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ARTICLE INFO ABSTRACT

Handling Editor: Dr. M Dienwiebel This work investigates the effects of deposition temperature on the wear behavior and material properties of
recently developed plasma enhanced atomic layer deposited (PEALD) TiVN films. ~50-100 nm thick TiyV;.xN (x

Keywords: ~ 0.5, hereto referred to as TiVN) films were deposited using PEALD on Si substrates with thermal oxide at a

Ultralow wear nitrides range of deposition temperatures (150 °C, 200 °C, 250 °C, 300 °C, 350 °C). Wear testing was performed on each

PEALD nitrides
Depostition temperature
Titanium nitride

film using a linearly reciprocating tribometer in a controlled humidity environment. Wear rates of the TiVN films
varied with deposition temperature, with the 250 °C sample achieving ultralow wear(5.4 x 1077 mm®/Nm),
while the 150 °C sample wore through the film completely in early sliding cycles. Along with their low wear
properties, these PEALD TiVN films were found to have low electrical resistivity when deposited above 150 °C.
Film density and crystallite size increased with increasing deposition temperature up to 250 °C, where these
properties plateaued. High compressive residual stresses were measured, ranging from 2.7 to 7.7 GPa. XRD Bragg
peak intensities showed that films with increasing deposition temperatures had higher degrees of crystallinity.
XPS indicated that above 150 °C deposition temperatures, impurities in the film were reduced by ~4x. Higher
deposition temperatures allow for increased adatom mobility, which can lead to higher densities and crystal-
linity, which are typically associated with lower wear rates. At deposition temperatures below 200 °C, precursor
reactivity is sluggish and there is insufficient energy for complete surface reactions to occur, leading to film
contamination and less dense films. The subtle differences in wear rates above 200 °C deposition temperature
indicated that there are competing material properties that can either contribute to or detract from the wear
behavior of the film, and a combination of desirable mechanical, physical, structural, and chemical properties are
required for ultra-low wear rates to be achieved. The low wear and friction properties and low electrical re-
sistivity of these films combined with the low deposition temperature, conformality, and atomic layer thickness
control of PEALD make them potential candidates for applications such as thermally sensitive microelectronics
and MEMS/NEMS.

Vanadium nitride

1. Introduction aerospace components, and automotive parts due to their wear resis-
tance, friction reducing properties, corrosion resistance, and high

Titanium based metal nitride coatings (TiN) are widely used in hardness [1-4]. These coatings are deposited using a variety of tech-
commercial applications such as cutting tools, biomedical implants, niques including magnetron sputtering, physical vapor deposition, and
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others. The addition of a third element to TiN such as vanadium (V),
molybdenum (Mo), aluminum (Al), etc. to create ternary alloys is known
to improve the wear rate and reduce the friction of the films [5-8].
Ternary alloys, TixMoyN [9-11] and TiyVyN [12,13] reduce the coeffi-
cient of friction during dry sliding by forming lubricous oxides of Mo and
V respectively. TixVyN also exhibits higher hardness and strength
compared to its constituent binary nitrides which aids in wear reduction
[14].

In recent years, TiVN films have been successfully deposited using
plasma enhance atomic layer deposition (PEALD) and were found to be
highly crystalline, dense films with low electrical resistivity [12].
Compared to other more conventional deposition methods, PEALD en-
ables film deposition to occur at much lower temperatures [15,16].
Additionally, PEALD does not require line-of-sight for deposition,
allowing for the creation of highly conformal films with atomic layer
thickness control on complex surface features [17-19]. The low depo-
sition temperature requirements combined with the atomic layer
thickness control make these electrically conductive, thin (<100 nm)
TiVN films a possible candidate for thermally sensitive microelectronics
and MEMS/NEMS with complex surfaces and tight dimensional toler-
ance requirements [15,16].

While preliminary tribological testing of PEALD TiVN films has
shown that these films can be ultralow wear (K < 10~ mm®/Nm) and
low friction (u<0.3), little is understood about the contribution of
changing deposition parameters on the structure and resulting tribo-
logical properties of these films. Processing conditions such as substrate
bias, partial gas pressure, deposition temperature, and elemental
composition levels will impact the physical, structural, chemical, and
mechanical properties of these films [14,20-22], which will directly
influence the tribological behavior of the TiVN films. Improvements in
the wear behavior of coatings have reportedly been brought about by
crystallographic phase changes [23,24]. Wear rates also vary along
specific crystallographic planes [23,25-28]. In order to form a funda-
mental understanding of the process-structure-property relationships of
PEALD TiVN films, comprehensive analysis of resulting film structures
and properties as a result of carefully controlled changes to processing
parameters is needed.

In this study, Tip 5V sN films were deposited using plasma enhanced
atomic layer deposition (PEALD). Varying the deposition temperature
during ALD is one variable that affects film structure and composition. In
previous works, ALD growth per cycle (GPC), crystallite size, crystal-
linity, and electrical resistivity of TiN and VN films were found to be
affected by deposition temperature, even in fully saturated deposition
conditions [29,30]. Higher deposition temperatures can increase the
concentration of reaction sites depending on the reaction mechanisms
[19,31], and increasing the growth temperature aids in enhancing
crystallization by increasing adatom mobility [32]. High impurity con-
centrations at very low temperatures can hinder crystallization and
result in amorphous films [32]. It can be argued that ALD introduces
impurities in the film, but the use of plasma assisted ALD processes has
also shown reduction in impurity concentration relative to purely
thermal ALD [33-35]. In this work TiyzVi4N (x ~ 0.5) (henceforth
referred to as TiVN for simplicity) films were deposited by PEALD on
Si-thermal oxide substrates. Although the TiVN system has been exten-
sively studied for sputtered films, the process-structure-property rela-
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on the structural, chemical, physical, mechanical, and wear and friction
properties of PEALD TiVN was investigated.

2. Materials and methods
2.1. Plasma enhanced atomic layer deposition (PEALD) growth

The PEALD TiVN films were deposited with a Veeco Fiji system
equipped with a reactor turbo-molecular vacuum pump and variable
conductance valve, a turbomolecular-pumped load lock, and a second
generation (G2) style inductively coupled plasma source [36]. The TiVN
films were achieved with a 1:1 alternating combination of established
saturated, 250 °C Fiji TiN [30] and VN [29]processes. Tetrakis(dime-
thylamido) titanium (TDMAT) was used for the titanium precursor and
tetrakis(dimethylamido) vanadium (TDMAV) was used for the vana-
dium precursor. The TDMAT and TDMAV precursors were both main-
tained at 75 °C. During precursor pulsing, 30 sccm of Ar carrier gas flows
through the precursor manifold and 100/5 sccm of Ar/Nj; flows through
the plasma source and the variable conductance valve is reduced to 22%
to establish a reactor pressure of 200 mTorr. During the plasma steps, 10
sccm of Ar flows through the precursor manifold and 0/5sccm of Ar/Ny
flows through the plasma source and the variable conductance valve is
fully opened resulting in a reactor pressure of 18 mTorr. The process
starts with a VN cycle consisting of a 0.375s pulse of TDMAV, a 5 s purge,
a 17.5s 300 W plasma, and a 10 s purge. The TiN cycle follows with a
0.25 s pulse of TDMAT, a 5 s purge, a 10 s 300 W plasma, and a 10 s
purge. Gas flows and variable conductance valve settings were adjusted
during the purges. A supercycle of TiVN consisted of one cycle of VN
followed by one cycle of TiN. Growths of 750 supercycles were
completed at substrate temperatures (deposition temperatures) of 150,
200, 250, 300, and 350 °C.

2.2. Friction and wear testing

Friction and wear testing of the TiVN thin films was performed using
a sphere on flat testing configuration. A 3 mm diameter single crystal
ruby (a-alumina) ball was slid against the TiVN thin film on a linearly
reciprocating tribometer. Friction force and normal force were actively
measured using a biaxial strain-gauge-based load cell mounted directly
to the ruby ball fixture. The TiVN samples were mounted to a ball screw
driven step servo stage which reciprocated the samples at a relatively
slow sliding speed (1 mm/s) to minimize frictional heating of the ma-
terial. Because TiVN films have been previously found to have high
hardness, we aimed to use a countersurface material that would not
wear during sliding against the TiVN films. A single crystal ruby
(a-alumina) countersurface was selected due to its exceptionally high
hardness and wear resistance. A normal load of 100 mN was selected in
order to apply a Hertzian contact pressure of ~320 MPa between the
ruby ball and the TiVN films, which is ~20-30x lower than reported
hardness values for TiVN [22]. Stripe testing was performed at the
following total sliding cycles and testing stroke lengths to evaluate the
wear of the thin films: 500, 1.5k, 3k, 5k, 10k (10 mm, 8 mm, 6 mm, 4
mm, 2 mm) [34,37,38]. Samples were tested in air in a controlled
environment at 30% RH and at room temperature.

(Eq- D)

 Fy[N]d[m] ~ Fy[N](2S[m/cycle]Clcycles])

tionship of PEALD TiVN has yet to be fully understood. For this paper,
the deposition temperatures of PEALD TiVN were varied from 150 °C to
350 °C with an increment of 50 °C. The effects of deposition temperature

2Fy[N|Clcycles)

To evaluate the wear rates of the samples, an optical profilometer
was used to determine the surface profile of the wear scars. These films
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are on the order of 100 nm thick, so intact film wear scars are less than
100 nm deep. The specific wear rate K of the film was calculated using
Equation (1). Traditionally, specific wear rate is calculated using the
worn volume V divided by the applied normal load Fy and the total
sliding distance d. Due to the very small thicknesses and worn volumes
of the TiVN films, the surface profile of the wear scar collected through
optical profilometry is used to calculate the wear rate of the films. The
cross-sectional area of the wear scar is found by integrating the surface
profile of the wear scar; the average of areas integrated from 30 line
scans spaced periodically on the wear scar are reported as the worn area,
A. The measured wear scar volume, V, is approximately equal to the
average worn area, A times the wear scar length, L. The total sliding
distance is equal to the product of two times the stroke (2S) and the total
number of cycles, C. The reciprocating stroke length, S, has units of [m/
cycle] in the denominator and is equal in magnitude to the length of the
wear scar, L [m] in the numerator. This stroke length can be cancelled
out, and using a unit conversion factor 1000 [mm cycles/m], the correct
units of specific wear rate can be maintained [mm3/Nm]. This leaves a
final equation that is dependent on wear scar cross-sectional area A,
normal load Fy, and sliding cycles C. Oddly, many papers in the litera-
ture attempt to calculate the wear rate in this way, but leave out the
factor multiplying by 1000 to get the units correct, resulting in wear
rates that are actually three orders of magnitude worse than the pub-
lished values.

Friction and normal force were measured as a function of position for
each reciprocation cycle, resulting in a friction loop. The friction force
array was element-wise divided by the normal force array, to generate
position-resolved friction coefficient data. From this friction coefficient
data, a cycle friction coefficient was averaged over the middle 50% of
the track length region, using both the forward and reverse reciproca-
tion to offset transducer misalignment as in Ref. [39]. This results in a
cycle friction coefficient and standard deviation of cycle friction for each
sliding cycle.

2.3. X-ray diffraction (XRD) and X-ray reflectivity (XRR)

X-ray diffraction (XRD) and x-ray reflectivity (XRR) measurements
were taken using a PANalytical Empyrean diffractometer with a Cu x-ray
tube at a wavelength of 1.541 A. For XRD measurements, a Bragg—
Brentano HD mirror with suitable slits were used to shape the incident
beam to maximize irradiation on the sample. The diffracted beam was
shaped with 7.5 mm antiscatter slit and a soller slit and detected with a
PIXcel3D-Medipix3 1 x 1 area detector in scanning line 1D mode.
Symmetric 0-26 (gonio) scans were taken with a step size of 0.0066° and
counting rate of 20.4 s/step.

The incident beam for XRR utilized a Bragg-Brentano HD mirror
with a 1/8° fixed slit, 1/16° antiscatter slit, 4 mm mask and a soller slit.
The diffracted beam was shaped with a 1/16° antiscatter slit and
detected with a PIXcel3D-Medipix3 1 x 1 area detector in receiving
mode with 1 of the 255 channels active having an active length of 0.055
mm. Symmetric 0-20 (gonio) scans were taken within the range of 0-4°
(20) with a step size of 0.005° (20) and a counting rate of 0.5 s/step. The
XRR data were fitted to get estimates of mass density and thickness using
X’Pert Reflectivity software (v 1.3a).

Grazing incidence x-ray diffraction (GIXRD) measurements utilized a
Bragg-Brentano HD mirror with a 1/8° fixed slit, 1/8° antiscatter slit,
10 mm fixed mask and a soller slit to condition the incident beam. The
diffracted beam was conditioned using a parallel plate collimator of
0.18° opening and a soller slit. The PIXcel3D-Medipix3 1 x 1 area de-
tector used was in open detector mode with all of its 255 channels open
having an active length of 14.025 mm. 26 scans were taken for all
measurements with the incident angle (o) fixed at 1° with respect to the
sample surface, with a step size of 0.04° and a counting rate of 5.5 s/
step. For residual stress, each Bragg peak was scanned separately, and
the counting rates were adjusted according to the relative peak intensity
for ease of peak determination.
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2.4. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) measurements were
collected using a Kratos Ultra-DLD system using monochromatic
aluminum Ka radiation with an excitation energy of 1486.7 eV. High-
resolution scans were collected using a step size of 0.1 eV and an
appropriate number of scans to achieve suitable signal-to-noise ratios.
Samples were sputtered for 30s using 200 eV Ar" ions to remove surface
contamination prior to analysis. Compositional information was deter-
mined by fitting XPS data using CasaXPS software with appropriate
relative sensitivity factors obtained from the instrument. Specific fitting
and XPS analysis procedures are described previously elsewhere [12].
Peak locations were calibrated to the Cls peak energy for adventitious
carbon at 284.8 eV.

2.5. Resistivity measurement with four-point probe

Film sheet resistance values were measured using a Lucas Labs 302
Resistivity Stand with a Keithley 2400 SourceMeter. Film resistivity
values reported are the product of the four-point probe sheet resistance
values and the x-ray reflectivity (XRR) film thickness estimates.

3. Results and discussion
3.1. Wear and friction

TiVN films deposited at a range of substrate temperatures (i.e.,
deposition temperatures, Typ.) from 150 to 350 °C exhibited orders of
magnitude of variation in wear rate (Fig. 1a). The TiVN 150 °C film had
the highest wear rate of all samples tested, beginning with a wear rate of
4.5 x 10~° mm®/Nm, and rapidly increasing to total wear rates between
5-7 x 10> mm®/Nm. The 200 °C, 300 °C, and 350 °C samples were
remarkably similar in their wear performance over the course of testing
up until 3k cycles, after which their behaviors diverged. At 5k cycles, the
200 °C sample wear rate begins to dip below the wear rates of the other
two samples, reaching 1.2 x 10~® mm?/Nm. However, after 10k cycles,
the wear rate jumps an order of magnitude to 2.9x 10~° mm®/Nm. In
comparison, the 300 °C sample total wear rate continues to decrease,
reaching final wear rate of 1.1 x 107® mm3/Nm. At 10k cycles, the
350 °C sample has a small uptick in its wear rate to 2.1 x 10% mm?/Nm.
The lowest wear rate sample overall was the TiVN deposited at 250 °C.
The total wear rate of the sample was consistently ~ 2x lower than the
rest of the low wear samples over the duration of testing. The 250 °C
sample achieved a wear rate of 5.4 x 10~ mm®/Nm after 10k sliding
cycles. Wear rates and relevant uncertainties are summarized in Table 1.

Comparing wear scar profile depths to film thickness shows that
some films wore through and the thermal silicon oxide substrate began
wearing as well. The 150 °C wear scar profiles indicate that while the
sample had minor wear in the first 500 cycles, the film was completely
worn through to the substrate after 1.5k cycles. This can be correlated to
the friction data in Fig. 1b, where the friction coefficient of the 150 °C
sample transitions from an initial friction coefficient of ~0.2 to a
remarkably high and fluctuating friction coefficient (between 0.7 and
0.9). This high friction coefficient is indicative of the ruby ball coun-
tersurface rubbing against the thermal silicon oxide substrate.

The uptick in the wear rate, as well as the friction coefficient, of the
200 °C sample can also be correlated to the wear scar profile. Up until 5k
sliding cycles, the total wear rate was continually decreasing with
increasing sliding cycles. However, it is clear after 10k cycles that the
film has been completely worn through to the substrate and the thermal
oxide layer is being worn away. The 350 °C sample wear scar undergoes
a similar wear rate uptick but to a much smaller extent, and the wear
profile at 10k sliding cycles shows a region that has worn through to the
substrate.

Films that had a continual decrease in total wear rate with increasing
sliding cycles (250 °C, 300 °C) were not worn through into the substrate.
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Fig. 1. a) Total specific wear rate over

number of sliding cycles of TiVN films grown

at deposition temperatures, Tgcp,, from 150 to

350 °C on Si-Thermal Oxide. Dashed line

; indicates film has worn through to the sub-
strate, and x data points indicate a combined
film and substrate wear rate. Circle data
points represent the wear rate of the ALD
film that has not worn through to the sub-
strate. b) Cycle friction coefficient of each
Ve film over total number of sliding cycles. It
should be noted that as this is cycle-resolved

friction data, the standard deviations of a

0 2000 4000 6000 8000 10000 0 2000

Cycles

Table 1
Wear rate, K [x10~® mm®/Nm] and uncertainty in wear rate, Uy results as a
function of sliding cycles for each deposition temperature. Shaded cells indi-
cate measurements that are thought to have worn through to the substrate.
K [x10°® mm3/Nm] + U
Total Sliding Cycles | TiVN 150 °C | TiVN 200 °C | TiVN 250 °C | TiVN 300 °C | TiVN 350 °C

500 45+0.1 13.5+1.7 5.0+0.3 179+13 17+0.8
1500 28.8+5.8 5.1+03 2.1+0.4 4.8+0.3 53+03
3000 7B s 37/ 26+0.5 1.0+0.1 23+0.1 24+0.1
5000 728+1.1 1.2+0.2 | 0.98+0.08 1.9+0.2 1.9+0.1
10000 54.3+0.9 29.3+1.3 | 0.54+0.07 1.1+0.1 2.1+£0.7

In these cases, the wear scars continually grew deeper and wider over
the course of testing without passing through to the substrate. It should
be noted that some films were much thinner than others, as the 200 °C
sample thickness was only 58 nm while the 300 °C sample was 95 nm.
Based on these observations, it would be valuable to compare samples
based on the best performance before wearing through the film for the
low wear samples (excluding 150 °C).

After testing was concluded, the ruby ball countersurface was map-
ped using the scanning white light optical profilometer to observe any
changes to the surface. For the films that were not worn completely
through (250 °C and 300 °C), a patch of transferred debris was visible on
the contacting surface of the ball. These patches at their widest were
approximately the same width as the wear scar (~20-40 pm), but with
some variation in the width throughout their length (~50%). The
transferred material patch was ~100-150 pm long with heights ranging
from ~50 to 500 nm (depending on the sample). Wear debris was also
observed on the film in small piles at the ends of the stripe wear tracks
and scattered along the edges of the wear tracks. The accumulation of
the transferred material on the countersurface, or “transfer film”, most
likely contributed to changes in the shape of the wear tracks as well as
changes in friction coefficient. The wear tracks have small grooves (<5
pm) inside the track and do not have a perfect circular segment cross
sections. Their shape also appears to change over time/sliding cycles
due to the evolving transfer film on the countersurface sliding against
the film. This indicates a two-body grooving abrasive wear mechanism
[401.

For films that wore through to the substrate over the course of
testing, the ruby ball countersurface either had some transferred mate-
rial with minor ball wear in the very center (350 °C), or they had sig-
nificant ball wear due to prolonged contact with the Si-thermal oxide
substrate (150 °C and 200 °C). The balls formed a flat spot that is slightly
smaller than the width of the wear track, with debris/transferred ma-
terial off to the sides. For the 200 °C sample, this spot was ~40 pm wide,
while the 150 °C sample had a flat spot that was ~100 pm wide. Ac-
cording to the wear track line scans, the 200 °C film was worn through to
the substrate somewhere between 5k and 10k total sliding cycles, while

4000 6000 8000

cycle friction coefficient are much lower than
the variations seen between cycles, thus the
large variation and spikes in friction are
signal and not noise.

10000
Cycles

the 150 °C film was worn through between 500 and 1.5k cycles.

For all films, the wear scars appeared to have a non-uniform profile
after only 500 sliding cycles, indicating initial transfer of debris to the
ruby ball occurred very early during testing. The 250 °C sample had the
shallowest initial wear scar, potentially due to a more stable initial
transfer film formation. This could contribute to the 3-4x lower initial
wear rate, followed by a continually decreasing total wear rate that was
consistently lower than the other samples. The 200 °C sample also had
an initially lower wear rate than the 300 °C and 350 °C sample. How-
ever, it quickly returned to nearly the same wear rate as the other
samples. The wear behavior of these films and the differences observed
between them are most likely due to a combination of transfer film
formation and evolution during sliding as well as physical and structural
differences in the films.

3.2. XPS

The atomic composition, as determined by XPS, of the PEALD TiVN
films as a function of deposition temperature is shown in Fig. 2a. XPS
fitting procedures for ALD TiVN thin films have been described in detail
previously [12]. XPS results indicate that for all deposition tempera-
tures, film composition is remarkably consistent, producing TiVN at all
deposition conditions. That said, there are clear minor compositional
differences in the films grown at different substrate temperatures (i.e.,
deposition temperatures). As the deposition temperature increases from
150 °C to 350 °C, the vanadium content of the films increases, at the
expense of a reduction in both Ti and N content. Ti and V concentrations
are equal at 200 °C, but higher growth temperatures promote V-rich
films and the expense of some Ti content.

This trend is more clearly seen by plotting the N:Metal and Ti:V ratios
as a function of deposition temperature, shown in Fig. 2b. Here, the N:
Metal ratio is near 1.25 for TiVN films deposited at 150 °C, reducing to a
near-ideal ratio of 1 at 350 °C. Simultaneously, the Ti:V ratio reduces
from ~1 at 150 °C to ~0.8 at 350 °C, indicating again that increasing
growth temperatures produce a more vanadium-rich film.

Fig. 2c shows that C contamination is just over 2% at 150 °C, but
closer to 0.5% at temperatures above 150 °C. This reduction of C
contamination indicates incomplete ALD ligand exchange reactions
leading to residual carbon occurring at 150 °C deposition temperatures,
while higher deposition temperatures lead to more complete ALD re-
actions. Oxygen concentration (Fig. 2c) shows the highest contamina-
tion levels just over 2.5% at 150 °C deposition temperatures, but this is
reduced to ~2% at temperatures over 250 °C, again indicative of
incomplete ALD reactions occurring at 150 °C.

3.3. Growth per cycle

The growth per cycle (GPC) for TiVN films deposited on Si-thermal
oxide substrates were calculated using the thickness estimates from
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b) Film N:Metal and Ti:V Ratios
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Fig. 3. Growth per cycle and film densities based on XRR experiments. a) GPC of TiVN thin films as a function of deposition temperature (Tggp.), calculated from XRR
estimated film thickness for each N, plasma (or metal precursor) pulse. b) Calculated density of TiVN as a function of deposition temperature (Tgp.), compared with
single crystal theoretical density of corresponding TiVN compositions based on XPS measurements.

the XRR fittings and plotted against the substrate temperature during
deposition (Fig. 3a). GPC was calculated by dividing the average
thickness of the film by the total number of metal or N, plasma pulses.
The GPC increased monotonically from 0.38 to 0.7 f\/cycle as the tem-
perature increased from 200 °C to 350 °C. The increase in GPC with
temperature seen in our data can be attributed to either 1) an increase in
reactive sites at higher temperature or 2) increased reactivity of either or
both precursor at higher temperature [19,31,41-43]. A similar increase
in GPC with temperature has been observed in previous works for both
TiN and VN PEALD processes [29,30]. CVD behavior is unlikely, as the
GPC would be expected to exhibit a much steeper increase with tem-
perature along with non-uniformities in thickness.

At 150 °C the GPC observed was high relative to the 200 °C GPC.
Although high growth rates at low temperatures occur due to the
condensation of reactants on the reaction surface [19,44], the deposition
temperature of 150 °C was well above the precursor temperature (75 °C)
to avoid condensation. The TDMAT precursor decomposition was found
to be slow below 205 °C by FTIR for CVD growth of TiN using TDMAT
and Ny [45]. Thus at 150 °C the TDMAT precursor may not have suffi-
cient energy for surface reactions to occur. The incomplete reaction
leaves ligands from the precursor causing high GPC. This theory can also
be backed up by comparatively higher C impurity concentration found
by XPS at 150 °C (Fig. 2c¢).

3.4. Density

The densities of the films were estimated from the fitting of XRR data

and are plotted against the film deposition temperature(Fig. 3b). The
theoretical density (Fig. 3b) was calculated from the weighted average
of the bulk density of cubic TiN and cubic VN based on the XPS
composition. At 150 °C, the incomplete surface reactions leave low-
density organic species that contribute to lowering the film density
[45]. Other contributing factors such as disorder in the crystal lattice as
well as increased porosity are likely factors in the lower film density.
With increasing deposition temperature, the densities of the films in-
crease and saturate at 250 °C as the surface reactions presumably go
toward completion. The high densities obtained at higher temperatures
(200-350 °C) are still 4-8% lower than the theoretical values since the
films contain impurities (C, O) and are nanocrystalline with an abun-
dance of grain boundaries that introduce disorder in the structure and
lower the density below the theoretical values.

3.5. Crystal structure

The films were found to be polycrystalline at all deposition tem-
peratures, evident by the x-ray diffraction (XRD) measurements
(Fig. 4a). Grazing incidence XRD (GIXRD) of the TiVN films shows peaks
near 36.8°, 42.8°, 62.5°, 75°, 79°, 106.5° and 111° that correspond to
the (111), (200), (220), (311), (222), (331) and (420) planes respec-
tively, of an FCC rock salt crystal structure with space group Fm 3 m and
space group number 225 (Fig. 4a). All the observed peaks were located
between the reference peak locations for FCC TiN (00-038-1420) and
FCC VN (01-073-0528), suggesting a single-phase solid solution between
cubic TiN and cubic VN. The smaller V3 ion replaces the Ti>" ion in the
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a) Grazing Incidence X-Ray Diffraction (GIXRD)

b) 6-26 XRD with 5° incident angle (w) offset
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Fig. 4. a) Grazing incidence x-ray diffraction of

TiN lattice, effectively reducing the lattice spacing and increasing the 20
values of the Bragg reflections. TiN films deposited at 150-350 °C by
thermal ALD, using alkylamide precursors and NHs, generally tend to be
amorphous or weakly crystalline [32,46-48]. The use of PEALD with
alkylamide precursors has shown evidence of crystalline films [12,29,
33,34,49], although amorphous structures have also been reported [50].

Increase in deposition temperature can also enhance crystal quality
in a direct fashion by allowing atoms to occupy equilibrium positions
during ALD cycles, or indirectly by reducing impurity concentration at
elevated deposition temperatures [32]. A closer look at the 0-20 XRD
scans of polycrystalline TiVN films reveals the sudden increase or
appearance of Bragg peak intensity beyond 150 °C deposition temper-
atures (Fig. 4b), which coincides with the dramatic decrease in C con-
centration beyond 150 °C (Fig. 2b). The 6-20 XRD scans also reveal that
the polycrystalline films grew with a <100> preferred orientation. With
increasing temperature, the Bragg peak intensity increases, suggesting
better crystallinity due to enhanced mobility of atoms on the growth
surface. Thus, the increase in deposition temperature improved the
crystallinity of the TiVN films. Additionally, the (200) plane grew
preferentially out of plane with a lattice spacing of ~2.14 A. The GPC of
0.38-0.70 A/cycle suggests, on average, it took 3 to 5 cycles to deposit a
monolayer based on the out of plane direction being dominated by
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[200]. This suggests self-limiting ALD behavior and rules out CVD,
where much higher GPC, along with non-uniformities in the film
thickness, would be expected.

The apparent crystallite sizes were estimated from the full width at
half maximum (FWHM) of the (200) peak from the GIXRD data, using
the Debye-Scherrer equation, considering crystallite size to be the only
source of broadening. The diffraction data was not corrected for
instrumental broadening or microstrain. The purpose of the crystallite
size quantification is to determine the trend between samples. The
calculated crystallite sizes hovered between 12.4 and 14.9 nm with
minor changes for the films deposited at 200-350 °C. For the 150 °C
sample, the calculated crystallite size was 6.8 nm, which may be because
of broadening from the retained organic ligands from the precursor and
does not necessarily represent the physical size of the crystallite. It
should be noted that the crystallite sizes calculated are not limited by the
film thickness; the crystallite sizes reported are approximately 5 — 8x
smaller than the film thicknesses. Similar values of crystallite sizes were
also found for TiMoN deposited by PEALD using identical growth con-
ditions [33,34].

The lattice parameter of TiVN was calculated from all the observable
Bragg peaks of the GIXRD and plotted as a function of deposition tem-
perature (Fig. 5a). No significant difference in the lattice parameter was
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Fig. 5. a) The average lattice parameter from all the observable Bragg peaks for each deposition temperature compared to the theoretical lattice parameter of a stress
free TiVN crystal structure of corresponding composition. b) Residual stress of TiVN thin film calculated from GIXRD using siny method showing compressive

residual stress at all deposition temperatures (Tgcp.)-
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observed with increasing deposition temperature as is expected since the
composition of the films did not change significantly. At all deposition
temperatures, the lattice parameters were found to be slightly higher
than the theoretical value which was calculated considering a solid so-
lution between TiN (00-038-1420) and VN (01-073-0528) based on the
XPS composition. The difference between the theoretical and measured
lattice parameter is between 0.10 and 0.48%. This deviation from the
theoretical value could be due to the impurity elements present in the
films and the abundance of grain boundaries.

3.6. Residual stress

The residual film stress was calculated from the lattice strain
measured by the deviation in d-spacing measured from the GIXRD data
using the sin2w method [51]. The lattice strain of the (111), (200),
(220), (311), (222), (331) and (420) planes were considered for the
calculation. The 20 positions for each peak were determined using a
parabolic approach to minimize error in stress calculations [52]. Since
the elastic moduli (E) of TiN and VN are anisotropic, the value of E
would be different for different planes and was calculated using the
following equations [53,54].

S R+ KPP+ PR
Eng=S11 *2<511*512*ﬁ> —_— (Eq. 2)
4 (2 + k2 + 1)
Ci+Cn
S = (Eq. 3)
! (Ci1 = Cp)(Cyy +2C12) 4
—Cpp
Sp= (Eq. 4)
2 (Cii — C)(Ciy +2C1a) 4
Sus = ! (Eq. 5)
T Cu ¢

Here Eypy is the elastic modulus of hkl plane, S;; is the elastic compliance
and Cj is the elastic constant. For TiN, 640, 115 and 159 GPa were used
as Cy1, C12 and Cy4 respectively [55]. For VN, 680, 140 and 139 GPa
were used as Ci1, Ci2 and Cy4 respectively [55]. The Epy for TiVN for
each hkl plane was considered to be the weighted average of the Epy of
TiN and VN based on the Ti:V determined from XPS. The Poisson’s ratio
(v) for both TiN and VN were determined from the elastic constants
using the following equation [56]:

H
Cio — 5

= - 5 Eq. 6
2(C|2+C44—%) (Eq. 6)

v

Here H (= 2C44 +C12 —C11) is the anisotropic factor of the crystal. The
Poisson’s ratio was also considered as the weighted average for TiVN.
The details of the biaxial stress model to calculate the residual stress is
explained elsewhere [51].

The residual stresses of the TiVN films were calculated from the
GIXRD data. At all deposition temperatures, the films were found to be
under compressive stresses between 2.7 and 7.7 GPa. Total stresses in
thin films can be expressed according to the following equation [57].

Olo = Ocyy + Oy + 0; (Eq. 7)

Here, o,y is the stress due to external loading and is not a concern here
since the films were not under loading during stress measurements. oy, is
the thermal stress due to mismatch in thermal expansion between the
film and the substrate upon cooling from the deposition temperature to
room temperature [58]. o; is the intrinsic stress developed during
deposition due to bombardment by high energy plasma [58]. The
thermal expansion coefficient for the film is approximately one order of
magnitude higher than the Si substrate [59-61]. As a result, the film
contracts more than the substrate during cooling from the deposition
temperature causing a tensile thermal stress. Therefore, it can be
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concluded that the magnitude of the compressive internal stress devel-
oped during deposition is higher than the total residual stress measured
as depicted in Fig. 5b.

The intrinsic stress developed during deposition is a result of a bal-
ance between multiple stress generation and relaxation mechanisms
[62]. Compressive stress in continuous thin films can arise due to the
process of insertion of atoms in the grain boundary driven by either
entropy or kinetics [63-65]. The large quantity of grain boundaries
available in the TiVN films due to the nanosized grains contributes to the
generation of compressive stresses in the films. Atomic peening due to
bombardment by Ny plasma ions can also cause compressive stress in the
films [66,67]. Lattice distortion brought about by the substitution of Ti
with V and the entrapment of impurity atoms can also cause compres-
sive stresses [62].

3.7. Resistivity

Electrical resistivity was found to be very high in the 150 °C sample
(~1860 pQ-cm), nearly 10-20x greater than the resistivity measured for
the 200-350 °C samples (Fig. 6). The lower density coupled with the
much higher levels of impurities found in the 150 °C samples are causes
for this high measured resistivity due to the scattering of charge carriers
from the defects [68]. The low resistivity values measured for the
200-350 °C samples ranged from 100 to 200 pQ-cm and were found to
decrease with increasing temperature. This decrease can be correlated to
lower impurity levels and higher densities found in the higher deposi-
tion temperature samples.

4. Material property and wear behavior discussion

Variation of deposition temperature during PEALD of TiVN films was
found to change film structure and properties, such as crystallite size,
density, crystallinity, GPC, and impurity content. Wear behavior was
also found to differ based on film deposition temperature. This variation
in wear could be attributed to the culmination of changes experienced in
the structure and properties of the films themselves, as the wear
behavior is typically dependent on multiple factors simultaneously.

The nearly 2x variation in GPC observed over the deposition tem-
perature range led to film thicknesses ranging from as small as 58 nm to
as large as 106 nm. This proved challenging when attempting to eval-
uate the wear rates of the films, as some films wore through to the
substrate before 10k sliding cycles could be completed. For example, the
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Fig. 6. Electrical resistivity of the TiVN films calculated from sheet resistance
measured by four-point probe and film thickness estimated from XRR for all
deposition temperatures (Tgep,).
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200 °C sample (58 nm thick) wore through to the substrate prior to 10k
sliding cycles despite having the second lowest wear rate prior to film
failure. In contrast, the 250 °C and 300 °C samples never wore
completely through and were able to maintain low wear rates. While the
150 °C sample had one of the highest growth rates and thickest films (99
nm), other film properties led to extremely high wear rates and
delamination after the first 500 sliding cycles, wearing through the film
completely.

High density (close to theoretical) and high compressive stresses are
desirable in multi-metal nitride thin films, as they increase the wear/
scratch resistance of the film. High compressive stresses inhibit crack
formation and close cracks forming at the sliding interface. High density
films are typically harder and more wear resistant, especially when
voids are minimized. In these films, the highest compressive stresses
were seen in the 200 °C (—7.7 GPa) and 300 °C (—6 GPa) samples. The
250 °C had moderate compressive stresses in comparison (—4.2 GPa),
while the 150 °C and 350 °C samples had the lowest (—2.7 GPa). While
high compressive stresses can be advantageous for wear behavior, if the
stresses are too high or other material properties like density are lower
than desired, the films can actually be negatively affected by these high
compressive stresses [69]. In the case of the 150 °C sample, the
measured density was ~23% lower than the calculated theoretical
density. Compared to the films deposited at higher temperatures, the
150 °C sample has four times as much C % due to retained ligands from
the precursor. On top of the relative density differences of carbon, the
retained ligands block reaction at coordination sites of the Ti and V
metal precursor, resulting in more disorder in the crystal lattice and
possibly porosity. Additionally, the simple thermodynamics perspective
suggests that lower temperature growths are more likely to have dis-
order in the crystal lattice and porosity. Additionally, ALD films
deposited at lower temperatures near 150 °C are known to contain
considerable residual hydrogen, in some cases over 10%, which can
contribute significantly to lowered film densities [70]. The low density
and low crystallinity, combined with high residual stresses could result
in higher wear rates observed in the 150 °C sample [34].

For samples with deposition temperatures between 200 °C and
350 °C, the carbon impurity content was 4x lower than the 150 °C
sample, and consequently the density and crystallinity (Bragg peak in-
tensity) is higher. Samples in the 250-350 °C range had comparable
densities that were within ~5% of the calculated theoretical density. As
mentioned previously, these samples had a wide variation in compres-
sive stresses, and stresses as high as —7.7 GPa. While the compressive
stresses do not appear to correlate to wear rate, it is possible that there is
an ideal stress state for these films to promote low wear. A tradeoff in
compressive stresses might exist where films need a high enough re-
sidual stresses to reduce wear [69], yet too high of residual stresses can
lead to coating fracture and delamination.

In many materials, decreasing grain size leads to an increase in
hardness and strength, known as Hall-Petch behavior [71]. This increase
in hardness can be advantageous for wear behavior. Archard’s Wear
equation states that wear is inversely proportional to the hardness of the
softer of the two materials in a sliding pair [72]. While this equation has
limitations, this relationship has been shown to hold for nanocrystalline
metals and other metal nitrides, with increasing hardness correlating to
decreasing wear [73-75]. However, when grain sizes in nanocrystalline
materials are below certain thresholds, inverse Hall-Petch behavior can
be observed [75]. In works by Qui et al., inverse Hall-Petch behavior was
observed in grain sizes smaller than 19-14 nm in ZrN films, where
decreasing grain size led to lower hardness. In the case of the TiVN films,
crystallize sizes were found to increase from ~6 nm (150 °C) to ~15 nm
(250 °C), after which the size decreased to ~12 nm (350 °C). The 250 °C
sample exhibited wear rates 2x lower than the 200, 300, and 350 °C
samples, all of which had comparable grain size values. If the nano-
crystalline TiVN film experiences inverse Hall-Petch behavior in this
region of crystallite size, it is possible that the slightly higher crystallite
size in the 250 °C sample caused a minor increase in film hardness,
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leading to marginal (2x) improvements in wear rate.

The subtle differences in wear rates above 200 °C deposition tem-
perature indicate that there are competing material properties that can
either contribute to or detract from the wear behavior of the film, and a
combination of desirable mechanical, physical, structural, and chemical
properties are required for ultra-low wear rates to be achieved. It ap-
pears that density plays a primary role in the wear behavior of these
films, with the low-density film (150 °C) exhibiting extremely poor wear
performance, while wear rates of all other samples were more closely
grouped. From a wear mechanism perspective, the evolving transfer film
formation during testing can affect the two-body groove abrasive wear
observed in the samples. The small variations in wear rate of the films
(>200 °C) are most likely impacted by initial transfer film formation and
stabilization combined with the intrinsic characteristics of the films.

5. Conclusion

The wear behavior, mechanical, physical, structural, and chemical
properties of PEALD TiVN films were found to vary significantly with
film deposition temperature. At a deposition temperature of 150 °C, the
film was found to have the lowest density, lowest degree of crystallinity,
highest levels of impurity, highest resistivity, and the highest wear rate
of all the films, with the film wearing through completely to the sub-
strate within the first 1000 sliding cycles. At this deposition tempera-
ture, it is difficult for complete surface reactions to occur due to
insufficient energy and low adatom mobility, which creates a low-
density film with excess carbon content. However, when deposition
temperatures are 200 °C or higher, increased adatom mobility creates
high density, highly crystalline films. These physical properties
contributed to the low wear rates of samples above 200 °C, with 250 °C
sample reaching the lowest wear rate of 5.4 x 10~/ mm®/Nm. While the
specific mechanisms behind the small variation in wear rate of samples
in the 200-350 °C range are not fully understood, it is clear that the wear
behavior is dependent on a variety of competing physical, chemical,
structural, and mechanical properties, as well as transfer film formation
and stabilization.
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