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Nanolayeredmetal-ceramic composite systemsprovide the possibility to produce newmaterialswith exception-
al strength, toughness, and radiation resistance not exhibited by their individual constituents. The unusual be-
haviors are frequently attributed to the high density of internal interfaces. Most layered structures studied to
date contain sharp interfaces and the synthesis of more diffuse interfacial structures, where the interface is grad-
ed out of the interface plane, has not been deeply explored. Here we show how neutron reflectometry was used
to study the structure of magnetron sputter deposited titanium and titanium nitride (Ti/TiN) layers as a function
of deposition parameters: temperature, rate of N2 flow or pressure, electrical bias applied to the sample, and ori-
entation of the ion source relative to the sample. These different deposition and post-processing strategies result-
ed in profound changes in the structure of the interfacial region between the two components in Ti/TiNx bilayers.
The results show that temperature and low step-wise N2 flow rates, but not electrical bias, can form graded in-
terfaces in a controlled manner.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

It has long been realized that interfaces play a critical role in the
structural properties of nanolayered composites [1–4]. Over the years,
the aim in engineering interfaces has been to radically improve several
structural properties simultaneously, such as strength, ductility, and
fracture toughness [5,6]. In this pursuit, intense research has been ded-
icated towards better understanding of how interfaces govern the inter-
actions and reactions of discrete defects generated during deformation.
For dissimilar metal-metal interfaces, it has been shown that the struc-
ture of the interface, including its atomic structure, misfit dislocation
network, and crystallographic character, can greatly affect many prop-
erties, such as dislocation annihilation and nucleation, twinnability, re-
covery from radiation induced defects, thermal stability, and strength
[7–11].

Compared to bimetal interfaces, engineering metal-ceramic inter-
faces in nano-layered composites have received far less attention and
yet they represent a promising and relevant frontier for advanced
technologies, Materials Physics
, Los Alamos, NM 87545, USA.
nanomaterials design. As a representative example, here we focus on
the Ti/TiN system. With an unprecedented combination of high hard-
ness, chemical resistance to corrosion, bio-compatibility, diffusion barri-
er properties, and high electrical conductivity, titaniumnitride (TiN)has
been widely used in many industrial applications [12–16]. It has been
found, for instance, that when TiN is coupled to a layer of metal to
form a nano-laminate composite, correlated fracture toughness can be
significantly enhanced [17,18]. Further, enhanced wear resistance [19,
20], fracture toughness [21], corrosion protection [22,23], and improved
performance as a diffusion barrier [24,25] have been frequently report-
ed in Ti/TiN nano-layered composites. For similar metal-ceramic sys-
tems, prior in situ nano-indentation experiments have demonstrated
the exciting possibility of inducing plasticity in the ceramic but only
when the interface spacing is extremely fine (b5 nm) [26–30]. Thicker
layers, however, produce the typical brittle response expected of a ce-
ramic composite.

The interfaces studied in the aforementioned metal-metal and
metal-ceramic nanocomposites can be classified as sharp interfaces. In
the case of metal-ceramic nanoscale composites, current questions are
whether another layer size distribution or graded interface structure
can enhance crack suppression in the ceramic for layers thicker than
5 nm. A few recent efforts have shown that the hardness of
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compositionally modulated Ti/TiNmultilayered films exhibit monoton-
ically increasing hardness with decreasing layer thickness, even for bi-
layer thickness as small as 2.5 nm [31,32]. However in other reports,
the peak hardness for bilayer period thickness ranging from 10 to
140 nm [33–36] decreases with smaller period thicknesses. While
these few works are conflicting, they nonetheless hint at the great po-
tential that interfaces can play in influencing the mechanical properties
of metal-ceramic composite properties. It is also clear that more work
could be dedicated to alternative interface design, in particular deviat-
ing from the sharp interface paradigm and moving towards more dif-
fuse or graded interfaces.

Many of the nano-layer composites studied to date have been fabri-
cated through physical vapor deposition (PVD).Whenmade in thisway,
it is common to find limited chemical intermixing between the two
dissimilar materials [37–41]. However, there are many PVD processing
parameters that have yet to be explored that could provide means to
fine-tune the extent of the interface mixing and out-of-plane broaden-
ing of the bi-phase interface during the deposition process. In this
work, we explore the influence of multiple reactive magnetron
sputtering deposition parameters on chemical stoichiometry and inter-
face morphology of Ti/TiN bilayers. We aim to obtain broadened or
“three-dimensionally graded” Ti/TiN interface structures in a number
of ways: temperature, rate of N2 flow or pressure, electrical bias applied
to the sample and orientation of the ion source relative to the sample.
Neutron reflectivity (NR) has been applied to analyze the structure of
the Ti/TiN bilayers. Neutron scattering provides high contrast between
Ti and TiNx, high sensitivity to the nitrogen content, and Å-level spatial
resolution to characterize thickness of layers and extent of interfacial
roughness. We find that deposition temperature and low step-wise N2

flow rates can form graded interfaces in a controlled manner.

2. Experimental details and data analysis

2.1. Deposition of Ti/TiN bilayers

The samples studied herewere bilayers of ametal, titanium (Ti), and
ceramic, titanium nitride (TiNx, where x ≠ 1 represents off-stoichiomet-
ric compositions). Each Ti/TiNx sample was deposited as a bilayer on a
silicon (Si) substrate using magnetron sputtering. All the samples
were deposited on (100) silicon substrates starting with 99.99% pure
Ti. The Ti layer was sputtered at a pressure of 3 mTorr, an Ar flow rate
of 30 square cubic centimeters per minute (sccm), and 300 W DC
power applied to the 2 in. sputtering target. Themajority of the samples,
listed in Table 1, (A–F, H, I) were synthesized by reactive sputtering
techniques with 2 notable exceptions (J, K) as described in Table 1.
The critical parameters that were changed during the deposition pro-
cesswere (i) N2 gasflow, (ii) temperature (iii) substrate bias conditions,
Table 1
Sputtering and processing parameters used to create various graded interfaces.

Sample Temperature [°C]
Ti thickness
[Å]b

TiNx thickness
[Å]b N2 flow or press

A RT, RT 100 100 0, 3
B RT, RT, RT, RT 100 3 × 33 0, 1, 2, 3
C 700, 700, 700, 700 100 3 × 100 0, 1, 2, 3
D RT, RT, RT, RT 100 3 × 100 0, 1, 2, 3
E RT, RT, RT, RT 100 3 × 100 0, 5, 10, 20

F RT, RT, RT,RT 100 3 × 100 0, 3, 3, 3
G RT, RT, 350, 700 100 3 × 100 0, 3, 3, 3
H 50, 50, 50, 50 100 3 × 100 0, 1, 2, 3
I RT, RT, RT, RT 100 3 × 100 0, 5, 10, 20
J RT 200 0, 20 mTorr of N

K RT, ramp to 700, 700 200 20 for T ramp an

a Processing time with N2.
b Thicknesses reflect the expected values obtained from previous profilometrymeasurement

text).
and (iv) orientation of the ion source relative to the sample. For all sam-
ples the substrate bias, N2 flow rates, or temperature were varied as in-
dicated in Table 1. For example, sample C was deposited with the
substrate at 700 °C and remained at that temperature throughout the
deposition with a stepwise increase in N2 flow (0, 1, 2, 3 sccm) and no
applied bias. For sample G, the initial 100 Å Ti layer and the first of
three TiNx layers were deposited at room temperature (RT) with the
secondand third TiNx layers deposited at 350 °C and 700 °C, respectively
using a constant N2 flow (3 sccm) and no applied bias. In the case of
samples J and K, 200 Å thick Ti layers were deposited and the samples
were held in a 10 mTorr nitrogen atmosphere with either a RF bias ap-
plied to the substrate (J) or with the substrate temperature increased to
700 °C andmaintained for 900 s (K). The ramp of temperature from am-
bient to 700 °C required 420 s. During that time the flow of N2 was kept
at 20 sccm.

2.2. Neutron reflectometry measurements of Ti/TiN bilayers

Neutron reflectometry (NR) measurements on the Ti/TiN bilayer
samples were carried out using Asterix, a time-of-flight (ToF) instru-
ment at the Lujan Neutron Scattering Center, Los Alamos National Lab-
oratory [42]. Reflectivity, R(Qz), is defined as the ratio of the intensity
of the reflected beam to the incident beam and is a function of the neu-
tron momentum transfer vector Qz, where Qz = 4πsin(θ)/λ, θ is the
angle of incidence of the beam, and λ is the wavelength of the neutron.
In our ToF NRmeasurements, the neutronwavelengths ranged from 4.5
to 13 Å. For the data presented in this article, NR for the entire Qz-range
was covered by measurements performed at 4 different angles of inci-
dence (i.e., ~0.5, ~1.0, ~2.0 and 4.0°), and the reflectivity curves were
combined together.

The specular scattering, averaged over the area of the neutron beam
footprint (~500 mm2), was analyzed to extract the scattering length
density (SLD) profile as a function of depth from the sample surface.

Knowing the SLD profile as a function of depth, information about
the thickness, density, chemical composition and roughness of each
layer and interface in the sample may be extracted. Unlike in the case
of x-rays, the coherent neutron scattering length, b, is not a monotonic
function of the atomic number [43] of elements. The value of b for Ti is
negative (bTi = −3.438 · 10−5 Å) which, using a density of ρ =
4.506 g/cm3, leads to a negative SLDTi for the pure material of
−1.91 · 10−6 Å2. On the other hand, due to the high value of bN
(bN = 9.36 · 10−5 Å), the SLD of TiN (ρ = 5.22 g/cm3) is positive and
equal to SLDTiN = 3.04 · 10−6 Å−2. For comparison, the calculated
x-ray SLDs for Ti and TiN are 3.55 · 10−5 Å−2 and 4.19 · 10−5 Å−2,
respectively providing much smaller scattering contrast and limiting
the sensitivity of x-rays to study interfacial structure between the
two materials. Therefore the high neutron scattering contrast between
ure [sccm] Sample bias or ion source [W] Time [s]a

0, 20 50, 50
0, 20,20,20 50, 17, 17, 17
0, 0, 0, 0 50, 50, 50, 50
0, 20, 20, 20 50, 50, 50, 50
0, 0, 0, 0
150 W, parallel to substrate

50, 50, 50, 50

0, 5, 10, 20 50, 50, 50, 50
0, 0, 0, 0 50, 50, 50, 50
0, 0, 0, 0 50, 50, 50, 50
0, 0, 0, 0 50, 50, 50, 50

2 no Ar 0 during Ti deposition,
20 during N2 treatment

100, 100

d 10 mTorr for 900 s 0 100, 420 for T ramp, 900

s of similar depositions. The exact thickness valueswere verified byNRmeasurements (see
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Ti and TiN provides excellent opportunity to study the structural
properties of nano-laminate bilayers and address the structure of the
interfaces between them with Å precision. However, the combination
of neutron and x-ray reflectometry could also be used to further re-
duce the uncertainty in the calculation of the TiNx stoichiometry [44].

2.3. NR data interpretation and uncertainty estimation

Analysis of R vs. Qz provides a model of the SLD distribution normal
to the sample surface. The NR measurement and data modeling proce-
dures have been detailed elsewhere [45,46]. Here, NR data are present-
ed multiplied by Qz

4 to compensate for the power-of-four decrease of
scattering with the momentum transfer vector, Qz. Modeling of the
SLD was performed using an open-source reflectivity package,
MOTOFIT, which approximates the continuous SLD function by a num-
ber of layers each parameterized using a thickness and a constant SLD
[47]. Interfacial roughness was described as an error function centered
between two adjacent interfaces. Using the Abeles matrix formalism,
Levenberg-Marquardt nonlinear least-square methods were employed
to obtain the best fits with the lowest χ2 values and structurally mean-
ingful parameters [48].We used the simplest, physicallymeaningful de-
scription of the Si/SiOx/Ti/TiNx system. In all cases, the parameters
describing the Si substrate and native oxide (SiOx) layer on its surface
were set to well established values and not allowed to vary during the
fitting process. The Si SLD of 2.07 · 10−6 Å−2 was used and all native
SiOx layers were fixed to be 10 Å thick with a SLD of 3.5 · 10−6 Å−2,
which is in good agreement with previous studies [49]. Tabulated SLD
values for bulk density Ti and TiN were used as starting parameters to
refine the models of the composite film structures. Typical values for
the error in layer thickness and scattering length densities were
±0.2 Å and 0.1–0.2 · 10−6 Å−2, respectively.

3. Results

3.1. Ti/TiN bilayers – samples A and B. Influence of increasing N2 flow with
constant sample bias

NR data, best-fit reflectivity curves, and corresponding SLD profiles
for deposition procedures (Table 1) designed to produce a sharp inter-
face (A) and a graded interface (B) are presented in Fig. 1. Themodel pa-
rameters from the fits are summarized in Table 2. Sample A was
prepared in an attempt to produce the sharpest possible interface be-
tween the Ti and TiNx components. First ~100 Å of Ti was deposited
with no N2 flow or bias applied to the sample for 50 s as described in
Fig. 1. (A) NR data from sample A and B (black and red circles, respectively). The error bars den
clarity. The black and red solid lines are thefits corresponding to the lowest χ2 values and the SLD
interface. The regions of low and high SLDs in (B) correspond to the Ti and TiNx regions, resp
referred to the web version of this article.)
Section 2.1. A second ~100 Å thick layer of TiNx was deposited on the
first Ti layer by sputtering Ti for 50 s with 3 sccm N2 flow and a 20 W
RF bias applied.

It is possible that a step-like increment in the N2 flow could create a
diffuse (or graded) interface between the two components.With this in
mind, sample B was prepared using a similar method but the second
TiNx deposition was divided into three 17 s intervals with increasing
N2 flow rates of 1, 2, and 3 sccm. As can be seen from Fig. 1A, the two de-
position protocols resulted in substantially different NR curves and dif-
ferent SLD distributions as shown in Fig. 1B. The fitted SLD parameters
(Table 2) for the Ti and TiNx layers for sample A and B do not match
the theoretical SLDs of pure Ti or TiN. One possible explanation for the
discrepancy is that the average densities of the Ti and TiN in the thin
films are 11 and 22% smaller than the bulk density values of the pure
components. Another possibility is that there are additional nitrogen
atoms in the Ti region and reduced nitrogen content in the TiN region
(b1:1 stoichiometry). For nitrogen content below TiN0.5, the associated
SLD was calculated by assuming a constant Ti unit cell volume and
adding scattering contributions from additional nitrogen atoms in inter-
stitial positions as needed. To calculate SLD for nitrogen content in ex-
cess of TiN0.5, the TiN unit cell volume was used and scattering
contributions fromnitrogen atomswere removed due to creation of va-
cancies. Using this approach, the SLD in the lower layer can be attributed
to TiN0.05 and the SLDs of the top layer correspond to TiN0.85 and TiN0.91

for A and B, respectively. The step-like increase of theN2 flowduring the
second deposition for sample B resulted in amuch broader interface be-
tween the two components. The rms roughness for the Ti/TiNx interface
obtained for samples A and Bwere 10.5 and 15.7 Å respectively (Table 2,
Fig. 7). This demonstrates that the 1, 2, 3 sccm stepwise increase in ni-
trogen flow yielded a graded interface.

3.2. Ti/TiN bilayers – samples C, D and H. Influence of sample bias and
temperature under constant N2 flow

Fig. 2 shows NR data from Ti/TiN bilayer samples along with best-fit
curves and corresponding SLD profiles. The best-fit parameters are pre-
sented in Table 2. Samples D and H (Fig. 2, blue and red) were prepared
at RT and slightly elevated temperature of 50 °C, respectively. In both
cases, a ~100 Å Ti layer was deposited similar to the previously
discussed cases. Subsequently, three depositions of Ti with simulta-
neous N2 flow were made, each one lasting 50 s and aiming to obtain
three ~100Å thick TiNx layers. For both samples and eachof the TiNx de-
positions the flow of the N2 followed the 1, 2, 3 sccm scheme. Addition-
ally, for sample D a 20 W RF bias was applied during the three TiNx
ote the standard deviation for each NR measurement and curves are shifted vertically for
profiles shown in (B). Thefittingparameters are listed in Table 1. z=0defines the Si/SiOx

ectively. (For interpretation of the references to colour in this figure legend, the reader is



Table 2
The model parameters from the fits.

Sample Ti layer thickness [Å] Ti layer SLD [10−6 Å−2] TiNx thickness [Å]
TiNx layers SLD
[10−6 Å−2]

rms roughness [Å]

χ2Ti/TiNx TiNx/TiNx TiNx/air

A 103.9 −1.70 105.4 2.38 10.5 13.9 7.5
B 131.0 −1.70 76.1 2.63 15.7 14.3 11.9
C 245.1 −0.31 210.3 2.58 37.8 30.7 6.2
D 142.9 −1.24 372.1 2.44 21.1 32.9 7.0
E 92.2 −1.90 338.1 2.25 5.0 31.0 14.4
F 111.3 −1.90 405.2 2.57 9.3 29.9 2.8
G 151.7 0.82 150.8 103.6 3.33 2.13 10.9 12.3 12.5 7.9
H 154.5 −1.90 344.6 2.47 22.3 30.5 10.2
I 106.3 −1.90 325.3 2.51 7.0 24.9 6.1
J 175.9 −1.90 31.4 2.50 6.1 10.0 3.8
K 76.6 −1.02 73.5 80.3 0.76 1.57 30 30 11.7 5.6

The thickness and SLD of the native SiOx layer on blue and red symbols exhibiting at 10Å and 3.5 · 10−6 Å−2, respectively. The SLD of Si substratewasfixed to the value of 2.07 · 10−6 Å−2.
The rms roughness parameters for Si/SiOx and SiOx/Ti interfaceswere 5 Å andwere kept constant during the refinement procedure. Fitting samplesG and K required dividing the TiNx layer
into two regions.
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deposition steps while no bias was applied during the deposition of
sample H. Both cases resulted in qualitatively similar NR data and SLD
profiles (Fig. 2, blue and red symbols) exhibiting TiNx layers of similar
properties: 372.1 vs. 344.6 Å thickness and SLDs of 2.44 · 10−6 Å−2 vs.
2.47 · 10−6 Å−2, respectively. The rms roughness parameters for the
Ti/TiNx interface were also similar with values of 21.1 and 22.3 Å, re-
spectively (Table 2, Fig. 7). The biggest difference between the two
cases was in the SLD of the underlying Ti layers: −1.24 · 10−6 Å−2

for sample D and −1.90 · 10−6 Å−2 for sample H. While the SLD of
this layer for sample H matches that of pure Ti, the SLD of this layer
for sample D is significantly higher indicating either lower density of
Ti or a substantial quantity of nitrogen interstitials intercalated in the
Ti structure. The increased SLD of the underlying layer in sample D can
be attributed to a stoichiometry of TiN0.13. Since the SLD obtained
fromNR is not unique, this suggests that the applied bias of 20Wduring
the deposition of the subsequent TiNx layers is capable of driving nitro-
gen into the underlying Ti layer.

Sample C was produced using the same N2 flow scheme of 1, 2,
3 sccm during the deposition of the three TiNx layers as used for the
previously discussed samplesD andH. However, all the depositions (in-
cluding the initial Ti layer) were performed at 700 °C. The temperature
had a very significant influence on the structure of both the Ti and TiNx

layers and the interfacial region (Fig. 2, black symbols). The underlying
layer was thicker (245.1 Å) and had an SLD of−0.31 · 10−6 Å−2, signif-
icantly higher than that of pure Ti and consistent with a TiN0.31 stoichi-
ometry. The thickness of the TiNx layer was only 210.3 Å with an SLD of
Fig. 2. (A) NR data from sample C, D, and H (black, blue and red circles, respectively). The er
vertically for clarity. The black, blue, and red solid lines are the fits corresponding to the lowes
z = 0 was placed at the Si/SiOx interface. The regions of low and high SLDs in (B) correspond
figure legend, the reader is referred to the web version of this article.)
2.58 · 10−6 Å−2, which, as in the previously discussed cases, can indi-
cate 85% bulk TiN density or reduced nitrogen content. The high tem-
perature applied during preparation resulted in a broader interfacial
region with an rms roughness between the Ti and TiNx regions of
37.8 Å. Both the high SLD of the underlying layer and the broadening
of the interface suggest that at 700 °C nitrogen is capable of diffusing
throughout the film during the b5 min deposition time.

3.3. Ti/TiN bilayers – samples E and I. Influence of N2+ ion source with no
bias to the sample and constant N2 flow

Samples E and Iwere prepared identically except for the orientation
and power of the ion source used during the depositions of the TiNx

layers. As before, a ~100 Å thick Ti layer was deposited followed by de-
position of three ~100 Å thick TiNx layers. In these cases, significantly
higher N2flow rates of 5, 10 and20 sccmwere usedwith no bias applied
to the sample. Sample I was prepared at RT with no bias applied. The
only variable was the N2 flow which was increased from 5 to 20 sccm
for the final TiNx layer. On the other hand, for sample E a 150 W ion
source was used to deliver ions roughly parallel to the substrate. Fig. 3
summarizes the NR and the SLD fitting results.

The SLD profiles obtained for E and I exhibit differences primarily in
the SLD of the TiNx region. Thicknesses of the Ti layer for sample E and I
were 92.2 and 106.3 Å, respectively with an SLD of −1.9 · 10−6 Å−2,
which corresponds to the SLD of fully dense bulk Ti. The thicknesses of
the TiNx regions were also similar: 338.1 and 325.3 Å, with SLD values
ror bars denote the standard deviation for each NR measurement and curves are shifted
t χ2 values and the SLD profiles shown in (B). The fitting parameters are listed in Table 2.
to Ti and TiNx regions, respectively. (For interpretation of the references to colour in this



Fig. 3. (A) NR data from sample E and I (red and black circles, respectively). The error bars denote the standard deviation for each NR measurement and curves are shifted vertically for
clarity. The red and black solid lines are the fits corresponding to the lowest χ2 values and the SLD profiles shown in (B). The fitting parameters are listed in Table 2. z=0was placed at the
Si/SiOx interface. The regions of low and high SLDs in (B) correspond to Ti and TiNx regions, respectively. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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of 2.25 · 10−6 Å−2 and 2.51 · 10−6 Å−2, respectively. These SLDs corre-
spond to 74% and 83% of the density of bulk TiN or, alternatively, the
lower than predicted SLD may reflect reduced nitrogen content in the
ceramic consistentwith TiN0.82 and TiN0.88 stoichiometry. The combina-
tion of lower power and parallel orientation of the ion source yielded a
small decrease in thenitrogen contentwithin the TiNx region of thefilm.
In both cases, the rms roughness of the interface between Ti and TiNx re-
gionswere small and equal to 5.0 and 7.0 Å (Table 2, Fig. 7). This is com-
parable to the interfacialwidth of the sample engineered to have a sharp
interface (A).

3.4. Ti/TiN bilayers – samples H and I. Influence of higher N2 flow with no
bias applied to the sample

Here, we compare two previously discussed cases: samples H and I.
Sample H was prepared at a slightly elevated temperature of 50 °C and
withN2flowof 1, 2 and3 sccmduring thedeposition of the TiNx regions.
Sample I was prepared using a slightly smaller deposition temperature
(25 °C) and with an increased N2 flow of 5, 10 and 20 sccm. Fig. 4 sum-
marizes the NR scattering and the corresponding best-fit SLD profiles.

The increase of N2 flowhad significant influence on the SLDdistribu-
tion of the interface (Table 1). Both deposition procedures resulted in
Fig. 4. (A) NR data from sample H and I (red and black circles, respectively). The error bars den
clarity. The red and black solid lines are the fits corresponding to the lowest χ2 values and the SL
Si/SiOx interface. The regions of low and high SLDs in (B) correspond to Ti and TiNx regions, res
referred to the web version of this article.)
the SLD of the Ti layer (154.5 and 106.3 Å thick, respectively) of
−1.9 · 10−6 Å−2, which corresponds to the theoretical value of bulk
Ti. The TiNx regions of thickness 344.6 and 325.3 Å showed similar
SLD values of 2.47 and 2.51 · 10−6 Å−2 approximately corresponding
to either 82% of bulk TiN density or reduced nitrogen content consistent
with a TiN0.88 stoichiometry. The lower 1, 2, and 3 sccm N2 flow applied
during the preparation of sample H resulted in a much more diffuse in-
terface between the Ti and TiNx region. The rms roughness parameters
for sample H and I were 22.3 and 7.0 Å respectively (Fig. 7). This sug-
gests that the initial N2 flow of 5 sccm in sample I caused immediate
chemical reaction of Ti to the TiNx state without creating a graded
interface.
3.5. Ti/TiN bilayers – samples F and G. Comparison of deposition tempera-
ture ramp vs. applied bias for constant N2 flow

Sample Fwasproduced at room temperature,with a constant 3 sccm
N2 flow rate and a stepwise increase in the applied sample bias of 5, 10
and 20Wduring the TiNx deposition (Table 1). The TiNx layer of sample
G was deposited using the same N2 flow but without any bias applied.
Instead, a stepwise temperature rampof 25, 350 and 700 °Cwas applied
ote the standard deviation for each NR measurement and curves are shifted vertically for
D profiles shown in (B). The fitting parameters are listed in Table 2. z=0was placed at the
pectively. (For interpretation of the references to colour in this figure legend, the reader is



Fig. 5. (A) NR data from sample F and G (black and red circles). The error bars denote the standard deviation for each NRmeasurement and curves are shifted vertically for clarity. The red
and black solid lines are the fits corresponding to the lowest χ2 values and the SLD profiles shown in (B). The fitting parameters are listed in Table 2. z = 0 was placed at the Si/SiOx

interface. The regions of low and high SLDs in (B) correspond to Ti and TiNx regions, respectively. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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during the deposition of the TiNx layers. The NR spectra and resulting
SLD profiles are shown in Fig. 5.

Sample F had Ti and TiNx regions of 111.3 and 405.2 Å in thickness
with SLDs of −1.9 · 10−6 Å−2 and 2.57 · 10−6 Å−2, respectively. The
SLD of Ti matched the theoretical bulk value while the TiNx region
corresponded to either 85% density TiN or an average TiN0.89 stoichiom-
etry. The low rms roughness of 9.3 Å between the two layers was com-
parable to the interfacialwidth of the sample engineered to have a sharp
interface (A). In sample G, the temperature ramp applied during TiNx

deposition created a significantly different structure. Unlike all the pre-
viously discussed cases, the SLD distribution for sample G cannot be de-
scribed by a two-layer model. An additional third layer was required to
properly describe the SLD distribution of the TiNx region (Table 2). Ad-
ditionally, the SLD of the Ti layer was high (0.82 · 10−6 Å−2) and con-
sistent with an average stoichiometry of TiN0.53 indicating a high
degree of nitrogen diffusion into the underlying Ti layer. The SLD profile
of the TiNx region exhibited two regions with either different density or
stoichiometry. The layer adjacent to air had an SLD of 2.13 · 10−6 Å−2,
which may correspond to either a 70% dense TiN layer or a TiN0.80 stoi-
chiometry. On the other hand, the intermediate layer had an SLD of
3.33 · 10−6 Å−2, which is higher than the theoretical value for TiN sug-
gesting the presence of excess nitrogen content in this region of thefilm.
Fig. 6. (A) NR data from sample J and K (black and red circles). The error bars denote the standa
and black solid lines are the fits corresponding to the lowest χ2 values and the SLD profiles s
interface. The regions of low and high SLDs in (B) correspond to Ti and TiNx regions, respec
referred to the web version of this article.)
3.6. Ti/TiN bilayers – samples J and K. Comparison of different post-
processing protocols

Unlike all previously discussed cases, samples J and Kwere prepared
as pure Ti layers and subsequently processed to introduce nitrogen. In
both cases, ~200 Å thick layers of Ti were deposited at RT for 100 s
with no bias applied. Afterwards, sample J was exposed to 20 mTorr of
pure N2 with an applied 20 W bias for 100 s. Sample K was processed
without any bias but under 20 sccm N2 flowwith a 7 min ramp of tem-
perature to 700 °C and subsequent 15 min treatment at 700 °C with
10mTorr of N2. The two procedures resulted in vastly different SLD pro-
files. For sample J, a 31.4 Å thick layer of TiNx was formed preserving
175.9 Å of dense, bulk-like Ti with an SLD of−1.90 · 10−6 Å−2 under-
neath. The TiNx layer had an SLD of 2.50 · 10−6 Å−2 corresponding to
either 82% of the bulk density of TiN or a TiN0.87 stoichiometry. The
rms roughness of the Ti/TiNx interface was 6.1 Å and the TiNx/air inter-
face was also sharp with an rms roughness of 10.0 Å (Fig. 7). The treat-
ment of sample K yielded a significantly different SLD distribution. The
substrate adjacent region had an SLD of −1.02 · 10−6 Å−2 consistent
with TiN0.17 indicating significant nitrogen presence throughout the Ti
film. On the air adjacent face of the film, an SLD of 1.57 · 10−6 Å−2

was obtained corresponding to a TiN0.69 stoichiometry. The simplest
rd deviation for each NRmeasurement and curves are shifted vertically for clarity. The red
hown in (B). The fitting parameters are listed in Table 2. z = 0 was placed at the Si/SiOx

tively. (For interpretation of the references to colour in this figure legend, the reader is



Fig. 7. d(SLD(z))/dz derivatives of the SLD profiles around the main Ti/TiNx interface. The SLDs were obtained from fitting the NR data shown in Figs. 1–6. The center of each Ti/TiNx

interface was placed at z = 0. Since interfacial roughnesses were described by error functions, their derivatives are Gaussians with rms proportional to the width of the Ti/TiNx

interfaces. Panels A–F correspond to the bilayer preparation procedures described in the Sections 3.1–3.6.
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model to describe the SLD profile of the TiNx required two layers with
high interfacial roughness values to yield a continuously changing SLD
profile. This distribution represents a highly graded nitrogen distribu-
tion throughout the film (Fig. 7).

4. Discussion

Using neutron reflectivity, the structural properties of Ti/TiNx bilay-
ers, including the average nitrogen content, were obtained as a function
of depth with Å-level resolution. While this technique provided excel-
lent resolution normal to the interface, it was insensitive to both the
in-plane distribution of nitrogen and the crystallographic structure of
various Ti and TiNx phases. In most cases the SLD of the TiNx regions
were lower than that calculated for bulk density TiN. One possible ex-
planation is a decreased density of TiN due to defects. However, since
these layers appear to be uniform and consistent in structure across
many sample preparations a more viable possibility is lower nitrogen
content consistent with, for example, TiN0.9 structure [50]. The only
casewhere reduced nitrogen content in the TiNx layerwas not observed
occurred when temperature was applied in a step-likemanner (RT, 350
and 700 °C) during deposition (G). This procedure resulted in a more
complicated SLDprofile (Fig. 5B, red line), where the TiNxfilmwas com-
posed of two distinct regions. The SLD of the layer created at 350 °C was
higher than the theoretical value for 1:1 TiN suggesting excess nitrogen
(as interstitials). Although the experimental data for TiN1 + x phases are
not reported, the theoretically predicted cesium chloride structure of
TiN [51]would result in an SLD of 3.24 · 10−6 Å−2, close to the observed
value.

Samples A and B provide proof of principle evidence that the proper
control of magnetron sputtering deposition conditions can be used to
tune the nitrogen distribution across a Ti/TiNx interface from sharp to
graded. This can be clearly seen by comparing the full width half maxi-
ma (FWHM) of the Gaussian distributions obtained by taking the deriv-
ative of the SLD profiles (Fig. 7A). Building from this finding, we
performed a series of studies to explore the role of several different de-
position parameters and post-processing protocols on the structure of
Ti/TiNx composite films. The nitrogen distributions as a function of
depth in the resulting structures can be attributed to two mechanisms:
(i) control of nitrogen and titanium co-deposition rates and (ii) control
of nitrogen penetration into underlying titanium.

4.1. Control of nitrogen and titanium co-deposition rate

Of all the parameters explored, nitrogen flow proved most relevant
for controlling the relative quantities of nitrogen and titanium during
co-deposition. Comparison of preparation protocols for samples H and
I clearly indicate that the lower step-wise N2 flow rates can be used to
create a graded interface. N2 flow above a certain threshold (≥5 sccm)
quickly saturated the TiNx phase formation and created a sharp inter-
face. However, decreased N2 flow rates yielded a large FWHM increase
of the SLD derivative while still maintaining the initial underlying Ti
structure (Fig. 7D). Saturationwith nitrogenmay occur atmuch smaller
flow rates than 5 sccm. Inspection of Fig. 4B shows that the graded inter-
face persists between 100 Å and 200 Å when a flow rate of 1 sccm was
used and the saturated TiNx phase was formed immediately afterwards
at a flow rate of 2 sccm. Considering this, a similar deposition protocol
using smaller N2 flow rates may be capable of producing significantly
more diffuse Ti/TiNx interfaces. Importantly, the use of nitrogen flow
to control the co-deposition of nitrogen and titanium did not impact
the structure or nitrogen content of the underlying Ti layers providing
a distinct advantage to this mechanism for creating graded Ti/TiNx

interfaces.

4.2. Nitrogen penetration into underlying titanium

For all samples studied, the same deposition parameters were used
to deposit the underlying Ti layer. In many cases, the SLD of this layer
matched (E, F, H, I, J) or was extremely close to (A, B) the value



406 E.B. Watkins et al. / Thin Solid Films 616 (2016) 399–407
corresponding to bulk Ti (−1.9 · 10−6 Å−2). For the remaining samples
(C, D, G, K), the underlying Ti layers exhibited significantly increased
SLDs. Based on the NR measurements alone, the differences may be at-
tributed to either a decreased Ti density or the inclusion of nitrogen.
However, since all of the Ti depositions were identical, it is likely that
the increased SLDs were caused by the subsequent TiNx depositions or
post-processing in a nitrogen rich environment. This suggests that, for
the cases where a higher SLD of the underlying layer was determined,
the increase can most likely be attributed to nitrogen penetrating into
the underlying layer during the subsequent deposition or processing
steps.

The implications of nitrogen penetration on the film structure are
most clearly shown by the different post-processing of Ti samples J
and K. When a 20 W RF bias was applied (J) to drive nitrogen ions to-
wards the sample, a well-defined TiNx layer was formed on the surface
with a sharp interface between the TiNx and Ti. Presumably, the kinetic
energy imparted to the ions by the 20Wbiaswas sufficient to penetrate
30 Å into the Ti layer but no deeper. This suggests that changing the
magnitude of the bias may be used to control the thickness of the TiNx

layer but the resulting interfacial structure will remain sharply defined
because the kinetic energy of the nitrogen ions limits their penetration
depth. In the case of 700 °C elevated temperature (K), the likely mech-
anism for nitrogen penetration into the Ti is diffusion.While an applied
bias delivered a limited kinetic energy to the nitrogen ions, high tem-
perature provided a continuous source of energy to the nitrogen
atoms throughout the 900 s processing period. The differences between
these two mechanisms are striking: as opposed to the sharply defined
TiNx layer, temperature driven diffusion resulted in a nitrogen gradient
throughout the 200 Å Ti layer and a highly diffuse interface (Fig. 7F). In-
terestingly, after processing at elevated temperature the maximum SLD
at the air interface of the film was significantly smaller than the TiNx

layer created using an applied bias.While the kinetic implantation of ni-
trogen ions yielded an average stoichiometry of approximately TiN0.87

at the surface, a maximum of only TiN0.69 was obtained using the high
temperature processing. This suggests that a nitrogen diffusion mecha-
nism alone is insufficient to create a high nitrogen content TiNx layer.

Bias applied during the TiNx deposition steps also resulted in nitro-
gen penetration into the underlying Ti layer. For sample D, a constant
20 W RF bias was applied throughout all three TiNx deposition steps
and the nitrogen content of the underlying Ti layer increased to an aver-
age stoichiometry of TiN0.13. Since TiNx was being deposited simulta-
neously with the applied bias, the relatively low quantity of nitrogen
may be ascribed to the shorter time that the Ti surface was exposed to
ion implantation. Further, we expected that the nitrogen penetration
depth would be limited to 30 Å as observed in the post-processed sam-
ple. Tomodel this, we subdivided the underlying Ti into two layers with
the lower layer having the SLD of bulk Ti and the upper layer with an in-
creased SLD. However, the quality of the fit was not improved by this
approach so we were unable to determine the nitrogen penetration
depth with a sufficient degree of confidence. For sample F, a RF bias
ramp was applied increasing from 5 to 10 to 20 W during the three
TiNx deposition steps. In this case, no penetration of nitrogen into the
underlying Ti was observed. This indicates that the initial 5 W bias pro-
vided insufficient kinetic energy for ion implantation and that the depo-
sition of TiNx during this first step covered the Ti surface preventing
nitrogen penetration by the higher applied biases.

Nitrogen penetration into the underlying Ti layer was also observed
when a constant elevated temperature of 700 °C (C) and a temperature
ramp of RT, 350, 700 °C (G) were applied during the TiNx deposition. At
constant temperature, nitrogen diffused throughout the underlying
100 Å Ti layer reaching the equivalent of a TiN0.31 stoichiometry. Rela-
tive to the post-processed sample, the higher nitrogen content of the
underlying layermay be ascribed to a combination of a shorter diffusion
distance (100 Å vs. 200 Å Ti thickness) and higher nitrogen concentra-
tion in the deposition chamber. Nitrogen diffusion during thedeposition
process also resulted in a highly graded interface compared to samples
prepared at RT (Fig. 7B). Nitrogen also diffused throughout the underly-
ing Ti layer when a temperature rampwas applied. Interestingly, the ni-
trogen content was significantly higher, equivalent to TiN0.53, despite
the fact that the sample was exposed to less extensive thermal treat-
ment. This discrepancy is likely related to the higher nitrogen flow
rate used during the temperature ramp deposition.

5. Conclusion

Neutron reflectometry characterization of Ti/TiN metal-ceramic
composites was used to investigate the flexibility of magnetron
sputtering techniques to tune the structure and properties of interfaces
within the material. Such control over the interfacial structures within
thesematerials can be exploited to improve variousmaterial properties
such as fracture toughness andhardness. Elevated temperatures applied
during or after TiNx deposition created very diffuse interfaces between
the Ti and TiNxfilms. However, thismethod always led to significant dif-
fusion of nitrogen into the underlying Ti Nevertheless, proper manipu-
lation of temperature, processing time and the partial pressure of N2

should allow for the creation of graded interfaces without compromis-
ing the underlying Ti properties. An alternative strategy for the forma-
tion of graded interfaces involves the control of N2 flow to vary the
stoichiometry of TiNx during the co-deposition. The advantage of this
method is that the properties and structure of the underlying Ti is un-
perturbed by the process.
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