient thermal insulation is undoubtedly formed, inside.
Since, there is a perception, that the loosely packed powder structure lo-
cated below 300 μm of target depth, might contribute as a catalyst for
the in situ surface sintering process. As a result, the atomic diffusion reg-
istered over the surface zone (1) is likely to be enhanced by a phonon
oscillation (heat energy transfer) originating exactly from the deeper-
lying zones. And finally, tungsten surface densification could have
been achieved by the relatively brief plasma particle lifetime of 15 min
that became a promising novelty of high melting point material
designing.

The activation of mass transport within the structure of surface-
sintered tungsten target have also been proved using microcomputed
tomography (XCT) 3D images, as shown in Fig. 6. According to the
best of our knowledge, with the initial application of an electromagnetic
pressure force toward the target surface, an arc discharge appeared be-
tween tungsten powder particles, which led to heat dissipation within
these contact zones. Possibly, some temperature spots inside binding
particles might then exceed temperatures of even 8000 °C [37],
Fig. 6.Micro-XCT images (box size: 100 μm in each axis) presenting structure,mean pore size (E
their evolution after GIMS synthesis in: b) zone 1 and d) zone 3, respectively.
resulting inmass transport of the particles through the already initiated
extremely high temperature arcs [21]. Even so, our best assumption is
that the pronounced plastic flow of sintered material and the bonding
between its component particles accelerates, while an each plasma
pulse decays. Curiously, the proposed phenomenon can be explained
on the basis of dislocation movement mechanism, particularly the con-
tact zones between consolidating powder particles have been already
considered as a source of dislocation glides recently [38,39]. To be
more specific, the most remarkable tension gradient within the
coalescenting particles was seen, that intensified the dislocation glides,
present in the contact zones after the current pulse dissipation occurred
at the cathode surface. A very similar, morphological effect was noticed
also in current work, hence consolidated necks became blunted and the
pore channels broke into small segments, as observed in a real, closed
porous structure in Fig. 6a.

However, regarding the solid-state sintering theory [40], powders
may also develop sinter bonds between their particles without a signif-
icant densification. In this sense, a clear example shows an undersurface
structure (zone 3) of W (Fig. 6c), which involves neck formation in a
small way within the open porous form. Additionally, porosity correla-
tion between considered sinter zones (Fig. 6a, c) becomes consistent
with a recently reported LFA research, as nearly threefold decrease in
thermal diffusivity was recorded toward in-depth region of tungsten.
This result distinctly showed that the initial energy stored within
plasma flux dissipates at the plasma – powder target interface, thereby
heating up and compacting only its surface zone (1) in the vastmajority
[41].

According to a well-proved hypothesis, the breakthrough approach
for 2D tungsten target sintering then was investigated in terms of tung-
sten thin film deposition by the GIMS method. Henceforth, the condi-
tion of thinner molecule flux (Pmax = 0.5 Pa), consisting of
periodically excited plasma particles will be considered, as an effort of
(dp)), and porosity (Vv) of as-surface sintered tungsten target in: a) zone 1, c) zone 3, and



Fig. 8. a) HRTEM cross-sectional images of the W thin film deposited from the surface-
sintered powder target, and b) the calculated interplanar spacing of the amorphous
halo, which corresponds to the planes of metastable (β)-W phase, according to SAED
pattern.
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electromagnetic tension force, in the contrary to a compressive one, to
be originating from an intensive suppression flow (Pmax = 50 Pa).
This brought the breakage of W\\W atomic bonds from the surface
facets, that have been sintered previously (see Fig. 7a), as also shown
by an obvious decrease of nearly 12% in density, see Fig. 6(a, b). And
so, to continue, the surface atoms diffusion got weaker over the
sputtered zone 1 (see Fig. 7b), at the cost of tungsten atoms emission
during pulse plasma flux relaxation [42]. More than that, these findings
correspond well to the structure transition, that spreads over the ana-
lyzed surface crust, since the enlargement of pores presence and their
size are visible there, after the GIMS treatment (see Fig. 7 (zone 1)).

The morphology discrepancies between two undersurface areas are
important to explain as well, by using details in Fig. 6(c, d). Hence, a
large necks growth occurred after the W crust sputtering was set and
followed by their coalescence. In its most simple terms, an open porous
undersurface structure depicted on (Fig. 7 (zone 3)) became somewhat
a “self-healed” with only a few isolated pores remained afterwards the
MS process. This, in turn, should be related to the prominent features
of plastic flow effect within the consolidated tungsten undersurface
[43], followed by its sublimation. The proof of that was delivered by
the porosity reduction, toward deeper-lying structure of the sputtered
atoms. Then, on that basis, there is also a belief that an in situ sliding
front of a sintered body is conceivable in this target development
design.

3.4. W thin films–identification of chemical state

For trying a new approach of magnetron target consolidation, it is
crucial to investigate whether the structural flaws occurring within
the surface-sintered tungsten could affect the morphological homoge-
neity and the utilitarian properties of synthetized tungsten films, after
all. In this perspective, high-resolution TEM images of the W thin film
showed the presence of pure domains, which do not exceed 2 nm in
size, as depicted in Fig. 8a. Two amorphous halos rather than the
sharp spots derived from grains, were distinctive based upon SAED
(see Fig. 8b). Interestingly, the read interplanar spacing of the halo
Fig. 7. Lowmagnification SEM of as-surface sinteredW specimens (blue) and them exploitatio
features, by means of micro-XCT.
corresponds to the (200), (210) and (211) planes of the (β)-W phase
for the first halo and the (222), (320) and (321) planes of the (β)-W
for the subsequent one.

For comparison, a conventional solid W target was also used in this
study to determine its suitability to metastable phase nucleation
n after GIMS (pink), being entirely consistent with the previously reconstructed structural



Fig. 9. Representative a) cross-sectional HRTEM image of the tungsten film, synthesized from bulk target. Apart from the b) spots originating from the existing crystallites of (β)-W phase,
within three inner rings (0.253, 0.226, and 0.206 nm) in FFT, additionally, c) SAED was taken to distinct some extra spots (marked with blue circles) that correspond to an interplanar
spacing of 0.158 nm and hence α-W (200) planes with particular resonance.

Fig. 10. Electrical resistivity at 300 K for tungsten films synthesized from surface-
consolidated (purple) and bulk target (gold). When the electrical resistivity is relatively
high, an amorphous (β)-W phase is observed, whereas the nanocrystalline (α + β)-W
phase mixture is identified with lower resistivity. Dashed lines represent the theoretical
fit based on the selected area of probe measurement.
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through a pulse-injected MS process. In this case, the HRTEM image of
the deposited W film showed the presence of larger nanocrystallites
of size of approximately 10 nm, surrounded by an amorphous material
(Fig. 9a). This result is consistent with the result of the FFT image, in
which simultaneous crystalline and amorphous nature of the (α + β)
- tungsten phase mixture was noted in the deposited layer (Fig. 9b).

Moreover, a common feature of themorphology of both synthesized
tungsten thin films is the occurrence of a very thin (2–3 nm) native SiO2

buffer, in which oxygen atoms accounted for requisite heterogeneous
nucleation sites of the (β)-W phase, most likely [44]. Despite this, the
appearance of (α)-W (200) is also noticed through our results, particu-
larly for a crystalline Wbulk layer. These variations may be correlated to
the adatom energy dissipation phenomenon on a substrate surface,
which occurs at the different degree depending on the electromagnetic
arrangement [45]. Accordingly, extremely unbalanced magnetron con-
figuration was evaluated during Wbulk target sputtering (gbulk = 0.52)
in current study, meanwhile emission of W atoms from a surface-
sintered target was carried out in the more balanced mode of gs-s =
0.83. With regard to the abovementioned issue, a greater ion/atom
ratio was obtained for substrate in the first case. As a result, a more in-
tensive thermal energy dissipation of the plasma specieswas confirmed
at that time, which determined the phase shift (β)-W → (α)-W com-
bined with the crystallines growth. Furthermore, bearing in mind the
low homologous temperature (T/Tm), that were encountered during
GIMS synthesis [46,47], a phase transition is the most likely by way of
diffusionless concept, here. Since the mechanism of diffusionless W
atoms shuffle is attributed to low activation energy of this phase transi-
tion at 0.7–2.2 eV [48], it turns out to be clear why the formation of (β)-
W was favored at a very small deposition power (b6 Wcm−2) [49] be-
fore and due to sputtering of porous (surface-sintered) body of metallic
W in our study.

3.5. Assessment of the electrical properties

Considering the different allotropic forms identified within the de-
posited W layers, their sheet resistivity was measured by the four-
point probe. Because the shape of the samples was rather irregular,
we approximated it to a circular sheet with a radius (d) of 10–15
times larger than that of the interelectrode space (s), and we used the
following equation:

ρ ¼ πt V
ln2 I

CF ð3Þ

where t is the thickness of the film measured by SEM, V is the output
voltage, I is the input current, and ρ is the sheet resistivity of the thin
film. C= 0.944 and F= 1 are correction factors caused by the boundary
condition of the examined sample, ensuring an expected error to be
smaller than 2.2%. Thus, a good electrical conductivity was achieved
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possibly due to the contribution of a metallic bond nature (6s1), as the
sheet resistivity values obtained for both W films varied between 103
and 405 μΩcm (see Fig. 10). Following a relatively wide range of these
resistivity values, the varying phase composition of the synthesized W
films seem to be a well explanation of that. Proof of this comes from
the literature survey, in which the (β)-W phase reported a higher resis-
tivity (180–220 μΩcm) than the (α)‑tungsten phase (24–50 μΩcm)
[50].

It is also important that the sheet resistivity of films should also
be determined by a charge scattering rate at parasitic microstruc-
tural defects such as grain boundaries [51]. Further, it is assumed if
the grain size is equivalent to the electron mean free path (EMFP),
sheet resistivity of the films may rapidly increase with a negligible
decrease in their grain size, mostly due to a high probability of elec-
tron scattering. Therefore, if an EMPF value of the W film is expected
to be small [52,53], a relatively high sheet resistivity of the deposited
Ws-s seems to be a well-founded as a result of disruptive diffusion of
carriers within a disordered amorphous structure. With this in mind,
greater crystallite size was in the structure of Wbulk film, resulting
thus in a weak contribution of electron scattering within the electric
field and lowering resistivity [54].

4. Conclusion

In this paper, we elucidated an efficient approach for the designing
of ametallicmagnetron target from the substance is being initially pow-
der. It was proved that glow discharge plasma, localized at the target
surface (cathode) in a relatively high pressure, consolidateswell loosely
packed powder particles without applying mechanical press. The cross-
section of the obtained sinter showed zonal morphology. This appeared
to be a result of the active role of plasma in energy exchange with the
cathode surface. Its activation led in the well-defined densification ef-
fect of this region, either of particle rearrangement, plastic flow or sur-
face diffusion, were recognized, respectively. Since, the sintering effect
was the most pronounced over the surface; the pulse plasma densifica-
tion method made the powder inset compact and predisposed there,
thus making it to be used in any configuration as a plasma source for
metallic film deposition. Hence, surface consolidation approach seems
to be an efficient way (in-situ sintering effect is also taking part during
the sputtering step) and does not require any additional equipment
(the same magnetron device was engaged), makes it a very interesting
and developing alternative forMS design. In currentwork,Wfilmswere
synthesized from the powder-like materials use, forming a surface-
sintered magnetron cathode. Thanks to that, a free-impurities tungsten
film appeared to be almost amorphous in contrast with this deposited
from the bulk target. But, the most essential was given from the out-
comeofmetastable (β)‑tungsten phase nucleation, that becomes partic-
ularly promising in terms of conductive spintronic devices application.
Finally, but not least, powder targets paves theway not only for thenon-
equilibrium phase synthesis as proposed here, but primarily for an arbi-
trary multicomponent coating design with the real-life application in a
number of fields.
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