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Abstract

The precise control of the growth nanaostructured thin filmewattemperature is critical for
the continued development of microelectronic enabled devieehis study, hanocomposite ISi-N
thin films were deposited at low temperature by readtigh-power impulse magnetron sputtering. A
composite Ni-Si target (15 at.% Si) in combination with &NAmplasma were used to deposit films
onto Si(001) substrates, without any additional substrate heatiagyopost-annealing. The films
microstructure changes from a polycrystalline to nanocompositeéwstushen the nitrogen content
exceeds 16 at.%. X-ray diffraction and (scanning) transmis@giron microscopy analyses reveal
that the microstructure consists of nanocrystalgsSIN{x > 1) 7-8 nm in size, embedded in an
amorphous SiNmatrix. It is proposed that this hanostructure is formdovatemperatures due to the
repeated-nucleation of M8i nanocrystals, the growth of which is restricted by then&ion of the
SiNy phase. X-ray photoelectron spectroscopy revealed thegrasence of a ternary solid solution
mainly induced by the diffusion of Ni into the Silhatrix. Four-probe electrical measurements reveal

all the deposited films are electrically conducting.

Keywords: Silicon nitride; NiSi nanocrystals; HiPIMS; hanocomposite
I ntroduction

Nanocomposite thin films made fronBd transition-metal nitride (MeN)
nanocrystalline domains (up to 10 nm), randomly dispersed amemphous silicon nitride
(a-SiNy) matrix have been extensively investigated for more thandeaades due to their
unique physical and mechanical propertiésThey exhibit high indentation hardness,

excellent oxidation resistance, as well as high abrammherosion resistance which make
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them ideal candidates for various industrial applicatioich s1s protective coatings on cutting
tools, biomedical implants and decorative coatiysThe development of hard
nanocomposite coatings relies on the use of a varfatansition metals with high affinity to
N, such as Ti,° Cr!®*? Nb/*"* and zr'*!" Such metals are able to form a hard and
thermodynamically stable metal nitride compounds that canskd as the nanocrystalline
phase. On the other hand, very few publications are devotdtetgrowth of Silg-based
nanocomposite thin films with transition metal with laffinity to N, such as Fe, Cu and Ni.
These transition metals can only form soft and thermaaycally metastable nitrogen-poor
nitride compounds which make them unsuitable for the apjolimaimentioned abov&.?°
However, this low affinity between metal and nitrogen caso aiffer the opportunity to
design new nanocomposite coatings with unique functiooglgties.

Currently, the only low-affinity metal studied as a neoaposite together with SiN
is Ni.?*2® The NiSiN, thin films presented in these publications consists ofcBimickel
silicide (NiSk with x > 1) nanocrystals (nc) encapsulated in an amorphous-SiNx matrix. The
association of Niginc and a-SiN has been demonstrated in having a potential for
applications for emerging nonvolatile memory technolgwith superior retention
characteristics compared to conventional floating-gaiemory devices, resulting from
coulomb blockade and quantum confinement effécts. the references cited above, the
methods of choice for the synthesis of the Ni-contginnanocomposites are reactive
magnetron sputter-deposition from a silicon-rich NiSi poond targets (70 at.% Si)
followed by a rapid high temperature thermal annealing tredtioeallow for the NiSinc
formation. It was reported by Chen al?*?*that the crystal growth occurred after annealing
at 500-600 °C in a nitrogen atmosphere for 100 s while Hearay?* reported growth of
NiSix-nc, 4-5 nm in size, after annealing in oxygen ambient at 70®r®0 s. In these
deposition conditions, the temperature dependence ofi8ig ddystallization is explained by
the bulk diffusion and the precipitation of Ni in the apiwus nitride network’ Eliminating
the annealing process-stepe. synthesizing as-deposited NiSic through a single-step,
would be beneficial for the deposition on flexible, temperatenmsitive substrates, such as
polymers. It would also limit the risk of oxidation and thechém a plasma cleaning step to

remove any oxide layer.

In the present study, we report a straightforward strategytHat purpose, by
deposition of NiSIN from a Ni-rich composite target {dNBb.15) at different nitrogen flow

rates. At a critical nitrogen flow (N> 6 sccm), without the use of substrate heating or any




post-annealing, the resulting film consisted of Ni-richS¥Wi(x > 1)-nc, 7-8 nm in-sizes,
embedded ina-SiNk layer. Under these growth conditions, the formatidn No-rich
nanocrystal is driven via repeated nucleation of subsegudaposited Ni and Si atoms
caused by a phase-separation mechanism taking place durfiigntgeowth.

Experimental procedures

Experiments were performed in a stainless-steel chambet (&) with a base
pressure below I0Pa. A NjpgsSiis composite disk with a diameter of 50 mm and a
thickness of 6 mm was used as a sputtering target and moumtadstrongly unbalanced
magnetron. The films were deposited onto conventionallesiogystal p-doped Si(001)
wafers, ultrasonically cleaned in acetone then ethambfiaally dried under nitrogen flow at
room temperature. The distance between the target arsliblsérate holder was 50 mm. Ar
(sputtering gas) with a purity of 99.9997 % was introduced intchBenber through a mass
flow controller with a flow rate of around 10 sccm. Tleactive gas, Nwith a purity of
99.9995 %, was introduced into the chamber with a flow ratevdréed between 0 and 15
sccm. The total pressure was kept constant at 0.6 Pa bydhaf asdown-stream throttle
valve. The average power density was kept constant atm ¥Vicespectively of the reactive
discharge conditions. Unipolar pulses with a length of 8&pd a frequency of 1 kHz were
supplied by a home-made high-power impulse magnetron sput{etiRgVS) pulsing unit
fed by a Technic SR 1.5-R-1500 DC power supply. This home-madésuaigo equipped
with a DC current generator allowing the superposition ofxaadurrent (~ 4 mA) to produce
of a low-density plasma in-between each high-power penserring a fast response-time of
the discharge curref.The discharge current and voltage time characteristice recorded
by a Tektronix DP3014 oscilloscope using a broadband high voltage @Fektronix P6015)
and a current probe (Tektronix TCP303), respectively, caededose to the power input to
the target (see Figure.S1 of the supporting information).appdied voltage delivered to the
target was varied depending on the fiow rate keeping the average sputtering power
constant at 100 W. High-flux, high-energy ion bombardnadéithe growing film was utilized
with a constant substrate bias at -100 V. The film thickmess kept constant, by adjusting

the deposition time, at around 1 um independent of thiion.

The crystal structure of the films was identified byay-diffraction (XRD) using a
Briker D8 Advance powder diffractometer operating in Bragg-farenm geometry (Ge
monochromator Culg, A = 1.540597 A). All XRD scans were recorded between 20 and 69°




with a step size of 0.02°. A characteristic length ofNheanodomains in the composite films
can be extracted from the full width at half maximum of diraction peaks using the
Scherrer formula after correction to remove the erpental broadening’ The chemical
composition of the films was evaluated through X-ray phuotsgion spectroscopy (XPS)
spectra recorded on a Kratos Ultra photoelectron spectroogte a monochromatic Al K
source (1486.6 eV) operating at 150 W. The pressure in the ianaigsnber was kept below
10° Pa. A surface cleaning of Aions impingement at 0.5 kV was applied for 15 min to
remove the contaminant oxide layer (~1-5 nm) formed atojhasurface by air contamination.
High-resolution spectra of Ns Ni 2p and Si2p core levels were recorded using a pass
energy of 20 eV at 6 = 0° take-off angle (angle between the surface normal andétection
direction). The spectra were analyzed and fitted using @saXPS softwaré A Shirley type
baseline for the background and a pseudo-Voigt function with @auss0%)-Lorentzian
(30%) were used to fit each chemical environment composingxjiesed deposited films.
Finally, all spectra were calibrated in energy by using adicarg C1lsat 284.7 eV. Scanning
electron microscopy (SEM) acquisitions were carriediowt JEOL 7600F microscope with
an incident electron-beam of 5 kV. The microstructura eélected film was investigated by
transmission electron microscopy (TEM). Prior to gsial cross-sectional specimens are
prepared by a two-step procedure consisting of mechanicahipgliollowed by Al milling

at shallow incidence angle of 4° from the sample sarfadth 5 keV ions initially then #h
ion energy was decreased to 2.5 and 1 keV. All measurememgaken with a FEI Tecnai
G2 operated at 200 kV. High angle angular dark field (HAADF) amdggndispersive x-ray
spectroscopy (EDS) combined with scanning-TEM (STEM) analy®ise taken using a
camera length of 140 mm. HAADF images were collected thithannular detector spanning
an angular-range from 80 to 260 mrdtie thin films’ electrical resistivity was measured at
room temperature using a four-point probe method in the vaRalen configuration with a
Keithley 237 current source and a Keithley 2700 multimeter. @gispment enabled the
measurement of electrical resistivity below 1 X @cm. The resistivity values reported in

this work are average values obtained through 10 measurements.

RESULTS

In order to evaluate the impact of the addition gfdd the chemical composition of
the coatings, XPS measurements were carried out andsihiesrare displayed in Figure 1.
For all samples, only Ni, Si and N were detected after ibGites of Af ion etching. These

elements were quantified using the 2yt Si2p and N1score level spectra. It was found that




increasing the Nflow rate in the plasma led to an increasing of theoNtent into the films,
up to ~30 at.% whereas the Ni/Si atomic ratio stayed canf@8i ~ 6, which is close to the
value of the target.

Figure 2.(a) displays XRD diffractograms of the J8ikNy coatings with different N
contents. The peaks, centered at 44.4° and 51.7° can ibeitatirto the (111) and (200)
lattice planes ofcc-nickel (JCPDS: 71-4655) or d€c-NisSi (JCPDS: 32-700), due to the
small difference in lattice parameter between Ni (3.524aA) NiSi (3.504-A)** The
measured peak positions exhibit a distinct shift to higher 20 position of both diffraction peaks
with increasing N content. At the same time, the falf kvidth maximum (FHWM) of the
diffraction peaks increases and their respective sittedecreases with the N content in the
film, up to a N content of 20 at.% after which the procé¢abilizes. Similar behavior.g.
increasing of FHWM and peak intensity have been previooberved in many other
sputtered transition metal carbide- and silicide-based nanositepeystems and is
commonly related to a reduction of the crystallite §fz€. Estimating the crystallite size
using the Scherrer formula from the 111 lattice planedircns a decrease of the grain size
from 24 to 7 nm with increasing N content from 0O to 20 at.%éncbatings, see Figure 2.(b).

For higher content, the crystallite size stays canistharound 7 nm.

To investigate the microstructural evolution of;A8ikNy layers with increasing N
content, three selected films containing 0, 16 and 27 at.% wkre analyzed by cross-
sectional bright-field TEM (BF TEM) investigations, whiare shown in Figure 3. Without
N, the Ni.Si thin film exhibits a dense columnar microstructure, as fypted by the low-
resolution'micrograph (top panel, Figure 3.(a)). Such aastiarcture is typical for thin films
grown using HiPIMS dischargé8.Selected-area electron diffraction (SAED) patternt (lef
bottom panel, Figure 3.(a)) reveals an 111-orientbtedrystal texture, in good agreement
with- XRD results. Moreover, one can also observed theepoe of a weak (211) diffraction
ring between (200) and (220), which is characteristic of #&iNgrystal structure. High-
resolution TEM (HR-TEM) (right bottom panel Figure 3.(&)pws consistently well-defined

lattice fringes.

Upon incorporation of 16 at.% of N into the films, one sae from the bright field
TEM micrograph, see Figure 3.(b), that the columnar nattilias retained. In addition, the
SAED pattern is consistent with the one found at 0 at.%nN With only an additional faint
ring in the (111) position. Note that the additional (211)yalffion ring is still apparent. HR-




TEM displays both intensity variation and nanosizedomeg) where no lattice fringes are
apparent, indicating that here the structure consistolfmnar grains which are sprinkled
with localized amorphous regions (see, for example @nekbiectangle, Figure 3.(b)).

Finally, Ni;xSikNy coating containing 27 at.% of N displays a completely differe
microstructure without any trace of columnar grains (Figgife)). At high resolution, the
microstructure is shown to consist of nanocrystaliisesgdomly distributed in an apparently
amorphous matrix (Figure 3.(c)), whose size is in the rarigé-7 nm, which is in good
agreement with the value extracted from the XRD measuntsiriEhe presence of nc domains
is further highlighted by the SAED pattern, which consistalofost continuous rings, that
can be associated with a randomly orientatédcatructure and (211) B&i. Further TEM
analysis was carried out on thg:1xSikNy coating containing 27 at.% of N by high angle
annular dark field (HAADF) STEM, shown in Figure 4.(a), whickdicates that the nano-
sized domains have an overall higher atomic weight (brigltanpared to the surrounding
matrix (darker). The details are revealed by the ovkrailored Ni (green) and Si (red)
elemental map, obtained using EDS (Figure 4.(b)), showinpeaeier Ni in the domains and
the lighter Si in the matrix. Due to the insensitivatyEDS to light elements a reliable N map
could not be obtained. It is well-known that the presencept of percolated domains may
have a strong impact over the films electric condugtiwithich is a crucial importance for
microelectronic applications. Supporting evidence, althoughcaoatlusive, comes from a
high-resolution TEM (HRTEM) micrograph (Figure 4.(c)) #tmating two possible
interconnecting points between nano-sized domains. Teewith partial attachment with
minimal interaction between only 2-3 atomic columns kedrregion #1) and second with

direct attachment between two crystalline facets (markgidm #2).

In order to have a deeper understanding of the chemicalicatzonds within and
between the Niginc and the matrix, high-resolution XPS analyses wereedaout. Figure
5.(a)describes, with three representative samples, theemie of an increasing N content on
the Si bond structure in the NEikNy coatings. To see all the collected spectra, pleasetcefe
the Figure S2 in the supporting information. Two separatiiriesa can be observed in the
spectra. As the N content within the film increases,sibeals of Si2ps; and Si2py, are
decreasing These two peaks, located at binding energies of 99.3 and 99.¢aeVbe
attributed to Si-Ni bonding"3’ Peaks associated to Si-N bonds, located at 100.3, 101.4 and
102 eV, appears for the film with 12 at.% N or higher, and asge with N content.

According to Schmitet al,*® the different binding energies of Si-N bonds, observethé




spectrum, originate mainly from the different tetrahet@id of SiN, i.e. SFSiN, Si-N-N,
and to a smaller extent to the presence of nearest-neigfiects (secondary chemical shifts).
Figure 5.(a) reveals thathe component associated with the Si-N framework incseaga N
content in detriment to the Si-Ni framework (pleaserrédethe Figure S3 on the supporting
information). At 27 at.% N, the relative contributioh ®i-N represents ~ 40% of the total
spectrum. Therefore, it is reasonable to assume tlatSthich matrix observed in the
previous TEM micrographs (see Figure 4.(b)) mainly consisBiNf, which is commonly
observed in other silicide systenesg, Ti-Si-N,*® Cr-Si-N,*? and NbSiN.* Nonetheless, it is
important to point out that the contribution of Ni-Si bemédmains the dominant one. This can
be attributed to the higher Ni content compared to NerNh.,SkNy layer, as emphasized by
the XPS analysis shown in Figure 1

Regarding the Ni2p photoemission spectra (Figure 5.(b)), all the 2y, line
envelope consisted of three parts: a main emission lineetbed 852.7 e\t 0.2 eV followed
by an asymmetric high binding energy tail at 856.0.3 eV, and a well-resolved shake-up
satellite at 858.2+ 0.3 eV.3"3° According to the work done by Caa al.> it is difficult to
precisely attribute the Ndpz,, main peak to the correct chemical environment of Ninatdue
to the overlap between pure Ni‘and Ni-rich silicide compoe’dsNESi and N4;Sii2) peaks.
In comparison to the Ndps» peak relative to the pure Ni environment (852.7 eV), th2iyi
coredevel shift (AE¢) forthe Nixrich silicides compounds is AEc = 0.1-0.3 eV, which is more
or less the AE. associated error for the charge correcting calibrat&ing C1s(AE.= £ 0.2
eV).*® This implies that a correct identification of the chexhienvironment of Ni atoms by

investigating N2ps/» core-level spectra is not possible.

Based on the information extracted from the XPS corek-lspectra analyses, TEM
micrographs and EDS analyses, it can be concluded th&tith8ikNy, nanocomposite thin
films deposited at higher Nflow (N2 > 6 sccm) are composed of randomly oriented Ni-
dominated nc embedded in a-KiMatrix, with for the presence of Si and Ni within the

domains and amorphous matrix respectively.

Recently, Aballeet al*! reported on the high diffusivity and chemical reactivity\of
in the SiN lattice by occupying lattice interstitials leading to fbemation of a localized
ternary solid solution (N&ixNy), even at room temperature. To confirm the presence of this
ternary alloy within the Si-rich matrix, a dealloying tmeant was carried out on the

nanocomposite coating with 27 at.% of N. This approackistmin a preferential etching of




the metal alloys domains by a simple treatment in dcnitcid (HNQ), ~5 min®?**® In

general, the dealloying process is employed to produce nanspomaterial$! however in
this study it was used to find out the chemical constiutid the Si-rich domains. Cross-
section SEM micrographs recorded on_f§ixNy with 27 at.% N before and after etching are
displayed in Figure 6. After chemical etching, the film thi&ss was strongly reduced by
30% and become difficult to image it in the SEM, indicgta low electric conductivity of the
film. Similar reduction of the film thickness was alreadyserved by Bout®t al,** for a
Cu/C nanocomposite, and was explained by a mechanical iefagfthe material occurring
as a consequence to the removal of the metal richcngstals from the non-conducting

matrix.

EDS compositional analysis confirmed the preferentiaadigion of Ni atoms during
the dealloying process in nitric acid, where after 5 min ciiieg the Ni:Si ratio drops from
8:1 to 1:1. Bright field TEM analysis, shown in Figure 7.(a)eedw that, after the chemical
treatment, the well-defined nanocomposite structure sesanmopsly is no longer evident. At
high resolution (Figure 7.(b)), TEM analysis reveals thatNi-rich nano-domains have been
selectively etched and only weak lattice fringes (insethé Figure 7.(b)) remain which is
attributed to a residue of materials from Ni-rich nanstalg. The low crystalline quality of
the film is further confirmed by its associated fast Feruttansform (FFT) pattern (Figure
7.(c)), where very weak spots are detected. AdditionallyARSTEM micrograph (Figure
7.(d)) indicates that the size of the brighter namees domains have significantly decrease
compared to the ones observed from the film prior to trewattr(Figure 4.(a)). All of which

indicates the selective removal of the crystalline ibli-nanocrystals.

After the HNQ treatmentthe Si2p core levels, see Figure 8.(a), comprises merely
one component arising from Si-N bonds, and Ni-Si bondsamost absent, confirming the
preferential removal of the Ni-based NCs from the filrhis result is also supported by the
analysis of the N2p core levels spectra, as shown in Figure 8.(b), whier atching exhibits
a weak and noisy NEp with the presence of a new peak at 855 eV. According to the
literature®?3this new feature can be related to theSWN ternary bond. Thus, this additional
analysis tends to reveal that the nanocomposite steufttund in N{ixSikNy thin films with N
content higher than 16 at.% is composed of Ni-rich nantadsyaround an amorphous {KiN

with inclusions of a ternary alloy.




The electrical room-temperature resistivity of the gsedéed Ni.SikNy films versus
the N content is shown in the Figure 9. Without N, tHaesaf the electrical resistivity of a 1
pmthick Nip.gsSip.14film is found to be 45 pQ cm which is higher than a pure 1-pum thick Ni
layer (p = 13 p€ cm) but lower than for NizSi thin films that has been measured to 96 pQ cm
and to 82 uQ cm for 150 nm and 500 nm-thick films, respectively>*°As the N content
increases from 2.5 to 27 at.%, an increase of the resistivity can be noticed, from 45to 65 puQ
cm. In addition, the most significant increase in tegig can be observed when the nitrogen
content goes above 12 %, which coincide with appearanite &iN, phase in the SAp XPS
spectra (see Figure 5.(a)). This increase can be atliliatthe finite size effect induced by
the decreasing of the crystallite size, as emphasizedRiy analysis (see Figure 2.(b)).
Nonetheless, these electrical measurements revdalréigardless of the N content, all the
NiSIN films exhibit a good electrical conductivity.

DISCUSSION

The results provided from the structural, microstructunal eéhemical investigations
presented above clearly point out that two separated lgnoethanisms take place in Ni-rich

Ni1«SikNy thin films as a function of the N content incorporatednduthe film growth.

At low N content (between 0 and 16 at.%), both Ni and Sitadhs can diffuse on the
surface of the substrate, encounter another adatom emdcfosters which then serve as
sink for the subsequent stages of film growth including islandieation and growth,
impingement and coalescence of islands and developmera obntinuous filnf’*®
Compositional inhomogeneities within the film are unlikely duéhfact that Ni and Si are
fully miscible® A calorimetric investigatiofl as well as thermodynamic modeling of the Ni-
Si system™>° report the solid solubility of Si in théec phase of Ni at about 10 at.% Si.
Therefore, the slight shift to highe® positions observed for all the samples (see Figure
2.(a)),i.e. smaller interatomic distances than in the pure Ni&waork, is likely caused by the
incorporation of Si atoms into the lattieeg.the Ni-Si bond distances (2.83,>* are shorter
than the Ni-Ni (2.59 A>* Moreover, according to the Ni-Si equilibrium phase diagtathe
presence of twghase alloys a-Ni and intermetallic B-NisSi or possibly a supersaturated o-
Ni;xSi solid solution can be presumed at 10-15 at.% Si, whialitsei® a higher electrical
resistivity in comparison to the pure Ni coating (see FigRireThe columnar structure
observed in the TEM micrograph (see Figure 3.(a)) is comiynseen for polycrystalline

sputtered thin films deposited at low substrate temperatucerdaeg to the structure zone




model proposed by Thorntdf.In addition, the columns and intercolumnar boundaries
observed in our NkSikNy HIPIMS films deposited at low N content are dense, due ftem
intense low-energy ion irradiation from NiAr*, Si and to some extent,Nand N ions
during the film growth. Indeed, reactive HiIPIMS dischargeen in the absence of an applied
substrate bias, are well-known to provide ion-assisted gromitere the deposited flux is
composed to a large fraction of metal ions having an avésiagéc ion energies ofE;) ~
15-20 eV and a neutral sputtered flux with a kinetic energiEpf ~ 2 eV>">2The use of a
continuous substrate bias, here -100V, can provide addittaretic energy (+100 eV) to the
incident ions species at the substrate surface, megurtia higher adatom mobility during the
film growth and ultimately leads to a reduction of intracohar as well as intercolumnar
porosity, as shown by Petrov et*alUnder such conditions, dense;h&iN, films can be
grown even in the absence of substrate heating, whichspmnds to zone 3 in the extended
structure zone diagram, where energetic ion bombardséaien into accourit.

Films grown with very low N content,e. N < 5 at.% exhibit a strong (111) texture
which is usually reported foitc metallic thin film deposited on a native Si®urface by
magnetron sputtering since close-packed (111) planes havéowlest relative surface
energy® This result also demonstrates that adding 15 at.% Si iNitlseb-lattice does not
modify the film texture in comparison to pure Ni film. Owetother hand, XRD analysis (see
Figure 2.(a)) revealed that adding a relatively small amofiiN, i.e. N < 10 at.%, has a
strong impact on the preferred orientation of the filmiere a clear transition from (111) to
(002) is observed. XRD patterns also revealed that bothliti® @nd (200) peak positions
were shifted to lower diffraction angles as a resuhitvbgen incorporation. No nickel nitride
phase (NiN, NisN or NiN) were detected whatever the §s flow added during the present
investigation. Similar behaviog.g. transition from (111) to (002) preferred orientation, has
already been observed for NiNMilms deposited by conventional magnetron sputtering at
different No flow rate, with and without the use of substrate hgafin® The exact
mechanism for this orientation change is not yet fultderstood, but according to Kawamura
et al®! it is considered that the dominant effect controlling Bi@structure evolution under
these growth conditions is the change in steadgstatface chemistry. The high,’Nion
fluxes at the substrate surface tends to increase Mrage on Ni(200) surfaces, thereby
greatly decreasing the surface enepgyy of the (200) plane such thgt,,< y;,; and leads to

the competitive evolution of (200), rather than (111) oatoh. These results suggest that
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one can selectively tune the preferred orientation obNNi-rich NSi films by properly
adjusting a small concentration of N.

Bright field TEM micrograph analysis of the INEiKNy coatings containing 16 at.% N
(see Figure 3.(b)) reveals that the columnar structurillspreserved and composed of
localized amorphous regions. Based on the XPS analysss, can assume that these
amorphous regions are SHdased resulting from the higher chemical affinityNodvith Si (as
discussed in below) than Ni and the low solubility of SilNthe Ni-rich phase which induces
the segregation of two-dimensional (2D) nitride layers (nittissue phases) to surfaces and
grain boundaries of the Ni-rich #8i system. Deposition of two immiscible phases casesu
strong modification of the thin film formation procedsniting grain coarsening during
coalescence and film growthThe resulting texture remains zone 3 with columns elitegn
through the film, but with a lesser degree of preferregintaition and a smaller grain size as
shown in Figure 2.(a) and Figure 2.(b), respectively.

At higher N content (from 16 up to 27 at.%), clear phagarstion starts to occur
leading to a progressive formation of a hanocompositetsite for a N content > 16 at.%
(see Figure 3.(c)) with small Ni-rich nanocrystals ipdyt surrounded by a Si-rich amorphous
matrix, as seen in the cross-section TEM microgrdpligire 4). The physical causes for the
phase separation are not well'understood as many proasssdsad to such behavidr.
Previous studies on<the crystallization of NiSi-nc iilN,Sreported the appearance of
nanocrystals under specific conditions of temperaturader these deposition conditions,
nanocrystal growth took place after a rapid thermal annealimgt@mperature of ~ 600 °C
during 60 seconds:**?® The average size of the nanocrystal was estimatbd tetween 4
and 7.nm, with the annealing temperature. In addition, thehgimetry of all the deposited
Ni1xSikNy films were typically Si-rich with Si content up to 70 at.Werefore, according to
the ternary system nickel-silicon-nitrogen phase diagramagsed by Weitzer and Schustér,
the thermodynamically stable structure for these alloylaghents would be in coexistence
between a metallic phase (either elemental or intedliee and SiN. Even though, as film
growth conditions during sputter depositions are far fromliegum, a metastable solid

solution phase NSi.N, are generally reported. Chen al**?

presented XPS data in the
form of Ni 2p core-level spectra, where a single peak was clearigreessto a ternary Nsi;-
xNy solid solution nitride. Their experimental findings suggést Ni atoms are uniformly
distributed in the bulk of the amorphous network during fgnowth. As a results, the

temperature dependence of the NiSrystallization under these conditions can only be
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explained by bulk diffusion and precipitation of Ni in #wmorphous nitride netwofkoften
termed “metal induced crystallization” (MIC).%” As the temperature of the thermal annealing
increases, accumulated Ni atoms bond to Si atoms and i&ands, resulting in the
nucleation and subsequent growth of NiSanocrystal with x > 12 The driving force for
such a process is the reduction in the free energy due tophous-crystalline phase
transformatior?? Similar effects have been observed for the formaifoNiSi, nanocrystal in
amorphous silicot!’®"2 and silicon oxidé>’* In the present study, the nanocrystal growth
occurs in the films, without any additional substrate hgatrovided that a critical amount of
N, was added. Due to the low growth temperature, bulk diffusionbearuled out and only
surface diffusion can occur during the film grovith.

At the early stage of growth, both Ni and &katoms can freely diffuse on the
substrate surface and form islands which then servesiak &r the subsequently deposited
Ni and Si atom&”® Since the flux of the deposited Ni atoms is higher tiat of Si, the
development of Ni-rich NBi (x > 1) islands will still be dominant. However, one nmkestp
in mind that, in reactive sputtering conditions, N specd¢sad-atoms and Nl can also be
adsorbed and diffuse on the growing film surface. Due to thHeehigffinity of N with Si as
compared with Nig.g.the enthalpy of formatior{) at room temperature for Si-N and Ni-
are AH = -470 and4H =-70-85 kJ mot,* respectively, will favor the formation of an
amorphous SiN phase (see Figure 5.(a)). As the N concentration isefuiticreased in
comparison to the MNiSikNy coatings containing 16 at.% N, here the 2D ,Sissue phase
completely covers Ni-rich islands of all orientaigoat the initial stage of the film growth and
coarsening during coalescence is hindered. As observed fro8Ttk micrograph (Figure
4), the resulting film growth proceeds through repeated leatimcn with clear phase
separation into Ni-rich and Si-rich domains. Resultingndilare composed of small Ni-rich
nanocrystals with random orientation (see Figure 2dqepersed in an amorphous nitride
matrix. The nanocrystal growth mechanisms suggested iprésent study is consistent with
most of the observations reported in the literature foocamposite MSi-N systems (M =
Ti, Nb, Zr, Cr) deposited at low temperatdrEor these systems, the typical nanocomposite
microstructural change appears for a Si concentration betWeand 20 at.%, which is
relatively close to our condition, ~12 at.% Si. Thus, dkereasing of the diffraction peak
intensity of the Ni-rich phase (Figure 2.(a)) and therelasing of the crystallite size from 18

to 7 nm derived from the diffraction peak widths (Figure 2.¢b}h increasing N content,

12



results in a broadening of the particle size distribut@wvards smaller dimensions due to the
continuous development of the 2D Sifissue phase.

Our results also demonstrate that Ni atoms can be in@egbin the Si-rich matrix
during the growth, forming a ternary solid solution (seguf@ 8.(b)). The Ni incorporation in
the SiN, phase can be understood in view of the high diffusivity solubility of Ni‘in SiN
lattice!” Indeed, Ni, like Cu, belongs to the group &d transition metals, which are
considered as the fastest diffusers in Si at high teatyrey® but even at room temperature.

Finally, the small increase of the room temperaturdredatresistivity from about 45
to 65 pQ with increasing N content suggests that the conduction mechanism of the as-
deposited coatings is not strongly affected by the fiiansito a nanocomposite
microstructure. Similar results have been reported by Sa@tdal®® for nanocomposite
ZrN/SiNx thin films deposited using bias voltages of -150 V and a subdemperature of
250°C and, more recently, by Ramitzal®* for N-deficient TaN/SiN thin films. The authors
attributed the weak dependence of the electrical resistwitiie frequent percolation of the
nearest-neighbors conducting crystallites due to the stoa#irage of the SiNphase. The
idea of a percolation conduction path, in our films, is sujgooby the HRTEM analysis (see
the marked region labeled #2'in the Figure 4.(e)), revediamigthe surface coverage of SIiN
is too small to completely encapsulate the Ni-rigfstllites leading to the percolation of two
nearest-neighbor crystallites. This percolation pathwawdsn Ni-rich crystallites offers a
highly conducting network for charge carriers to diffuseossrthe entire film thickness,
reducing the electrical resistivity. In addition, due te small thickness of the SiNayer, as
emphasized by the marked region labeled #1 in the Figune didetrical transport could also
be occurred through tunneliffy.Completely isolating the Ni-rich crystallites, andus
increase of the electrical resistivity, should be fmeddy increasing the Si content within the

films.

CONCLUSION

In the present work, N&N thin films were reactively deposited employing HiPIMS
from a NpgsSk.15 composite target at different nitrogen gas flow. By adjgsteactive gas
both the N concentration, and as a direct consequémeenicrostructure of the films can be
controlled. A clear transition of a polycrystalline Ngh Ni-Si film to a nanocomposite film

composed of 7-8 nm Ni-rich i nanocrystals embedded in an amorphous &ikers was
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observed when the nitrogen content reached a value above/d.6rae formation of Ni-rich
nanocrystal is driven via repeated nucleation of subsegudagosited Ni and Si atoms
caused by the phase-separation process taking place durifigntlggowth. The proposed
scenario is expected to be the same for other metdisawow affinity to nitrogen, such as
Cu, Co and Fe. This single-step process provides the piglbiin situ fabrication of NiSi
nanocrystals without any additional heating, necesdary the development of new
nonvolatile nanocrystal memories deposited onto temperagasgtise substrates.
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Figure caption:

Figure 1. Evolution of the element concentration iMNo_,SikN, layers determined through XPS measurements
as a function of the nitrogen flow rate. All the analysese performed after an situ cleaning of the surface
using an Ar ion gun operating at 0.5 keV.

Figure 2. (a) X-ray diffraction patterns and (b) crystallite siz@eledence estimated from the 111 diffraction
peak with the Scherrer equation for NiSiN coatings witfeidnt N content on Si(001) at room temperature.

Figure 3. Cross-sectional transmission electron microscopyMJT&nalysis of the Ni,SikNy thin films
containing 0 at.% (a), 16 at.% (b) and (c) 27 at.% of N. The top parelbright-field TEM micrographs from
the thin films along with their respective SAED patterieft bottom panels, fitted to fac-structure. Note the
presence of a very weak (211) diffraction ring between (200) and, (2B@h is characteristic of a }8i crystal
structure. The right bottom panels are high-resolutiBMTHR-TEM) micrographs of a defined region of the
microstructure.

Figure 4. Advanced microscopy characterization of the,8ikN, thin film containing 27 at.% of N. HAADF-
STEM image (a), the corresponding EDS-STEM map (b), witargirdicating Ni and red indicating Si, of the
same area and HR-TEM image of a single crystallite (&) two regions‘indicating possible interconnection to
other domains either by three atomic columns (region #djrect attachment (region #2).

Figure 5. High-resolution XPS core level spectra of the2Si(a) and Ni2p (b) region forNi;,SikN, coatings
containing 0, 16 and 27 at.% N. The spectra were acquierdfaitsputter cleaning.

Figure 6. Cross-sectional SEM micrographs of #&a.,SikN, film containing 27 at.% of N before etching (a)
and after treatment in nitric acid for 5 min.

Figure 7. Cross-sectional TEM micrographs ofy\8ixN, film containing 27 at.% of N recorded after chemical
etching in nitric acid for 5 min. (a) Bright field TEM magraphs at low (a) and high magnification (b), its
associated FFT pattern (c), and an additional HAADF-STEBtagraph (d). Inset in (b) highlights one of the
weak lattice fringes observed in the etched sample.

Figure 8. XPS core level spectra of theZi (a) and Ni2p (b) region forNi;.,SikN, coatings containing 27 at.%
N before and after nitric etching. The spectra were aatjafter Ar" sputter cleaning.

Figure 9. Roomtemperature electrical resistivity of thié; ,SixNy thin films as a function of the N content.
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Graphical abstract

Polycrystalline Nanocomposite

(Ni0_855i0_15) (Ni0.655i0.11N0.24)
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Highlights:

e Deposition of Ni,Si nanocrystals embedded in SiN, matrix by HiPIMS without any intentional

heating

e Spontaneous formation of Ni,Si nanocrystals and SiN is occurring with N, addition during
deposition

o The phase separation relies on a higher chemical affinity of N with Si
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