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A B S T R A C T

We present a study of a sub-nanometre interlayer of crystalline silicon nitride at the Ni/Si interface. We
performed transmission electron microscopy measurements complemented by energy dispersive X-ray analysis
to investigate to what extent the nitride layer act as a barrier against atom diffusion. The results show that
discontinuous silicide areas can form just below the nitride layer, whose composition is compatible with that of
the nickel disilicide. The Ni–Si reaction is tentatively attributed to the thermal strain suffered by the interface
during the deposition of Ni at low temperature.
1. Introduction

The increasing demand of the semiconductor industry for shrinking
the size of physical components while improving density and perfor-
mance, still keeps the spotlight of the condensed matter research on
the properties of the metal/semiconductor interfaces [1]. In particular,
magnetic metal/silicon interfaces are experiencing a renewed interest
because of possible applications related to spintronics. For example,
spin injection from a magnetic metal to a semiconductor [2] is ex-
pected to be at the bottom of electron spin-based future devices [3,4].
The description of these interfaces at the atomic level is therefore of
paramount importance. This is why we undertook a study of the struc-
tural and chemical properties of a prototypical metal/semiconductor
interface, namely the Ni/Si interface. So far, the research on this system
was focused on the effort to guide the formation of stable silicides
hosting suitable properties [5–7], despite being impossible to avoid
interface reactions [5,8,9]. Nevertheless, attempts to prevent or delay
the formation of silicides were also made [8].

Among the passivation layers used to avoid mass transfer across the
interface, a thick layer of silicon nitride was often used, mainly in its
amorphous phase [10]. In the present study, we explore the behaviour
of a sub–nanometre thin crystalline layer of 𝛽 silicon nitride at the
Ni/Si interface. This insulator interlayer draws attention because of the
negligible lattice mismatch with the (111) plane of the substrate. The
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difference between the surface lattice parameter of the 2 × 2 surface
cell of Si(111) and the 1 × 1 cell of the 𝛽–Si3N4(0001) is indeed only
1.2% [11–13]. As a result, negligible mechanical strain is expected at
the interface with silicon. Several studies about metals grown on the
𝛽–Si3N4/Si(111) interface have been reported in the literature, such as
Au [14], Fe [15], Co [16–18], Ag [19] or Al [20], showing the ability
to prevent the reaction with the silicon, except at temperatures higher
than 500 K [17,21]. Ni seems to be an exception as it penetrates the
nitride [8] or the oxide [22] interlayer even at room temperature (RT).

In the case of the Ni/Si interface, when Ni diffuses interstitially into
the Si substrate, it is widely known that the temperature of the reaction
significantly affects the formation of the Ni silicide phase [5]. The Ni2Si
phase initially forms during the silicide formation process in the range
of temperatures from 200 ◦C to 280 ◦C [23], while NiSi (orthorhombic
MnP-type) formation starts at about 350 ◦C [24]. Finally, the NiSi2
phase forms when the temperature reaches 750 ◦C [25–28]. However,
there are reports of a low-temperature formation of the NiSi2 phase
(below 500 K [29–35]) and due to the small lattice mismatch with Si
(0.4%), epitaxial growth of NiSi2 on Si can also be promoted even at
RT [36,37].

In this study, we present a TEM (Transmission Electron Microscopy)
study of the Ag/Ni/𝛽–Si3N4/Si(111) interface, where the possible for-
mation of silicides is investigated. We observe extended regions of NiSi2
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Fig. 1. Panel (a), photoemission survey scans taken at 650 eV photon energy. The spectra have been recorded on the bare Si surface (black), after nitridation (red), after growth
of 20 nm of Ni (blue) and after growth of the silver capping layer (green). In panel (b) the Si2p core level spectrum taken at 140 eV photon energy is shown, recorded in surface
sensitive conditions. In panel (c), the valence band spectra after Ni and Ag growth are displayed in blue and green, respectively. The Fermi level is located at 0 eV binding
energy. Panels (d) and (e) show the LEED patterns taken at 58 eV primary electron energy, on the (7 × 7)– and (8 × 8)–reconstructed surfaces, respectively. The colours have
been inverted so as to better highlight the diffraction spots.
with well-defined thickness and stoichiometry, separated by regions
of lower Ni concentration. This finding is attributed to the presence
of cracks in the nitride layer possibly due to the different thermal
expansion coefficients of Si and 𝛽–Si3N4 at low temperature.

2. Experiment

A Si(111)–p(B) sample (resistivity 𝜌=0.05 Ω cm) was used as a
substrate to thermally grow a layer of silicon nitride. In order to
ascertain the cleanliness and the degree of atomic order at the surface
we induced the 7 × 7 surface reconstruction by repeated flashes at high
temperature (1500 K). The surface was then exposed to an ammonia
flux (100 L) while keeping the sample at about 1050 K. This preparation
ensured the growth of a couple of bilayers of crystalline 𝛽–silicon
nitride, as well known from the literature [12,13].

Ni was deposited in UHV (Ultra High Vacuum), by using an effusion
cell calibrated with a quartz microbalance. The deposition rate was
0.6 ML per minute, where 1 ML Ni is equal to 2 Å which is the
interlayer distance along the (111) direction. Nickel was deposited by
using the two-step growth, in which firstly the adsorbate was grown at
low temperature (100 K) and then it was left recovering the RT. This
protocol guarantees the formation of a flat Ni layer [38–40], avoiding
the Volmer–Weber growth mode occurring at RT [15–17,20,41–43].
In our experiment we prepared Ni films of 7 and 20 nm thickness.
The Ni/nitride/Si interface was then covered by 2 nm of Ag grown
with an effusion cell at RT, in order to reduce the contamination
by the ambient air caused by the transport to the vacuum chamber
hosting the microscope. The sample preparation and the measurements
were performed at the VUV-Photoemission Beamline of the Elettra
Synchrotron Radiation Source, Italy. The spectra were acquired at RT,
with photon energies of 650, 140 and 50 eV, using a Scienta R-4000
electron analyser.

High resolution TEM (HRTEM) and high angle annular dark field
(HAADF) scanning TEM (STEM) investigations were carried out on
cross-sectional samples by using a JEOL 2010 UHR field emission gun
microscope operated at 200 kV with a determined spherical aberration
coefficient Cs of 0.47 ± 0.01 mm. The microscope is equipped with an
Oxford system for Energy-Dispersive X-ray Spectroscopy (EDS) studies.
HAADF STEM images were acquired using an illumination angle of
12 mrad and a collection angle 88 ≤ 2𝜃 ≤ 234 mrad. To precisely
determine the elemental chemical profiles over the interfacial region,
EDS analyses were carried out in STEM mode using 0.5 nm electron
probe. Conventional mechanical polishing followed by dimpling and
ion etching with Ar-gas were used to prepare cross-sectional TEM
specimens.
2

3. Results

3.1. Photoemission spectra

In panel (a) of Fig. 1, XPS survey spectra of the interface with 20 nm
of Ni are displayed. We only show the spectra for the thick sample as
no additional information is gathered from the spectrum taken on the
thinner one. At the bottom of panel (a) the spectrum relative to the bare
silicon surface is displayed. Apart from the presence of the nitrogen
and silicon core level peaks, the typical fingerprint of the presence
of the nitride is noticeable: beside the Si2p and the Si2s core levels
another peak at higher binding energy is present and is attributed to
the Si-N bonds [12,14]. The N1s peak cannot show the nitride related
contribution due to the small chemical shift [12,17]. The spectrum
taken on the nitride surface appears slightly contaminated by carbon
and oxygen. These chemical species show different behaviours with
respect to the subsequent Ni and Ag deposits: the oxygen floats on
top of the nickel and of the silver surfaces, while the carbon remains
buried at the interface. At first glance, the spectra do not show any
formation of nickel silicides [44] as the short photoelectron escape
depth prevents their identification. As a matter of fact, more bulk
sensitive techniques need to be used, as photoemission is primarily
sensitive to the first few layers of the sample. To avoid any possible
misinterpretation of the results, the data shows that no contamination
from other chemical species (except for O or C) is present. In panel (b),
the high resolution Si2p core level spectrum is displayed. Bulk silicon
and silicon nitride components are observed, in perfect agreement
with the literature [12,14,17,21,43]. In panel (c) we show valence
bands taken after deposition of the Ni and of the Ag layers. From the
comparison with the literature, it is evident that the oxidation of the Ni
and Ag surfaces is negligible [45,46]. In panels (d) and (e) LEED (Low
Energy Electron Diffraction) patterns taken on the Si(111)-(7 × 7) and
𝛽–Si3N4–(8 × 8) reconstructed surfaces are displayed. The ‘‘8/3 × 8/3’’
order spots are generally attributed to the topmost N adatoms of the
surface superstructure, making certain the formation of the correct 𝛽–
Si3N4/Si(111) interface [47,48]. The Si(111)–(1 × 1) spots are also
indicated on both reconstructions as a reference.

3.2. TEM analysis

Fig. 2 shows a representative cross-sectional bright field TEM mi-
crograph of the Ag/Ni/𝛽–Si3N4/Si(111) heterostructure with various
thicknesses of the Ni thin film, namely with 7 nm (Fig. 2a) and 20 nm
(Fig. 2b). The corresponding intensity line profiles obtained from the
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Fig. 2. Overview TEM micrograph of the two heterostructures with (a) 7 nm Ni, (b) 20 nm Ni. Corresponding intensity line profiles are collected from the cyan coloured box
region and shown in (c) for 7 nm Ni, (d) 20 nm Ni. The grey round features are ascribed to the silver capping layer.
marked region of interest are depicted in Figs. 2c and d, respectively.
The phase contrast imaging allows us to identify a thin and continuous
Si3N4 epilayer which homogeneously extends on top of the bare Si
substrate with a thickness of about 0.8 nm, as enlightened by the
intensity profiles (magenta coloured region). Traces of Ag capping layer
used to prevent the Ni layer from oxidation can also be noted on the
film’s surface. Silver particles with diameters up to 10 nm suggest the
possible increase of the local temperature inducing a dewetting process.

Further information on the structural properties of the films was
obtained by HRTEM. Fig. 3 displays representative HRTEM images of
the (a) 7 nm- and (b) 20 nm-thick Ni film heterostructures acquired
along the [110] zone axis of the Si substrate. We stress here the ability
of the two-step growth process to produce a nearly flat Ni layer, which
is in agreement with the cases of either aluminium or silver [19,49]. In
the HRTEM image of 20 nm thick Ni film heterostructure (Fig. 3b), the
interplanar lattice spacings of silicon nitride and Si have been measured
and found to be of about 2.9 Å within the silicon nitride layer and 3.3 Å
within the Si substrate, which correspond to the interplanar distances
of the 𝛽–Si3N4 [50] and Si(111) [51], respectively. The corresponding
Fast-Fourier Transforms (FFT) of the 7 nm-thick and 20 nm-thick Ni
films are presented in the insets of Figs. 3a and 3b, clearly revealing
the polycrystalline nature of the Ni film. The diffraction ring with
lattice spacing 2.0 Å corresponds to the (111) plane of Ni with cubic
structure. The dark contrast region between the Si substrate and the
silicon nitride layer (Fig. 3d) displays an interplanar distance of about
3.1 Å which is compatible with the NiSi2 phase. From the FFT of the
area located across the dark region below the silicon nitride layer,
we extracted lattice spacings of 3.1 Å and 1.9 Å, compatible with the
(11-1) and (02-2) planes of the NiSi2 phase [52], respectively. Our
measurements provide no evidence of the Ni2Si phase. Moreover, by
careful inspection of 𝛽–Si N /Ni interface (Fig. 3c), the difference in
3
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sharpness of the interface can be noticed. For ease of visualization, the
interface has been divided in three regions (marked as I, II and III).
Region II appears sharper than regions I and III. Additionally, a varying
diffraction contrast of the 𝛽–Si3N4 layer along the interface is visible, so
that the formation of the silicide phase below the 𝛽–Si3N4 layer can be
associated with the presence of a discontinuity occurring at the nitride
layer.

The chemical nature of the two heterostructures was elucidated by
the HAADF-STEM imaging. Representative HAADF-STEM micro-graphs
of the 7 nm- and 20 nm-thick Ni layer are shown in Figs. 4a and
4b, respectively. The setup for HAADF-STEM produces images whose
contrast is approximately proportional to the square of the average
atomic number of the illuminated area and to the thickness of the speci-
men [53,54]. In both heterostructures, HAADF-STEM provides evidence
of four regions (marked as S, A, B, and C in Figs. 4a and 4b) with
different chemical contrast, the darker contrast region being associated
with the substrate (region S) while brighter contrast corresponds to the
Ni film (region C). The dark contrast epilayer of about 0.8 nm right
below the Ni film (region B) can be attributed to the Si3N4 continuous
layer already observed by HRTEM. In addition, a well defined 3 nm-
thick layer (region A) is visible at the interface between the Si3N4/Ni
heterostructure and the Si substrate. The contrast of this layer (brighter
with respect to the Si substrate and darker compared to the Ni film)
indicates a higher average atomic number compared to the Si substrate
and lower than the Ni film, which is compatible with chemical inter-
diffusion occurring across the interfaces. Contrast drops can also be
seen along the region A (indicated by white arrows in the figure),
which can be attributed to the regions where the silicon nitride layer is
continuous. For ease of visualization, the intensity profiles are overlaid
on the corresponding images to heighten the contrast variations across
the heterostructures.
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Fig. 3. HRTEM images of two heterostructures with (a) 7 nm Ni and (b) 20 nm Ni. The crystalline order across the whole interface is noticed. The insets display the FFTs extracted
from the red square regions within the Ni layer, showing its polycrystalline growth. In panel (c) the comparison between the interface region II (pointed with arrow) and regions
I and III is displayed, showing the presence of a defect in the nitride layer. In panel (d) the enlarged area of the region of panel (b) is marked in blue. The insets show FFTs
extracted from the green square area within the region between the nitride layer and Si substrate. Diffraction spots represent the NiSi2 phase, with lattice spacing (11-1) and
(02-2).
To further elucidate the chemical nature of the two heterostructures,
we performed an EDS analysis. The EDS was carried out in STEM mode
by scanning an electron probe of 0.5 nm to precisely determine the
elemental chemical profiles across the interfacial region. Si K- and Ni
K-shell elemental profiles collected perpendicularly to the interface of
the 7 nm- and 20 nm-thick Ni film heterostructures are displayed in
Fig. 4. In both cases, the elemental profiles show the existence of an
intermixed region at the substrate/film interface (region A) of about
3 nm thickness where both Ni and Si signals are detected. Quantitative
information on the chemical composition of region A was obtained
by a set of EDS spectra collected from adjacent areas of region A in
the HAADF-STEM image of Fig. 5. The quantitative EDS results (sum-
marized in Table 1) are compatible with a Si:Ni = 2:1 stoichiometric
ratio corresponding to the formation of the NiSi2 phase, which is the
most common and stable silicide at the Ni/Si(111) interface [44,55].
The EDS analyses provide no evidence of a Ni-rich silicide (Ni2Si)
phase, thus confirming the HRTEM results. Our finding is in good
agreement with Ref. [55] which reports that the formation of voids in
SiO2 layer allows Ni atoms to migrate into the Si substrate and initiate
additional solid-state reactions, creating crystals of NiSi2. Furthermore,
the formation of a ternary compound, such as Ni–Si–N can be ruled out
at RT, as the ternary phase diagram excludes this possibility except for
very high temperatures [56,57]. This agrees with the case of gold [21].

Quantitative EDS within the region B is limited by beam broadening
effects, taking into account that the 0.5 nm probe size of the EDS in
STEM mode is very close to the 0.8 nm thickness of the Si3N4 region. In
addition, due to the very low Z number, nitrogen cannot not be detected
in layer B. However, the darker Z-contrast and continuity of region B
4

Table 1
Atomic percentage of Si and Ni observed in region A of Fig. 5. The total percentage
for each site amounts to 100%. The labels refer to the areas where the EDS spectra
have been collected.

Site 1 2 3 4 5 6

Si 69.3 64 66.2 61.7 67.7 62.4
Ni 30.7 36 33.8 38.3 32.3 37.6

are in a very good agreement with the nanostructure of the atomically
sharp layer clearly detected by phase contrast imaging (Fig. 3). The Ni
signal is clearly predominant in region C. The presence of Si can also be
detected, although this can be attributed to re-deposition coming from
TEM specimen preparation.

The results presented above show evidence of mass transport at
the Ni/𝛽–Si3N4/Si(111) as reported in the literature [65], although the
nitridation protocol in the above paper involved a plasma reactor (more
susceptible of contamination due to the working pressure being much
higher than the usual UHV chambers). The nitride layer does not show
a manifest disruption of its structure so that pits, defects or cracks at
the interface can be at the origin of the atomic diffusion. In the case
of the interface made with gold [21], the silicon segregation and the
gold diffusion in the silicon substrate was demonstrated only at higher
temperatures. The reason why Ni behaves differently with respect to
gold can be related to the ability of nickel to weaken the Si–N bond, as
suggested also for cobalt at much higher temperatures [66].

In Ref. [67] the authors show the importance of the nitride growth
conditions for the formation of defects and pits at the interface with
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Fig. 4. HAADF-STEM images of two heterostructures with (a) 7 nm Ni, (b) 20 nm Ni. The white arrows points the continuous regions. The line profiles are overlaid on the image
to indicate the contrast profile within the imaged region. From the intensity profiles, four regions named S, A, B, and C can be identified. The EDX elemental profiles are shown
in panels (c) and (d) for heterostructures with 7 nm Ni and 20 nm Ni thickness, respectively.
Table 2
Comparison between linear thermal expansion coefficients (10−6K−1) of silicon, silicon nitride and nickel. The
data refer to bulk crystalline structures. 100 K and 300 K are the temperatures at which the Ni deposition
and the TEM experiments were carried out, respectively. The asterisk (*) refers to a value reported for 90
K.
T(K) 𝛼𝑆𝑖 Ref. 𝛼𝛽−𝑆𝑖3𝑁4 Ref. 𝛼𝑁𝑖 Ref.

100 −0.344 [58,59] −0.20* [60] +65 [61]
300 +2.611 [58] +3.0 [62] +129 [61]

+2.5 [59] +4.5 [63]
+1.19 [64]
Ni that are deleterious for the electronic structure of the interface. The
very same structural defects or pitfalls in our case can be responsible
for the atomic diffusion. This is also demonstrated by the discontinuous
nature of the silicide: the Ni diffusion seems to be located at random
positions below the nitride layer. This can also point to possible effects
related to mechanical stress suffered by the interface during the Ni
deposition at low temperature (100 K) and the following recovery of the
RT. As shown in Table 2 the comparison among the thermal expansion
coefficients of the silicon, silicon nitride and nickel shows indeed
important differences. Although the data reported in the literature are
scattered and refer to bulk isolated systems, the possibility cannot be
ruled out that cracks can form due to the large temperature excursion:
silicon and silicon nitride show a similar behaviour, as they contract
at 100 K and expand at 300 K, while nickel only expands in the same
5

temperature range. Nevertheless, a clear attribution of the reasons why
silicides form still cannot be made.

4. Conclusion

We report on a sub-nanometre crystalline interlayer of 𝛽-silicon
nitride at the Ni/Si interface. Nickel was deposited at low temperature
so as to favour a layer by layer growth. A silver capping layer was
deposited at RT to protect the surface from oxidation. By means of
a TEM study complemented by EDS analysis and photoemission, we
observed the presence of silicon on top of the interface and a migration
of the nickel atoms within the silicon substrate. This is tentatively
ascribed to the possible presence of cracks of the nitride layer induced
by the low temperature reached during Ni deposition. The silicide
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Fig. 5. HAADF STEM image of heterostructure. The areas selected for collecting the
EDS spectra are indicated by rectangles.

region ranges 3 to 5 nm from the nitride edge and its chemical analysis
suggests the formation of NiSi2. The silver capping layer shows a
contrasting behaviour as it both partly protects the nickel surface and
partly forms particles of nanometric size.
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