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SURFACE MORPHOLOGY AND STRUCTURAL FEATURES OF NICKEL SILICIDE THIN FILMS
FABRICATED BY ION-PLASMA DEPOSITION

Annotation

It has been determined that excessive heating at 800 K may induce agglomeration effects; therefore, the optimal annealing
temperature was set at 750 K. Furthermore, the initially amorphous or fine-grained crystalline structure evolved into larger
crystalline domains, suggesting the onset of NiSi, phase formation. Energy-dispersive X-ray spectroscopy (EDX) revealed
an almost complete absence of oxygen, carbon, and other impurity peaks, thereby confirming the high purity of the sample.
The results indicate that silicide phases, most likely NiSi,, were formed at the Ni/Si interface as a consequence of ion-plasma
deposition followed by thermal diffusion.

Keywords: metal, silicide, thin films, nanoscale, contact resistance, ion-plasma deposition, thermal diffusion, energy-
dispersive X-ray spectroscopy.

MOP®OJIOTI'UA NOBEPXHOCTHU U CTPYKTYPHBIE OCOBEHHOCTHU TOHKHUX IIVIEHOK
HUKEJBCUJINIOUIA, IOJYYEHHBIX METOAOM NOHHO-IIJIASMEHHOI'O OCAKAEHUA
AHHOTaALIUA
VYcranoBneHo, 4To 4pe3MepHbIii HarpeB npu 800 K mokeT BbI3BaTh 3()(EKTHI arioMepanud; MOITOMY ONTHUMabHas
Temreparypa oTkura Opiia ycranosiieHa Ha ypoBHe 750 K. Kpome toro, nepBoHauanbHas aMopQHas UM MEJIKO3EpHUCTas
KpHUCTAUTMYECKasl CTPYKTypa HM3MEHWIach, INPEBPATHBIIMNCH B 0OoJiee KPYNHBIE KPHCTAJUTMYECKHE ITOMEHBI, 4YTO
CBUJICTENILCTBYET O Hauase (opmupoBanus ¢assl NiSi;. DHepromucnepcuoHHas peHTreHoBckas crnekrpockonus (EDX)
MoKa3aja MPaKTUYECKH IIOJTHOE OTCYTCTBHE KHCIOPOJA, YIiepoAa W IPYrHX NPHMECHBIX NHKOB, YTO ITOATBEPIKAAET
BBICOKYIO YUCTOTY o0Opasua. PesynbTaTel HcCCleOBaHMS YKa3blBalOT Ha TO, 4To Ha rpanune Ni/Si oOpazoBanuch
cuMIuIHble (a3pl, HaubOojee BeposTHO NiSiz, B pe3yibTaTe HOHHO-TUIA3MEHHOTO OCAXICHUS C MOCIexyomeit

TepMudeckoi 1udy3uen.
KuioueBrble ciioBa: MeTaml, CHIIMLN/, TOHKUE TUIEHKH, HAHOPAa3MEPHBIE CTPYKTYPHI, KOHTAKTHOE CONPOTHBIICHHE, HOHHO-
IUIa3MEHHOE OCaKACHHE, TepMudecKast 11 dy3usi, SHEProAUCTIEPCHOHHAsI PEHTTEHOBCKAs! CIIEKTPOCKOTIH L.

ION-PLAZMA CHANGLATISH USULI ORQALI OLINADIGAN NIKEL SILITSID YUPQA
QATLAMLARINING SIRT MORFOLOGIYASI VA TUZILMA XUSUSIYATLARI
Annotatsiya

Aniglanishicha, 800 K da ortigcha gizdirish aglomeratsiya jarayonlariga olib kelishi mumkin; shu sababli optimal tovlanish
harorati 750 K etib belgilandi. Bundan tashqari, dastlabki amorf yoki mayda donali kristall tuzilma kattaroq kristall
domenlarga o‘zgarib, NiSi, fazasi hosil bo‘lish jarayonining boshlanishini ko‘rsatdi. Energiya-dispersion rentgen
spektroskopiyasi (EDX) namunada kislorod, uglerod va boshga qo‘shimcha cho‘qqilarning deyarli yo‘qligini aniqladi, bu
esa namunadagi yuqori tozalik darajasini tasdiqlaydi. Tadqiqot natijalari shuni ko‘rsatadiki, Ni/Si chegarasida ion-plazma
changlatish va keyingi issiglik diffuziyasi natijasida, ehtimol, NiSi, bo‘lgan silitsid fazalari hosil bo‘lgan.

Kalit so‘zlar: metall, silitsid, yupqa qavatlar, nanoo‘lcham, kontakt qarshiligi, ion-plazma changlatish, issiglik diffuziyasi,
energiya-dispersion rentgen spektroskopiyasi.

Introduction. Nickel silicide thin films and their metallic counterparts have attracted significant interest in
nanoelectronics as submicron-level materials. Nickel silicides are widely utilized as contacts for field-effect transistors, in
solar-thermal energy converters, as ohmic contacts, as protective coatings against electromagnetic radiation, and as one of
the key electronic materials for various nanoelectronic devices [1-5].
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Due to their advantages, such as low-temperature processing, low silicon consumption, and low contact resistance
[6], nickel silicide thin films have gained increasing attention as promising candidates for next-generation nanoscale
materials capable of replacing various types of silicide thin films currently in use.

The formation of nickel silicide thin films primarily occurs through a solid-phase reaction between the deposited
nickel layer and the silicon substrate. Nickel is deposited onto a pretreated silicon substrate via physical vapor deposition
(PVD) [7-9] or chemical vapor deposition (CVD) techniques. The phase formation of nickel silicides strongly depends on
several factors, including the thickness of the Ni layer, the deposition technique, the orientation of the substrate, annealing
conditions, and the morphology of the silicon surface. Therefore, controlling these parameters is critically important but
remains challenging when aiming to obtain a single-phase NiSi structure [10].

The temperature-dependent silicidation reaction of Ni, which is governed by diffusion mechanisms, mainly proceeds
through the diffusion of Ni atoms into the silicon region. In this process, the resulting Ni vacancies are predominantly
localized within the nickel layer rather than in the silicon layer [11].

Furthermore, during thermal annealing, the sequential formation of nickel silicide phases Ni,Si, NiSi, and NiSi;
occurs [12]. These silicides differ in their formation temperatures and specific resistivity, which significantly affect the
electrical properties of the surface [13]. The Ni,Si phase is typically formed within the temperature range of 475 K to 600
K [14]. According to [15], the transition from Ni.Si to NiSi takes place at 575-650 K, while the NiSi, phase forms at higher
temperatures of approximately 700-750 K [16,17].

In this work, post-deposition annealing regimes were employed to control the diffusion and redistribution of low-
energy Ni atoms on the Si(111) surface during the solid-phase ion-plasma deposition process and to improve the interface
quality of nickel silicide layers. This study provides an experimental foundation for optimizing the structural and electronic
properties of metallic silicides in integrated circuits, aiming to enhance the overall performance and efficiency of
nanoelectronic devices [18].

Methods and discussion of results. Silicon substrates with a (111) crystallographic orientation were used in this
study. The substrates were cleaned in three successive stages to ensure high surface quality. Nickel with a purity of 99.95%
was deposited onto the heated Si(111) surface by the ion-plasma deposition method using a radio-frequency (RF) magnetron
sputtering system under the following conditions: | = 296 mA, U =337 V, and P = 100 W.

Initially, an amorphous Ni/Si layer was formed, which subsequently transformed into crystalline structures with face-
centered cubic (FCC) and body-centered cubic (BCC) lattice configurations. These crystalline structures define the spatial
arrangement of atoms within the metallic layer.

Upon annealing at a temperature range of 700-750 K for 150 minutes, significant grain growth and crystallization
were observed, indicating improved structural ordering within the nickel silicide films.

Figure 1 shows a scanning electron microscopy (SEM) image of the Ni/Si thin film obtained by the ion-plasma
deposition method. The image reveals that the top layer (lighter contrast) has an approximate thickness of 0.39 pm, as
determined from the scale bar. A well-defined and smooth interface is observed between the thin film and the substrate
(darker lower region), indicating strong adhesion and minimal interdiffusion.

The top layer exhibits a polycrystalline structure, where grains of various sizes and their boundaries are clearly
visible. The surface of the film is relatively uniform, although minor variations are noticeable in certain areas. Due to the
use of a backscattered electron (BSE) detector, a compositional contrast is observed: regions containing heavier atoms
appear brighter, whereas areas with lighter atoms appear darker [19].

At a magnification of 44,600x, the microstructural details of the film are clearly resolved. The results indicate that
the crystallization process is essentially complete, with minimal agglomeration and preserved film integrity. These findings
are critical for evaluating the film quality, predicting its electrical properties, and optimizing the technological deposition
process.

SEM MAG: 446 kx  View field: 6.21 ym | 11 MIRA3 TESCAN
SEM HV: 20.0 kV BI: 12.00 1um

WD: 10.29 mm Det: BSE Performance in nanospace
Figure 1. Scanning electron microscopy (SEM) image of the Ni/Si thin film with an approximate thickness of 390 nm,
obtained by the ion-plasma deposition method.
At a temperature of 300 K, a nickel thin film with a thickness of 390 nm was deposited onto the silicon surface using
the ion-plasma deposition method. At this stage, small surface spots were observed on the as-deposited film. The samples
were then subjected to thermal annealing in a vacuum furnace at 750 K for 1.5 hours. After heating, due to thermal diffusion
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of atoms and their high mobility, the surface reached a more energetically favorable state, which corresponds to the classical
Ostwald ripening process. The Ni/Si system tended to minimize its surface free energy, resulting in the formation of a
smooth and well-defined interface.

These morphological changes indicate a reduction in electrical resistivity and an improvement in contact quality, as a
smoother surface leads to lower electron scattering and better electrical conductivity. However, at excessive annealing temperatures
of about 800 K, agglomeration effects may occur; therefore, the optimal processing temperature was determined to be 750 K [20].
Furthermore, the initially amorphous or fine-grained crystalline structure transformed into larger crystalline domains, which may
indicate the early stage of NiSi2 phase formation.

In Figure 2 given 2D and 3D surface morphology images of the nickel thin film obtained by the ion-plasma deposition
method. The surface images were captured using a confocal laser scanning microscope (CLSM). As seen from the results, the
surface roughness is extremely low, indicating a highly uniform and homogeneous film surface. This smoothness is attributed to
the effect of subsequent thermal annealing, which significantly improves the microstructural quality of the film.

258.169um

bR

258 437um

Figure 2. 2D and 3D atomic force microscopy (AFM) images of the Ni/Si thin films deposited by the ion-plasma method,
showing the surface morphology and uniformity of the film.
Measurements were carried out at a depth of 390 nm, and the average surface roughness was determined to be 2.6 nm.

Figure 3. Energy-dispersive X-ray spectroscopy (EDS) spectrum of the Ni/Si thin film, showing distinct Si and Ni peaks,
confirming the formation of nickel silicide phases.

Figure 3 shows the energy-dispersive X-ray spectroscopy (EDS) spectrum, where distinct peaks corresponding to
silicon (Si) and nickel (Ni) are clearly observed. The Si peak is located at approximately ~1.0 keV, whereas the Ni peak
appears near ~8.0 keV. The intensity of the Si peak is about 380 counts/eV, while that of the Ni peak is approximately 285
counts/eV.

These results indicate that the silicon concentration is roughly twice that of nickel, suggesting the formation of the
NiSi, silicide phase within the thin film.

In the EDS spectrum, peaks corresponding to oxygen (O), carbon (C), or other impurities are practically absent,
which confirms the high purity of the sample. The obtained results indicate that, at the Ni/Si interface, silicide phases - most
likely NiSi, - were formed as a result of the ion-plasma deposition process. The relatively low intensity of the Ni peak
suggests that a significant portion of nickel atoms reacted with silicon, leading to the formation of nickel silicide compounds.

The EDS results, combined with the surface morphology obtained via scanning electron microscopy (SEM), provide
a comprehensive assessment of the film quality and its phase composition.

Table 1. Elemental composition of the Ni/Si thin film obtained by energy-dispersive X-ray spectroscopy (EDS).

Element Weight % Atomic %
Si 43.70 66.22
Ni 56.30 33.78

- 496 -




0O¢‘zMU xabarlari Becrnuxk HYY3 ACTA NUUz | FIZIKA | 3/2 2025

Element Weight % Atomic %
Total 100.00 100.00
Table 1 shows that, in terms of atomic fraction, silicon (Si) accounts for 66.22 at.%, which is significantly higher

than the nickel (Ni) content of 33.78 at.%. This indicates the presence of a silicon-rich phase in the investigated material. In
terms of weight fraction, nickel (56.30 wt.%) dominates, which can be explained by its higher atomic mass (Ni~ 58.7 a.m.u.,
Si~28.1 a.m.u.). The atomic ratio of Ni:Si~ 1:2 is close to the stoichiometry of NiSi,, suggesting that a stable NiSi silicide
phase was formed in the film during ion-plasma deposition followed by thermal annealing.
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