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Abstract. The article presents a technique for fabricating nickel island films on oxidized
silicon substrates by thermal dewetting of continuous coatings. First, continuous nickel films 5
nm thick were deposited by magnetron sputtering. Then, without exposure to the atmosphere,
the coatings were annealed in a vacuum at 450°C for 15—180 min. As a result, the formation
of isolated metal islands was on the substrate with transverse dimensions from units to tens of
nanometers, depending on the annealing time. The electrical and thermoelectrical characteristics
of the produced island films were determined. Attempts to prepare zirconium island films using
the same technique were unsuccessful as the technically available annealing temperature of
650 °C proved insufficient for dewetting of coatings made of this material.
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AHHOoTamua. B craTbe mpeAcTaBlieHa TEXHOJOTUS ITOJYYEHUS OCTPOBKOBBIX TUICHOK
HMKEIS Ha IOBEPXHOCTM OKMCJICHHBIX KDPEMHMEBBIX ITOMJIOXKEK METOAOM TEePMUYECKOTO
JeBETTUHTra (arjoMepaluu) CIUIOIIHBIX TOKPBITUA. BHavane CruUlolIHbIe TUIGHKM HHMKENS
TOJIIIMHOM 5 HM HaHOCWJIMCh Ha TMOMIOXKM METOIOM MarHeTPOHHOTO HANbIICHUS. 3aTeM,
6e3 BbIHOCA Ha aTMocdepy, MPOU3BOAMJIICS OTKHUT MOKPHITHI B BaKyyMe IPHU TeMITepaType
450 °C mpomoJKUTEbHOCThIO OT 15 MuH mo 3 4. PesynbratroM 3Toro OBIIO (hOpMUpPOBAHUE
Ha TIOMJIOXKE M30JMPOBAHHBIX METANIMYECKUX OCTPOBKOB C TOMEPEUHBIMM pa3MepaMu OT
eIMHUIL 10 IeCITKOB HAHOMETPOB, B 3aBUCHMMOCTU OT BPEMEHM OTXHTIa. BbLIn ompemeseHbl
3JICKTPUUYECKHIE U TEPMOIJICKTPUUECKIE XapaKTePUCTUKK MOJyYSeHHBIX OCTPOBKOBBIX TUIEHOK.
[TomBITKM TIPUTOTOBJIEHUS OCTPOBKOBBIX IIJICHOK IIMPKOHUS C MCIOJTb30BAHUEM TOM XKe
METOAWKM He TPUHECIM ycIlexa, Tak KaK TeXHUYECKW peaju3yemas TeMIiepaTypa OTXHTa
650 °C okazanach HEIOCTATOUHON TSI arJloMepaliuy MOKPBITUI U3 TOTO MaTepuaa.
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Introduction

Metal nanoparticles and clusters are finding new applications in engineering and medicine due
to their unique properties [1—4]. Some of their well-known useful qualities include, for example,
enhancing local optical frequency fields due to local plasmon resonance. Other properties of
nanoparticles have been studied to a lesser extent, in particular, the capability for low-field elec-
tron emission [5—10], as well as high thermoelectric performance [11—14].

An island film of a conducting material on a poorly conducting substrate can be classified as
a disordered array of nanoparticles exhibiting many properties inherent to such structures. This is
confirmed by the results of the experimental studies conducted at Peter the Great St. Petersburg
Polytechnic University on the emission properties of carbon and metal island films on silicon
substrates, detecting low-field electron emission in such films [15—18]. However, the metal films
(Mo, Zr, Ni) used in [17, 18] were initially prepared as continuous, acquiring an island struc-
ture during the experiments due to emission-related factors. This makes it difficult to interpret
the results.

The goal of this study was to develop a technology for producing island film samples of
varying morphology to continue the experiments. Zirconium and nickel were chosen as coating
materials, as the films based on them exhibited electron emission in [17, 18]. The advantage
of zirconium and nickel over molybdenum, whose films exhibit the best emission capability,
is a lower melting point, which simplifies the technology for their heat treatment. The same
substrates were used for comparison with the data in [15—18]: KDBI10 silicon wafers with a
preserved natural oxide layer.

The approach to obtaining island films of the chosen metals relied on thermal dewetting:
continuous thin metal films agglomerate when deposited onto non-wettable dielectric substrates,
transforming into nanoscale droplets. The term «solid-state dewetting» is commonly used in the
English-language literature for such a process [4, 19—24], since it does not require melting of
the coating material. Dewetting is influenced by surface tension forces and can be induced, in
particular, by heating such films in vacuum or in an inert (or reducing) atmosphere, while the
temperature required is typically significantly (by hundreds of degrees) lower than the melting
point of the corresponding metal.

Aside from investigating the emission properties of island coatings (which falls outside the
scope of this paper), we planned to conduct initial experiments to study the thermoelectric
characteristics of metal island contacts with a substrate [25]. The objective was both to verify the
validity of the thermoelectric model of electron emission facilitated by island films (proposed
in [18, 26]) and to explore their potential applications in efficient thermoelectric converters [27].

Methods and materials

Thermal dewetting for manufacturing of island coatings consists of two sequential stages:

continuous film is deposited on the surface of the substrate;

this film is transformed into island coating by annealing.

Both stages were carried out in a HEX growth chamber (by Mantis Deposition, UK) with-
out exposure to the atmosphere, making it possible to avoid oxidation of continuous thin films
before annealing.

© Hryen B. T. A., laoaynnun I1. T., Apxumnos A. B., 2025. Uznatens: Cankr-IletepOyprckuii MoauTeXHUIeCKNUil yHUBEPCUTET
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Continuous nickel or zirconium films with a thickness of 5 nm were deposited on substrates
by magnetron sputtering of targets made of nickel-vanadium alloy (NiV) or pure zirconium (Zr),
respectively. A two-inch magnetron which is part of the HEX system was used for this purpose.
The discharge voltage and current were 450 V and 250 mA; the process was carried out at a buffer
gas (argon) pressure of 1073mbar and room temperature of the substrates. The film growth rate
was 0.3 A/s. It was determined by a quartz crystal microbalance and additionally monitored by
the topography profiles of mechanically damaged reference coating samples.

Targets made of non-magnetic NiV alloy (at a vanadium concentration of 7 wt.%) were used
for depositing nickel films due to low efficiency of magnetron sputtering for ferromagnetics.
Special EDS measurements were carried out using a scanning electron microscope to evaluate
the vanadium contents in the deposited coatings. Due to vanadium’s low sputtering yield, its
content in the films turned out to be insignificant, below the sensitivity threshold of the method,
which can be estimated as 0.5—1.0 wt.% for such thin films. We refer to such films as nickel films,
although we understand that they are not pure nickel, but contain a small vanadium impurity
(difficult to determine and likely distributed non-uniformly).

Coating samples were formed on substrates approximately 10x10 mm in size, cut from
KDB-10 silicon wafers with a (100) surface orientation. The natural oxide layer was not removed
from the surface of the substrates. Organic impurities were removed by mechanical and ultrasonic
treatment in acetone with further washing with isopropyl alcohol and distilled water.

The deposited nickel coatings were annealed in vacuum at 450 °C, the zirconium coatings were
annealed at 550—650 °C. The annealing time varied from 15 to 180 min. Pumping of the growth
chamber allowed to limit the pressure of residual gases at a level not worse than 107> Torr.

The topography of the prepared samples was studied using a NanoDST atomic force micro-
scope (AFM) (Pacific Nanotechnology, USA). The measurements were carried out under ambi-
ent conditions in tapping mode with NSG10 probes (NT-MDT, Russia). The same microscope
was used for thermoelectric measurements. In this case, a Peltier device was mounted on the
positioning stage of the microscope, allowing to adjust the temperature of the sample to in the
range of 0—80 °C. The sample was electrically isolated from the positioning stage and its poten-
tial relative to the microscope probe (electrically connected to the frame) was measured with
a B7-72 voltmeter (MNIPI, Belarus). The probe was brought into contact with the sample with
the AFM feedback loop either disabled or enabled; in the second case, the microscope oper-
ated in contact mode (vibration-free). DEP0O1 probes (NT-MDT, Russia) with a soft cantilever
(2.8 N/m) and a tip made of highly conductive boron-doped diamond were used for thermoelec-
tric measurements. This probe was selected based on the results of preliminary tests with several
types of probes.

The electrical characteristics of the films were measured using an L2-100TECO curve tracer
(Testpribor, Russia). Measurements of the current—voltage characteristics were carried out both
in-plane and cross-plane relative to the coating. The probes were placed at a distance of approx-
imately 2 mm from each other for measurements of the film resistance. When the contact resis-
tance of the film with the substrate was measured, one of the probes was placed on the selected
segment of the film, and the second one was placed opposite the first one on the other side
of the substrate.

Experimental results and discussion

Zirconium films. The results for annealing zirconium films in vacuum are represented in Fig. 1
by images of the surface topography of the samples before and after annealing of different dura-
tions. Clearly, there are no obvious signs of thermal agglomeration on them under these condi-
tions and the coating remains fairly uniform. The total height of the relief, as before annealing,
only slightly exceeds 2 nm.

An exception is the image in Fig. 1,c for a coating exposed at a maximum available tempera-
ture of 650 °C for one hour. Elongated crystallites are discernible in it, which can be regarded as
a sign of the emergent agglomeration of the coating. We reached this conclusion based on the
findings in [28], where emission-related factors were found to induce the formation of nanow-
ires during agglomeration of zirconium films. These structures were markedly different in shape
from the rounded nanoislands produced by agglomeration of molybdenum films induced by the
same factors.
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2.40nm

Fig. 1. AFM images of surface topography for 5-nm-thick zirconium films: freshly prepared (a);
after annealing at 550 °C (60 min) (b); at 650 °C (60 min) (¢); at 650 °C (120 min) (d)
Insets: 2D Fourier spectra of AFM images
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Fig. 2. AFM images for topography of nickel films with initial thickness of 5 nm:
freshly prepared films (a); after annealing in vacuum at 450 °C for 30 min (b),
60 min (¢) and 120 min (d)
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Admittedly however, similar signs pointing to the onset of the morphological transformation
are not observed in Fig. 1,d, obtained for a coating subjected to heat treatment at the same tem-
perature (650 °C) for twice as long (2 hours). This may indicate a significant variation in the
surface properties of the naturally oxidized substrates used, affecting the stability of the films. This
variation was noted earlier based on the results of experiments with films of metals [17, 18] and
carbon [15, 16].

To identify the finer details of AFM images that are not visually observable, two-dimensional
Fourier analysis was performed by applying the 2D FFT function of the Gwyddion 2.62 pack-
age to the images. Prior to analysis, all raw data underwent identical digital processing aimed to
minimize measurement artifacts, such as row misalignment caused by tip instability. The obtained
Fourier spectra of the film topography are shown in the insets in Fig. 1. A certain broadening
can be detected with increasing annealing temperature and time, reflecting an increase in image
granularity on a spatial scale of about 10 nm. Such broadening may signal a reorganization of the
film’s nanostructure that begins upon annealing.

Nickel films. Annealing at 450 °C proved sufficient to transform the structure of a 5-nm-thick
continuous nickel coating to an island one. Fig. 2,a shows a typical AFM image for the surface
of a continuous nickel film after magnetron sputtering. Figs. 2, b—d represent the topography of
the samples after heating in vacuum for 30, 60, and 120 minutes. Evidently, agglomeration of the
film with the formation of rounded islands occurs.

Fig. 3 shows the results of statistical processing for a series of AFM images of the film topog-
raphy. Fig. 3,a shows the dependences on the annealing time for standardized roughness param-
eters of the film surface, calculated using the Gwyddion package for both maximum and median

a) Deecerrannreeenanns A
154 a”
g N a . .
o . % Maximum peak height (Sp}
= N
26 0 s —=— Median height
=
jua]
A
| V\_/‘

T T T T T T
aQ 30 60 80 120 150 180
Annealing time, min

—
h=snm ] C) 15
T=450"C
£=30 min

Count
Count

2 4 6 8 10 12 14 16 18 20 22 24 26 4 8 12 16 20 24 28 32 36 4
Height, nm Mean radius, nm
T

| e) 15 J =5 nm
T =4s50°C
£=120 min

Count

2 4 6 & 10 12 14 16 18 20 22 24 26 4 8 12 16 20 24 28
Height, nm Mean radius, nm

Fig. 3. AFM images for topography of Ni films with initial thickness of 5 nm: dependences
of surface roughness parameters on annealing time at 450 °C (a) (symbols m and A correspond
to median and maximum height); histograms of island height (b, d) and radius (c, e),
for coatings after annealing for 30 min (b, ¢) and 2 h (d, e)
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heights of the protruding islands. The graph of the maximum peak height (i.e., the height of the
largest islands measured from the median plane) shows a monotonic increase in this parameter
with increasing annealing time; its highest value is close to 20 nm. The median height remains
in the range from 5 to 8 nm, which approximately corresponds to the initial coating thickness.

Fig. 3, b, and d shows histograms for the heights of individual islands, Fig. 3, ¢, and e
shows histograms for their lateral dimensions. These data correspond to films heated for 30 and
120 minutes. The longer annealing time corresponds to wider distributions of these parameters, as
well as an approximately 50% increase in the maximum lateral sizes of the islands as the coatings
are annealed, which is typical for thermal agglomeration [19]. After two hours of annealing, the
radius of the large islands reached 35—40 nm at a height of 20—25 nm (see Fig. 3, d, e).

Fig. 4 shows the measurement results for the surface conductivity of coatings, exhibiting a
qualitative change in the nature of their conductivity after annealing. The as-deposited films are
continuous despite their small mean thickness, as evidenced by the ohmic (linear) behavior of
their current—voltage characteristic and high electrical conductivity with small variance of elec-
trical parameters (Fig. 4,a). The current—voltage characteristics of annealed coatings (Fig. 4,b)
are nonlinear, changing significantly when the contacts are moved along the surface; considerably
high voltages are required to obtain the given current value in this case. Here the natural expla-
nation is that the continuous current paths in the metal film are interrupted as it breaks up into
islands. The films were not photoconductive either before or after annealing: illumination with red
light from a semiconductor laser did not lead to a change in the current—voltage characteristics
(as marked by the ‘laser on/off’ labels in the legends to the graphs in Fig. 4).
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Fig. 4. Measurements of conductivity along unannealed (a)
and annealed (in vacuum at 450 °C for 60 min) (b) Ni coatings
Curves with different numbers correspond to different pairs of contact points on the same sample

Fig. 5,a illustrates the change in the conductivity characteristics along the surface of nickel
coating samples with increasing annealing time. Notably, the current—voltage characteristics
are nonlinear even with a minimum annealing time (15 min), clearly reflecting the fact that
the agglomeration of films is already completed by this time. The nonlinear behavior of the
current—voltage characteristics in the island films can be attributed to both in-plane conduc-
tion via charge carrier tunneling between metal islands and to cross-plane conduction. In the
second case, carriers have to overcome the interface between the substrate and the coating
(partially consisting of a preserved silicon dioxide layer) twice. Ultimately, this indirect evi-
dence supports the latter hypothesis. One of the signs is the smooth and reproducible shape of
the current—voltage characteristics in Figs. 4,b and 5,a: the flow of tunneling current through
island films is usually accompanied by their electroforming [29], manifesting as instability and
hysteresis of the current dependences. Another sign is the relatively slow and monotonic evo-
lution of the current—voltage characteristics with increasing annealing time (accounting for the
above-mentioned variance of substrate properties). If tunneling conduction were dominant, a
much sharper change might be expected for the in-plane conductivity as the gaps between the
islands widen.
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Fig. 5. In-plane (a) and cross-plane (b) current—voltage characteristics for nickel film samples
with a thickness of 5 nm after annealing at 450 °C for different durations

Further evidence for current flow through the substrate during in-plane /—J) measurements
comes from the shape of the characteristics measured in the cross-plane direction, between a
point on the film and an ohmic contact on the back side of the silicon wafer. Such current—volt-
age characteristics are shown in Fig. 5,b. Their shape is asymmetrical, and the degree of asymme-
try increases with increasing annealing time. One of the branches (the right one) of each of the
above dependences is similar in shape and quantitative parameters to the symmetrical branches of
the in-plane /—V curves for the corresponding sample (see Fig. 5,a). The other branch (the left
one) is characterized by a higher current. Such patterns can be easily interpreted if we assume
that the islands in annealed coatings are separated from the substrate by Schottky contacts whose
I—V curves are close to those shown in Fig. 5,b. The current path includes two such contacts
connected back-to-back for in-plane measurements (see Fig. 5,a4). The resulting /—V curve is
symmetric, with its branches corresponding to the reverse branch of a Schottky diode. The depen-
dence of the shape of the /—V curve on the annealing time of the coating can be determined to
a decrease in the effective contact area as the islands in the coating are isolated from each other.

Coating and substrate samples were then used in experiments to determine the thermoelectric
properties of their nanocontacts with the probe of the atomic force microscope. The measured
values of the Seebeck coefficient S for the nanocontact probe with an unannealed film and a
substrate without a metal coating were low (not exceeding approximately 4 uV/K). Values of the
Seebeck coefficient of this order are typical for metals, although the tip of the AFM probe used
was made of semiconducting doped diamond. The values of the Seebeck coefficient for semi-
conductors are typically 1—2 orders of magnitude higher. This result confirms a general pattern
known from the literature (see, for example, [30]): suppression of the thermoelectric effect in
micro- and nanocontacts.

On the other hand, experiments with a nickel island film obtained by annealing a 5-nm-thick
continuous film at 450 °C for 60 minutes (see Fig. 1,c) yielded a qualitatively different result.
When this sample, heated to 65 °C, contacted the probe with the ambient temperature of 20 °C,
a thermoelectric potential difference up to 3.4 mV was recorded, which corresponds to the
Seebeck coefficient .S = 75 uV/K. This exceeds the typical values of .S for metals and corresponds
in order of magnitude to the typical values for doped semiconductors. Therefore, no significant
suppression of the thermoelectric effect occurred in this case. This may be due to the size effects
in nickel nanoislands or to the peculiarities of the interface between the island and the substrate.
This interface has a relatively low electrical conductivity (due to the presence of an oxide layer
and a Schottky barrier) while maintaining high-quality acoustic contact. The lateral dimension
of the interface is about 20 nm, which is significantly larger than the area of the contact between
the AFM probe and a flat film or substrate. All of this facilitates the efficient conversion of heat
flux from electronic (in the island) to phononic (in the substrate) form and vice versa. The fun-
damental possibility of effective thermoelectric conversion under such conditions was analyzed in
a recent theoretical paper [27].
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Conclusion

The objective of this study was to develop a technology for producing nickel island films
on oxidized KDB-10 silicon wafers, which was achieved by means of thermal agglomeration
(dewetting). For this purpose, it was sufficient to heat the continuous coatings with a thickness of
5 nm in vacuum at 450 °C. The process parameters reported in the literature could not be adopted
without additional verification, as it is known that the agglomeration temperature of thin films
depends not only on the coating material but also on its thickness [24], presence of impurities
[31], and substrate material [32]. Considering all of these factors, the conditions closest to our
experiments with nickel appear to be those in [3], studying the agglomeration of initially continu-
ous 3.0-nm-thick nickel films deposited on Si(100) wafers with a 4.5-nm oxide layer. It is pointed
out in [3] that the continuous film structure began to disintegrate (i.e., holes appeared) at an
annealing temperature as low as 280 °C; however, the heating to 450 °C was required for isolated
islands to form, which is in good agreement with the results of our experiments.

The lateral dimensions (radii) of the nickel islands obtained in our experiments ranged from a
few units to 35—40 nm. Electrical characterization of the films showed that the islands are weakly
coupled: the electrical conductivity along the coating is primarily governed by currents flowing
through the substrate and the island/substrate interfaces. Both the morphological and electrical
parameters of the coatings could be modified by varying the annealing time. Applying the same
technique to zirconium films of the same average thickness (5 nm) revealed that annealing at
650 °C was insufficient to transform their structure into an island morphology.

Initial AFM measurements of the thermoelectric parameters of nickel nanoisland films show
potential for further research into these structures to enhance the thermoelectric performance.
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