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Metal silicide films are widely applied in microelectronic industry, they have been used as rectifier and 

ohmic contacts. Most of metals react with silicon to form silicide, the deposition of a thin metal layer is ob-

tained by different techniques. The common methods are vacuum evaporation with filament or e-gun, 

sputtering, and chemical vapor deposition. The vacuum deposition of a thin layer of metal on a silicon sub-

strate is one of the most widely used. The metal silicide film is grown on a silicon substrate and then an-

nealed at different thermal budgets. In this work, to prepare a silicide film, we have used as a technique 

vacuum evaporation PVD (physical vapor deposition) by using a nickel (Ni) filament with high purity. On a 

substrate of naturally oxidized Si(100) and after HF surface preparation, two layers of nickel are deposited, 

namely of 56 nm and 35 nm. These different samples (Ni(56 nm)/Si(100) and Ni(35 nm)/Si(100)) were then 

vacuum annealed at different thermal budgets and at temperatures equal to 350, 500, 650 and 750 °C for a 

time equal to 30 min. The characterization of the obtained layers was made by the following techniques:  

X-ray diffraction (XRD) for studying the structure of the films (phase identification), the four-point probe 

technique for measuring the sheet resistance of the phase(s), and the surface roughness study was carried 

out using atomic force microscopy (AFM). The growth of Ni on naturally oxidized Si(100) substrates has 

been studied by different techniques which confirmed that the vacuum annealing temperature has a very 

important effect, NiSi monosilicide phase appears from 650 °C. The morphology analysis of the interface 

revealed the presence of different phases NiSi, NiO and Ni2O3 which is confirmed by structural analysis. 

Also, good coherence was observed between XRD results with those of the sheet resistance and the RMS 

surface roughness measurements. 
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1. INTRODUCTION 
 

There is a vast literature on the formation of nickel 

silicides (Ni2Si, NiSi, NiSi2, ...). Traditionally, com-

pounds are formed from a deposit of nickel produced on 

a previously cleaned silicon substrate. Then, the sili-

cide is formed by vacuum annealing. In most studies, 

relatively thick silicide films are formed with an initial 

thickness of a deposited metal from 50 to 100 nm. For 

these thickness ranges, it has been shown that the 

phase formation sequence of nickel silicide for an in-

creasing thermal budget is as follows [1, 2]: 
 

250 350 900

2 2Ni Ni Si NiSi NiSi
C C C  

   . 

 

Nickel silicide (NiSi) is a material which finds ap-

plication in both Complementary Metal Oxide Semi-

conductor (CMOS) devices [3, 4]. 

Nickel silicide thin films are used in ohmic contacts 

in the CMOS industry due to their low resistivity [5, 6], 

low silicon consumption and low processing tempera-

ture compared to titanium silicide and cobalt silicide 

[7, 8]. For instance, Ni-rich silicides, like Ni3Si, Ni2Si 

and Ni31Si12, can be used for p-MOS gates due to their 

higher work function, while NiSi, NiSi2 and Ni3Si2 are 

attractive for n-MOS applications [9]. 

In the experiment, during the formation of nickel 

silicide films after annealing in the ambient atmos-

phere a nickel oxide (NiO) phase could be formed. NiO 

is an interesting material because of its chemical and 

thermal stability, it has a set of physical properties 

(optical, magnetic etc.) capable of using it in numerous 

applications in the field of electronics and optoelectron-

ics [10]. NiO is an anti-ferromagnetic and a p-type con-

ductivity semiconductor with a large optical gap be-

tween 3.6 and 4.0 eV [11]. 

Among the applications of NiO thin films, we cite 

that this material is used as an anode in oxygen fuel 

cells, as an active material in chemical gas sensors. In 

addition, the application of this compound is found in 

other optoelectronic devices (elements for displaying 

information, variable reflection mirrors etc.) [12]. 

In this work, on the substrate of p-type monocrys-

talline silicon (100), two layers of nickel are deposited, 

namely (56 nm and 35 nm), by thermal evaporation by 

Joule effect. These different samples (Ni(56 nm)/Si(100) 

and Ni(35 nm)/Si(100)) were then annealed at different 

thermal budgets from 350 until 750 °C for a time equal 

to 30 min. All prepared samples are characterized by 

different techniques (XRD, Four-point probe, AFM). 

The resulting structural properties of the silicide 

layer are promising to improve the structural and elec-

trical stability of NiSi. 
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2. EXPERIMENTAL PROCEDURE 
 

The vacuum deposition of pure nickel was carried 

out on a naturally oxidized Si(100) substrate. The Si 

monocrystalline silicon wafer was p-type having a re-

sistivity between 12 and 20 Ω.cm and a thickness of 

400 m. The silicone substrates were treated and 

cleaned by HF solution. Then, two films of nickel were 

deposited with thicknesses equal to 56 nm and 35 nm 

by PVD (physical vapor deposition) and thermal evapo-

ration by Joule effect. In order to study the stability of 

the interface of Ni(56 nm)/Si and Ni(35 nm)/Si systems 

as a function of temperature, we subjected our samples 

to the conventional thermal vacuum annealing RCA at 

temperatures of 350, 500, 650 and 750 °C for 30 min. 

The characterization of the obtained films was made by 

the following techniques: X-ray diffraction (XRD), elec-

trical resistivity measurement by the four-point probe 

method, atomic force microscopy (AFM). 

 

3. DISCUSSION OF RESULTS 
 

3.1 Structural Characterization: XRD 
 

In the grazing incidence analysis, the sample re-

ceives an incident beam at a fixed angle of 0.5°, and the 

detector rotates over a range of 10 to 100° in the 2θ 

scale. It also makes it possible to increase the diffrac-

tion volume and therefore to measure very thin films 

up to around 10 nm thick [13]. In the diffractometer, X-

rays were produced from a CuKα radiation source hav-

ing a wavelength equal to 1.540593 Å. We have based 

on JCPDS file No°47-1049 to identify the different dif-

fraction peaks measured from our thin films. The scan 

angle varied from 2θ  25° to 80° with a step size of 

0.01 and at a rate of 1.57 min. 
 

 
 

Fig. 1 – XRD spectra of the Ni(35 nm)/Si system for annealing 

temperatures from 350 °C to 750 °C for 30 min 
 

Fig. 1 and Fig. 2 show XRD patterns of Ni/Si sam-

ples annealed at different temperatures (350, 500, 650 

and 750 °C) for a time of 30 min, the samples have dif-

ferent thickness of 35 and 56 nm. 

The XRD data clearly show distinct peaks at 2θ of 

44.82, 51.95 and 76.47. The peaks have been identified 

from (JCPDS Card No 04-0850) as peaks of Ni particles 

with various diffraction planes [111], [200] and [220]. 

The XRD pattern revealed the formation of NiO 

phase at 37.47, 44.58, 63.09, 74.59 and 79.47 which are  

 
 

Fig. 2 – XRD spectra of the Ni(56 nm)/Si system for annealing 

temperatures from 350 °C to 750 °C for 30 min 
 

 
 

Fig. 3 – XRD spectra (42°  2θ  50°) of the Ni(35 nm)/Si film 

for annealing temperatures from 350 °C to 750 °C for 30 min 
 

attributed to diffraction planes [111], [200], [220], [311] 

and [222](JCPDS Card No 47-1049). 

The other peaks, observed at angles 2 of 31.32, 

54.95 and 66.59, have been identified as Ni2O3 corre-

sponding to [002], [202] and [004] planes, respectively. 

A peak at 2θ of 38.33 (*) is frequently observed 

which corresponds to the cello tape used for holding the 

samples. The obtained results confirm the presence of 

Ni on Si, but annealing of the samples over 350 °C 

leads to a fairly homogeneous formation of a NiO film 

containing a small amount of Ni2O3 as impurities. 

The annealed samples with 56 nm of thickness do 

not show the presence of Ni2O3 impurities. 

Nickel silicide thin films were also analyzed using 

glancing angle XRD. The peaks obtained in the diffrac-

tograms (Fig. 3 and Fig. 4) were compared with the 

International Committee for Diffraction Data powder 

diffraction file (JCPDS Card No 85-0901) for indexing. 

The diffractograms show the XRD peaks obtained while 

the sample was heated from 350 to 750 °C. 

Nickel and silicide peaks are concentrated in the 2 

range of 42-50°; the peak at 44.82° is the nickel peak 

due to thermal expansion, peak shift. When the sample 

reaches a temperature over 350 °C many small peaks 

appear at 45.51°, 46.94° and 49.1° which correspond to 
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NiSi(211), NiSi(121) and NiSi(220) monosilicides, re-

spectively. This indicates that the nickel silicide thin 

film with a preferential (121) orientation was prepared. 
 

 
 

Fig. 4 – XRD spectra (42°  2θ 50°) of the Ni(56 nm)/Si film 

after annealing from 350 °C to 750 °C for 30 min 

 

3.2 Resistivity Measurements 
 

The objective of the following experiment is to 

measure film (Ni/Si) resistances as a function of the 

annealing temperature. The sheet resistance Rs is 

measured by the four-point method. A four-point probe 

system consists of four contact needles separated by a 

distance (s) aligned linearly or in a square configura-

tion. Refer to Fig. 5 for detail. 

A direct current is applied to probe 1 across the 

substrate or film and measured on probe 4. As the cur-

rent travels across the film, potential drops occur due 

to the internal resistance of the film. These potential 

differences are measured by probes 2 and 3. From the 

voltage and current measurements along with the film 

thickness (w) and probe spacing (s), the resistivity of 

the layer can easily be calculated. 

Fig. 6 shows the variation of the sheet resistance as 

a function of temperature of RCA annealing for two 

substrates, namely Ni(35 nm)/Si and Ni(56 nm)/Si. The 

annealing time is 30 min. 
 

 
 

Fig. 5 – Experimental setup and arrangement of the measur-

ing tips on the sample 
 

In order to monitor the high-temperature stability 

of Ni(35 nm)/Si(100) and Ni(56 nm)/Si(100) systems, 

sheet resistance measurements were made after RCA 

annealing at different temperatures. The results are 

shown in Fig. 6. 
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Fig. 6 – Evolution of Rs for different RCA annealing tempera-

tures of the two substrates: Ni(35 nm)/Si and Ni(56 nm)/Si 
 

It can be seen that NiSi films are stable between 0 

and 650 °C. The sheet resistance of the film (NiSi) ob-

tained is of the order of 7.6 Ω/sq, a value is entirely ac-

ceptable for making electrical contact [14]. The ramp 

used has, in terms of Rs, only little influence on the 

degradation of the film, the only point of difference is 

located at 750 °C, where we see that the resistance goes 

to maximum values equal to 103 Ω/sq and 340 Ω/sq for 

Ni(35 nm)/Si and Ni(56 nm)/Si systems, respectively. 

The high sheet resistance at high temperatures cor-

responds to nickel monoxides NiO(111) and NiO(220) 

formed for the Ni(56 nm)/Si substrate and to nickel 

trioxide Ni2O3(202) for the Ni(35 nm)/Si substrate. 

To better see the effect of the thickness of the nickel 

film on the sheet resistance, we preferred to represent 

the superimposed curves. We find that there is a signif-

icant difference at temperatures above 650 °C. This 

also allowed us to conclude that the smaller the thick-

ness of the film, the greater the value of the resistance 

Rs, and this for temperatures above 650 °C. 

 

3.3. Atomic Force Microscopy (AFM) 
 

In our study, AFM was used to determine the mor-

phological properties of thin films for characterizing 

the RMS parameter. The quadratic mean of the rough-

ness, called RMS (root mean square), is defined accord-

ing to the relation [15]: 
 

  
2

1
N
i iZ Z

RMS
N

 


 , (1) 

 

where Zi, Z  and N define respectively the local height, 

the average height of the characterized surface and the 

number of measured points. 

AFM is typically used to investigate the surface to-

pography of a sample. Unlike other microscopy, AFM 

gives the most accurate representation of the sample's 

surface with atomic level resolution. Such resolution is 

capable of resolving the grain sizes and shapes as well 

as the surface roughness of a sample. 

By way of comparative example, we have measured 

the mean roughness of the reference sample (as-deposi-

ted), it has been evaluated at 11.2 nm. The films depos-

ited initially amorphous have a smooth surface (Fig. 7). 

After being annealed at 650 °C, a remarkable increase 

was observed in roughness of the order of 90.41 nm 

which is attributed to the formation of new phases Ni-



 

R. MEZOUAR, A. MERABET, A. BAHLOUL J. NANO- ELECTRON. PHYS. 12, 06005 (2020) 

 

 

06005-4 

Si, NiO and Ni2O3. Also, the maximum thickness inc-

reases from 130 to 400 nm which is about 3 times. 
 

 
 

 
 

Fig. 7 – AFM images: (a) of Ni(35 nm)/Si as-deposited, (b) of 

Ni(35 nm)/Si RCA annealed at 650 °C for 30 min 
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Fig. 8 – RMS roughness as a function of temperature for 30 min 

for the Ni(35 nm)/Si(100) system 
 

Fig. 8 illustrates the evolution of the average RMS 

surface roughness as a function of the RCA annealing 

temperature of the Ni(35 nm)/Si substrate. In this figure, 

we observe stability of the roughness value with the 

annealing temperature between 0 and 500 °C, and it 

goes through a maximum at 650 °C, which can be at-

tributed to a notable increase in the grain size. 

The resulting morphology properties of the silicide 

layer are very promising which confirm the structural 

and electrical stability of NiSi. 

 

4. CONCLUSIONS 
 

Several works in the literature have focused on the 

development and characterization of thin films of metal 

oxides by different deposition techniques and heating 

modes. The variation of their properties has been stud-

ied according to several parameters and deposition 

conditions for various applications in the electronics 

and optics industry. In this context, the aim of this 

work was to study the influence of the RCA vacuum 

annealing temperature on the stability of the Ni/Si con-

tact for the Ni(35 nm)/Si and Ni(56 nm)/Si systems. 

From the results obtained, we can conclude the fol-

lowing. 

– For the non-annealed sample, we do not observe any 

reaction between silicon and nickel in the two systems 

studied. 

– For the Ni(56 nm)/Si system: the only film present is 

that of the monoxide NiO which appears at the start of 

annealing at 350 °C. 

– For the Ni(35 nm)/Si system: formation of the two ox-

ide films, namely, nickel monoxide NiO which appears 

from annealing at 500 °C and nickel trioxide Ni2O3 at 

650 °C. We notice that the NiO peak appears first. 

– Formation of the monosilicide NiSi phase at 650 °C. 

– The absence of certain phases (stable referring to the 

phase diagram; e.g. NiSi2, Ni2Si Ni3Si2) in the two sys-

tems studied. This can be explained by the use of an-

other heating mode (rapid thermal annealing (RTA)). 

It is also important to note good coherence between 

the XRD results with those of the sheet resistance and 

the RMS surface roughness. We deduce that there is 

stability of the resistance values Rs and RMS rough-

ness between 0 and 650 °C caused by stability of the 

films formed. 

Thickness of the deposited film inversely influences 

the values of the sheet resistance Rs at high tempera-

tures. This therefore leads to the fact that the re-

sistance of nickel trioxide Ni2O3 is greater than that of 

nickel monoxide NiO. 

In addition, it would be interesting to be able to 

complete this study with observations using transmis-

sion electron microscopy (TEM) in order to better un-

derstand the evolution of grain growth towards the 

surface of the substrate. 
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Металеві силіцидні плівки широко застосовуються в мікроелектронній промисловості, де їх вико-

ристовують як випрямлячі та омічні контакти. Більшість металів вступає в реакцію з кремнієм, утво-

рюючи силіцид; осадження тонкого металевого шару отримують різними техніками. Поширеними ме-

тодами є вакуумне випаровування з ниткою розжарювання або електронною гарматою, розпилення та 

хімічне осадження з парової фази. Вакуумне осадження тонкого шару металу на кремнієву підкладку 

є одним з найбільш широко використовуваних методів. Металеву силіцидну плівку вирощують на 

кремнієвій підкладці, а потім відпалюють при різних теплових умовах. У роботі для підготовки силі-

цидної плівки ми використовували як методику вакуумне випаровування PVD (фізичне осадження з 

парової фази) за допомогою нікелевої (Ni) нитки розжарювання високої чистоти. На підкладку приро-

дно окисленого Si(100) після високочастотної підготовки поверхні наносяться два шари нікелю з тов-

щинами 56 нм і 35 нм. Потім ці різні зразки (Ni(56 нм)/Si(100) та Ni(35 nm)/Si(100)) відпалюють у ва-

куумі при різних температурах, рівних 350, 500, 650 та 750 °C, протягом 30 хв. Характеристика отри-

маних шарів проводилася наступними методиками: рентгенівською дифракцією (XRD) для вивчення 

структури плівок (фазова ідентифікація), чотириточковим зондом для вимірювання питомого поверх-

невого опору фази/фаз та дослідження шорсткості поверхні проводили за допомогою атомно-силової 

мікроскопії (AFM). Ріст Ni на природно окислених підкладках Si(100) вивчався різними методами, які 

підтвердили, що температура вакуумного відпалу має дуже важливий ефект, оскільки моносиліцидна 

фаза NiSi виникає від 650 °C. Морфологічний аналіз поверхні розділу виявив наявність різних фаз 

NiSi, NiO та Ni2O3, що підтверджується структурним аналізом. Крім того, спостерігалася добра узго-

дженість результатів XRD з результатами вимірювання питомого поверхневого опору та середньоква-

дратичної шорсткості поверхні. 
 

Ключові слова: Силіцид, Випаровування за ефектом Джоуля, Питомий поверхневий опір, RCA, XRD, 

AFM, RMS. 
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