
The influence of alloying on the phase formation
sequence of ultra-thin nickel silicide films and on the

inheritance of texture

F.A. Geenena, E. Solanoa, J. Jordan-Sweetb, C. Lavoieb, C. Mocutac, C.
Detaverniera

aDepartment of Solid-State Sciences, Ghent University, 9000 Gent, Belgium
bIBM T.J. Watson Research Center, Yorktown Heights, NY, USA

cSynchrotron SOLEIL, L’Orme des Merisiers, Saint Aubin BP48, 91192 Gif-sur-Yvette,
France

Abstract

The controlled formation of silicide materials is an ongoing challenge to facilitate

the electrical contact of Si-based transistors. Due to the ongoing miniaturisa-

tion of the transistor, the silicide is trending to ever-thinner thickness’s. The

corresponding increase in surface-to-volume ratio emphasises the importance of

low-energetic interfaces. Intriguingly, the thickness reduction of nickel silicides

results in an abrupt change in phase sequence.

This paper investigates the sequence of the silicides phases, and their pref-

erential orientation with respect to the Si(001) substrate, for both ‘thin’ (i.e.

9 nm) and ‘ultra-thin’ (i.e. 3 nm) Ni films. Furthermore, as the addition of

ternary elements is often considered in order to tailor the silicides’ properties,

additives of Al, Co and Pt are also included in this study.

Our results show that the first silicide formed is epitaxial θ-Ni2Si , regard-

less of initial thickness or alloyed composition. The transformations towards

subsequent silicides are changed through the additive elements, which can be

understood through solubility arguments and classical nucleation theory.

The crystalline alignment of the formed silicides with the substrate signif-

icantly differs through alloying. The observed textures of sequential silicides
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could be linked through texture inheritance. Our study illustrates that the

nucleation of a new phase drive to reduce the interfacial energy at the silicide-

substrate interface as well as at the interface with the silicide which is being

consumed for these sub-10nm thin films.
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1. Introduction

The nickel silicides have been studied thoroughly in the past due to the

beneficial properties of NiSi (e.g. low sheet resistance, low Schottky Barrier

Height, low formation temperature) for usage as contact material in Si-based

transistor devices [1, 2, 3]. The phase formation process typically involves the5

annealing of an as-deposited Ni film on top of a Si substrate, resulting in the

sequential formation of δ-Ni2Si, θ-Ni2Si, NiSi and NiSi2 [4, 5, 6, 7]. Recent

investigation of this ’regular ’ phase sequence for relatively thick Ni films (i.e.

for an as-deposited Ni thickness of e.g. 6 - 30 nm) showed that the solid-phase

reaction (SPR) includes a complex balance in thermodynamic parameters. For10

example, the phase sequence is known to include θ-Ni2Si [5, 6, 7, 8], a transient

phase which is metastable. In addition to the observation of θ-Ni2Si, Gaudet

et al. observes an unidentified epitaxial phase was also observed in the SPR at

their lowest investigated temperature, i.e. 290 ◦C.

Due to the constant urge for miniaturisation in micro-electronic applica-15

tions, the silicide contacts are trending to ever-thinner films. Surprisingly, for

as-deposited and pure Ni films of only a few nanometres thick, no NiSi is formed

[9, 10, 11]. It was already observed by Tung et al. in the early 80’s that the

phase sequence is significantly different when the as-deposited Ni layer is thin-

ner than ca. 5 nm [12, 13]. In this ‘ultrathin’ SPR, the δ-Ni2Si and NiSi phases20

are not formed and instead, NiSi2 is already present at temperatures as low

as 400 ◦C, at least 300 ◦C earlier than in the ’regular ’ SPR. Intriguingly, an

epitaxial, intermediate phase - with similar diffraction signature as observed in

the ‘regular’ phase formation by Gaudet et al. [6] - was observed during this
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ultrathin SPR, prior to the formation of low-temperature NiSi2. The observa-25

tion that both silicide formation regimes first form the same epitaxial phase,

indicates that the origin of the shift from the regular regime to the ultra-thin

regime should lie in the formation of subsequent phases. Films with these low

thicknesses will receive a high energetic drive to optimise the interface align-

ment with the substrate. Therefore, the correlation between the silicide phase30

sequence and the silicides’ preferential orientation is of crucial importance for

these sub-10 nm thin films.

An intriguing question is how both the regular, as well as in the ultrathin film

regimes, is affected through the addition of ternary elements. Indeed, silicides

are often tailored through the addition of alloying elements to the as-deposited35

metal film, in order to alter the final properties of the formed phases [14, 15, 16,

4]. As one of the more contemporary examples, Pt-incorporation in NiSi films

is known to improve the films’ morphological stability, as well as to alter the

preferential orientation to the Si substrate [16, 17]. Moreover, it is also reported

that Pt can influence the thermodynamic stability of the intermediate silicide40

such as δ-Ni2Si [18, 19, 8]. However, the influence of ternary elements on the

solid-phase formation during the sequential growth of silicides in this sub-10 nm

thickness region has not been studied in a systematic way. As we will show,

these silicides are often epitaxially aligned with the substrate which renders

them challenging to investigate by conventional, lab-based, Bragg-Brentano X-45

ray diffraction (XRD).

This paper investigates the phase formation in both the ‘thin’ (i.e. with

an as-deposited Ni thickness = 9 nm) and in the ‘ultrathin’ (i.e. Ni thickness

= 3 nm) SPR regime and how this is influenced by alloying with Pt, Co and

Al. These alloying elements were selected because of their different solubility in50

the various nickel silicide phases. Through complementary synchrotron-based

XRD measurements, we obtain a comprehensive understanding of the silicide

formation, and preferential orientation of the resulting phases to the Si(001)

substrate, as a function of film thickness, alloying elements and annealing tem-

perature. This enables a discussion how the solid-phase reaction and preferential55
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orientation are correlated in these sub-10 nm films.

2. Experimental methods

Thin Ni films of both 3 and 9 nm thick were deposited through physical

vapour deposition (PVD) on top of single crystalline Si substrates with (001)

orientation. Samples for in situ sheet resistance measurements were sputtered60

on silicon-on-insulator (SOI) substrates with identical orientation and a top Si

thickness of 100 nm. Prior to the deposition, these wafers received a standard

chemical cleaning, following the guidelines of the Radio Corporation of America

(RCA), ending with a 20 s dip in 3 % HF solution.

After reaching a base pressure of 6× 10−7 mbar, the deposition chamber was65

filled with Ar up to 5× 10−3 mbar. The deposition of Ni was performed at a

relatively low sputter rate of 1.3 nm/min, as determined through ex situ X-ray

reflectivity (XRR) measurements. The samples were optionally alloyed with an

estimated concentration of 10 at.% of Al, Co or Pt through simultaneous co-

sputtering with separate sputter targets, after careful calibration of the Al, Co70

and Pt sputter rates on the basis of XRR. We note that the alloying species

were added in addition to the initial Ni content. As Co and Pt are known

to replace Ni atoms during silicide formation, the addition of these alloying

elements render an effective increase in the metal supply to form NixMySiz (M

= Co, Pt) compounds. Other papers therefore prefer to keep the metal supply75

constant by reducing the Ni content when adding a ternary alloy, but such an

approach is not easily translated to Al alloying, which is known to replace the Si

atoms during silicide formation. For conciseness, these samples will be referred

to as Ni(Al), Ni(Co) and Ni(Pt).

The samples were then annealed in a dedicated in situ X-ray diffraction80

(XRD) set-up at the X20C-beamline of the NSLS synchrotron (Brookhaven,

USA). The synchrotron provides adequate X-ray brightness to investigate these

ultra-thin samples. The solid-phase reaction between the film and the substrate

was monitored during an anneal at a rate of 1 ◦C/ sec in a He(5 %H2) ambient,
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as these samples are otherwise prone to oxidation during the annealing process.85

The X-rays, with a wavelength of λ = 0.180 nm (i.e. an energy of 6.88 keV)

diffract on the sample in a fixed geometry, therefore only monitoring diffrac-

tion signal originating from planes nearly-parallel to the sample’s surface. The

diffracted intensities were monitored using a custom-build linear detector with

a total angular acceptance of 14° in 2θ. These diffractograms are plotted as90

a function of temperature and diffraction angle using a grayscale map for the

recorded intensity values, where black indicates the highest intensity. A simi-

lar annealing set-up was used for in situ sheet resistance measurements during

temperature treatment through a four-point probe approach with identical an-

nealing conditions. The measured resistance of the samples were at least one95

order of magnitude lower compared than the in situ resistance of bare SOI sub-

strates at each temperature. The set-up does not guarantee an identical probe

geometry between separate measurements, and as such the measured resistances

will be plotted on a relative scale, instead of an absolute scale, as a function of

temperature.100

As-deposited samples were alternatively quenched from specific tempera-

tures for ex situ pole-figure measurements for crystal phase identification and

characterisation of the preferential orientation, also known as crystalline tex-

ture. A total of 100 samples were measured in order to obtain a quasi-continuous

dataset as a function of quench temperature. These ex situ measurements were105

performed at the DiffAbs beamline of the SOLEIL synchrotron (Gif-sur-Yvette,

France) [20]. The incidence X-ray beam is monochromatized using a double-

crystal monochromator to a wavelength of λ = 1.55 nm (i.e. an energy of 8 keV).

A 6-circles diffractometer in kappa geometry was used together with a hybrid

pixel area detector (XPAD detector of 240 × 560 pixels, with a pixel size of110

130 by 130 µm) [21, 22, 23, 24]. The long side of the detector was mounted in

the 2θ direction, resulting in an angular acceptance determined to be 32°, and

around 13° in the perpendicular direction. The area detector acquired a snap-

shot every 100 ms during a continuous in-plane rotation of the samples’ azimuth

(denoted as the φ angle), rotating at a speed of 8 ° s−1 and covering 110° in φ.115
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The sample was then rotated in the elevation angle χ in steps of 5° from 0 to

85°, rendering significant overlap between two sequential χ steps. This set-up

enables the measurement of a set of pole figures within 4.5 min. Every sample

was measured at least three times without re-aligning the sample, in order to

obtain adequate diffraction statistics for these sub-10 nm thin films.120

The raw data were re-calculated to angular (χ, φ and 2θ) space and the re-

sulting datasets are presented in this paper in polar coordinates with an equal-

area projection and a logarithmic-intensity gray-scale with black indicating the

highest intensities. The acquired data were symmetrized to a full 360° φ cov-

erage, exploiting the four-fold symmetry of the Si(001) substrate. These pole125

figures were analysed using a home-developed software package, GUSTAV [25],

in order to determine the preferential orientations of the silicides.

3. Results

We report on the SPR between the (un)alloyed Ni films with the Si substrate

for two different Ni thicknesses: 3 and 9 nm. As mentioned in the previous130

paragraph, in situ XRD measurements allow continuous phase identification

as a function of temperature, on the condition that the diffracting planes are

oriented (nearly) parallel to the sample’s surface. Epitaxial phases, which do not

necessarily fulfil this condition, are alternatively observed through the ex situ

pole figures. The latter measurements will also be used to assess the preferential135

orientation of the silicide grains with respect to the Si(001) substrate. These

orientations will be expressed in terms of lattice planes, and table 1 provides an

overview of the unit cells of the occurring nickel silicide phases.

9 nm Ni films

The in situ XRD measurement of an unalloyed, 9 nm Ni film is displayed in140

figure 1a. The SPR shows the transformation of the initial Ni diffraction peak

at room temperature, into the δ-Ni2Si around 230 ◦C by the observation of the

δ-Ni2Si (301) plane at 2θ = 53.6°. The peak at 2θ = 56.4° , observed in a small

6



Figure 1: In situ XRD measurements of 9 nm thick Ni films: unalloyed (a), and alloyed

with 10 at.% Al (b), Co (c) and Pt (d). These measurements allow to determine the impor-

tant temperature regions where quenches were made for further ex situ investigation (e), in

addition to a measurement at room temperature.
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Table 1: Overview of the binary nickel-based phases observed in this paper.

Phase Lattice a (�A) b (�A) c (�A) JCPDS No.

Ni FCC 3.524 - - 00-004-0850

δ-Ni2Si Orth. 7.066 5.008 3.732 00-048-1339

θ-Ni2Si Hex. 3.805 - 4.890 01-073-2093

NiSi Orth. 5.233 3.258 5.659 00-038-0844

NiSi2 FCC 5.406 - - 03-065-2974

temperature window of ca. 20 ◦C around 300 ◦C was discussed in a study by

Gaudet et al. [6], and is related to a fiber-textured θ-Ni2Si . This θ-Ni2Si phase145

is then consumed, after which δ-Ni2Si and NiSi are present. Around 450 ◦C,

δ-Ni2Si is also consumed leaving NiSi as the only observed phase during the

rest of the in situ annealing experiment.

Similar measurements on Ni samples which are alloyed with 10 at.% Al, Co

and Pt (Fig. 1 b,c and d) show clear differences with the above observations.150

(i) The as-deposited Ni(Al) layer diffracts with much lower intensity, which can

be explained by a lower crystalline-order of the as-deposited layer due to the

incorporation of Al in the Ni lattice through the co-sputtering of both mate-

rials. However, the Ni-diffraction peak at 2θ = 53.0° is still observable and is

consumed around 300 ◦C. No clear silicide phase can be identified immediately155

thereafter. Instead, a broad background is observed, which diminishes for a

small temperature window of 20 ◦C just prior to the formation of NiSi. The lat-

ter phase is then the only phase remaining throughout the annealing experiment.

Comparing the relative diffracted intensities of the NiSi (112) peak (2θ = 54.0°)

to the (202/211) peak (2θ = 55.8°) already hints that the texture of this phase160

is different from the NiSi texture formed from the pure Ni film. No intermediate

phases such as δ-Ni2Si or θ-Ni2Si are observed via in situ XRD during the an-

nealing process. (ii) The annealing of a Ni(Co) layer is comparable to the pure

Ni reference measurement up to 500 ◦C, with the similar observation of δ-Ni2Si

and θ-Ni2Si. At higher temperatures, the formation of NiSi2 is observed as seen165

through the occurrence of its diffraction peak at 2θ = 56.0° and 33.5° (the latter
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visible through measurements at a different 2θ diffraction window), far earlier

than for unalloyed Ni, where it would only form above 850 ◦C. (iii) Finally,

the in situ XRD of Ni(Pt) does not contain clear diffraction of intermediate

Ni2Si phases. Furthermore, similar to the Ni(Al) sample, there is a significant170

difference in observed intensity of the NiSi peaks, where now the most intense

peak is originating from the (202)/(211) planes (2θ = 55.8°), again indicating a

significant change in preferential orientation.

The in situ XRD measurements indicate that most of the formed phases are

observed between 200 and 400 ◦C. Therefore, ex situ pole figures are measured175

for samples quenched every 25 ◦C in this temperature window, in addition to an

as-deposited sample, and quenched samples at 450 and 850 ◦C (Fig. 1e). For

each of these 48 samples, sets of ex situ pole figures were acquired using an area

detector, resulting in one pole figure for every value of 2θ in between 30 and 62°

in a quasi-continuous fashion, due to the 540 pixels along the 2θ direction. A180

selection of the measured pole-figure data is shown in figure 2, which contains

the integrated diffracted intensities around 2θ = 45.5° ± 0.4° (d = 1.98-2.01�A,

corresponding to 2θ = 53.6°± 0.5° for the X-ray wavelength used during the in

situ XRD measurements). This broad 2θ window includes diffraction intensities

from the Ni(111), δ-Ni2Si(301/121), θ-Ni2Si(102/110) and NiSi(112) planes and185

serves as an overall illustration of all observed phases. Si(220) diffraction is also

measured, and the position of these epitaxial spots are indicated on the pole

figures (e.g. Fig. 2b-i). Other pole figures from the complete set of pole figures

(of which a selection will be discussed further) were used to corroborate the

phase identification and their texture during the analysis.190

In the following overview of our results concerning the 9 nm Ni films, we first

discuss the texture of every occurring phase, as observed for the four differently-

alloyed samples. Thereafter, the change in diffracted intensities of those phases

is addressed as a function of temperature, which allows to interpret the rate

of formation and consumption of these phases and compare these with in situ195

XRD measurements.
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Figure 2: A selection of the aquired pole-figure dataset for alloyed and unalloyed 9 nm Ni

films, displaying the integrated diffraction intensities around 2θ = 45.5°± 0.4°. These images

examplify the observed phases and their textures. The identified silicide textures are over-

lapped on the left half of the dataset (using the symbols defined in tables 2, 3 and 4). The

Si(220) diffraction peak is always visable and indicated with a gray cross.
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Table 2: Overview of observed epitaxial orientations of the θ-Ni2Si phase for all 3 and 9 nm

films (symbols used in figures 2 and 8). The angular mismatch between the film and substrate,

as calculated from the proposed alignments, are given in terms of ∆χ and ∆φ.

Symbol Plane alignments ∆χ (°) ∆φ (°)

Aθ ( ) (022̄1)θ ∼ //(2̄22)Si 0.2 0.0

(2̄110)θ ∼ //(220)Si 0.1 0.1

(0001̄)θ ∼ //(11̄1)Si 0.6 0.8

Bθ ( ) (022̄1)θ ∼ //(222)Si 0.2 0

(2̄110)θ ∼ //(2̄20)Si 0.1 0.1

(0001)θ ∼ //(1̄1̄5)Si 0.16 0.85

Overview of observed textures. The pole figures of unannealed samples (not

shown) indicate that the crystalline grains of Ni, Ni(Al) and Ni(Pt) do not

have a strong preferential orientation, and as such, the pole figures do not

show significant changes in intensity as a function of χ or φ. Ni(Co), on the200

other hand, exhibits higher diffraction signal at the center of the pole figure

(comparable to Fig. 2c-i) and a diffraction ring near χ = 70°. The concentric

diffraction ring is typically observed for a fiber texture, for which a specific

crystalline direction acts as a rotation axis perpendicular to the sample’s surface.

The higher diffraction at the center of the pole figure indicates that the Ni-lattice205

(111) plane is oriented perpendicular to this center of rotation, which coincides

with a diffraction ring at χ = 70.5° due to the cubic symmetry of the Ni unit cell

(e.g. the angle between Ni(111) and Ni(111̄)), and also explains the diffraction

ring of the Ni(200) plane (not shown) at χ = 54°.

Annealing these samples up to 200 ◦C provides a slight increase of small210

diffraction spots (figure 2 a-i), indicating the presence of an epitaxial phase.

The same diffraction pattern is observed for all samples annealed at 300 ◦C, and

is identical to the epitaxial phase observed for 3 nm films at 350 ◦C [9, 26] which

was identified as an epitaxial θ-Ni2Si. The observed diffraction spots of θ-Ni2Si

can be explained by two different epitaxial alignments with the Si substrate215

(Table 2, where Aθ has the highest observed diffracted intensity) [27, 26], whose

positions are overlaid by green circles in figures 2ii. The approximate alignment
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Figure 3: Left: The pole figures which contain diffraction of δ-Ni2Si show that both epitaxial

(Ni, Ni(Pt)) and fiber-aligned (Ni, Ni(Co) silicide are present, depending on the composition

of the initial 9 nm Ni film. The red, green and blue arrows indicate positions which are

uniquely correlated with a specific texture type. The pink arrow is choosen as such that none

of the observed textures should diffract here. Right: The diffraction at these positions is

plotted as a function of 2θ for the (021) plane. Note that no δ-Ni2Si diffraction is observed

at orientations corresponding with randomly-aligned grains.

for the {0001} planes are also given to initiate further discussion. It is interesting

to note that we observed no diffraction signal originating from θ-Ni2Si that is

aligned in a random distribution with the substrate, which explains their absence220

in the conducted in situ XRD measurements.

The δ-Ni2Si phase can be observed for Ni, Ni(Co) and Ni(Pt) in figures

2a-ii, c-ii and d-iii films but did not occur for any quenched Ni(Al) sample.

Remarkably, the texture of the δ-Ni2Si is significantly affected by alloying the

Ni film. Additional pole figures of the δ-Ni2Si(002) and (021) planes are shown225

in figure 3. Two different texture types are observed: epitaxial alignment for

unalloyed Ni and Ni(Pt), and fiber-aligned δ-Ni2Si for Ni(Co). For unalloyed

Ni, the preferential orientation can be mostly described as an epitaxial align-

ment, in addition to a low-intense fiber alignment. No diffraction is observed

from randomly-oriented grains, as indicated in the right side of figure 3. The230
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Table 3: Overview of observed epitaxial (Aδ, Bδ) and fiber (Cδ) orientation of the δ-Ni2Si

phase as observed for 9 nm Ni, Ni(Co) and Ni(Pt) films (symbols used in figures 2 and 3). The

angular mismatch between the film and substrate, as calculated from the proposed alignments,

are given in terms of ∆χ and ∆φ .

Symbol Plane alignments ∆χ (°) ∆φ (°) occurrence

Aδ ( ) (001)δ ∼ //(110)Si 0 0 Ni, Ni(Pt)

(301)δ ∼ //(202̄)Si 1.9 0.8

(01̄0)δ ∼ //(11̄1)Si 0 0.4

Bδ ( ) (001)δ ∼ //(110)Si 0 0 Ni(Pt)

(121)δ ∼ //(202̄)Si 2.7 1.4

(010)δ ∼ //(1̄1̄5)Si 0.2 0.4

Cδ ( ) (301)δ ∼ //(002̄)Si 0.0 0.0 Ni(Co)

identification of the epitaxial alignments observed within the Ni and Ni(Pt)

samples is given in table 3. The fiber-texture, which was more clearly observed

in the Ni(Co) sample, was determined to be originating from a (301)δ//(002)Si

alignment. Gaudet et al. also observed this fiber alignment of δ-Ni2Si for an-

nealed, unalloyed, Ni films of 30 nm thickness [28]. The origin of the observed235

diffraction peak during the in situ XRD measurements (Fig. 1) is explained by

grains that are oriented along the fiber-alignment, as the set-up was detecting

planes which were parallel to the substrate’s surface (i.e. Si{001}).

For Ni(Al), an epitaxial phase is observed at 375 ◦C (labelled as NixAlySiz

in Fig. 2b-iii), in agreement with the phase observed in a recent study on240

the Ni(Al) silicide formation process for thicker Ni films [29]. Its occurrence

is indicated by additional diffraction peaks at 2θ = 22.4, 24.9, 32.1, 36.7 and

38.6°, but no match could be found with reference diffraction patterns in the

jcpds database, preventing a clear phase identification. The ternary Ni-Al-Si

phase diagram [30, 31, 32] does include several ternary phases, and not all of245

the crystal structures are available in the literature.

At higher temperatures, the NiSi phase is present within all of the samples.

Pole figures for this NiSi phase (Fig 2) exhibit a complex pattern of circular

features, which is indicative for the axiotaxial texture previously discussed by
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Figure 4: The 9 nm Ni(Pt) pole figures which display diffraction of NiSi contain both axiotaxial

(circular lines) as well as epitaxial (local spots of higher intensity) features. The overlayed

epitaxies are listed in table 4.

Table 4: Overview of observed epitaxial orientation of the NiSi phase (symbols used in Fig.

4). The angular mismatch between the film and substrate, as calculated from the proposed

alignments, are given in terms of ∆χ and ∆φ.

Symbol Plane alignments ∆χ (°) ∆φ (°) occurrence

ANiSi ( ) (1̄01̄)NiSi ∼ //(101)Si 0 0 Ni(Pt), 9 & 3 nm

(300)NiSi ∼ //(22̄2̄)Si 3.7 2.9

(010)NiSi ∼ //(101̄)Si 0 0

BNiSi ( ) (211̄)NiSi ∼ //(2̄20)Si 0 0.96 Ni(Pt) 9 nm

(013)NiSi ∼ //(11̄0)Si 0 0

(100)NiSi ∼ //(111)Si 4.78 0

CNiSi ( ) (211)NiSi ∼ //(022̄)Si 1.36 3.93 Ni(Pt), 9 nm

(013)NiSi ∼ //(1̄10)Si 3.13 0.1

(100)NiSi ∼ //(1̄1̄5̄)Si 0.0 4.1
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Figure 5: (color version online)The XRD intensity is displayed as a function of 2θ for different

regions in the reciprocal space, which are selected to represent the different textures observed

for NiSi.

Detavernier et al. [33]. The axiotaxy originates from the preferential alignment250

of lattice planes with a similar d-spacing across the interface. Two axiotaxial

axes are observed here: (202)NiSi//(202)Si and (211)NiSi//(202)Si, in agree-

ment with our earlier work [33]. The patterns for the unalloyed Ni sample are

almost identical to the patterns observed from a Ni(Co) sample (Fig. 2a,b-iii,iv).

The intensity of these circular features is, however, significantly reduced for the255

Ni(Al) sample, where the NiSi phase diffracts more uniformly for every χ and

φ value, indicating a more random distribution of the grains’ orientations (Fig.

2b-iv). NiSi formed from the Ni(Pt) sample also contains local diffraction spots

of higher intensity along the circular features, indicating that the rotational

freedom, which is allowed along the axiotaxial rotation axis, is reduced with a260

second alignment condition, thus pinning these grains in an epitaxial alignment

(Fig. 2d-iv). The fitted epitaxial components are displayed in figure 4 and listed

in Table 4.

Figure 5 allows a more quantitative comparison between the different tex-

tures of the NiSi phase. For unalloyed Ni (and Ni(Co)), it is clear that the265

diffraction along the axiotaxial line has the highest intensity, whereas the re-

gions associated with epitaxial alignment do not diffract more than a region

which is corresponding to a randomly-oriented grain. As such, there is no pref-

erence for the grains to align themselves along this epitaxial texture. A similar
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plot for the Ni(Al) sample clearly shows the absence of any specific preferential270

orientation for the latter alloy: diffraction is more or less uniform for every di-

rection. For Ni(Pt), we observe that the regions associated with the different

epitaxial orientations have significant higher intensity than a randomly-chosen

orientation, thus confirming the preferential alignment

Evolution of textured diffraction as a function of temperature. From every ob-275

served phase in the ex situ pole-figure measurements, a specific region within

χ, φ and 2θ was selected that was isolated from the diffraction of other phases,

and the diffraction intensity was subsequently fitted after a local background

subtraction. The evolution of the fitted intensities as a function of tempera-

ture is displayed in figure 6. In order to depict the evolution of the different280

phases as a function of temperature, we have plotted the relative intensity, i.e.

normalized to the maximum observed intensity of that particular phase while

differentiating for the four different as-deposited compositions. This provides

an overview of the phase sequence similar to the in situ XRD technique, but

the pole figures allowed to include textured phases such as epitaxial θ-Ni2Si.285

The arrows between different phases will be further explained in the discussion

section.

In the in situ XRD measurements, a small temperature window exists for the

Ni and Ni(Co) sample where diffraction was observed at 2θ = 56.4°, related to a

fiber-textured θ-Ni2Si [6], which is not observed within the pole-figure measure-290

ments. We relate this inconsistency to either an instability of this phase during

quenching, or that this particular phase’s temperature window is slightly smaller

than the temperature difference between two ex situ pole-figure quenches.

3nm Ni films

For Ni films of 3 nm as-deposited thickness, a slightly different approach was295

needed, as the in situ XRD diffraction of the Ni, Ni(Al) and Ni(Co) samples did

not contain any distinguishable change in diffraction signal, and thus doesn’t

provide any information on the SPR, similar to the results of De Keyser et
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Figure 6: Overview of the observed silicides’ diffraction intensity as a function of temperature

for pure and alloyed 9 nm Ni films. The observed intensities are proportional to the height

and normalised to the maximum occuring intensity per sample. Arrows indicate examples of

texture inheritance across multiple phases, as explained in the discussion.
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Figure 7: Relative evolution of the sheet resistance of 3 nm Ni films with variable as-deposited

composition, as measured through in situ sheet resistance measurements on SOI substrates.

The bottom panel (e) shows the quenching temperatures of the samples prepared for ex situ

pole-figure measurements, in addition to a room-temperature sample.
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al. [9]. Alternatively, in situ sheet resistance measurements can be used to

monitor transitions of the formed silicides during the annealing. Indeed, as300

shown in figure 7a, the sheet resistance of an unalloyed Ni film shows relatively

high resistance between 150 and 300 ◦C, followed by a decrease between 300 and

400 ◦C. Thereafter, the resistance decreases at slower pace further up to 850 ◦C.

Similar behaviour is observed for Ni(Al) and Ni(Co). The sheet resistance in

Ni(Pt) also contains a decrease in sheet resistance around 340 ◦C, within a305

narrower temperature window. However, the low-resistive state is only stable

up to 600 ◦C, after which the resistance dramatically increases, which is typically

observed when NiSi is agglomerating [34, 4, 9].

The in situ sheet resistance measurements allow to determine that a signifi-

cant change in the sample structure is occurring between 300 and 400 ◦C. There-310

fore, quenches were made for ex situ pole-figure investigation every 12.5 ◦C be-

tween 325 and 400 ◦C, in addition to an as-deposited film and samples quenched

at 150, 200, 300, 450 and 850 ◦C (Fig. 7e). A selection of the acquired pole-figure

datasets is displayed in figure 8.

The absence of diffraction intensity from an as-deposited layer can be un-315

derstood, as it is known that the sputter deposition process of the first Ni

monolayers form an amorphous, intermixed, Ni(Si) layer [9, 35]. It is suggested

that this amorphous layer contains an inherent concentration gradient, which

could promote the formation of θ-Ni2Si as this phase can locally adapt its com-

position within a range of 33 up to 42 at % Si [36, 37]. For these ultrathin films,320

the formation of NiSi is only observed for the Ni(Pt) sample, coinciding with

the consumption of θ-Ni2Si around 325 ◦C. Similar to the 9 nm Ni(Pt) film, NiSi

forms with clear epitaxial features along epitaxial rings (Table 4). For the 3 nm

Ni, Ni(Al) and Ni(Co) as-deposited samples, epitaxial θ-Ni2Si is also present,

but no silicide phase appears while θ-Ni2Si is consumed. No other phases, such325

as as-deposited Ni, δ-Ni2Si or NiSi2, could be observed in any of the quenched

3 nm samples.

We can assume that the slow consumption of θ-Ni2Si for Ni, Ni(Al) and

Ni(Co) is associated with the formation of epitaxial NiSi2, based on the liter-
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Figure 8: A selection of the aquired pole-figure dataset for alloyed and unalloyed 3 nm Ni films,

displaying the integrated diffraction intensities 2θ = 45.5°± 0.4°. These images examplify the

observed phases and their textures. The identified silicide textures are overlapped on the left

half of the dataset (using the symbols defined in tables 2 and 4). The Si(220) diffraction peak

is always visable and indicated with a gray cross.
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Figure 9: Overview of the observed silicides’ diffraction intensity as a function of temperature

for pure and alloyed 3 nm Ni films. The observed intensities are proportional to the height

and normalised to the maximum occuring intensity per sample. Arrows indicate examples of

texture inheritance across multiple phases, as explained in the discussion.
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ature [12, 13, 38, 9, 26, 10, 11]. This is corroborated by the slow decrease of330

the in situ sheet resistance measurements: as NiSi2 exhibits a lower resistance

due to an increase in layer thickness and an assumed lower bulk-resistivity than

θ-Ni2Si. Due to the very similar crystal structure of NiSi2 and the Si sub-

strate (with only 0.46% difference in lattice parameter), the diffraction angles

2θ are almost identical. Moreover, it is known that the NiSi2 phase can grow335

in an identical alignment with the Si substrate for such thin initial Ni films, i.e.

(100)NiSi2//(100)Si and (001)NiSi2//(001)Si (also known as the type-A epitax-

ial alignment of NiSi2). This particular orientation is not observable from our

ex situ pole-figure measurements, as the recorded scattered intensity is highly

dominated by the vicinity of the Si substrate Bragg peaks. However, TEM-340

based studies in the literature observed the type-A epitaxial alignment of NiSi2

[12, 26, 10].

The formation and consumption of the observed phases is illustrated in fig-

ure 9. It is clear that the epitaxial θ-Ni2Si slowly is consumed at the same

temperatures at which the signal within in situ sheet resistance measurements345

decreases.

4. Discussion

Our in situ XRD and ex situ pole-figure measurements clearly indicate that

alloying not only influences the temperature windows in which specific silicide

phases occur, but also can change the phase sequence (e.g. through the for-350

mation of NiSi in the ultrathin thickness regime with Pt alloying) as well as

the preferential orientation of the occurring phases. We first discuss the ob-

served change in phase sequence and temperature window in the context of

alloy solubility. Thereafter, we discuss and rationalise the observed preferential

orientations.355

Influence of alloying on phase formation

The temperature windows of the presence of δ-Ni2Si, θ-Ni2Si, and NiSi are

significantly influenced through alloying for 9 nm Ni films, as depicted in figures
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Table 5: The maximum atomic concentrations of Al, Co and Pt ternary elements in nickel

silicides. * indicates that a full replacement of Ni is possible. Arrows indicate an observed

increased (↗) or decreased (↘) width of the temperature window of the phase presence,

according to ex situ pole-figure and in situ XRD measurements (Fig. 1, 6)

Alloy: Al (%) Co (%) Pt (%)

δ-Ni2Si 20 – 66∗ ↗ < 5 ↘

θ-Ni2Si 20 ↗ unknown ↘ soluble –

NiSi 1.5 ↘ 10 ↘ 50∗ ↗

NiSi2 29 – 33∗ ↗ < 5 –

Ref. [30, 31, 32] [39] [40, 36, 18, 41]

1 and 6. For example, we observe that the formation of δ-Ni2Si is delayed

when Pt is present as alloying element, whereas Co, on the other hand, seems360

to stabilise the δ-Ni2Si phase up to higher temperatures. We correlate these

changes in the observed temperature windows with the solubility of the alloying

element in the silicide phase (the maximum atomic concentration that can be in

solid-solution within the silicide compounds are tabulated in Table 5) together

with the observed changes of the phases’ existence temperature windows. This365

effect can be understood within the framework of classical nucleation theory

[42], where the energetic barrier for a phase to nucleate is related to the change

in enthalpy of formation, the change in entropy and the change in interfacial

energy upon phase transition. The enthalpy of formation of these nickel silicides

are comparable: δ−Ni2Si: −46.9, NiSi: −42.4, NiSi2: 29.3 kJ/mol of atoms370

[43]. However, the nucleation barrier to form these phases will be influenced

through alloying. An alloy with low solubility in a particular silicide phase

will indeed hinder the formation of this new phase, as the alloying element

should first be expelled before the new crystal structure can nucleate. This

effect has in fact been observed by Mangelinck et al. through atom probe375

tomography, as Pt is segregated to the grain boundaries of δ-Ni2Si, also known

as the snowplough effect [18, 19]. On the other hand, a soluble alloy will enable

an increase in entropy within a silicide grain, and as such, potentially lower

the nucleation energy barrier to form this new phase. Through this argument,
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Figure 10: (color online) Evolution of the 2θ position of an epitaxial peak of the θ-Ni2Si (near

χ = 18° and φ = 0°) as observed in 3 nm Ni films.

we can understand several aspects of the observed phase sequence for the 9 nm380

films, including the larger temperature window of δ-Ni2Si with Co-alloying, how

the same alloy promotes the low-temperature NiSi2 formation, and the delay in

NiSi formation through Al alloying. The solubility argument is, of course, not

the only condition for changes in the temperature window (e.g. the absence

of δ-Ni2Si when Al alloying is used). Other thermodynamic parameters, such385

as interfacial energy through substrate alignment and change in diffusion rates

at grain boundaries will also contribute to the observed shifts in temperature

windows. This will be discussed further below.

For 3 nm Ni layers, it is remarkable that the formation of the epitaxial θ-

Ni2Si does not seem to be influenced by Al or Co alloys. Indeed, θ-Ni2Si has390

similar growth profiles and diffraction intensities for Ni, Ni(Al) and Ni(Co) sam-

ples at this thickness, and its formation does not seem to be hindered by the

alloying element. One may argue that the lattice of θ-Ni2Si, which can cover

from 33 to 42 %Si according to the binary Ni-Si phase diagram [36], can eas-

ily adapt to the incorporation ternary atoms. This would imply a significant395

strain in the lattice, and by consequence a shift in the diffraction angle of θ-

Ni2Si. To verify this, we fitted the 2θ peak positions of the θ-Ni2Si epitaxial
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peak at χ = 18°, which has a high diffraction intensity and its low elevation

angle χ ensures a decent resolution in 2θ (Fig. 10). Two significant changes

can be observed. (i) As function of temperature, the diffraction angle increases400

linearly, corresponding to a decrease in lattice parameters from 1.95 to 1.92�A

over a 100 ◦C temperature range. This decrease can be related to a change in

film strain, composition or due to a negative coefficient of thermal expansion

of at least one lattice parameter. The reduction of the crystalline lattice is sig-

nificantly higher when compared to other silicides with a negative coefficient of405

thermal expansion [44]. Unfortunately, too little diffraction planes with suffi-

cient intensity were observed in these measurements to further investigate this

effect. (ii) As function of alloying species, one can observe that the diffraction

peak is systematically higher in 2θ when Co alloying is used in comparison with

an unalloyed sample, which is similar to the effect of Co-alloying on the NiSi or410

NiSi2 phase [45]. Al and Pt seem to increase the initial θ-Ni2Si lattice spacing

(corresponding to a lower 2θ angle), and the subsequent evolution of the Ni(Al)

sample indicates a complex change in the films’ composition or strain. This

illustrates the flexibility of the θ-Ni2Si to accommodate alloying elements and

compositional gradients, which possibly explains why no significant change can415

be observed in the growth profile within the ultrathin film region. This is again

corroborated through the texture of θ-Ni2Si: although the texture of other sili-

cides changes remarkably with the addition of a ternary element (Figures 3 4),

the same epitaxy is always observed for θ-Ni2Si, independent of as-deposited

composition or thickness (Figures 2 8).420

Influence of alloying on preferential orientation - examples of texture inheritance

Not only the temperature windows of the observed phases is influenced

through alloying, but also the silicides’ preferential orientation with respect

to the Si substrate. The most remarkable changes can be found in the texture

of δ-Ni2Si, where an epitaxial orientation is observed for Ni and Ni(Pt) and a425

fiber texture for Ni(Co) (Fig. 3 and Table 3)). Moreover, the overview of pole-

figure measurements (Fig. 2) illustrates that the fiber texture is most clearly
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Figure 11: The transition from (a) θ-Ni2Si to δ-Ni2Si or from (b) θ-Ni2Si to NiSi involves

only minimal atomic movement, thus possibly introducing texture inheritence.

present in the as-deposited cobalt-alloyed nickel layer, as well as in subsequent

δ-Ni2Si. This could indicate that the texture of a specific silicide is influenced

by the orientation of the preceding phase. Indeed, Gaudet et al. [6] reported,430

for the unalloyed nickel silicide solid-phase reaction, that a transformation from

one phase to another phase could coincide in an inheritance of fiber-textures,

provided that the crystal structures are similar. A similar reasoning applied

here for a fiber-inheritance between the as-deposited, cobalt-alloyed Ni(111)

fiber-axis and δ-Ni2Si (301), where the respective fiber planes evolve from a435

d-spacing of 2.03 to 1.99�A, allowing plane-to-plane matching at the nucleation

interface between cobalt-alloyed nickel grains and δ-Ni2Si.

A more remarkable texture inheritance is indicated by our measurements on

some of the observed epitaxial orientations. We explain this phenomenon on the

basis of the epitaxially textured δ-Ni2Si when Pt is added as a ternary element.440

The epitaxial alignment of δ-Ni2Si , which is not present when δ-Ni2Si is formed
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from an unalloyed Ni film (Fig. 3), would be hard to explain on solubility

arguments alone, as the solubility of Pt in δ-Ni2Si is very low. However, this

phase is formed at expense of the preceding, epitaxially-aligned, θ-Ni2Si (Fig.

6), and thus texture inheritance is possible provided that the crystal structures445

are related. Indeed, a minimal atomic movement is required to transform the θ-

Ni2Si into δ-Ni2Si, as illustrated in figure 11a. The corresponding transforming

planes are then: {010}δ//{0001}θ for the basal plane, and {001}δ//{112̄0}θ or

{301}δ//{112̄0}θ, depending on a rotation of 60° due to the hexagonal symmetry

of θ-Ni2Si. These transformation rules well explain the change of Aθ and Bθ450

epitaxy into Aδ and Bδ, respectively. This is easily seen by transforming the

epitaxies from Table 3 into those listed in Table 2, taking into account the

symmetry of θ-Ni2Si and the Si(001) substrate, and that an epitaxial orientation

is defined by fixating the orientation of two sets of non-parallel planes. This

texture inheritance not only minimises the required atomic mobility for the Si455

atoms, but also reduces the interface energy between the nucleated δ-Ni2Si grain

and the existing θ-Ni2Si grain through plane-to-plane matching.

The epitaxial alignment of NiSi, which is also observed when Pt is added

to the as-deposited Ni layer, can also be understood through similar epitaxial-

texture inheritance arguments. Figure 11b shows that the transformation from460

θ-Ni2Si to NiSi is enabled by a minimal movement of the majority of atoms

involved, especially for the least-mobile element Si. The transition from com-

positional Ni2Si to NiSi, however, requires the out-diffusion of half of the nickel

atoms. Ellner et al. [37] reported that the nickel content within θ-Ni2Si can

be as low as 58 at % Ni, so this transformation is not as abrupt as displayed465

in figure 11b. The corresponding planes are: {100}NiSi//{0001}θ for the basal

plane, and {013}NiSi//{112̄0}θ or {010}NiSi//{112̄0}θ . In addition to atomic

movement, this transformation requires significant deformation of the unit cells,

e.g. the lattice spacing of the θ-Ni2Si basal plane needs to expand from 4.89 to

5.18�A. These plane transformations explain the observed transitions of Aθ to470

both ANiSi and BNiSi and Bθ into CNiSi. The fact that the Aθ θ-Ni2Si orienta-

tion results into two slightly different epitaxial phases can be related to the fact
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that the texture inheritance requires some relaxation of the unit cell. It appears

that the NiSi (101) and (211) planes along Si{101} orientation match with good

alignment. The second orientation cannot match perfectly, due to the relaxation475

of the unit cell, and as such, the texture inheritance will allow small deviations

around the original orientation of θ-Ni2Si through the axiotaxial alignment.

The identified pathways for texture inheritance are depicted in Fig. 6

through arrows from the original phase to the succeeding phase. The absence

of texture inheritance, for example when forming NiSi for the Ni(Al) sample,480

can be understood as the θ-Ni2Si- NiSi phase sequence is interrupted by the

formation of the NixAlySiz phase. Similarly, the in situ XRD of Ni and Ni(Co)

samples show the occurrence of non-epitaxial θ-Ni2Si in a short temperature

window just prior to the formation of NiSi. As in situ XRD, in the geome-

try used in this paper, only detects planes nearly-parallel to the surface, this485

observation means that the θ-Ni2Si has lost (partially) its epitaxial alignment

with the Si substrate, thus loosing the epitaxial template for epitaxial texture

inheritance. Gaudet et al. [6] describes how θ-Ni2Si at this temperature inherits

its fiber alignment from fiber-aligned δ-Ni2Si . The observation of texture in-

heritance of epitaxial texture (in this paper) and fiber texture (by Gaudet et al.490

[6]) in both directions between θ-Ni2Si and δ-Ni2Si illustrates the competitive

growth of these layers.

Finally, the formation of NiSi2 out of θ-Ni2Si for the ultra-thin, 3 nm Ni films

also correlates with texture inheritance (Fig. 9). The transformation rules for

the formation of type-A epitaxial NiSi2 out of the epitaxial Aθ θ-Ni2Si can indeed495

be associated with minimal atomic movement. This is, however, less evident for

the transition between Bθ and ANiSi2 . It was previously suggested [10] that

the low-temperature NiSi2 formation in the ultra-thin regime, instead of NiSi,

is the result of a much lower interface energy. Our observations corroborate

this, as one epitaxial phase transforms into another, and by consequence the500

interface energy remains low throughout the transition both at the heterophase

silicon-silicide interface, but also at the interface with the consumed silicide.

This work investigates the altered solid-phase reaction through alloying and
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thickness reduction. The improved thermal and morphological stability of the

silicide contact was already long known in literature [12, 16], and the effect505

of texture inheritance reported here further enhances our understanding of the

underlying kinetics. A change of in preferential orientation and altered ag-

glomeration behaviour of silicide contacts also have been reported through e.g.

reducing the in-plane dimension of the contact [46, 47], removing the crystalline

template from the substrate through pre-amorphisation implant [48, 49, 50] or510

by alternating the available thermal budget during deposition [51, 52] and an-

nealing [53, 54]. The current study therefore indicates that modern experimental

techniques can further understand binary and ternary solid-phase reactions.

5. Conclusions

The phase formation between thin Ni films of 3 and 9 nm thickness deposited515

on Si(001) was investigated by means of in situ XRD, in situ sheet resistance

and ex situ pole-figure measurements. The same measurements were also per-

formed on samples alloyed with 10 at.% Al, Co and Pt. The measurements

allowed to investigate the effect of film thickness and the presence of a ternary

element on the phase formation and texture of the thin nickel-silicide layers.520

Changes in the phase formation sequence could be interpreted on the basis of

nucleation theory and the effect of entropy of mixing. Most occurring phases,

i.e. the as-deposited Ni layer, δ-Ni2Si and NiSi, revealed significant different tex-

tures upon alloying. Remarkably, θ-Ni2Si was observed with the same epitaxial

orientation regardless of as-deposited thickness or alloying element, indicating525

the high tolerance of the θ-Ni2Si unit cell towards impurities. The preferential

orientation of subsequently-occurring silicides indicate the mechanism of texture

inheritance during the phase sequence. The latter effect succeeds in explaining

the occurrence of specific epitaxial and fiber textures through a transformation

of the preceding phases.530
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