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Abstract

Ultrathin films of nickel deposited onto (100) Si substrates were found to form kinetically constrained multilayered interface struc-
tures characterized by structural and compositional gradients. The presence of a native SiO2 on the substrate surface in tandem with
thickness-dependent intrinsic stress of the metal film limits the solid-state reaction between Ni and Si. A roughly 6.5 nm thick Ni film
on top of the native oxide was observed regardless of the initial nominal film thickness of either 5 or 15 nm. The thickness of the silicide
layer that formed by Ni diffusion into the Si substrate, however, scales with the nominal film thickness. Cross-sectional in situ annealing
experiments in the transmission electron microscope elucidate the kinetics of interface transformation towards thermodynamic equilib-
rium. Two competing mechanisms are active during thermal annealing: thermally activated diffusion of Ni through the native oxide layer
and subsequent transformation of the observed compositional gradient into a thick reaction layer of NiSi2 with an epitaxial orientation
relationship to the Si substrate; and, secondly, metal film dispersion and subsequent formation of faceted Ni islands on top of the native
oxide layer.
� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

As device sizes continually decrease, the structural and
chemical stability of thin films and their properties become
critical. Numerous studies have investigated thin transition
metal silicide films due to their ability to form low resis-
tance interfaces for interconnects or Schottky barriers in
transistors [1,2]. Recent attention has shifted to Ni silicide
as a replacement for CoSi2 as interconnects, due to its
lower resistivity at smaller dimensions, uniform planar
growth and lower Si consumption [3]. The formation of
Ni silicide is a complex process, and films have been found
to be unstable as their thickness decreases [4]. Thin films of
Ni silicides form by sequential growth, i.e. follow Kidson’s
model for planar thin film growth by solid state diffusion
1359-6454/$36.00 � 2012 Acta Materialia Inc. Published by Elsevier Ltd. All
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[5,6]. According to the binary phase diagram for Ni and
Si, several intermetallic phases are stable as bulk materials;
of these, Ni2Si forms first due to the low kinetic barrier at
the Ni2Si/Si interface [6]. However, the stability of bulk
phases does not necessarily reflect the structural and com-
positional stability in ultrathin films due to effects of intrin-
sic and interfacial strain, as well as the increased
significance of surface and interface energies. Upon room
temperature deposition of ultrathin films of Ni onto clean
(10 0) Si substrates, nickel diffuses interstitially into the
substrate [7–9]. Electrical characterizations of Schottky
barrier heights have revealed that an NiSi2-like “phase” is
formed at the Ni–Si interface. Ni was found in solid solu-
tion, with no alterations to its diamond cubic crystal struc-
ture [7–9]. A lowering of the Schottky barrier height was
explained by Si–Si covalent bonds being partially replaced
by metallic Si–Ni bonds in the diffusion layer. Such obser-
vations are consistent with silicide formation at lower
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http://dx.doi.org/10.1016/j.actamat.2012.01.033
mailto:Benthem@ucdavis.edu
http://dx.doi.org/10.1016/j.actamat.2012.01.033


A.M. Thron et al. / Acta Materialia 60 (2012) 2668–2678 2669
temperatures than predicted by the bulk phase diagram [7].
However, the formation of concentration gradients [10]
resulting from reaction-limited growth was not considered,
and may significantly alter the macroscopically observed
Schottky barrier height.

For room-temperature deposition, compositional gradi-
ents were observed to form for monolayer thick films of Ni
on (100) Si, with a diffusion layer rich in Ni near the top of
the film and an Si-rich layer close to the Si substrate [11].
For film thicknesses below 2 nm, NiSi2 was observed to
form at temperatures as low as 350 �C through interstitial
diffusion of Ni in Si and subsequent minimization of the
lattice strain [11,12]. Gösele and Tu [5] and d’Heurle and
Gas [6] have shown that Ni2Si and NiSi can form simulta-
neously through supply-limited growth of the silicide film
due to impurities at the Ni/Si interface. The incorporation
of oxygen at the Ni/Si interface can, however, delay any
solid-state reaction between film and substrate. Mayer
and co-workers [13] have shown that a continuous layer
of thermal SiO2 with a thickness as small as 5 Å acts as a
diffusion barrier for Ni below 700 K. At higher tempera-
tures, however, Pretorius et al. [14] found that Ni films
react with underlying SiO2 by forming voids in the oxide
through which the metal can diffuse to the SiO2/Si interface
and from silicide layers. Another study reports that, inde-
pendent of the quality (i.e. stoichiometry) of the SiO2 film,
no diffusion of Ni through the oxide occurs below 800 �C
[15]. Lee et al. [15] mostly rely on X-ray diffraction, Auger
spectroscopy and transmission electron microscopy (TEM)
imaging. Their TEM results, however, indicate straining at
the Si/SiO2 interface that may be caused by silicide forma-
tion after Ni diffusion through the native oxide film during
rapid thermal annealing. Liehr and co-workers [16] report
that, in the presence of SiO2 diffusion barriers, solid-state
reactions between Ni and Si at or above 900 �C are limited
by Ni diffusion through pinholes in the oxide film. At such
high temperatures, the activation energy for Ni diffusion is
further lowered by complementary decomposition of SiO2,
which generates defect-rich areas and, hence, preferential
diffusion pathways. Clearfield et al. [17] have demonstrated
that, upon annealing, as-deposited CuNi films both dewet
the Si substrate and react with the substrate to form sili-
cides through reaction-limited diffusion across the interface
plane. The authors mention that a native SiO2 layer is pres-
ent on the substrate surface. However, the presence of a
possible diffusion barrier and the resulting interface reac-
tions and their kinetics are not considered.

Another aspect that should be considered is that Ni
films deposited on SiO2 carry an intrinsic stress, which
scales with film thickness [18–20]. Thin films of Ni on
SiO2 are kinetically constrained after low-temperature
growth and agglomerate when annealed at or above
200 �C [13,17,21–23]. Film dispersion occurs through ther-
mal grooving at the grain boundaries of the metal film, and
is kinetically driven by surface diffusion of Ni away from
the grain boundaries [24]. For nominal film thicknesses
below 5 nm, the formation of a wetting layer was observed
between the agglomerated Ni islands and the SiO2 sub-
strate acts as diffusion barrier [18,22]. Boragno et al. [22]
suggest that the wetting layer forms because films thinner
than 5 nm fail to reach a critical curvature, which would
provide a sufficient driving force for the nucleation and
growth of voids in the thin metal film. Intrinsic stress in
thin metal films changes the local chemical potential and
may contribute an additional driving force for Ni diffusion
through an underlying SiO2 film [20].

As-deposited thin films of Ni on Si substrates have a
strong driving force for solid-state reactions to form Ni sil-
icides through reaction-limited diffusion while reducing the
intrinsic stress. Interfacial stresses have so far only been
considered for silicidation processes in the absence of any
diffusion barriers [19]. The literature overview provided
above indicates that ultrathin stoichiometric SiO2 films
act as excellent diffusion barriers below about 800 �C [13–
16,23]. However, sub-stoichiometric oxide films, such as
native SiO2, may be characterized by significantly lower
activation energies for metal diffusion through the oxide
layer [15,17,20]. Hence, as-deposited thin films of Ni on
oxide-covered Si substrates are subject to both agglomera-
tion and solid-state reactions with the substrate. The pur-
pose of the reported study is to investigate the reaction
kinetics between ultrathin Ni films deposited on (100) Si
substrate surfaces that are covered with a thin native
SiO2 film. Cross-sectional TEM was utilized to determine
whether as-deposited films show any interaction with the
Si substrate or reveal any concentration gradients. Two dif-
ferent as-deposited film thicknesses are considered to eval-
uate the effects of intrinsic strain on the diffusion behavior,
and in situ annealing was performed to determine the
kinetic pathway for the metastable interface configuration
to reach thermodynamic equilibrium.

2. Experimental details

To evaluate the influence of metal film thickness on the
interface structure, nickel films with nominal thicknesses of
5 and 15 nm were deposited onto the (100) surface of Si
substrates by DC magnetron sputtering at room tempera-
ture. The base pressure was 1.7 � 10�8 torr and films were
deposited in an atmosphere of 2 mtorr of argon using 100
and 50 W power, resulting in sputtering rates of 1.4 and
0.7 Å s�1, respectively. Prior to deposition, substrate sur-
faces were prepared with buffered HF solution to remove
any organic contaminants. The surfaces were subsequently
rinsed with de-ionized water and acetone, and dried with
nitrogen.

Cross-sectional TEM specimens of the as-deposited
films were prepared by standard cutting, grinding, dim-
pling and ion-milling techniques [25]. The temperature of
the specimen was carefully controlled during specimen
preparation to preserve the as-deposited film. The high
temperature epoxy glue used for cross-sectional prepara-
tion was cured between 100 and 110 �C (373–383 K). Sam-
ples were cooled to liquid nitrogen temperatures during
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ion-beam thinning. TEM specimens are characterized in an
edge-on configuration, where the h110i direction of the Si
substrate is parallel to the optical axis of the TEM.

High-resolution TEM (HRTEM) and selected area dif-
fraction (SAED) experiments were carried out with a JEOL
2500SE TEM/STEM instrument, operating at 200 keV.
Annular dark field scanning TEM (STEM) images were
acquired with an aberration-corrected JEOL JEM 2100F/
Cs STEM instrument. A Gatan Quantum parallel electron
energy-loss spectrometer [26] is attached to this instrument
and was used to record electron energy-loss spectroscopy
(EELS) line profiles across the interface structures.
HRTEM and STEM images were filtered by using a Gauss-
ian-type high pass filter to remove high-frequency noise
induced by the surrounding environment [27]. All EELS
data were background subtracted using an inverse power
law approximation [28]. The integrated absorption edge
intensities are scaled by their calculated inelastic cross-sec-
tions [28]. After a thorough characterization of the as-
deposited films, in situ heating experiments were performed
with a Gatan 652 double-tilt heating holder. Temperatures
were manually controlled by adjusting the heating current.
A thermal couple connected to the Ta cup holding the
TEM sample was used to monitor the temperature of the
sample.

3. Results

3.1. As-deposited film

Fig. 1a and b shows TEM and HRTEM micrographs of
the as-deposited film, respectively, with a nominal thick-
ness of 5 nm (“thinner film”). Three distinct layers labeled
A0, B and C are observed in the HRTEM micrograph in
Fig. 1b. The contrast on top of layer C is some residual
glue that was used during specimen preparation. Layer
A0 appears wavy in the direction parallel to the interface,
and varies in thickness between 0.5 and 2.0 nm. A dark
band of contrast is observed along the Si/A0 interface.
Layer B shows a contrast pattern that is characteristic for
vacuum

(a)

glue

nom. 5 nm

Si substrate

10 nm

Fig. 1. TEM micrographs of the as-deposited film with a nominal thickness of 5
displaying the formation of multiple layers, labeled A0, B and C.
amorphous materials with significantly brighter intensity
than observed for layer A0. Layer B is continuous over
extended areas of the substrate, and its thickness varies
between 1.5 and 3.0 nm. Layer C reveals a polycrystalline
structure, and its thickness is approximately 6.5 nm.

Fig. 2 shows TEM and HRTEM micrographs of the as-
deposited “thicker film”, with a nominal thickness of
15 nm. Four distinct layers, labeled A0, A, B and C, are
observed. The first layer in contact with the single-crystal-
line substrate (layer A0) has a thickness of 1–2 nm and
reveals some crystalline order. Layer A0 reveals a localized
band of dark contrast along the Si/A0 interface. The second
layer, labeled A, is polycrystalline, with a thickness of
roughly 5 nm and grain sizes ranging between 15 and
76 nm in the direction parallel to the interface (Fig. 2a).
The third layer, labeled B, reveals significantly brighter
HRTEM image contrast and a thickness that ranges
between 2 and 4 nm. Layer B is discontinuous, with lengths
of intermittent sections ranging between 6 and 50 nm in the
direction parallel to the interface plane. The image contrast
from layer B represents an amorphous structure of the
layer. Layer C is polycrystalline, with a thickness of
roughly 6.5 nm and similar grain sizes. The average
HRTEM image contrast in layer C is comparable to that
in layer A.

SAED patterns of the interface structure for the thinner
film (nominally 5 nm) are dominated by the typical diffrac-
tion spots for single-crystalline Si (Fig. 3a). A ring is
observed in the diffraction pattern that coincides with the
(11 1) lattice spacing for Ni. However, no evidence for
the presence of an Ni silicide phase is observed (Fig 3a).
SAED patterns of the as-deposited thicker film (nominal
thickness of 15 nm) indicate the polycrystalline nature of
the observed layers, with nickel (111) diffraction spots in
close proximity to those generated by Si (200) planes (see
Fig. 3b). In addition, diffraction spots coinciding with the
(62 8), (008), (244) and (62 0) lattice plane distances in
Ni2Si are observed (Fig. 3b) [29].

Fig. 4a shows a high-angle annular dark field (HAADF)
image of layer A0 of the thinner film. It is observed that in
(b)

Si Substrate 
<110>

nm. (a) An overview of the film morphology. (b) An HRTEM micrograph
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<110>

Fig. 2. TEM micrographs of the as-deposited film with a nominal thickness of 15 nm. (a) An overview of the film morphology. (b) An HRTEM
micrograph displaying the formation of multiple layers, labeled A0, A, B and C.

(a) (b)

Fig. 3. SAED patterns of the as-deposited films with nominal film thicknesses of (a) 5 nm and (b) 15 nm. Only diffraction spots related to pure Ni and pure
Si are observed on the thinner film, while diffraction spots corresponding to pure Ni crystals and the Ni2Si phases are seen on the thicker film (b).

B 
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C
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A 

<100>

Si
B
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<100>

{440} 

{440} 5 nm   1 nm

Fig. 4. (a) High-resolution HAADF image of an epitaxial section of layer A for the as-deposited thinner film. The inset is an FFT-filtered area of the
highlighted area that exhibits strain due to misfit-type dislocations in the volume of layer A. (b) HRTEM image of the thicker film that in some areas
reveals an epitaxial orientation relationship between layer A0 and the Si substrate (inset).
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some areas lattice planes in layer A0 are aligned well with
the h100i direction of the Si substrates. Fast Fourier trans-
formation (FFT) of a selected area of layer A0 (see the
marked area in Fig. 4a) was performed. Fourier compo-
nents that represent image information in the direction par-
allel to the interface normal were removed from the FFT.
A subsequent inverse FFT (see inset in Fig. 4a) indicates
the presence of misfit-type dislocations within layer A0 that
repeat in the direction parallel to the interface plane. Lat-
tice spacings of 1.96 ± 0.20 and 2.30 ± 0.20 Å are mea-
sured below and above the dislocation lines in Layer A,
respectively (see Fig. 4a). The former lattice spacing
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matches well with the (440) spacing of Si in its diamond
cubic structure, while the latter represents a lattice mis-
match of 24% with the substrate. The epitaxial orientation
relationship between layer A and the substrate as described
above is, however, discontinuous along the interface plane.

Fig. 4b shows a HRTEM micrograph of the A0/Si inter-
face for the thicker film. Layer A0 reveals a darker contrast
in comparison with the other layers and formed a relatively
rough, i.e. wavy, interface with the Si substrate. A lattice
spacing of 1.69 ± 0.28 Å was measured in the highlighted
area of the interface (inset of Fig. 4b). The observed spac-
ing resembles the (440) spacing in the Si diamond cubic
structure.

Chemical composition profiles across the as-deposited
films were recorded by EELS. Profiles of the low-energy-
loss and core-loss regions were acquired quasi-simulta-
neously using the dual-EELS technique [26]. Series of elec-
tron energy loss spectra of the Ni L2,3, O K and Si L2,3

ionization edges were acquired in the direction perpendicu-
lar to the substrate surface. Background subtracted spec-
tral intensities were integrated and plotted as a function
of relative distance across the interface (Fig. 4b and d).
An HAADF STEM survey image of the thinner film is
shown in Fig. 4a, together with the corresponding inte-
grated EELS intensity profiles in Fig. 4b. For the thinner
film, layer C is dominated by the inelastic signal from the
Ni L2,3 edge. Transitioning from layer C into layer B, the
Ni signal vanishes, while the O K edge becomes dominant.
Moving from the middle of layer B into layer A0, the O K
edge signal drops off while the Ni L2,3 signal gradually
increases. The inelastic signal from the Si L2,3 edge
increases slightly in layer B and remains constant through-
out the layer. The Si L2,3 edge begins to increase in inten-
sity again at the B/A0 interface, and peaks in intensity at
the Si substrate. A maximum for the nickel signal occurs
at the interface between layers A0 and B (top of layer A0),
and gradually drops off in intensity moving into the Si
substrate.

Fig. 5c shows an HAADF STEM image of the thicker
as-deposited film that served as survey image during EELS
acquisition. EELS intensities in layer C predominantly
originate from inelastic electron scattering by nickel atoms.
Entering the intermittent layer B, the Ni L2,3 intensity
reduces significantly while both the Si L2,3 edge and the
O K edge show steady increases in spectral intensity, start-
ing at the C/B interface (the top of layer B). Layer A
reveals a sharp drop in the O K edge signal at the A/B
interface (the top of layer A), while the Si intensity remains
mostly constant throughout both layers A and B. The Ni
L2,3 edge intensity, however, shows an abrupt increase at
the top of layer A and gradually decays as it approaches
the substrate. As the Ni signal decreases, the O K edge sig-
nal gradually increases when approaching the A/A0 inter-
face (the top of layer A0). A significant increase in the Si
L2,3 edge is observed in layer A0, while the O K edge signal
remains relatively constant.
Closer examination of the Si L2,3 edge recorded from
layer B for both the thinner and thicker films reveals that
the observed near edge fine structures are in good agree-
ment with reference spectra for bulk SiO2 (Fig. 6a) [30].
The Si L2,3 edge acquired from layer A0 in both the 5 and
15 nm films qualitatively reproduce reference spectra of
bulk Si (Fig. 6b).

3.2. In situ annealing experiments

In situ heating experiments were performed while the
sample was observed in cross-section by HAADF STEM
imaging. Fig. 7 shows three images extracted from a video
sequence that was recorded during the annealing process.
The thinner films were heated from room temperature to
490 �C at a rate of 1.6 �C s�1. Fig. 7a–c shows the evolution
of the film for temperatures of 200, 300 and 490 �C, respec-
tively. During the annealing of the film from room temper-
ature to 200 �C, a reaction layer (RL) starts growing
further into the substrate, while little change occurs in lay-
ers B and C. Upon further heating from 200 to 300 �C,
layer C begins to disperse, as can be inferred from the area
highlighted by the white oval in Fig. 8b. At 300 �C layer B
remains mostly unchanged, while the RL continues to con-
sume the Si substrate. The RL is discontinuous throughout
the length of the film (cf. the dashed box in Fig. 7b). Upon
heating to 490 �C, the dispersion of layer C and subsequent
agglomeration into individual islands is observed (Fig. 7c).
Furthermore, the newly formed RL has further consumed
the Si substrate and reveals some faceting of interface with
the substrate. The thickness of the RL becomes inhomoge-
neous, with its thinnest areas underneath larger Ni islands
(cf. Fig. 7c).

A similar behavior of film dispersion and subsequent
agglomeration was observed for the thicker film, although
at slightly higher temperatures. The nominally 15 nm thick
film was heated from room temperature to 575 �C at an
average heating rate of 0.1 �C s�1. Around 330 �C the Ni
film starts dispersing (Fig. 7d) and continues to agglomer-
ate (409 �C, Fig. 7e) until it shows individual islands on the
amorphous film above 510 �C (see Fig. 7f recorded at
575 �C). For example, the area encircled in Fig. 7e exhibits
the formation of a ridge that indicates the microstructural
evolution of the metal film during annealing. At the same
time, successive growth of an RL with bright image con-
trast was observed. Fig. 7f shows significant curvature of
the interface between the RL and the substrate as well as
onsets of interface faceting.

The majority of dispersed islands that formed from the
thinner film reveal round edges, as shown in Fig. 8a and
b. HRTEM images of the islands reveal lattice fringes
spaced 2.03 Å apart, i.e. the (111) lattice spacing in metal-
lic nickel. After annealing, the islands have thicknesses
between 7.5 and 15.5 nm and widths ranging from 11 to
30 nm. The amorphous layer B remains continuous after
annealing, and reveals rough interfaces with both the Ni
islands and the RL.
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HRTEM micrographs recorded from the thicker film
after annealing (Fig. 8c and d) reveal that the previously
observed ultrathin layer A0 is removed. Layer B remained
amorphous and, within the field of view, became continu-
ous in the direction parallel to the substrate surface, with
thicknesses ranging between 2 and 4 nm. Similar to the
thicker film, layer B exhibits rough interfaces with the adja-
cent islands and the RL. The coalesced nickel film (layer C)
in Fig. 8d reveals small islands approximately 8–10 nm
thick and 10–14 nm wide. Faceting of the nickel islands
occurred along the h111i, h10 0i and h211i directions
(Fig. 8d). However, the nickel islands reveal a curved shape
at the interface between the nickel islands and the underly-
ing amorphous layer C. Furthermore, (100) planes of the
nickel islands exhibit a small mis-tilt with respect to the
(100) planes of the underlying RL.



a 5nm c 5nmb 5nm

C
B

CC

200ºC
Si

490ºC
SiBRL

RL

20 nm 300ºCB
RL 490 C

330ºC 409ºCd e15nm 15nm 575ºCf 15nm

B

C C

C

RL

B B

Si

Si

Si

RL

RL RL

Si

Fig. 7. Cross-sectional HAADF STEM images extracted from video clips that were recorded during the annealing of the nominally 5 nm (a–c) and 15 nm
thick films (d–f). The thinner film initiates dispersion at lower temperature than the thicker film.

a b
Vacuum

Vacuum

C

RL5 nm 5 nm

B

(100)RL

dc
Vacuum

<111>
<100>

<211>
<111>

C

(100)

B

RL

< > n

Fig. 8. (a, b) HRTEM images of dispersed Ni islands after annealing of the nominally 5 nm thick film. (c, d) HRTEM images of dispersed Ni islands after
dispersion of the nominally 15 nm thick film. (d) An Ni island with four different facets.

2674 A.M. Thron et al. / Acta Materialia 60 (2012) 2668–2678
Fig. 9 shows atomic resolution HAADF images of two
different facets that are part of the interface between the
RL and the Si substrate after annealing of the thinner film.
The RL has an epitaxial orientation relationship with the Si
substrate and forms coherent interfaces along (100) and
(11 1) facets (Fig. 9a and b, respectively). A model of the
interface, created in CrystalMaker, is overlaid at the inter-
face on the left-hand side of Fig. 9b, confirming a coherent
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interface structure. Similar observations of atomically
abrupt interface structures between the RL and the
substrate were carried out in some areas of the thicker film
after annealing (see e.g. Fig. 10a). The inset in Fig. 10a
shows an FFT of the HRTEM image. Fig. 10b shows
superimposed kinematically simulated diffraction patterns
in h110i zone axis orientation for Si and NiSi2 crystallizing
in the CaF2 structure [31].

4. Discussion

4.1. As-deposited films

For both nominal film thicknesses, multilayered inter-
face structures were observed before any annealing was
carried out. The corresponding structural and composi-
tional gradients discussed in the following are thus formed
due to the thermodynamic conditions during room-temper-
ature deposition. It needs to be recognized, however, that
the effective temperature that determines the thermody-
namic condition of the observed interface structure is not
room temperature. The plasma utilized during magnetron
sputtering can heat the substrate surface to temperatures
in excess of 100 �C, depending on the distance from the
wafer to the sputtering target and the power used. In a
previous study, thin metal films were successfully sputter
deposited onto polycarbonate membranes under the same
experimental conditions applied for this investigation.
Since plastic flow of such membranes was not observed
but typically occurs around 150 �C, it is concluded that
the Si substrate temperature during film deposition was
lower than 150 �C. During cross-sectional TEM specimen
preparation, maximum temperatures of 110 �C were
reached. Hence, the thermodynamic conditions for the
observed “as-deposited” interface structure correspond to
an effective temperature between 110 and 150 �C. For both
nominal film thicknesses the observed interface structures
therefore correspond to metastable thermodynamic states
and are kinetically constrained. The number of observed
layers (cf. Figs. 1 and 2) and their chemical composition
(cf. Fig. 5) is a function of the originally deposited amount
of Ni, i.e. the nominal specimen thickness. However, com-
parison of Figs. 1b and 2b reveals that, irrespective of the
nominal film thickness, layer C assumes a thickness of
roughly 6.5 nm in both observed cases. In the following,
the formation of each interface layer is discussed in detail
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in the sequence from closest to the interface (layer A0)
towards the top of the multilayer structure (layer C).

Regardless of the nominal thicknesses, layers A0 were
found to grow partially epitaxial with the Si substrate
(Fig. 4). EELS results for both interface structures reveal
the presence of Ni and Si (Fig. 5), while the near edge fine
structures plotted in Fig. 6b indicate that the local elec-
tronic structures, i.e. bonding configurations, are similar
to bulk Si. Such observations suggest that during deposi-
tion Ni diffused into the substrate and formed layer A0 con-
sisting of a solid solution of interstitial Ni atoms in Si,
which is in good agreement with earlier results reported
in the literature [7,9,32]. Layer A is observed in the nomi-
nally 15 nm thick film, but is absent for the thinner film
(Figs. 1 and 2). SAED patterns (Fig. 3) show the presence
of Ni2Si diffraction spots. However, layer A is character-
ized by a varying Ni concentration, as determined by the
EELS line profiles (Fig. 5d). It is therefore concluded that
layer A in the thicker film possesses a concentration gradi-
ent between an Ni-rich silicide close to the A/B interface
and an Si-rich silicide at the A0/A interface. Similar chem-
ical gradients were predicted by Gösele and Tu [5] for the
growth of Ni silicide thin films by a solid-state reaction.
Since the growth of Ni silicide thin films is limited by the
reaction at the interface, sequential phase formation should
occur. However, for the ultrathin film (layer A) in this
study, the formation of the concentration gradient is due
to diffusion-limited growth for the thermodynamically
metastable state assumed during low-temperature film
deposition.

Layer B observed for both nominal film thicknesses is an
amorphous native SiO2 layer (see Fig. 5b and d) that grew
on the Si substrate surface before the sputtering process.
EELS near edge fine structures of the Si L2,3 edge acquired
from both interface structures are in excellent agreement
with that of an SiO2 reference spectrum (see Fig. 6a). Stoi-
chiometric SiO2 acts as an excellent diffusion barrier for Ni
atoms below 800 �C. However, in the current study Ni did
indeed diffuse through the native oxide layer into the Si
substrate to form layers A0 and A at temperatures of the
order of 110–150 �C. The Ni diffusion is therefore facili-
tated by a high concentration of defects in the amorphous
native oxide [13,16]. Areas where the native oxide film is
discontinuous (Fig. 2a) indicate the location of additional
pinholes before film deposition which provided preferential
pathways for Ni diffusion. However, the absence of such
discontinuities in layer B for the thinner film demonstrates
that Ni diffusion through the volume of the native oxide
layer cannot be neglected.

During the sputtering process and sample preparation,
Ni had sufficient thermal energy to overcome the activation
energy for diffusion through the volume of the native oxide
layer. Upon the arrival of Ni atoms at the SiO2/Si interface,
Ni-rich silicide forms during the reaction-limited growth of
layer A. Subsequently, Ni needs to diffuse through the pre-
viously formed silicide, resulting in reaction-limited contin-
uation of the growth process. The resulting compositional
gradient from Ni-rich to Si-rich silicide is in good agree-
ment with predictions by Gösele and Tu [5]. After film
deposition and subsequent cooling, Ni continues to diffuse
into the Si substrate and eventually stops when its thermal
energy drops below the corresponding activation energy.
Subsequently, source-limited growth of the silicide layer
occurs at the silicide/Si interface at the expense of the Ni-
rich silicide. As a result, the observed compositional gradi-
ent throughout layer A is formed. However, Ni will diffuse
interstitially into Si even at room temperature [32], hence
creating a solid solution of Ni in Si that leads to the forma-
tion of layer A0, as discussed above.

Thin Ni films deposited on SiO2 possess an inherent
stress that increases with increasing film thickness [20]
and decreases with increasing temperature [18]. As a conse-
quence, the nominally 15 nm thick film investigated in this
study carried a higher intrinsic stress than the thinner film,
resulting in a larger driving force for Ni to diffuse through
the oxide layer into the Si substrate. Stress-induced diffu-
sion of Ni was therefore terminated after a sufficient
decrease of intrinsic stress with decreasing film thickness
reaches an equilibrium with diminished concentration gra-
dients through the build-up of excess nickel at the SiO2/sil-
icide interface. The true film thickness of the nominally
6.5 nm thick films was roughly 6–8 nm and therefore small
enough that only a small amount of Ni could diffuse into
the Si. The observed “equilibrium film thickness” of
roughly 6.5 nm is therefore determined by balancing the
intrinsic stress in the metal film and the Ni concentration
at the oxide/silicide interface.

Due to insufficient thermal energy, the kinetically con-
strained metal film was unable to completely diffuse
through the native oxide layer to form a stoichiometric
nickel silicide layer. To investigate the transitions of the
film and the interface structure when approaching thermo-
dynamic equilibrium, in situ annealing during TEM obser-
vation was carried out. The results are discussed in the
following section.

4.2. In situ annealing

The replacement of the multilayered interface structures
observed from the as-deposited films by the formation of
individual Ni islands and a thick RL provides clear evi-
dence for the metastable nature of the interface configura-
tion observed before annealing. Two competing transitions
were observed to occur during in situ heating: the continu-
ous growth of a silicide RL through consumption of the Si
substrate by Ni atoms diffusing through the oxide layer
(Fig. 7); and dispersion and subsequent agglomeration of
the remaining Ni film into individual islands (Figs. 7 and
8). Previous studies have shown complete consumption of
thin nickel films in contact with an Si substrate to form
nickel silicides after rapid thermal annealing to 850 �C
[33–35]. During the in situ annealing experiments presented
in this study, the formation of NiSi2 crystallizing in the
CaF2 structure occurred at 280 �C for the thinner film
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and 500 �C for the thicker film. The faceting in Fig. 8 dem-
onstrates that NiSi2 grew along the h111i direction of the
Si substrate [36]. The observed significantly lower forma-
tion temperatures for NiSi2 compared to 800 �C in the bulk
are due to the dimensional constraints in the ultrathin lay-
ers. Previous studies of NiSi2 formation have shown tem-
peratures of formation as low as 300 �C for an initial Ni
layer thicknesses below 2.5 nm [12]. Hence, limiting the
supply of Ni through the diffusion barrier of the native
oxide further lowered the temperature for formation of
NiSi2 through supply-limited growth [5]. Considering the
TEM sample geometries, a contribution of combined inter-
face and surface diffusion of nickel atoms around the SiO2

barrier layer cannot completely be ignored. However, such
effects were considered insignificant, since volume diffusion
through the oxide layer was already active at temperatures
below 150 �C during film deposition. Consistent with pre-
dictions by Gösele and Tu [5], the observed formation of
a pure NiSi2 phase at relatively low temperatures confirms
the assumed supply-limited growth conditions established
by volume diffusion of Ni through the SiO2 layer.

In situ annealing of the multilayered interface structure
eliminated the compositional gradients in layer A through
the formation of a homogeneous RL with NiSi2 composi-
tion. Such transitions are limited thermodynamically by a
nucleation barrier, which was overcome at the higher
annealing temperatures [6,13]. The STEM observations of
the NiSi2/Si interface in Fig. 9 reveals coherent interface
structures due to a minimal lattice mismatch of 0.4%.
Given the relatively small volume of the silicide film due
to the limited Ni supply, the contribution of the interface
energy to the overall free energy is significant. Thus, the
formation of a coherent interface and an epitaxial orienta-
tion relationship (Fig. 9b) are thermodynamically
favorable.

A similar interface structure is seen in Fig. 10a for the
thicker film. NiSi2 and the Si substrate are indistinguish-
able in the FFT shown in the inset of Fig. 10a, i.e. they
are characterized by an epitaxial orientation relationship
with each other. The FFT is mostly reproduced by the
superimposed kinematically simulated diffraction patterns
for NiSi2 and Si in Fig. 10b. However, Si {200} diffraction
spots are dynamically forbidden and are therefore absent in
Fig. 10b.

The competing kinetic mechanism for film transition at
elevated temperatures is the dispersion and subsequent
agglomeration of the metal film. Evidence of dispersion
and agglomeration of the Ni film is provided by Fig. 7,
where the formation of grooves and ridges in the Ni thin
film (Fig. 7e) indicates grain boundary grooving, which ini-
tiates void formation and film agglomeration [24,37].

The formation of a wetting layer between the Ni film
and the native oxide was not observed, as previously
reported for Ni films with thicknesses below 5 nm [22]. Bor-
agno et al. reported that the formation of voids in such
films was suppressed since the necessary critical curvature
cannot be reached. The ridge formation observed in
Fig. 7 is likely due to the alleviation of strain in the Ni film
due to diffusion through the underlying oxide. However,
TEM sample geometry alleviates stress at the surface of
thin TEM lamellas so that the contributions of the result-
ing surface diffusion to the agglomeration process cannot
be ignored.

The morphology of the dispersed Ni islands after in situ
annealing revealed faceting along the {111}, {11 0} and
{211} planes. This observation is in good agreement with
previous results reported in the literature [21,38,39].
Recently Meltzman and co-workers [40] have shown that
{100} facets are evident for the equilibrium shape of Ni
nanoparticles while {211} facets are absent. The film was
only annealed for a relatively short period of time during
the in situ TEM experiments, and the presence of the
{211} facets therefore suggest that the corresponding
nickel islands have not yet fully reached thermodynamic
equilibrium. However, the thickness of the TEM sample
and the presence of NiO on the surface of the metal film
may cause a change in the equilibrium shape of the Ni
islands [40]. The dispersed Ni islands for the annealed
5 nm film show rounded edges, with no facet formation.
This observation provides further evidence that the films
did not have sufficient time to reach thermodynamic equi-
librium during the in situ observations.

5. Conclusions

Room-temperature magnetron sputtering of thin nickel
films with nominal thicknesses of 5 and 15 nm revealed
the formation of a multilayered interface configuration
with up to four distinct layers. The morphology of the
observed interface structures was found to be metastable
and kinetically constrained. The top layer was pure Ni, fol-
lowed by a native SiO2 layer due to substrate preparation.
A solid-state reaction occurred between the as-deposited Ni
film and the Si substrate during low-temperature deposi-
tion and TEM specimen preparation. Nickel atoms diffused
through the native SiO2 layer and, for the nominally
thicker film, formed a layer of nickel silicide with spatially
varying composition from Ni-rich silicide close to the inter-
face with the oxide to Si-rich silicide towards the substrate
surface. For both film thicknesses an ultrathin solid solu-
tion of Ni and Si was formed by source-limited growth
on the substrate surface.

Furthermore, the topmost layer with pure Ni composi-
tion revealed an “equilibrium thickness” between 5 and
6 nm irrespective of the amount of nickel originally depos-
ited. It was found that the origin for this specific film thick-
ness is the minimization of intrinsic strain with deceasing
film thickness, which is balanced by an excess of Ni at
the oxide/silicide interface.

In situ thermal annealing of the interface structures in
the TEM was used to drive the kinetically constrained
interface structures towards a more stable thermodynamic
state. During annealing, two different and competing
mechanisms for the film transitions were observed: sup-



2678 A.M. Thron et al. / Acta Materialia 60 (2012) 2668–2678
ply-limited growth of NiSi2, and thin film dispersion and
subsequent agglomeration. No wetting layer at the Ni/
SiO2 interface was observed, which is attributed to the min-
imization of intrinsic stress by the diffusion of Ni through
the oxide layer.

The findings of this study demonstrate that rather com-
plex interface configurations can result from concentration
gradients across the original interface between two materi-
als, and that these are determined by the intrinsic stress of
the thin film, potential diffusion barriers and the effective
temperature during film deposition. The formation of
structural and compositional gradients needs to be consid-
ered for low-temperature deposition of metal films on semi-
conductors with regard to their application as Schottky
barriers or ohmic contacts.
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