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In situ wafer curvature measurements have been conducted on sputter-deposited nitride films (TiN, ZrN) to
investigate the effect of growth rate and pressure on stress. For each growth rate, the stress becomes more
compressive at lower pressure. At high pressure the stress shows a weak dependence on growth rate, while at low
pressure, it becomes more compressive at higher growth rates. The results are interpreted in terms of a kinetic

model that includes the effects of growth kinetics and energetic particle bombardment. The overall agreement
suggests that the model can reproduce the dependence on processing conditions in multiple nitride systems.

1. Introduction

Nitride-transition metal films are widely used due to their excellent
mechanical properties and chemical inertness [1-4]. However, the de-
posited thin films are generally in a state of stress that can lead to
cracks, delamination or deformation and affect their performance and
reliability [5,6]. To modify the stress, sputter deposition is a popular
method to deposit these films. A deeper understanding of the re-
lationship between stress and processing conditions would be useful to
enable the stress to be predicted under different sputtering conditions.

Although there have been many previous measurements [7-9] and
references therein, they often only examine a limited range of proces-
sing conditions and/or do not fully characterize the corresponding
microstructure. This makes it difficult to fully analyze the stress in order
to understand the kinetic parameters controlling it. To address this, the
current study aims to develop a comprehensive set of measurements
that quantifies the dependence of stress on growth rate and pressure
with grain size measurement for TiN and ZrN thin films. To determine
the individual effects of the processing parameter, measurements are
performed in which only one is varied while keeping the others con-
stant.

The data is interpreted in terms of a previously-developed model
[10] that relates the measured dependence on processing conditions to
the underlying kinetic processes controlling it. Fitting the data to this
model produces a set of parameters that allow the stress to be predicted
under different conditions. This work is therefore part of a larger goal of
being able to predict stress in different thin film materials under dif-
ferent processing conditions.
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Sputter deposition is widely used to control stress in thin films
[6,7,11-18]. The effects of multiple processing conditions have been
investigated, including pressure [6,8,9,17,19-23], growth rate [24-26],
grain size [27], substrate bias voltage [22,28-31], and N, gas flow rate
[9,32]. The influence of gas pressure on residual stress in sputtered
films has been well-studied [6,9]. A general observation is that the
residual stress is more compressive at lower pressure, and more tensile
at higher pressure. Thornton and Hoffman [6] identified a transition
pressure below which the stress is compressive and above which the
stress is tensile. The transition pressure has been determined to depend
logarithmically on the atomic mass of the sputtered material so that
heavier materials therefore reach a stress-free state at a higher pressure
than lighter materials. The dependence of stress on pressure in TiN [9]
and ZrN [8] has been reported. In TiN, the stress changes from —1.55
to 0.30 GPa with the increase of the pressure from 0.30 to 0.55 Pa,
accompanied by a change of texture from (002) to (111). In ZrN, the
stress changes from —6.5 to 0.40 GPa with the increase of pressure
from 0.13 to 0.42 Pa. In both materials, the stress is made more com-
pressive by the application of negative substrate bias voltage which
increases the contribution of atomic peening. The (002) preferred or-
ientation in TiN at lower pressure also correlates with a more com-
pressive stress. In the current study, we limit the processing condition
to a range in which the films have the same (111) preferred orientation.

For non-energetic growth (e.g., electrodeposition and evaporation)
[33,34], the stress becomes more compressive at lower growth rate and
more tensile at higher growth rate. For energetic deposition (e.g.,
sputtering deposition), however, a different dependence on growth rate
is observed. In sputtered AIN [24,25], TaN [35], TiN [36] and Mo [37],
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the stress becomes more compressive with the increase of growth rate at
lower pressure. For higher mobility materials such as sputtered Cu [38],
another stress turnaround is observed at low growth rates where the
stress also becomes more compressive. This is attributed to the effects of
film growth kinetics as well as energetic effects at lower pressure, as
discussed in the kinetic model below.

Microstructural evolution is another important phenomenon that
can affect stress evolution. The grain size at the surface has been shown
to affect the stress in newly-deposited layers [34]. Grain growth within
the film can also lead to additional stress [39]. Thornton [40] devel-
oped a zone structure model that summarizes the different types of
microstructural evolution in sputtered materials depending on the de-
position pressure and the temperature relative to melting temperature
(T/Ty). For many metal-nitrides, the low atomic mobility means that
the grain size does not change significantly during the film deposition.

To understand how the stress is related to the deposition conditions,
a kinetic model has been developed that combines the effects of non-
energetic film growth kinetics with those of energetic particle bom-
bardment. This model has been previously applied to multiple studies of
stress during energetic deposition (i.e., sputtered Mo [37] and Cu [38])
and non-energetic deposition (i.e., evaporated Ni [41] and electro-
deposited Cu [42,43], Ni [34,44], and Co [45]). The physical basis of
this model is reviewed in Section 3 and the results of fitting the model
to the measurements are described in Section 5.

2. Materials and methods

In the experiments, nitride films were deposited onto [100] Si
substrates by reactive DC magnetron sputtering deposition at ambient
temperature. The dimension of Si substrate is 30 mm X 10 mm
X 0.175 mm. The substrates were electrically grounded. Before de-
position, the Si wafer was cleaned in successive baths of acetone, me-
thanol, iso-propanol via ultrasonic agitation for 5 min each followed by
drying with compressed nitrogen gas. The films were deposited from a
3” diameter Ti target with purity of 99.995% and a 3” diameter Zr
target with purity of 99.2%. The target-substrate distance is 18 cm.
There is no applied substrate bias voltage. Before introducing the re-
active N, gas into the process chamber, a pre-cleaning of the target
surface was performed in pure Ar gas atmosphere at a flow rate of 15
sccm (standard cubic centimeter per minute) for 10 min to remove
contaminations on the target surface. The nitride films were deposited
under a mixed Ar and N, atmosphere. The flow rate of Ar was kept at 26
sccm and the flow rate of N, was kept at 6 scem for TiN and ZrN. The
pumping speed was varied via a throttle valve to control the total gas
pressure in the chamber. The deposition power (growth rate), and
pressure were varied in the growth layers to investigate the dependence
of stress evolution on the processing conditions. For TiN, the processing
pressure (total gas pressure of Ar and N,) was varied from 0.13 to
0.40 Pa, and the applied power was varied from 80 to 331 W with the
growth rate changes from 0.009 to 0.124 nm/s, the corresponding
target voltage changes from 393 to 472 V. For ZrN, the processing
pressure was changed from 0.13 to 0.67 Pa, and the applied power was
changed from 92 to 299 W with the growth rate changes from 0.042 to
0.187 nm/s, the corresponding target voltage changes from 395 to
520 V. The total film thickness in the measurements is no more than
920 nm.

The real-time stress evolution during film deposition was measured
by a wafer curvature setup that was mounted onto the outside of the
sputtering system. In this approach, a laser beam passes through an
etalon, generating parallel beams which go through a quartz window at
the chamber bottom to hit the sample. The reflected beams are mea-
sured by a CCD camera also mounted outside the chamber [46]. The
curvature evolution is determined from the measured change in the
spacing of the reflected laser beams. The resolution of the MOSS system
used in this work is 5.68 x 10~ *m™?, giving a sensitivity of 1.02 N/m
for a (100) Si wafer substrate with a thickness of 100 pum.

Surface & Coatings Technology 404 (2020) 126462

The measured curvature is related to the film's stress and thickness
by Stoney's equation [47]:
60 h
=Tl
M;h; (@)

where G is the average stress in the film and hs and hg are the film
thickness and substrate thickness, respectively. M; is the biaxial mod-
ulus of substrate. The product 7 &, is often referred to as the stress-
thickness or force per width (F/w). The stress-thickness is obtained by
averaging the stress in the thin film through its thickness:

e
Ghy = ‘/O‘f o(z)dz o)

where z is the direction normal to the substrate and o(2) is the in-plane
stress at height z above the film/substrate interface. If there is no
change in the stress of the underlying layers, the stress in new layers
being deposited on the film surface (o, or incremental stress) can be
determined from the slope of the stress-thickness vs. thickness. If the
grain size does not change with thickness, the incremental stress
reaches a constant value that is referred to as the steady-state stress.

During the deposition, the growth rate and film thickness were
monitored by a quartz crystal sensor. The actual film thickness was
examined by JA Woollam ellipsometer and further confirmed by mea-
surements from FEI CM20 Transmission Electron Microscopy (TEM).
The films were analyzed by a Bruker D8 Discovery High resolution X-
ray diffractometer (XRD) which confirmed they all had a cubic crystal
structure with a preferred (111) orientation as shown in Fig. 1. The
cross-sectional microstructure of the films was characterized using TEM
on cross-sections made by a FEI Helios focused ion beam (FIB).

In order to evaluate the energetic effects of incoming particles, a
combination of Monte-Carlo simulations (SRIM [48] and SIMTRA [49])
were performed to compute the average energy of the incoming parti-
cles arriving at the substrate. First, the sputter yield, initial energy and
angular distribution of sputtered atoms and backscattered neutrals at
the target were obtained from SRIM. The incident energy of Ar* ions
was set as 75% of the target discharge voltage due to charge transfer
collision in the plasma sheath [50]. The average discharge voltage is
used to estimate the initial energy of the Ar ions. Simulations using the
individual discharge voltages for each data set show that the average
energy per sputtered atom and the ratio of the flux of backscattered
neutrals to the flux of sputtered atoms have only a weak dependence on
growth rate, so using the average discharge voltage is adequate. The
simulations for Ti and Zr target were performed using 6 x 10° Ar* ions
with energy of 340 eV. The atomic displacement energy for Ti and Zr
are 30 and 40 eV as reported by Lucasson [51], respectively. The cal-
culated sputter yield from Ti and Zr targets are 0.47 and 0.59, and the
backscattered yield from Ti and Zr targets are 0.03 and 0.13. Second,
the initial energy and angular distribution of particles at the target was
used as input to SIMTRA to simulate the transport of particles in a
vacuum chamber with similar geometry as the experimental environ-
ment. The average energy of the arriving particles per sputtered atom is
calculated as E,, = E; + aFEp, where E; is the average energy for
sputtered atoms and Ej, is the average energy for backscattered neutrals,
and a refers to the ratio of the flux of backscattered neutrals to the flux
of sputtered atoms. Based on the average energy of each energetic
particles at each pressure, the implantation depth for each particle at
each pressure was calculated in SRIM. The average energy per sputtered
atom and the weighted average implantation depth of the arriving
particles at each pressure are tabulated in Table 1.

3. Theory/calculation

In order to understand the effects on stress observed for the different
processing conditions, we invoke a kinetic model that has been de-
scribed previously [10]. Only a brief description of the model is given
here; further details can be found in the original publication. The
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Fig. 1. XRD patterns for a) TiN and b) ZrN grown with multiple growth rates at
different pressures with thicknesses in the range of 580-920 nm.

Table 1
Average particle energy and implantation depth calculated using SIMTRA and
SRIM for different pressures.

Pressure (Pa) Average energy per deposited Weighted average implantation

atom at substrate (eV) depth (nm)

TiN ZrN TiN ZrN
0.13 15.45 35.50 0.34 0.40
0.27 N/A 25.43 N/A 0.30
0.40 5.42 15.28 0.19 0.28
0.67 N/A 5.34 N/A 0.16

kinetic model is comprised of two parts that are considered additive:
the effect of growth kinetics during non-energetic growth (electro-
deposition or evaporation) and the additional stress induced by the
effect of energetic particles.

The growth model focuses on the stress generated at the top of the
grain boundary (triple junction) that forms between adjacent islands as
the film grows. It considers a dynamic competition between tensile and
compressive stress generating processes. The tensile stress is based on a
mechanism originally proposed by Hoffman [52]. Layers will develop
stress during island coalescence as long as the reduction in interfacial
energy is more than the gain in elastic strain energy. It predicts that the
tensile stress, or, is dependent on (MfAy/L)"/?, where M; is the biaxial
modulus of the film, Ay is the difference in interfacial energy between
the surface and grain boundary and L is the grain size in the film.
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The compressive stress is assumed to arise from adatoms on the
surface diffusing into the grain boundary driven by the non-equilibrium
conditions on the growing film surface [53]. These two mechanisms are
combined into a rate equation which relates the incremental to the
effective diffusivity, grain size (L) and growth rate (R):

_FD
Ogrowth = OC + (O'T - O'C)e RL (3)

o¢ is the limiting compressive stress due to the surface conditions and D
is a kinetic parameter based on the transition rate between atoms on the
surface and the grain boundary. The model can be extended to consider the
effect of grain growth in the film [41], but that is left out of Eq. (3) since it is
not relevant for the measurements described here.

Additional terms have been developed to describe the effects of
energetic particles on stress evolution:

Oenergetic = Ao (%) + (1 - %) By i
T e @

where [ is the average depth of the defects created by the energetic
particles. The first term on the right-hand side models the effect of
collision-induced densification near the grain boundary [54]. It de-
pends on I/L because it is assumed to occur in the region of the grain
within one implantation depth [ from the grain boundary. Ao is an
adjustable parameter which depends on the pressure and the ratio of
the flux of energetic particles to the deposition rate.

The second term on the right-hand side models stress generated by
the incorporation of the defects in the remainder of the film (propor-
tional to (1 - %)) It is assumed to be proportional to the number of
defects retained in the bulk during deposition. By is an adjustable
parameter that depends on the number of defects created per incident
particle and the corresponding stress per defect. z; is the characteristic
time it takes for a defect implanted at depth [ to diffuse to the surface.
Since the surface is moving up at a rate of R, the diffusion distance
equals to the distance to the moving surface as

VDity; =1 + Ry 5)

where D; is the diffusivity of sputter-induced defects.

The stress generating effects of growth kinetics and energetic
bombardment are assumed to be additive [10,55]. Putting Egs. (3) and
(4) together produces a comprehensive kinetic model that predicts the
stress for different processing conditions. To compare the experimental
results with the kinetic model, a non-linear least squares fitting routine
is used to obtain the optimal parameters that minimize the residual
between the model and the measurements of the steady-state stress. For
the parameters oc, or, D, D;, a single value of each is used to si-
multaneously fit all the measurements for each material as these
parameters are not expected to change with growth rate or pressure.

The other parameters (Ao, By, ) are expected to depend on the
pressure. To reduce the number of free parameters, these parameters in
each material are assumed to have a linear dependence on P so that
Ay = (1 - P%)A*, By = (1 - P%)B* and [ = (1 - P%)l* where Py is a
threshold pressure for each material. The energetic effects are assumed
to be negligible when the pressure is above the threshold pressure.
Based on TEM measurements, the grain size was assumed to be 50 nm
in both materials for all conditions.

4. Results

As described in the Introduction section, stress in nitride films de-
pends on multiple parameters (e.g., growth rate, grain size, pressure)
whose interactions are complex. For instance, changing the growth rate
can change the grain size so it is not immediately clear which is re-
sponsible for the stress change. To advance our understanding, ex-
periments need to be designed so that the effects of each parameter can
be determined separately.
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Therefore, a series of measurements were performed for different
growth rates while keeping the pressure constant at several different
values. The same growth rates were also measured at different pres-
sures. This showed that a single value of the steady-state stress could be
associated with each growth rate and pressure. For each set of mea-
surements, a buffer layer with nominal thickness of 100 nm was in-
itially deposited so that all the subsequent measurements were done on
the same starting surface. A buffer layer of TiN was grown at a growth
rate of 0.089 nm/s and a pressure of 0.13 Pa for TiN and a buffer layer
of ZrN was grown at a growth rate of 0.085 nm/s and a pressure of
0.40 Pa for ZrN. The grain size was estimated to be fairly constant
during the growth based on the relatively constant slope of the curva-
ture measurements with thickness and its repeatability for the same
growth rate at different thicknesses. A changing grain size would lead to
a changing slope of the curvature measurements [41]. In addition,
stress relaxation during growth interrupts is minimal. The grain sizes of
the columnar structure in TiN and ZrN were estimated to be 50 nm from
TEM images although it was difficult to determine and the estimates
may have significant error. For comparison, Abadias et al. [7] also re-
ported that there is no stress relaxation during the growth interrupt in
TiN and ZrN at 300 °C, and the measured grain sizes in their work are
~30 nm and ~23 nm for TiN and ZrN, respectively. The measured grain
size of TiN deposited on stainless steel substrates without substrate
heating is in the range of 50-100 nm as reported by Banerjee et al. [56].
The sequence of experiments and the corresponding results are de-
scribed below.

4.1. Continuous growth at single rate

A series of stress-thickness measurements for continuous ZrN films
deposition at 0.085 nm/s and different pressures is shown in Fig. 2. The
stress evolution in the buffer layer which was grown at pressure of
0.40 Pa and a growth rate of 0.085 nm/s is similar for all the mea-
surements, showing that the reproducibility is good. After the buffer
layer growth, the pressure was changed to values from 0.13 to 0.67 Pa,
as indicated in the figure. The slope of the stress-thickness rapidly
reaches a constant value that corresponds to the steady-state incre-
mental stress. The constancy of the slope implies that the grain size does
not change significantly during the film growth. At lower pressures, the
stress is more compressive and changes from compressive to tensile
with the increase of pressure. However, the results at 0.40 and 0.67 Pa
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Fig. 2. Wafer curvature measurements of stress-thickness evolution in sputter-
deposited ZrN at a rate of 0.085 nm/s and the pressure indicated in the figure.
For each film, a nominal 100 nm buffer layer was first grown at 0.40 Pa to make
the starting surface identical. The dashed vertical line indicates the transition
point from buffer layer to growth layer.
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are very similar which suggests that the stress becomes less dependent
on pressure when the pressure is high.

4.2. Multiple growth sequences at different rates

Since the change in grain size with thickness is not significant, it is
possible to measure the dependence on growth rates by performing
sequences of growth at different rates on the same sample. The stress-
thickness is measured at one rate for a period long enough to determine
the slope and hence the incremental stress. This is followed by a pause
while the growth rate is changed and then subsequent growth at the
new growth rate. For each material, the same conditions are used for
the first nominal thickness of 100 nm of growth (buffer layer described
above) in order to make the initial grain size and texture the same for
all the measurements. This approach has been used previously in
electrodeposited Cu and Ni [42,44] and makes it possible to efficiently
study the effect of different growth conditions without having to pre-
pare a new sample for each measurement. The sequence includes
multiple measurements at each growth rate to confirm that the stress
depends only on the growth rate and does not change with thickness.
This also enables the experimental error (standard deviation) in each
measurement to be determined. The same approach is repeated at dif-
ferent growth pressures in order to obtain a comprehensive set of
measurements of stress vs. growth rate and pressure.

A sequence of growths for ZrN films at multiple rates and a pressure
of 0.13 Pa (after the buffer layer growth) is shown in Fig. 3. The growth
rate for each interval is shown in Fig. 3a and the stress-thickness in
Fig. 3b. After each growth sequence, the deposition was paused for at
least 3 min to determine if there was any stress relaxation before the
growth was resumed at another rate. The stress during the pauses
(shown by the shaded areas in Fig. 3) does not change significantly,
indicating the stress relaxation is minimal. The growth rates were re-
peated to determine whether the stress changes with film thickness (for
instance, due to change in the grain size with thickness). In general, the
repeated stress is the same or only slightly more compressive than the
previous growth stress, which indicates that any effects of grain growth
are small. This approach was used at other pressures to develop a
comprehensive set of stress-thickness measurements for ZrN and TiN at
different growth rates and pressures.
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Fig. 3. Sequential measurements of stress evolution in ZrN deposited at 0.13 Pa
grown at different growth rates. a) Growth rate corresponding to different in-
tervals of growth b) stress-thickness evolution at different growth rates. The
gray areas correspond to pauses while the growth rate was changed. The buffer
layer was grown at 0.40 Pa to make the starting surface the same as other
measurements.
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4.3. Steady-state stress in nitride films for different growth rates and
pressures

The steady-state stress was determined from the slopes of the stress-
thickness measurements. The results are shown for TiN and ZrN, in
Fig. 4a, and b, respectively. Note that the axes for the stress are dif-
ferent in each case. The solid lines in the figure are the fits from a
kinetic model which has been described in Section 3.

The error bars in the figure were obtained by taking the standard
deviation of repeated experimental measurements at each deposition
condition. On average, the standard deviation from multiple measure-
ments on each sample is 10.3 MPa for TiN and 13.0 MPa for ZrN. For
measurements taken on different samples, we can look at the standard
deviation of the multiple measurements of the buffer layer stress which
is 17.4 MPa for TiN and 9.6 MPa for ZrN. The similarity in the de-
terminations of the errors shows that changing the sample does not
introduce a large amount of additional error. In either case, the error on
the stress determination is not large compared to the change in stress
with growth rate and pressure.

Some important trends can be identified in the results. In each film,
the stress is more compressive for the same growth rate at lower
pressure. For each pressure, the stress becomes more compressive at
higher growth rate with a stronger growth-rate dependence at low
pressure. Comparing the two materials, at high pressure the stress in
ZrN is similar to TiN with a tensile value that is weakly dependent on
the growth rate. At lower pressure, however, the stress in ZrN is more
compressive than TiN and the growth rate dependence is more pro-
nounced.
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Fig. 4. Steady-state stress vs. growth rate at different pressures for a) TiN and b)

ZrN.

Growth Rate (nm/s)

Surface & Coatings Technology 404 (2020) 126462

5. Discussion

The trends in the steady-state stress with pressure and growth rate
shown in Fig. 4 are consistent with measurements seen previously in
other sputtered films [37,38]. The dependence of the stress on pressure
has been attributed to a change in the energy of the incoming particles.
At low pressure, the energetic particles induce compressive stress due to
densification at the grain boundaries and defect-production [10,54]. In
this regime, higher growth rates tend to create more compressive stress.
This is the opposite of what is seen for non-energetic growth in which
higher growth rates tend to make the stress less compressive/more
tensile [33,34] and, for low mobility materials, ultimately saturate at a
tensile value. This type of behavior is seen for both TiN and ZrN at high
pressure and correspondingly low energy. The tensile stress at higher
pressure has been attributed to the existence of voids in the film as the
film density decreases with the increase of pressure [8] though it may
also be related to island coalescence. In the ZrN films, it can be seen
that reducing the pressure from 0.67 to 0.40 Pa has little effect on the
stress. This suggests that at sufficiently high pressures, the energy of
sputtered atoms and backscattered neutrals is reduced to a point where
the energetic contributions to the stress are small.

Additional understanding of the processes contributing to stress can
be gained by looking at the results of fitting the data to the kinetic
model. The solid lines in Fig. 4 show the calculated stress using the
parameters obtained from the fitting. The model is able to capture both
the pressure and growth rate dependence for each material. The cor-
responding fitting parameters are shown in Table 2; the values of Ag, By
and [ calculated from these parameters at the measured pressures are
shown in Table 2b. Note that these parameters represent values that
make the model agree most closely with the data. But since the dis-
agreement is not only due to experimental error, we cannot statistically
determine the error associated with each value of the parameters. Ad-
ditionally, physical approximations made in the model means that care
should be taken in interpreting their exact values. Nevertheless, it is
instructive to compare the fitting parameters with estimates from the
materials properties to explore the validity of the model and to shed
light on the underlying processes controlling the stress.

According to the fitting, the value of the tensile stress parameter or
is the same for Ti and Zr. For comparison, Hoffman's mechanism [52]
proposes that oy is proportional to \/Mf Ay/L where Ay is the interfacial
energy difference between the free surface and the grain boundary.
Although we do not know the values of Ay for these materials, for
comparison we assume that the value is proportional to the melting
point of each material (3220 and 3225 K for TiN and ZrN, respectively),
the film modulus with (111) preferred orientation (550 GPa [57] for
TiN and 460 GPa [58] for ZrN) and assuming the same grain size. This
predicts a difference of only 9% between the materials. Therefore, the
relative values calculated from Hoffman's model are consistent with the
similarity found for the fitting values.

The values of the kinetic parameter BD are 0.12 and 0.19 nm?/s for
TiN and ZrN, respectively. Because the concentration of mobile surface
atoms is not known, (D cannot be calculated from other measurements
such as the surface diffusivity. This parameter controls the transition
from tensile to compressive stress as the growth rate is decreased due to
non-energetic growth processes. With the conditions accessible in this
study, a transition to compressive stress could not be observed in the
measurements at low growth rates. Therefore, the value obtained from
the fitting for this parameter is likely an overestimate. For comparison,
measurements of sputtered Cu [38] do show a tendency for the stress to
become more compressive at the lower range of growth rates used in
this study. The value of 8D obtained for sputtered Cu is 0.67 nm?/s
which is larger than for TiN or ZrN, suggesting that the surface mobility
of Cu atoms is higher than in the nitrides.

To evaluate the parameters corresponding to energetic processes,
the average energy per sputtered atom at the substrate is computed
from Monte-Carlo simulations (SRIM and SIMTRA). Results for TiN and
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Table 2
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a) Parameters determined from fitting the data to the kinetic model. b) Values of fitting parameters at different pressures assuming a linear

pressure dependence described in text.

0. (GPa) o7 (GPa) BD (nm?/s) D; (nm?/s) P, (Pa) A* (GPa) B* (GPa) I* (nm)
TiN —-0.02 0.11 0.12 9.87 0.47 —55.93 —25.35 0.27
ZrN —-0.10 0.11 0.19 3.52 0.48 —226.04 —234.08 0.17
Pressure (Pa) Ao (GPa) B, (GPa) [ (nm)
TiN 0.13 —40.36 —18.29 0.20
0.40 —-8.03 —3.64 0.04
ZrN 0.13 —164.82 —170.68 0.12
0.27 —98.89 —102.41 0.07
0.40 —37.67 —39.01 0.03

ZrN at different pressures are shown in Fig. 5. Over the pressure range
examined, the average energy decreases with increasing pressure; a
linear fit to the data is indicated by the dashed lines. The energy per
particle is larger for ZrN relative to TiN growth at the same pressure.
For comparison, the magnitudes of the energetic parameters A* and B*
(Table 2) are also larger for ZrN than for TiN. The intercepts of the lines
with the x-axis are an estimate of the threshold pressure at which the
average energy goes to zero. It is similar for the two materials which is
consistent with the values of the threshold pressure (Py) from the fit-
ting, although the value obtained from the fitting is smaller.

The average implantation depth of each material was calculated by
taking the weighted average of implantation depth of each energetic
particle. The implantation depth was calculated by using SRIM. For
input, SIMTRA was used to estimate the energy range of the incoming
particles at different pressures. The average particle energy and corre-
sponding implantation depth are shown in Table 1 for each material
and pressure. The implantation depth decreases with increasing pres-
sure in both materials. The maximum implantation depth at 0.13 Pa in
TiN is 0.34 nm while that in ZrN is 0.40 nm. For comparison, the values
of [ from the fitting produce 0.12 nm for TiN and 0.20 nm for ZrN. We
consider the fact that they only differ by less than a factor of two to be
relatively good agreement.

The fitting parameter for the sputter-induced defect diffusivity (D;)
has a value of 9.87 nm?/s in TiN and 3.52 nm?/s in ZrN. For compar-
ison, this value for TiN is significantly higher than diffusivity estimates
for point defects in TiN of 10'°© nm?/s at temperature of 2500 K
[59-61]. These studies also suggest that interstitial diffusion is much
faster than vacancies which suggests that interstitials may be the
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Fig. 5. Average energy per particle vs. pressure estimated using SIMTRA and
SRIM for ZrN and TiN.

dominant mobile defect that controls the stress evolution kinetics.
However, there is still a wide discrepancy between the fitting parameter
needed to explain the growth-rate dependent stress and other mea-
surements of defect diffusivity. This may indicate that other processes
such as stress-enhanced diffusion play a role.

Because the data was taken at only one temperature and a constant
grain size, the fitting does not provide any information about the ac-
tivation energy for diffusion or the grain size dependence of the kinetics
in the model. Further experiments that study the grain size and tem-
perature dependence are needed to probe these issues. Experiments for
other metal nitrides would also be useful to determine whether the
model parameters are consistent with the physical properties of mate-
rials for a wider range of elements. The ultimate goal of this work
would be to develop a quantitative model that can predict the stress in
different materials for different processing conditions.

6. Conclusions

We conducted experiments to explore the effect of growth rate and
pressure on residual stress in sputtering deposited TiN and ZrN films.
The results show that the stress is more tensile at higher pressure and
more compressive at lower pressure. At higher pressure, the stress is
weakly dependent on growth rate, but at lower pressure, the stress is
more compressive with the increase of growth rate. This behavior is
consistent with a kinetic model that includes contributions from the
growth kinetics and energetic particle bombardment during sputtering
deposition. The parameters obtained from fitting the model to the data
have values that are physically reasonable. The parameters governing
the tensile stress generated by island coalescence are similar, as ex-
pected from evaluating the model proposed by Hoffman. The energetic
parameters are consistent with estimates made using Monte-Carlo si-
mulations SRIM and SIMTRA. The apparent consistency between the
prediction of the model and the experimental results supports the va-
lidity of the mechanisms used in the model.
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