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Influence of Substrate Temperature on Microstructure of Zirconium Silicon Nitride Thin Films
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Zr-Si-N thin films were co-deposited by reactive magnetron sputtering to verify the influence of
silicon content (1.6 and 8.0 at. % Si) and substrate temperature (room temperature and heated to 973 K)
on structure, morphology, chemical bonds and hardness. GAXRD shows a change in grain orientation
from (111) to (200) due substrate heating for sample Zr, , Si, N, furthermore, it was not possible to
identify any silicon compounds in all deposited samples. SEM-FEG images show greater roughness
and surface clusters for sample Zr,, Si; . N due to the heat applied on the substrate, with Si,N,
decomposition, influencing thin film hardness. XPS analyses of Si 2p photoelectronic region shows
only Si,N, presence in all samples, proving, in conjunction with other characterization results, the
non-formation of substitutional or interstitial solid solution, regardless of substrate heating or silicon

content added to ZrN matrix.
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1. Introduction

Zirconium silicon nitride thin films (Zr-Si-N) have
shown promising results when used in diverse industrial
applications due to higher hardness and oxidation resistance
at high temperatures when compared to pure zirconium
nitride (ZrN)'-.

As a consensus in literature, amorphous silicon nitride
(Si,N,) is formed around ZrN grains when silicon content is
above 2 at. %. From 6 at. % Si and beyond, the increasing
amount of this amorphous phase is responsible for decreasing
thin film hardness and wear resistance*”.

A recent investigation® has shown that, even at low
concentration (1.6 at. %), silicon atoms are incorporated
in ZrN structure as Si,N, amorphous phase, not forming
a substitutional or interstitial solid solution with ZrN,
as frequently reported in previous works>>!°.

In parallel, it is well understood that substrate heating
is a parameter that may enable a Zr-Si-N solid solution®!!.
However, reports regarding the influence of substrate
heating on chemical bonds, phases, structure and hardness
of zirconium silicon nitride thin films are scarce in literature.

Therefore, the present work aims to investigate the influence
of substrate temperature on the microstructure and hardness
of zirconium silicon nitride thin films. For this purpose,
Zr-Si-N thin films with low and high silicon concentrations

*e-mail: fabiogabrieloliveira211@gmail.com.br

(1.6 and 8.0 at. %) were deposited by reactive magnetron
sputtering, at room temperature and heated to 973 K.

Deposited thin films were characterized by Rutherford
backscattering spectroscopy (RBS), grazing angle X-ray
diffraction (GAXRD), scanning electron microscopy
(SEM-FEG), X-Ray Photoelectron Spectroscopy (XPS)
and nanohardness tests.

2. Materials and Methods

Zirconium silicon nitride thin films with 1.6 at. % and 8.0
at. % Si were co-deposited by reactive magnetron sputtering,
using AJA Orion 5-HV sputtering system. Two targets were
simultaneously used for coatings deposition, zirconium and
silicon, with purities of 99.8% and 99.9%, respectively.
Polyethylene and (100) oriented silicon wafers were utilized as
substrates, depending on the characterization techniques used.
All substrates were cleaned in acetone using an ultrasonic bath
for 15 minutes, prior to being inserted in the vacuum chamber.

For thin films deposition, all parameters were kept
constant, with exception of power applied to Si target and
substrate temperature: base pressure: 3x10° Pa, working
pressure: 4x10! Pa, Zr target power: 120 W, Si target power:
Zr, 00 Sij 16 N: 15 Wand Zr , Si . N: 90 W, Ar-N, flows:
19-2 sccm, substrate temperature: room temperature (RT)
and 973 K. The substrate heating was carried out by a 1000 W
tungsten halogen lamp located behind the sample holder.
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Deposition times were determined based on each
characterization technique to be utilized, 12 minutes for
RBS samples and 60 minutes for GAXRD, SEM-FEG, XPS
and nanohardness samples. Thicknesses of approximately
80 and 350 nm were obtained, respectively.

RBS analyses were performed in a 3 MV Tandetron
equipment, using He"™" particles accelerated with 2 MeV
and a silicon detector at 165°. Elemental composition
was estimated using RUMP software. GAXRD tests were
executed using a Shimadzu XRD-600 equipment with Cu-Ka
radiation (A\=1.54 A), grazing angle incidence of 1°, step
size of 0.02° and 2°/min scan speed.

Carl Zeiss Auriga 40 scanning electron microscope
with field emission gun (SEM-FEG) equipment was used
for cross-section analyses. X-ray photoelectron spectra
(XPS) were recorded using a hemispherical spectrometer
PHOIBOS 150- SPECS, equipped with X-ray Gun (XR-50)
with an Al Ka source (soft X-ray source at 1486.6 eV, which
is non-monochromatic). The anode was operated at 10 W
(10kV, 10 mA) and the analyzer was used at a constant pass
energy of 50 eV for survey spectra and 20 eV for selected
regions. The binding energy shifts due to surface charging
were corrected using the C 1s level at 284.6 eV, as an internal
standard. The spectra were Shirley background-subtracted across
the energy region and fitted using CasaXPS Version 2.3.15.

Nanoindentation tests were performed by Fisherscope
HV 100 equipment with Berkovich indenter. In order to
minimize the substrate influence in resulting values, a load
of 10 mN was applied. Hardness values were calculated
according to ISO 14577 standard.

3. Results and Discussion

3.1. RBS

Initially, several zirconium nitride thin films with varying
silicon content were deposited by exclusively altering the power
applied to silicon target, with no substrate external heating.

Figure 1 shows the RBS spectrum for sample Zr,, Si; ., \N.
Polyethylene substrate was used for RBS analyses in order
to allow the quantitative analyses of light chemical elements,
such as nitrogen and oxygen. Similar spectra (not shown)
were obtained for the other Zr-Si-N samples.

Some chemical elements can be identified at Figure 1:
zirconium, silicon and nitrogen (originated from the thin film),
carbon (from polyethylene substrate), hafnium (an inherent
contamination from Zr target) and oxygen (originated from
unavoidable O, and H,O present in deposition chamber). Hf
and O concentrations did not exceed 1 and 3 at. %, respectively
and, for practical effects, only chemical elements related to
the thin films (Zr, Si and N) will be considered in this work.
Table 1 presents chemical composition of selected samples.
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Pure ZrN sample presents near stoichiometric concentration,
confirming the correct deposition parameters choice for ZrN and
Zr-Si-N thin films evaluated in the present work. Two Zr-Si-N
samples were selected based on RBS results: 1.6 at. % Si and
8.0at. % Si, samples Zr, . Si, , [Nand Zr,,, Si . N, respectively.

In succession to determination of deposition parameters,
new samples were deposited on silicon substrates: substrate at
room temperature (RT) and heated at 973 K during deposition.
These samples were used for GAXRD, SEM-FEG, XPS and

nanohardness analyses.

3.2. GAXRD

Figure 2 shows GAXRD patterns of zirconium silicon
nitride thin films with 1.6 at. % Si deposited at room
temperature (sample Zr . Si  , N_RT) and heated to 973 K
(sample Zr . Si,  N_973). Both samples presented diffraction
peaks corresponding to crystalline planes (111), (200), (220)
and (311), characteristic from ZrN B1-NaCl crystalline phase
(PDF 35-753). X-ray diffraction peaks referring to silicon

phases could not be identified.
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Figure 1. RBS analysis for sample Zr, N.
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Table 1. Chemical composition of samples ZrN, Zr . Si - N and Zr,,, Si .. /N obtained through RBS analysis.
Si (at.%) Zr (at.%) N (at.%)
Zt, 00, Sig osoN 8.0+0.5 38.6+ 0.9 53.4+0.8
Zr, 0, Si) 0N 1.6£0.6 459+0.5 52.5+£0.8
ZrN 50.1+0.6 49.9+0.9
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Avariation in thin films XRD patterns is clearly observed.
The preferential plane orientation shifts from (111) to (200)
as a direct consequence of applied substrate heating during
the deposition.

Preferential (111) growth has the lowest deformation
energy, since it allows the accommodation of a greater
number of defects. Under these conditions, the structure will
arrange itself in order to reduce thin film residual tension,
contributing to strain energy reduction.

On the other hand, substrate heating promotes greater
atoms mobility in the thin film, promoting preferential (200)
growth, since this plane has the lowest surface energy and
is more compact when compared to (111) grains.

The shift of (111) plane growth to (200) due to substrate
temperature has already been reported in earlier works for
pure ZrN and for other nitrides as well'*!%, therefore, it is
not possible to attribute this event to Si incorporation in
the coatings, but rather to the higher atom mobility during
the thin film process formation, as a result of high substrate
temperature during deposition.

Furthermore, upon deeper comparison of both samples,
there are no XRD peaks shifting to lower or higher angles
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Figure 3. GAXRD patterns of Zr N RT and Zr, N 973.
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regions, and no evidence of substitutional or interstitial solid
solution formation with Si, despite of substrate heating.

Figure 3 shows the GAXRD patterns for samples

Si N RT and Zr N _973. The amorphous

0 920 70.080 0. 920 0 080
characteristics presented for Zr,, Si . N RT are evident,

.92
however, it is still possible to idgrgltoify broad peaks with low
intensity in ZrN patterns peak positions. The crystallinity
loss can be attributed to Si,N, amorphous phase formation,
which distort the ZrN crystalline lattice. This behavior was
also reported in previous works®!>.

Similarly to samples with 1.6 at. % Si, it was not possible
to observe the formation of new compounds due to substrate
heating Previously identified ZrN peaks are present in sample

Zr, 0,051, 050N_973 and substrate heating is responsible only
for the increase in thin film crystallinity.

Given Zr, , Si; ,,N_RT has shown an amorphous behavior,
it was not possible to evaluate diffraction peaks shifting
between the samples, however, comparing Zr, ,, Si| .. [N 973
peaks position with the results obtained from Zr-Si-N samples
with 1.6 at. % Si, shown in Figure 2, there were no peaks
shifts for lower or higher angles among the three thin films.
Again, by GAXRD analyses, there is no evidence that silicon
is present in solid solution in Zr ., Si N 973, despite
substrate heating applied during deposition.

3.3. SEM-FEG

Figures 4a and 4b show cross-section images of
71, 4,51, ,N_RT and Zr .. Si N 973 performed by
SEM-FEG. Both samples presenting columnar growth in
their structures, a behavior commonly observed in thin films
deposited by PVD techniques, however, this phenomenon is
explicitly more pronounced for sample Zr . Si ;N 973.
Based on Structure Zone Model (SZM) proposed by
Thornton'¢'”, samples Zr, ,.,Si, N _RTand Zr, . Si | N 973
exhibit a transition from Zone T to Zone 2, respectively,
evidenced by the change from a columnar structure with flat
surface (Figure 4a) to wider and denser columns, in addition

to the irregular feature on top of the coating (Figure 4b).
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Figure 4. Cross-section SEM-FEG images of (a) Zr, ., Si; , ,[N_RT, (b) Zr, .. Si | N 973, (c) Zr, ,,Si; o N_RT and (d) Zr, , Si; . (N _973.
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In Structure Zone Model is considered the argon discharge
pressure, substrate temperature (T ) and material melting
point (T ) to categorized thin film structure in four different
zones: Zone 1 (Z1 - limited surface diffusion of adatoms and
amorphous crystallographic structure), Zone T (ZT - thermally
enhanced surface diffusion, poorly defined columns and flat
topography), Zone 2 (Z2 - higher surface diffusion, well-defined
columns and high crystallinity) and Zone 3 (Z3 - dominating
bulk diffusion process and denser columns).

SEM/FEG analyses of Zr,,, Si; ,,,N_RT is shown in
Figure 4c. Differently to samples with 1.6 at. % Si, this sample
has a smoother and more uniform appearance, showing no
columnar growth evidence, with the thin film morphology
identified as Zone 1 in SZM. This behavior occurs probably
due to the presence of Si,N, amorphous clusters, resulting
in the ZrN columnar structure elimination.

Figure 4d shows cross-section images of Zr, , Si, N _973.
It is possible to identify similar columnar growth as observed
in Figure 4a and 4b and identified as Zone 2 in the SZM.
Furthermore, heating the substrate clearly suppresses the
amorphous behavior found in sample Zr,, Si, ,,N_RT
and promotes gains in crystallinity, as shown in GAXRD
results in Figure 3.

It is noteworthy that samples with substrate heating,
showed in Figures 4b and 4d, are at the same Zone (Z2),
but with distinct morphological characteristics, which
suggests different regions positions on the model. The sample
Zr, 0, Si; 0,sN_973 seems to be at the very beginning of Z2,
presentmg acombined of Z1 and Z2 characteristics, whereas

Zx, ,,S1, 50N_973 is properly at Z2 and clearly manifests its
features, displaying projection of clusters beyond the surface.

No previous works regarding Zr-Si-N deposited at
high temperature can be found with similar results than the
observed for sample Zr,, Si; .,N_973. An explanation for
this phenomenon may be related to nitride decomposition,
leading to N, diffusion to the surface and resulting in a rough
appearance. Nevertheless, this argument must be corroborated

with a more specific characterization technique, such as XPS.

3.4. XPS

Figure 5 shows the Si 2p photoelectronic region for
samples Zr .. Si ; N RT and Zr ,,Si N_973. Only
one silicon surface species can be identified occurring at
binding energy of 101.7 eV for Si 2p,, electronic level,
associated with the compound Si,N,. No SiO, compound
(103.2 eV)'*¥ or Si-Zr bonds (98.6 eV)**?! can be identified
at Si 2p photoelectron region analyses.

Substrate external heating during deposition did not
substantially modify the XPS Si 2p region analyses, except
for the shift in Si binding energy value. This variation has
been previously reported in literature, the binding energy for
Si can be found between 100.5 eV to 102.0 eV, depending
on the deposition parameters used®?.

Through these analyses, it was not possible to observe
presence of silicon atoms in interstitial or substitucional
solid solution in ZrN matrix. Such fact demonstrates that
silicon, when added in 1.6 at. % in zirconium silicon nitride
thin films, remains as Si,N, amorphous phase even when
it is heated to 973 K during deposition, corroborating to
GAXRD results shown in Figure 2.
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Figure 6 shows XPS results for samples Zr ,, Si; .,N_RT
and Zr, , Si

09205, owsoN_973 to Si 2p spectrum. Similarly to analyses
of zirconium silicon nitride with 1.6 at. % Si, Si 2p region
components adjustment for both samples point to Si,N,
formation, suggesting that silicon atoms do not configure a
solid solution in Zr,,, Si, . ,N_973.

However, Zr, ., Si, .. N 973 presents a binding energy

of 98.3 eV for S(i‘gi(i)] /:I(gi)ectronic level, attributed to Si-Si
chemical bond, which could not be identified in the other
samples. There is no evidence in literature regarding the
presence of this component for zirconium silicon nitride
thin films deposited at high temperature.

The Si-Si chemical bond presence may be related
to Si,N, decomposition into nitrogen and silicon when
subjected to 973 K during deposition. XPS analyses confirm
the possibility that the surface clusters presented in the
SEM-FEG micrograph shown in Figure 4d may, indeed,
be originated from Si,N, amorphous phase dissociation,
with nitrogen diffusing to the surface as N, and increasing
the surface roughness.

In order to verify whether ZrN decomposition also
occurred, in addition to that observed for Si,N,, Zr 3d

3 g
photoelectronic region for Zr, , Si, .. N 973 is shown in
Figure 7.
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Figure 5. Si 2p XPS spectrum of Zr, . Si; | N RT and Zr, N _973.
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Table 2. Hardness values of all samples obtained through
nanohardness tests.

Samples Hardness values (GPa)
Zr; 5,815 01sN_RT 25.1+12
71, 454810, 016N_973 333+1.6
Zr; 508 050 N_RT 213+1.1
Zx, 4, Si, soN_973 250+1.2

0 920" 70.080

The envelope of Zr 3d region has three doublets identified,
with binding energies of 179.8 eV, 181.6 eV and 182.5 eV
for Zr 3d,, electronic level associated with the compounds
ZiN, ZrO_and ZrO,, respectively, in agreement with values
found in literature®*%.

Differently than silicon, Zr 3d electronic level analyses
for Zr, 1,81, ,N_973 do not show Zr-Zr chemical bond,
which should be present at the binding energy equal to 178.8
eV'82, The zirconium atoms are present only as zirconium
nitride or zirconium oxide. Since ZrN is much more stable
than silicon nitride, with the Gibbs free energy of formation
values equal to -120 Kcal/mol and -50 Kcal/mol at 973 K%/,
respectively, it is very likely that only the Si,N, amorphous
phase decomposed, with ZrN grains remaining unaltered
due to substrate external heating.

The chemical dissociation observed for Si,N, possibly
occurred only in a small portion of this phase, since XPS
analyses still exhibit peaks related to silicon nitride. Moreover,
this phenomenon does not occur in Zr ., Si, [N 973 despite
if this sample presenting Si,N, amorphous phase, possibly due
to Si,N, being present as nanoclusters, a much more stable
structure than the coarse grains presentin Zr, , Si. .. N 973.

0.92070.080
3.5. Nanohardness

Table 2 shows nanohardness tests results for all deposited
samples. Zr . Si , N _RT and Zr ., Si  N_973 present
hardness values of 25.1 GPa and 33.3 GPa, respectively.

The increase in hardness between the two samples
cannot be directly correlated to substrate heating during
deposition. It most likely occurs due to the modification
in preferential plane orientation from (111) to (200), as
observed in GAXRD analyses, once crystalline plan (200)
is more compact than (111).

Zr, 0,051, 0soN_RT and Zr,, Si/ . N 973 presented
hardness of 21.3 and 25.0 GPa, respectively. It is not
possible to discern the hardness between the two samples
since both values are within the measurement error margin,
moreover, hardness values are similar to the sample
Zr0.984s 0016N RT

The hardness value obtained for Zr,, Si; . N 973
cannot be directly correlated to silicon structural modification
in the thin film. It is most likely a result of two factors:
(a) silicon nitride phase dissolution in Si+N, observed in
the SEM-FEG and XPS analyses, generating defects on
thin film structure and (b) similar intensities of crystalline
phases (111) and (200), as seen in Figure 3, with the absence
of preferential phase (200) observed in Zr . Si /N 973
sample, justifying the hardness perpetuation when compared

to sample Zr, ., Si N RT.
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Figure 7. Zr 3d XPS spectrum of Zr, , Si, . N 973.
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4. Conclusions

Zirconium silicon nitride thin films with 1.6 and 8.0 at. %
Si addition were successfully deposited at room temperature
and 973 K. Through GAXRD analyses it was not possible
to identify formation of new compounds, nor ZrN peaks
shift. SEM-FEG analysis shows Zr ,, Si; . [N 973 sample
exhibited a different behavior from others, showing greater
roughness and surface clusters, which occurred due to Si,N,
decomposition. This phenomenon was corroborated by XPS
analyses, which revealed elemental Siin Zr ,, Si [N 973
structure. Nanohardness analyses of samples with 1.6 at. %
Sishowed 30% increase due to modification on preferential
plane orientation, however, this did not occur for sample with
8.0 at. % Si. This sample had its hardness values unaltered
due to Si,N, phase decomposition and the presence of (111)
and (200) grains orientation in the same intensity. Through
characterizations discussed in this work, it was proven the
non-formation of solid solution in Zr-Si-N thin films, regardless
of silicon amount and substrate heating during deposition.
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