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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 Ni2Os which is confirmed by structural analysis.
Also, good coherence was observed between XRD results with those of the sheet resistance and the RMS

MYPHAJI HAHO- TA EJIEKTPOHHOI ®I3UKH
Tom 12 No 6, 06005(5¢c) (2020)

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]:
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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 NisSi, Ni2Si
and Nis1Sii2, can be used for p-MOS gates due to their
higher work function, while NiSi, NiSi2 and NisSiz are
attractive for n-MOS applications [9].
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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 ete.) [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 (Ni1(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 Q.cm and a thickness of
400 um. 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 260
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 CuKa radiation source hav-
ing a wavelength equal to 1.540593 A. 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 26 =25° to 80° with a step size of
0.01 and at a rate of 1.57 min.
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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 26 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
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Fig. 2 — XRD spectra of the Ni(56 nm)/Si system for annealing
temperatures from 350 °C to 750 °C for 30 min
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Fig. 3 — XRD spectra (42° < 20 < 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 26 of 31.32,
54.95 and 66.59, have been identified as Ni2Os corre-
sponding to [002], [202] and [004] planes, respectively.

A peak at 26 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 260
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.
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Fig. 4 — XRD spectra (42° < 260 <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.
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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 Q/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 Q/sq and 340 Q/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 Ni203(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
s - | ZmlZ-2) )
N

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-
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Si, NiO and Ni2Os. Also, the maximum thickness inc-
reases from 130 to 400 nm which is about 3 times.
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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,
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MerasieBi cHITIIUIHI IIIBKA ITUPOKO 3aCTOCOBYIOTHCA B MIKPOEJIEKTPOHHIM MPOMHUCIIOBOCTI, JIe iX BUKO-
PHUCTOBYIOTH AK BUIIPAMJIAYL T4 OMIYHI KOHTAKTH. BiIbIIicTh MeTAIIB BCTYIIA€ B PEAKINIO 3 KPEMHIEM, YTBO-
PIOIOYM CHUIIIINT; OCAJPKEHHS] TOHKOI0 METAJIEBOIO IIapy OTPUMYOTh pisHuMHU TexHikamu. [lommpennmu me-
TOJAMU € BAaKyyMHE BHIIAPOBYBAHHS 3 HUTKOIO PO3KAPIOBAHHS a00 €JIEKTPOHHOIO rapMaTol0, PO3IIJICHHS Ta
xiMiuHe ocaKeHHs 3 1apoBol dasu. BakyymHe ocaqxeHHs TOHKOIO IIapy METALy Ha KPEMHIEBY MITKIAIKY
€ ONHHUM 3 HANOLIBIN IIMPOKO BHKOPHCTOBYBAHUX MeToAiB. MeraseBy CHIIIUAHY ILIIBKY BHUPOIIYOTH Ha
KpPEeMHIieBi#l miakIaalfl, a IoTIM BIIIAIOTE IPYU PI3HMUX TEIJIOBUX yMOBaX. ¥ pOOOTIL IJIs IIATOTOBKH CHLIi-
IIUAHOIL IJTIBKY MU BHKOPHCTOBYBAJIHN SIK METOOUKY BaKyyMHe BunapoByBauHs PVD (disuune ocamueHHS 3
mapoBol gasm) 3a momomoroi Hikesxerol (Ni) HUTKM po3kaploBaHHA BrCcOoKol yucroru. Ha migrmagky mpupo-
nHO oxucseHoro Si(100) mic/iss BUCOKOYACTOTHOL MIITOTOBKY IIOBEPXHI HAHOCATHCS JBA IIAPH HIKEJIO 3 TOB-
muHaMu 56 BHM 1 35 uMm. ITorim mi pisHi 3pasku (Ni(56 um)/Si(100) Ta Ni(35 nm)/Si(100)) BigmaooTs y Ba-
KyyMi IpH pisHEX TeMmeparypax, pisaux 350, 500, 650 ta 750 °C, mporarom 30 xB. XapaKTepHCTUKA OTPH-
MAaHUX IIapiB IPOBOIMUJIACI HACTYIHUMN METOOMKAMU: PEHTTeHIBChbKoI0 mudpakriicio (XRD) mis susuenHsa
CTPYKTYpH ILIiBOK (as3oBa imeHTHdIKAINA), YOTUPUTOYKOBUM 30H/IOM JI BUMIPIOBAHHS IINTOMOIO ITOBEPX-
HeBOro oropy ¢asu/das Ta JOCIIKeHHS MOPCTKOCTI MOBEPXHI IPOBOAMIN 34 JIOIOMOIOK ATOMHO-CHUJIOBOI
mikpockorii (AFM). Picr Ni Ha mpupoano oxkuciaenux miakaagkax Si(100) BUBYaBCSa pISHUMM METOOAMU, K1
HATBEP/INIIN, 1[0 TEMIIEPATYPa BAKYYMHOI'0 BIIIAILY Mae JIysKe BasKJIUBHUHU e(EKT, OCKIIBKYA MOHOCUJIIUIHA
dasza NiSi sunurae Big 650 °C. Mopdosorigyauil aHasi3 IOBEpXHI PO3IIIy BHUSIBUAB HASBHICTH Pi3HHUX (a3
NiSi, NiO Ta Niz0s, 1m0 miarBepmryeTbesa CTpyKTypHEM aHasgidom. Kpim Toro, cmocrepirasacs modpa yaro-
mereHicTh pedysbratiB XRD 3 pesyspraraMy BUMIPIOBAHHSI IIMTOMOTO IIOBEPXHEBOTO OIIOPY Ta CEPeTHBOKBA-
JPaTAYHOI IITOPCTKOCTI IOBEPXHI.

Kmnrouosi ciora: Cumintny, Bumaposysauns 3a edexrom Jsroysist, [Turomuit mosepxuesmii omip, RCA, XRD,
AFM, RMS.
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