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Abstract
Thin films consisting of TiN nanocrystallites encapsulated in a fully percolated SiN y
tissue phase are archetypes for hard and superhard nanocomposites. Here, we investigate
metastable SiNy solid solubility in TiN and probe the effects of surface segregation during
growth of TiSiN films onto substrates that are either flat TiN(001)/MgO(001) epitaxial buffer
layers or TiN(001) facets of length 1-5 nm terminating epitaxial TiN(111) nanocolumns,
separated by voids, deposited on epitaxial TiN(111)/MgO(111) buffer layers. Using reactive
magnetron sputter deposition, the TiSiN layers were grown at 550 C and the TiN buffer
layers at 900 C. On TiN(001), the films are NaCl-structure single-phase metastable

PT

Ti1-xSixN(001) with N/(Ti+Si) = 1 and 0  x  0.19. These alloys remain single-crystalline to

AC
CE

critical thicknesses hc ranging from 100±30 nm with x = 0.13 to 40±10 nm with x = 0.19. At
thicknesses h > hc, the epitaxial growth front breaks down locally to form V-shaped
polycrystalline columns with an underdense feather-like nanostructure. In contrast, the voided
epitaxial TiN(111) columnar surfaces, as well as the TiN(001) facets, act as sinks for SiNy.
For Ti1-xSixN layers with global average composition values x = 0.16, the local x value in
the middle of Ti1-xSixN columns increases from 0.08 for columns with radius r ≃ 2 nm to x =
0.14 with r ≃ 4 nm. The average out-of-plane lattice parameter of epitaxial nanocolumns
encapsulated in SiNy decreases monotonically with increasing Si fraction x, indicating the
formation of metastable (Ti,Si)N solid solutions under growth conditions similar to those of
superhard nanocomposites for which the faceted surfaces of nanograins also provide sinks for
SiNy.
Keywords: sputtering, titanium silicon nitride, superhardness, nanocomposite, solid solution
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1. Introduction
The

earliest

artificially nanostructured

superhard

materials

were

epitaxial

TiN/VN(001) superlattices grown by reactive magnetron sputter deposition on MgO(001) [1]

RI
P

T

The term superhard was first defined, rather arbitrarily, as a material with a hardness H > 35
GPa [2] and much later as H > 40 GPa [3]. TiN/VN(001) superlattices with equal layer

SC

thicknesses of 2.6 nm exhibited a nanoindentation hardness of 56 GPa, an increase by a factor
of approximately three over reported hardness values for epitaxial TiN/MgO(001), H = 21

NU

GPa [4] and VN/MgO(001), H = 16 GPa [5].

MA

A completely different approach, better suited for mass production, was based upon
dynamic self-organization during film growth to synthesize fully-dense and superhard

ED

ceramic nanocomposite thin films. The idea, first realized by Shizhi et al. [6], was developed

PT

in a series of papers by Veprek et al. [3,7,8,9] using a model system composed of TiN and
Si3N4, which are immiscible [10]. The concept was based upon the idea that during film

AC
CE

growth at elevated temperatures, strong surface segregation would give rise to a
nanostructure consisting of small TiN grains encapsulated by a few monolayers (ML) of an
amorphous Si3N4 (a-Si3N4) tissue phase. This should occur dynamically as SiNy segregation
to the surface of TiN grains forces TiN, which segregates in turn to the surface of the SiNy
layer, to renucleate. The stepwise process is repeated throughout the film, thus eliminating
columnar growth with associated underdense intracolumnar boundaries and giving rise to
very smooth surfaces. The encapsulation layers also constrain further growth of the TiN
nanograins.

Since the initial proposal, a wide variety of hard and superhard refractory
nanocomposites have been synthesized by both physical and chemical vapor deposition (PVD
and CVD) techniques. These nanocomposites, some of which have found commercial

ACCEPTED MANUSCRIPT

3

applications as wear-resistant coatings on, for example, cutting tools and automotive
components, typically consist of transition-metal nitride [11,12,13,14,15,16,17,18,19],

T

carbide [20,21,22,23,24,25], or boride [26,27,28,29,30] nanocrystals encapsulated by a few

RI
P

ML of a covalent interfacial layer (e.g., Si3N4, SiC, BN, CNx, or C).

SC

A qualitative explanation for the high hardness of TiN-Si3N4 and related ceramic
nanocomposites stems from two points [8]. First, the TiN nanograins must be sufficiently

NU

small (typically ≲ 5 nm) to impede the nucleation and growth of dislocations. Second, grain-

MA

boundary sliding is inhibited by the high cohesive strength of the covalently-bonded

ED

intragranular amorphous encapsulation layer.

It has been proposed that achieving superhardness in TiN-Si3N4-based films requires

PT

growth at relatively high deposition temperatures, ~ 550 C in order to obtain complete phase
separation to form pure TiN nanocrystallites with typical sizes of 3-5 nm and an amorphous

AC
CE

Si3N4 tissue phase [7,8,9]. However, because of the small dimension of the crystallites and
the extreme curvature of the interfaces, the above hypothesis has not been established
experimentally. In fact, in-situ variable-temperature scanning tunneling microscopy, lowenergy electron diffraction, and post-deposition high-resolution cross sectional electron
microscopy structural analyses, combined with ab initio density functional theory
calculations, suggest that SiNy/TiN interfacial bonding and structure is far more complex [31]
than originally envisioned. The results show that SiNy layers can grow epitaxially for several
ML on TiN(001) and TiN(111) surfaces, giving rise to strong interfacial bonding before
transforming to a-Si3N4. Cubic SiNy layers with thicknesses of 5-7 Å were also observed to
grow coherently in epitaxial and polycrystalline TiN/SiNy multilayers exhibiting a maximum
hardness [31].
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TiSiN films grown by PVD under kinetically limited growth conditions at lower
substrate temperatures, Ts ≲ 500 oC, display a wide range of nanostructures [11,14,32,33].

T

Flink et al. [33] reported that reactively arc-evaporated Ti1-xSixN films with x ≤ 0.09 were

RI
P

single-phase cubic (Ti,Si)N solid solutions with a dense columnar structure, while films with
x > 0.09 exhibited a featherlike nanostructure consisting of cubic (TiSi)N nanocrystallite

SC

fibrous bundles separated by metastable SiNy with coherent-to-semicoherent interfaces. The
highest hardness, H = 41.6 GPa, was obtained from films with x = 0.14. A fibrous

NU

nanostructure has also been reported in TiAlSiN films [34]. Furthermore, in a series of papers,

MA

Vaz et al. [35,36,37] and Rebouta et al. [38] investigated Ti-Si-N films deposited by rf
reactive magnetron sputtering at 200 – 600 °C. For films grown at temperatures <300 °C with

ED

low-energy ion bombardment (<50 eV) [37], the authors observed the presence of a phase
with a lattice constant of 4.18 Å, smaller than TiN, which did not depend on the overall Si

PT

content in the films. They attributed this to the formation of a (Ti,Si)N solid solution.

AC
CE

Here, we address the issue of metastable SiNy solid solubility in TiN and probe the
effects of surface segregation during growth of TiSiN films under controlled deposition
experiments in which the substrates are either (a) flat TiN(001) single crystals grown on
TiN(001)/MgO(001) buffer layers deposited at 900 oC or (b) TiN(001) facets of length 1-5
nm terminating TiN(111) nanocolumns, with average diameter 10 nm and separated by ~1nm-wide voids. The latter films were deposited on epitaxial TiN(111)/MgO(111) buffer
layers which were also grown at 900

o

C, and serve as model systems for TiSiN

nanocomposite growth on faceted nanograins. All TiSiN layers were deposited at Ts = 550 C
by reactive magnetron sputtering from elemental Ti and Si targets.
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2. Experimental procedure
Ti1-xSixN thin films and multilayers were grown by dual reactive magnetron sputtering

T

in an ultra-high vacuum (UHV) system with a base pressure of 10-7 Pa (~10-9 Torr), from

RI
P

elemental Ti (99.995% purity) and Si (99.999%) targets in mixed Ar/N2 discharges. Ar
(99.9999%) and N2 (99.9999%) are introduced in flow-control mode and maintained constant

SC

by an automatic mass-flow controller. The process pressure is monitored by a capacitance

NU

manometer. The total pressure was 0.4 Pa (3 mTorr) with Ar and N2 flow rates of 52 and 8
sccm, respectively. The Si target (diameter 50 mm) is directly facing the substrate holder and

MA

the Ti target (diameter 75 mm) is inclined by 35º. In this configuration, the target-to-substrate
distances are 155 mm and 180 mm for Si and Ti, respectively. During deposition, the

ED

substrate holder was rotated at 30 rpm, and the substrates placed at the center of the holder to
obtain a uniform deposition flux distribution. The Si/Ti flux ratio JSi/JTi incident at the

PT

growing film was varied by changing the Si magnetron current ISi from 0 to 40 mA while

AC
CE

maintaining the Ti magnetron current constant at 400 mA. A negative bias of 30 V was
applied during all depositions.

Polished MgO(001), MgO(111), and Al2O3(0001) substrates of size 10×10 mm2 were
degassed in UHV at 900 ºC for 60 min. A ~20-nm-thick epitaxial TiN buffer layer was then
grown at 900 ºC prior to deposition of TiSiN films at 550 ºC. Single-layer TiSiN films with
thicknesses ~ 250 nm and Si concentrations ranging from 0 to 0.2 were grown on all three
substrates. For comparative cross-sectional electron microscopy analyses, Ti1-xSixN
multilayers, in which the Si concentration was increased stepwise, were grown
simultaneously on TiN(001)/MgO(001) and TiN(111)/MgO(111) substrates by increasing the
Si magnetron current in increments of 5 mA.
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Film compositions were determined by time-of-flight elastic recoil detection analysis
(TOF-ERDA), using a 36 MeV 127I9+ ion beam incident at 22.5º relative to the sample surface

T

and detected at a 45º recoil angle [39]. The resulting time-of-flight versus recoil energy

RI
P

spectra were analyzed using the CONTES software [40]. Reported values are accurate to

SC

within ±3%.

High-resolution plan-view and cross-sectional transmission electron microscopy (HR-

NU

TEM and HR-XTEM) was performed in a FEI Tecnai G2 TF20 UT instrument with a field-

MA

emission gun operated at 200 kV and a point resolution of 0.19 nm. Z-contrast scanning TEM
(STEM), combined with energy dispersive x-ray spectroscopy (EDS) mapping, was carried

ED

out in the Linköping double Cs-corrected (image and probe) Titan3 G2 60-300 HR-TEM
equipped with a SuperX EDS detector. TEM specimens were prepared by gluing two samples

PT

face-to-face, polishing to 50 µm thickness, and ion milling to electron transparency. The final
stage of ion milling was carried out at grazing incidence, 1°, and at ion energy of 1 keV, in

AC
CE

order to minimize ion damage and preferential sputtering artifacts. Scanning electron
microscopy (SEM) analyses were performed in a LEO 1550 instrument, operated at an
acceleration voltage of 5 keV.
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3. Results and discussion
The N/(Ti+Si) ratios determined from ERDA of single-layer and multilayer

T

(Ti1-xSix)1-yNy films grown on MgO(001) are stoichiometric with y = 0.50±0.01. The Si

RI
P

fraction x = Si/(Si+Ti) varies linearly with the Si target current ISi as shown in Figure 1.
Figure 2 shows a typical ERDA compositional depth profile through Ti0.87Si0.13N(001) layers.

SC

The film is stoichiometric in nitrogen and of uniform composition below the surface oxide

NU

layer, which forms upon air exposure.

MA

3.1 Multilayer structures

Figures 3(a) and 3(b) are [001]-zone-axis Z-contrast and bright-field XTEM images

ED

of a Ti1-xSixN(001) multilayer stack consisting of six ~60-nm-thick layers, for which x is
increased successively from 0.7 to 0.22, on a 60-nm-thick single-crystal TiN(001)/MgO(001)

PT

buffer layer. The multilayer was deposited at 550 C and the buffer layer grown at 900 C.

AC
CE

The motivation is to study by XTEM the gradual variation of Si content in one deposition
experiment. The Ti1-xSixN layers are separated by 2-nm-thick TiN marker layers which are
brighter in Z-contrast, due to higher average mass, and darker in XTEM, due to stronger
electron-beam absorption. The TiN interfacial layers also serve to inhibit Si surface
segregation between adjacent Ti1-xSixN layers.

Z-contrast and XTEM images of the TiN buffer layer and the alloy layers with x =
0.07 and 0.10 are uniform and featureless, with no contrast, indicative of dense, epitaxial
films. SAED patterns from the x = 0.07 and 0.10 layers consist of cubic reflections, which are
sharp and symmetric. ERDA showed that the oxygen concentration in these layers is below
the detection limit of ~0.1 at%.
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The uniform contrast in Figs. 3(a) and 3(b) extends into the early part of the x = 0.13
layer before epitaxial breakdown occurs, leading to local nucleation of V-shaped columns.

T

Continued columnar growth results in additional surface roughening which, in turn, is

RI
P

exacerbated by atomic shadowing. The columnar structure continues throughout the
remaining higher-x-content layers with the upper surface of the multilayer stack exhibiting a

SC

mound-like morphology. The SAED pattern from the x = 0.16 and 0.19 layers (Fig. 3(d))
consists of diffraction rings containing brighter arc segments indicative of a polycrystalline

NU

structure with (001) fiber texture.

MA

Figure 4 is an XTEM image of a Ti1-xSixN/TiN/MgO(111) multilayer sample
deposited simultaneously with the (001)-oriented multilayer in Figure 3. There are clear

ED

differences between the two samples. The major change is the immediate appearance of a
columnar nanostructure in the initial Ti1-xSixN(111) layer, Ti0.93Si0.07N, which extends

PT

throughout the multilayer film. The underdense columnar structure results in successive

AC
CE

layers having progressively larger thicknesses, even though the growth fluxes remain
constant and identical to those for the (001)-oriented multilayer. In addition, the SAED
pattern from all layers, even x = 0.22, show that each column is epitaxial and aligned both inand out-of-plane. The upper column surfaces are terminated with (001) facets, as shown more
clearly in Section 3.3 below.

3.2 Microstructure evolution in single-layer Ti1-xSixN(001) films
Figure 5(a) is a typical bright-field XTEM image, acquired along the [100] zone axis,
with a corresponding SAED pattern, from a Ti0.87Si0.13N/TiN(001)/MgO(001) sample. The
film is predominantly epitaxial, with a smooth flat surface, as indicated by the SAED pattern.
The overall dark contrast arises from the fact that the diffracted beams are blocked by the
objective aperture. Occasional V-shaped columns form, as highlighted in the upper right
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portion of Fig. 5(a), due to local epitaxial breakdown at the growth front. The columns appear
much brighter because they are polycrystalline and no longer aligned along a low-index zone

T

axis with respect to the incident electron beam. A higher-magnification image (Fig. 5(b))

RI
P

shows that the polycrystalline columns have an underdense, feather-like nanostructure,
similar to that observed by Flink et al. [33]. The decreased density explains the observation

SC

in Figs. 5(a) and 5(b) that the columns protrude above the flat surface and, as a result, capture
a larger fraction of the incident growth flux, thereby increasing in diameter with film

NU

thickness.

MA

Figs. 5 (c) and 5(d) are a Z-contrast image and a corresponding EDS map,
respectively, showing Ti-rich (red) and Si-rich (green) regions of a polycrystalline column in

ED

a Ti0.84Si0.16N/TiN(001)/MgO(001) sample. The darker contrast of the polycrystalline column
is due to its lower mass density, while the EDS map reveals strong Si segregation to the

PT

column boundaries. Si also accumulates via segregation at the film growth surface, resulting

islands.

AC
CE

in local epitaxial breakdown and column formation, due to the stochastic formation of Si-rich

Figs. 6(a) and 6(b) are bright field XTEM images of Ti0.84Si0.16N/TiN(001)/MgO(001)
and Ti0.81Si0.19N/TiN(001)/MgO(001) layers. The overall nanostructural evolution in both
TiSiN layers is similar to that of the Ti0.87Si0.13N/TiN(001)/MgO(001) sample shown in Fig. 5
except that the film thickness at which polycrystalline columns are first observed decreases
with increasing x, and the total epitaxial volume fraction is correspondingly lower. The
[001]-zone-axis SAED patterns show that the lower portions of each of these two alloy films
are single-crystalline. However, SAED patterns from the upper regions exhibit diffraction
arcs and rings corresponding to the polycrystalline columnar structure shown in the XTEM
images.
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Using a collage of XTEM images (not shown) covering lateral length scales of ~50
m, we have determined the film thickness hc at which the Ti1-xSixN(001) epitaxial growth

T

front first breaks down. hc decreases from ~100 nm with x = 0.13 to ~60 nm with x= 0.16 to

RI
P

~30 nm with x = 0.19. For the x = 0.13 film, 50% of the film surface is still epitaxial at h =
220 nm, while the Ti0,84Si0.16N and Ti0,81Si0.19N films are completely polycrystalline at

SC

thicknesses of 150 and 70 nm.

These results show that it is possible to grow single-phase epitaxial metastable

NU

Ti1-xSixN alloys at Ts = 550 oC, over limited thickness ranges, with x up to at least 0.19,

MA

corresponding to Si atoms substituting for approximately every fifth Ti atom on the cation
sublattice. This is an extreme supersaturation for Si in TiN compared to the system's phase

ED

diagram. However, the epitaxial thickness hc decreases with increasing x because small,

PT

stochastically formed, Si-rich islands at the (001) growth surface cause epitaxial breakdown.

3.3. Microstructure evolution in single-layer Ti1-xSixN(111) films

AC
CE

In contrast to epitaxial growth on TiN(001), TiSiN/TiN(111)/MgO(111) layers exhibit
a columnar structure which begins immediately at the TiSiN/TiN(111) interface as was
shown in Fig. 4 for Ti0.93Si0.07N/TiN(111)/MgO(111). The columns propagate, with voided
boundaries, and coarsen with film thickness during competitive columnar growth. However,
as distinct from the (001)-oriented alloy films which slowly evolve into polycrystalline
columns, the (111)-oriented columns remain single-crystalline. In fact, the bright-field
XTEM image in Fig. 7(a) shows that even pure TiN(111) layers, in the absence of Si, grown
at 550 C on epitaxial fully-dense 900 C TiN(111)/MgO(111) buffer layers, have a
nanocolumnar structure. The higher magnification micrograph in Fig. 7(b) illustrates that the
nanoporosity of the TiN originates immediately at the flat interface with the underlying
TiN(111) buffer layer. Thus, nucleation and early growth of the TiN(111) layer deposited at
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550 C proceed in a three-dimensional fashion with the ensuing surface roughness resulting
in voided column boundaries due to atomic shadowing. Lattice-resolved images, such as the

T

one shown in Fig. 7(c), show that the columns are terminated with (001) facets, the low-

RI
P

energy surface for NaCl-structured TiN [41,42]. (001)-faceted columns are also obtained for
all Ti1-xSixN(111) layers.

SC

The plan-view Z-contrast image of the surface of the Ti0.84Si0.16N(111) film in Fig.
7(d) reveals (100)-faceted, cube-corner terminated, (111)-oriented columns. While most

NU

columns are hexagonally shaped, as expected from the (111) symmetry, some columns have a

ED

plane of a neighboring column.

MA

star shape due to competitive growth in which 110 corners of one column intersect a {110}

Surprisingly, the brush-like epitaxial column structure of all Ti1-xSixN(111) layers are

PT

remarkably similar, including average column diameters, for all compositions as illustrated

AC
CE

by the plan-view SEM images in Fig. 8 of 200-nm-thick Ti1-xSixN(111) films with (a) x = 0,
(b) x = 0.12, and (c) x = 0.19. The number density of (001)-faceted columns is approximately
3x1011 cm-2 for all three layers. The formation of the brush-like structure is driven by kinetic
roughening and faceting which is intrinsic to TiN(111) growth at 550 C and not strongly
affected by the addition of SiN.

Figure

9

shows

cross-sectional

Z-contrast

STEM

images

from

a

Ti0.84Si0.16N/TiN(111)/MgO(111) film consisting of (001)-faceted epitaxial columns. The
column sizes increase from 5-7 nm at the bottom of the columns [Fig. 9(a)] to 8-10 nm in the
middle (not shown) to 15-20 nm at the top of the layer [Fig. 9(b)]. The high-resolution
STEM EDS maps on the right side of Figure 9, corresponding to the Z-contrast images on the
left, show strong Si segregation to the edges of the (111)-oriented TiSiN columns, forming
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SiNy encapsulation layers which extend across the voided region to the neighboring columns.

T

Si also segregates to the upper (001)-faceted surfaces.

RI
P

Fig. 10(a) is a plan-view Z-contrast STEM image of a Ti0.84Si0.16N(111) layer which
has been thinned by ion milling from both top and bottom, i.e. the surface facets and substrate

SC

have been removed. The corresponding STEM EDS map is presented in Fig. 10(b). Ti and Si
EDS profiles along the line A-B in Fig. 10(a) are plotted in Fig. 10(c) and show the strong

NU

effect of Si surface segregation. The crystalline TiSiN metastable solid solution columns have

MA

lower Si concentration x than the global average film concentration x. Voided regions
between the columns act as sinks for Si segregating from a given column and its neighbors.

ED

Lateral two-dimensional maps such as Fig. 10(c) were used to determine the residual
Si concentration x at the center of Ti0.84Si0.16N(111) columns as a function of the column

PT

radius r. The results are shown in Figure 11, where each data point is averaged over 10

AC
CE

columns. x is found to increase monotonically from x = 0.08 with a column radius r = 2.4 nm
to x = 0.14 with r = 3.7 nm. That is, the amount of Si segregation to column boundaries
increases with decreasing column size; i.e., it increases with proximity of the boundary-edge
sink.

XRD θ-2θ scans around the 222 peaks from Ti1-xSixN/TiN(111)/Al2O3(0001) films
with x = 0.13-0.19 are reproduced in Fig.12(a). Al2O3, rather than MgO, substrates were used
for these experiments in order to resolve the 222 film peaks. The splitting of the 222 peak is
due to the primary x-ray beam CuKα1 and CuKα2 doublet. The small peak centered at 78.0
2θ for all samples originates from the 900 C TiN buffer layer and corresponds to a lattice
parameter of 4.24 Å in agreement with that of bulk TiN [43]. The film 222-peak position
shifts to higher values from 78.55 2θ to 78.71 2θ as x is increased from 0.13 to 0.19. Thus,
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the average out-of-plane lattice parameter a⊥ decreases linearly with increasing x from a⊥ =
4.215 Å with x = 0.13 to a⊥ = 4.208 Å with x = 0.19. This is consistent with density

T

functional theory calculations [44] of the relaxed lattice parameter ao in metastable TiSiN

RI
P

solid solutions which show a linear decrease in ao(x) with increasing Si concentration

SC

substituting in cation positions.

NU

4. Conclusions

MA

We obtain stoichiometric single-phase B1-NaCl structure Ti1-xSixN solid-solutions in
single- and multilayer samples deposited at 550 C by reactive magnetron sputtering on both

ED

TiN/MgO(001) and TiN/MgO(111) epitaxial buffer layers grown at 900 C. Single-layer,
250-nm-thick, Ti1-xSixN/TiN(001) alloy films with 0  x  0.10 are fully-dense single crystals

PT

with flat surfaces. However, Ti1-xSixN(001) alloys with 0.13  x  0.19, while initially single

AC
CE

crystalline, undergo epitaxial breakdown during deposition at film thicknesses hc(x). This
occurs due to Si surface segregation leading to the stochastic formation of small Si-rich
islands at the (001) growth surface resulting in the development of V-shaped polycrystalline
columns with an underdense featherlike nanostructure and mounded tops. Increasing the Si
concentration x in Ti1-xSixN/TiN(001) leads to hc decreasing from ~100 nm with x = 0.13 to
~60 nm with x = 0.16 to ~30 nm with x = 0.19. High-resolution cross-sectional EDS maps
show that Si segregates to underdense column boundaries as well as to the upper film surface.
Overall, the results demonstrate that it is possible to grow single-phase epitaxial metastable
Ti1-xSixN(001) alloys, over limited thickness ranges, with x up to at least 0.19, corresponding
to Si atoms substituting for approximately every fifth Ti atom on the cation sublattice.
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Ti1-xSixN/TiN/MgO(111) layers, including those with x = 0, grow with a brush-like
structure in which the bristles are fully-dense epitaxial (111)-oriented, in- and out-of plane,

T

columns whose surfaces are terminated by (001) facets. At 550 C, three-dimensional growth

RI
P

begins immediately on flat TiN(111) buffer layers leading to atomic shadowing with void
formation between incipient columns. Thus, extended surface-segregation sinks exist for

SC

deposited Si atoms. As a result, column centers have, for the same global average Si
concentration x, x values which decrease with decreasing column size (i.e., with sink

NU

proximity). Nevertheless, single-phase solid-solution Ti1-xSixN(111) alloys are still obtained

MA

with large substitutional Si concentrations on the cation sublattice. For films with x = 0.16,
x = 0.14 at the center of 8-nm-diameter columns and 0.08 in 4-nm columns. An additional

ED

indication of the formation of metastable (Ti,Si)N(111) solid solutions is that the average outof-plane lattice parameter of epitaxial nanocolumns decreases monotonically with increasing

PT

Si fraction. Moreover, the growth conditions are similar to those of superhard

AC
CE

nanocomposites, for which the faceted surfaces of nanograins also provide sinks for SiNy.
Thus, the present results indicate that Si can be substitutionally incorporated on Ti sites in the
TiN phase also in TiN/a-SiNx nanocomposite films.
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Figure captions
Figure 1 Ti1-xSixN composition x vs. Si deposition flux JSi for single-layer and multilayer

RI
P

T

Ti1-xSixN films grown on MgO(001) at 550 °C.

Figure 2 ERDA compositional depth profile of a Ti0.87Si0.13N film grown at 550 °C on an

NU

SC

epitaxial TiN(001)/MgO(001) buffer layer.

Figure 3 (a) Cross-sectional Z-contrast STEM image of a Ti1-xSixN multilayer stack (grown

MA

at 550 °C on an epitaxial TiN(001)/MgO(001) buffer layer) in which x increases from 0 to
0.22 in successive, ~60-nm-thick, (Ti,Si)N layers, separated by 2-nm-thick TiN marker layers.

ED

The multiplayer is capped with a 10-nm-thick TiN layer. (b) XTEM image of the multilayer
film shown in (a). SAED patterns from (c) x = 0.07 and 0.1 layers and (d) x = 0.16 and 0.19

AC
CE

PT

layers.

Figure 4 Bright-field XTEM image of a Ti1-xSixN(111) multilayer stack (grown at 550 °C on
an epitaxial TiN(111)/MgO(111) buffer layer) in which x increases from 0 to 0.22 in
successive, ~60-nm-thick, (Ti,Si)N layers, separated by 2-nm-thick TiN marker layers. The
multilayer is capped with a 10-nm-thick TiN layer. The SAED pattern is from the
Ti0.78Si0.22N layer.

Figure 5 (a) Bright-field XTEM image, with corresponding SAED pattern, of a Ti0.87Si0.13N
film grown at 550 °C on an epitaxial TiN(001)/MgO(001) buffer layer), (b) highermagnification XTEM image of an embedded underdense polycrystalline column in the upper
region of the film, (c) Z-contrast image of a polycrystalline column

in a

ACCEPTED MANUSCRIPT

3

Ti0.84Si0.16N/TiN/MgO(001) film, and (d) EDS map showing Ti-rich (red) and Si-rich (green)

T

regions of a polycrystalline column.

RI
P

Figure 6 Bright-field XTEM images, and corresponding SAED patterns, of (a) Ti0.84Si0.16N
and (b) Ti0.81Si0.19N layers grown at 550 °C on epitaxial TiN(001)/MgO(001) buffer layer.

SC

The SAED to the left belongs to Ti0.84Si0.16N and the one to the right to Ti0.81Si0.19N. The

NU

upper and lower SAED patterns are from the upper and lower part of the films, respectively.

MA

Figure 7 (a) Bright-field image of a TiN film grown at 550 C on a fully-dense single-crystal
TiN/MgO(111) buffer layer grown at 900 C; (b) higher magnification image of the

ED

TiN/TiN(111) interface region showing immediate formation of an epitaxial columnar
structure in the lower-temperature TiN layer; (c) HR-XTEM of an epitaxial TiN(111) column

PT

terminated with (001) facets; and (d) a plan-view STEM Z-contrast image of the top surface

AC
CE

of a Ti0.84Si0.16N sample.

Figure 8 Plan-view SEM images of the top surface of 200-nm-thick epitaxial (a) TiN, (b)
Ti0.88Si0.13N, and (c) Ti0.84Si0.16N layers grown on epitaxial TiN/MgO(111) buffer layers.

Figure 9 Cross-sectional STEM images and corresponding Ti (red) and Si (green) EDS
elemental maps of a 245-nm-thick Ti0.84Si0.16N grown at 550 °C on an epitaxial
TiN/MgO(111) buffer layer): (a) lower and (b) upper portions of the film.

Figure 10 (a) Plan-view STEM Z-contrast image of a Ti0.84Si0.16N(111) sample thinned from
both sides. (b) Corresponding EDS Ti (red) and Si (green) maps. (c) Ti and Si lateral
concentration profiles along the line labeled A-B in (a).

ACCEPTED MANUSCRIPT

4

Figure 11 Si concentration x, determined from plan-view STEM/EDS maps, in the middle of

RI
P

T

Ti0.84Si0.16N(111) columns as function of the column radius r.

Figure 12 (a) XRD -2 scans around the 222 reflection of Ti1-xSixN(111) films with x

AC
CE

PT

ED

MA

NU

SC

between 0.13 and 0.19. (b) Average out-of-plane lattice parameter a⊥(x).
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We investigate metastable SiNy solid solubility in TiN
19% Si is dissolved in Ti-Si-N deposited on epitaxial flat TiN(001).
Voided epitaxial TiN(111) columnar surfaces act as Si sinks Si, yielding ~8% Si in
TiN
Si can be incorporated on Ti sites in the TiN phase.
Si incorporation in TiN should also occur in TiN/a-SiNx nanocomposites
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