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Stress evolution during reactive DC magnetron sputtering deposition in TiN, ZIN and TaN films at different
growth rates, pressures and relative gas flow rates was measured by a wafer curvature technique. The results
indicate that, for a given growth rate, the stress in each material is tensile at higher pressures and becomes more
compressive with lower pressures. At lower pressures, the stress tends to become more compressive with

increasing growth rate. Increasing the gas flow rate of N relative to Ar is observed to enhance compressive stress
generation in TaN but has a weaker effect on TiN and ZrN. At lower pressure, the compressive stress magnitude
scales with TIN < ZIN < TaN. The stress at different processing conditions was analyzed in terms of a kinetic
model that includes the effects of growth kinetics and energetic bombardment. The resulting parameters are
compared with calculations from binary collision Monte-Carlo simulation codes.

1. Introduction and background

Transition metal nitride films have wide applications such as hard
coatings, diffusion barriers and optical coatings because of their
exceptional physical properties including high hardness, mechanical
strength, and chemical inertness [1-4]. However, the stress induced
during the film deposition can lead to deformation or cracks [5,6],
which adversely affects the performance and lifetime of the devices it is
used in. Therefore, it is of critical importance to understand the factors
that control the stress in metal nitride films.

Stress evolution in sputtered metal-nitride films at different pro-
cessing conditions has been reported previously [7-12]. Metal-nitride
films are often deposited by reactive sputter deposition using a DC
magnetron source. The characteristics of the particles impinging on the
sample depend on the processing conditions in the chamber. In partic-
ular, a lower pressure leads to an increase in energy of the incoming
particles by a reduction of their scattering while higher power leads to
an increase in the deposition rate. The gas consists of a combination of
Ar and N in which the Ar remains inert while the Ny reacts with the
metal to form the nitride. Altering the gas flow rates alters the relative

fluxes of the two species that arrive on the target. In general, the stress is
found to become less tensile/ more compressive when the pressure is
decreased for a constant growth rate. In TiN [12], the incremental stress
changes from 0.30 to —1.55 GPa when the pressure is decreased from
0.55 to 0.32 Pa. Similarly, in ZrN [8], the incremental stress changes
from 0.40 to —6.5 GPa with a decrease in pressure from 0.42 to 0.13 Pa.
This is generally attributed to the increase in particle energy at lower
pressure, due to fewer collisions in the gas [13]. The dependence on
growth rate is often coupled to the pressure. For both TiN and ZrN [7],
when the pressure is high the stress remains tensile when the growth
rate increases. On the other hand, at low pressure the stress becomes
more compressive when the growth rate is increased.

The effect of gas flow rates on stress in nitride films has also been
reported [10-12]. In the work from Abadias et al. [12], stress in TiN is
measured when the N, flow rate is varied in the range of 0-18 sccm with
a total gas pressure of 0.30 Pa. The stress is found to be more tensile at a
lower N, flow rate and more compressive at a higher N, flow. The stress
change correlates with a change in texture from pronounced (111)
texture to pure (002) texture. They estimate that the film also has a
smaller grain size at the higher N, flow rate based on XRD analysis.
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Huang et al. [11] measured stress in ZrN by a modified XRD siny
method. The measured stress decreases with the increase of N5 flow rate
and then increases with the further increase of the Ny flow rate in the
range of N, flow rates from 5 to 35 scem with a fixed Ar flow rate of 10.4
scem. They suggest this might be due to the defects created by Zr ions (i.
e., more defects created with the increase of Ny flow rate at the lower
flow rate regime, but with the further increase of Ny flow rate, the de-
fects become less due to the kinetic energy loss of Zr ion by the increased
collisions with gaseous particles). The grain sizes range from 15 to 30
nm, with the grain size decreasing with the increasing N, flow rate.
Zaman et al. [10] reported that the stress in Ta—N films ranges from
—2.67 to —0.20 GPa for films deposited with a total gas flow rate of 25
scem and N, content varied from 25 % to 3 %. They ascribe the lower
stress at lower Ny gas flow rate to the mixed phases (fcc TaN and hex-
agonal Ta;N) in the film.

Previously published work on stress in sputtered films has reported
that the processing conditions (i.e., growth rate [14-16], pressure
[6,8,12,17-22], substrate bias voltage [21,23-26]) and microstructure
[27] can have a significant effect. This suggests an approach to control
the stress by tailoring the deposition parameters. However, the depen-
dence on different parameters, and interactions among the different
parameters can make this complex. Developing a useful understanding
requires comprehensive measurements that systematically considers the
effect of each of multiple parameters. Consequently, the current work
reports on a series of measurements that quantify the effect of several
processing parameters (growth rate, pressure and relative gas flow rates)
on the stress, phase formation and grain size in sputtered metal-nitride
films of different composition(TiN, ZrN, and TaN). The results are dis-
cussed in terms of a previously developed kinetic model [28], and the
parameters are compared with calculations from binary-collision Monte-
Carlo simulations (SRIM [29] and SIMTRA [307).

2. Experiments and simulations
2.1. Experiments

The TiN, ZrN and TaN films were deposited at ambient temperature
onto a [100] Si substrate via DC magnetron reactive sputtering. The in-
plane dimension of the Si wafer is approximately 30 x 10 mm and the
thickness ranges from 0.175 mm to 0. 285 mm. The Si wafer was cleaned
via ultrasonic agitation in the successive baths of acetone, methanol,
isopropanol for 5 min each before deposition and followed by drying
with compressed N, gas before deposition. The substrate was electrically
grounded and located 18 em away from the target. The experiments
were conducted by using 3" diameter mertallic targets Ti (99.995 %
pure), Zr (99.2 % pure), and Ta (99.95 % pure). The base pressure prior
to sputtering was less than 4 x 107> Pa. The pressure in the chamber
during the deposition process is measured by a Pirani gauge. The sput-
tering deposition was performed under constant power mode. Before
deposition, the target was pre-sputtered in the pure Ar gas atmosphere at
a flow rate of 15 scem for 10 min to remove the contamination on the
target surface. The growth rate was adjusted between depositions by
changing the power.The total gas pressure was controlled by changing
the pumping speed via a throttle valve. The growth rate was monitored
by a quartz sensor during the deposition, and the actual growth rate was
corrected by using ellipsometry. The nitride films were deposited in a
mixture of Ar and N, gas. The flow rate of Ar was kept constant at 26
scem while the flow rate of Ny was varied from 6 to 10 scem for TiN and
3 to 10 scem for ZrN and TaN. The flow rate ratios are denoted in the text
as 26/X scem where the Ar flow rate is 26 scem and the N5 flow rate is X
scem. The range of gas flow rates was chosen to ensure that the depos-
ited films have a cubic structure. The pressure and growth rate range for
each material at each flow rate is listed in Table 1.

The real-time stress evolution in the TiN, ZrN and TaN films was
measured using a wafer curvature technique [31,32] during the film
deposition. In this method, a laser beam passes through an etalon to
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Table 1
The processing condition investigated in the experiments for TiN, ZrN and TaN.

Material Ar/N2 flow rate Pressure range Growth rate range
TiN 26/6 scem 0.13-0.40 Pa 0.009-0.124 nm/s
26/10 sccm 0.13-0.40 Pa 0.018-0.151 nm/s
ZIN 26/3 sccm 0.13-0.67 Pa 0.042-0.339 nm/s
26/6 scem 0.13-0.67 Pa 0.042-0.187 nm/s
26/10 scem 0.13-1.00 Pa 0.042-0.134 nm/s
TaN 26/3 scem 0.40-1.00 Pa 0.038-0.464 nm/s
26/6 sccm 0.40-1.00 Pa 0.031-0.464 nm/s
26/10 sccm 0.40-1.60 Pa 0.039-0.335 nm/s

generate parallel beams which hit the sample and then be reflected to a
CCD camera which records the spacing of the adjacent beams, thus
providing curvature measurements of the sample during film deposition.
The measured curvature is related to the product of stress and film
thickness by using Stoney's equation [33]:

6hy
Yy~

5

e}

where @ is the stress averaged over the thickness of the film, hy, h; and M;
are the thickness and bi-axial modulus of the substrate, respectively. The
product of stress and film thickness (Ehf) is often referred to as stress-
thickness or force per width (F/w). The stress-thickness is calculated
by integrating the stress throughourt the film:

Ghy = /“U o(z)dz @
0

where z is the direction perpendicular to the substrate and 6(z) is the
stress at a height of z above the film/substrate interface. If the stress in
the previously deposited layers does not change, then the slope of the
stress-thickness vs. film thickness is equal to the incremental stress, i.e.,
the stress in newly-deposited layers. This is also referred to as the steady-
state stress if the grain size does not change with thickness.

The effects of processing conditions are quite complex since a change
of one parameter can also lead to changes in other parameters such as
texture or grain size which may also affect the stress. The experiments
were therefore designed to investigate the effect of processing condi-
tions systematically and quantitatively. Series of measurements were
performed by changing one processing condition while keeping others
constant (i.e., change growth rate while keeping the pressure and gas
flow rates constant).

Specifically, the stress measurements were performed for each ma-
terial by growing a sequence of layers at different growth rates for a
constant pressure and gas flow rate ratio. For exanmple, a sequential
growth of TaN (after the buffer layer) at different growth rates at a
pressure of 1 Pa and gas flow rate ratio of 26/6 sccm Ar/Nj is shown in
Fig. 1. The measured stress thickness at each growth interval is shown in
Fig. 1 b) and the corresponding growth rate is shown in Fig. 1 a). The
shaded grey areas are the pauses when the deposition was briefly
interrupted. The stress-thickness does not change during pauses, indi-
cating that the stress relaxation is minimal. Similar behavior was
observed in the work by Abadias et al. [34].

The growth rate was ramped to a new value shortly after the pause
and then rapidly became stable. The stress-thickness evolution was
observed to be relatively linear during the growth at each growth rate. In
addition, repeating the same growth-rate measurements at larger
thicknesses shows the slope returns to the same as in the earlier mea-
surement. These observations indicate that the grain size is not changing
significantly with the film thickness, because if it were then the
measured stress would also be changing with thickness [31]. Similar
behavior has been observed in electrodeposited Ni [35]. Therefore, the
slope of the stress-thickness measurements made for different intervals
provides the steady-state stress for different processing conditions at a
constant grain size.
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Fig. 1. Stress evolution of TaN films with sequential growth at multiple growth
rates under a pressure of 1 Pa and gas flow rate ratio of 26/6 sccm Ar/N,. The
initial layer in the film growth was deposited at a pressure of 0.67 Pa and a
growth rate of 0.116 nm/s as a buffer layer. a) growth rate and b) stress-
thickness corresponding to each growth interval. The shaded grey areas are
the pauses when the film deposition was turned off. The different colors
correspond to different growth rates as indicated in the figure.

This method is used to develop a comprehensive set of stress mea-
surements for TiN, ZrN and TaN films at different growth rates, pressures
and flow rate ratios. The same growth conditions were repeated several
times in each series of measurements to make sure the results were
repeatable and to determine the experimental error. This allows an
average value of steady-state stress to be associated with each growth
rate, pressure, and set of gas flow rates. To ensure that the layers started
with the same microstructure for each material, a buffer layer with
nominal film thickness of 100 nm was initially deposited at the same
condition on each sample for each material. The buffer layer for TiN was
deposited at a pressure of 0.13 Pa and a growth rate of 0.089 nm/s and
gas flow rate ratio of 26/6 scem Ar/No; the buffer layer of ZrN was
deposited at a growth rate of 0.085 nm/s and a pressure of 0.40 Pa and
gas flow rate ratio of 26/6 scem Ar/Nj for ZrN; the buffer layer of TaN
was deposited at a growth rate of 0.116 nm/s and a pressure of 0.67 Pa
and gas flow rate ratio of 26/6 sccm Ar/Ns.

After deposition, the grain size in several of the films was charac-
terized by cross-sectional transmission electron microscopy (TEM) using
Tescan Lyra XMU dual-beam SEM-FIB to lift-out the samples. To deter-
mine the texture and phase of the different films, TiN, ZrN and TaN films
were deposited on Si substrates at different growth rates, pressures and
flow rate ratios. X-ray diffraction (XRD) measurements were made using
a Bruker D8 Discovery High-resolution X-Ray Diffractometer in the
Bragg-Brentano configuration.

2.2. Simulations

2.2.1. Kinetic model

To understand the effects of growth rate (R), pressure (P) and flow
rate ratios on the steady-state stress in sputter-deposited nitride films,
we use a previously developed kinetic model which includes the effect of
growth kinetics and energetic bombardment. Details of the kinetic
model can be found in previously published work [28]. Only a brief
description of it is given here.

The kinetic model considers the effect of kinetic growth (non-ener-
getic) and energetic effects due to the incorporation of adatoms near the
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grain boundary and defect creation in the bulk of the film as described
by Eq. (3):

5;7) { l B
o7 = g + o7 - me( R (S e @
(1+%)

The compressive stress in the model is assumed to be induced by the
diffusion of adatoms from the surface into the grain boundaries driven
by the non-equilibrium condition at the surface [36] (fitting parameter
o). Tensile stress (fitting parameter o7) is generated by the formation of
a new grain boundary at the triple junction where two adjacent grains
coalesce based on a mechanism proposed by Hoffman [37]. It is pre-
dicted to depend inversely on the square root of the grain size. The
balance between tensile and compressive stress is determined by the
kinetic parameter pD to describe the resulting stress during non-
energetic growth [38]. L is the grain size in the film which is assumed
to remain constant for steady-state conditions. The mechanisms in this
model, with the addition of stress from grain growth, have been used to
analyze stress in metal films deposited by electrodeposition [35,39-42]
and evaporation [43,44].

The remaining terms describe stress-inducing mechanisms in ener-
getic deposition. The third term on the right-hand side describes the
stress generated by collision induced densification near the grain
boundaries [45]. Ag is an adjustable parameter that depends on growth
rate, pressure and flux of energetic species. We assume the ratio of the
flux of energetic species to deposited species (growth rate) does not
change with growth rate, i.e., that the yield of backscattered atoms and
sputtered particles does not change with growth rate for each pressure
and set of gas flow rates. This is valid for sputtering of metals, but it may
not be strictly true for nitrides where poisoning of the target occurs and
can alter this ratio. However, since we are not able to measure the ratio
of energetic species to deposited species, we assume that A* does not
depend on the growth rate for each set of pressure and flow rate con-
ditions. The fraction of the energetic particles that induce stress near the
grain boundary is approximated to be proportional to % where [ is the
implantation depth of defects created by energetic particles.

The fourth term describes the stress induced by the incorporation of
defects in the remainder of the film. By is an adjustable parameter that is
related to the number of defects created per incident particle and the
stress induced per defect. z; is the characteristic time for a defect to
diffuse from the implantation depth ! to surface. Since growing the
surface is moving up at a rate R, 7;can be determined from

V' Dits =+ Rz, (4)

where D; is the diffusivity coefficient of defects. The energetic model has
been used to analyze the stress in sputter deposited metals including Mo
[28], Cu [13], Ni [46] and Ta [47].

2.2.2. Binary collision Monte-Carlo simulations

To understand the energetic effects in sputtered nitride films, we
used computer simulations to model the incident particle energy, flux
and resulting defect production during deposition under different con-
ditions. The average energy of the sputtered and backscattered atoms
that arrive at the substrate and the implantation depth of each species in
the film were calculated using binary collision Monte-Carlo simulations
(SRIM [29] and SIMTRA [30]). The sputter yield, backscatter yield, and
angular and energy distribution of sputtered atoms and backscattered
atoms were obtained from SRIM. The damage type used in the simula-
tion was surface sputtering/ monolayer collision steps. Since SRIM is not
able to simulate the bombardment of Ar”™ and N* on metal target
simultaneously, separate simulations of Ar™ or N hitting the metal
target were performed. In the simulation, we assume that the chemical
composition on the target surface is not changed which might over-
estimate the sputter yield and backscatter yield because the target
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poisoning effect will lower the average mass of the surface atoms in the
reactive sputtering process. As the discharge voltage changes with the
growth rate in the experiments mainly due to target poisoning, indi-
vidual discharge voltages from each data set were used to do the
calculation. The simulation results indicate that the average energy per
sputtered atom and the ratio of the flux of backscattered neutrals to the
flux of sputtered atoms are weakly dependent on discharge voltage, so
the average discharge voltage is adequate for the calculations. The
simulation was calculated by using 6 x 10° Ar™ with incident energy of
340 eV or 6 x 10° NT with energy of 170 eV [48] (taken as half of the
energy of Ar+). The incident energy of Ar' ions was taken as 75 % of the
average target discharge voltage, considering the charge transfer colli-
sions in the plasma sheath [49]. The threshold energy of atomic
displacement in Ti, Zr, and Ta lattice was set as 30, 40, and 80 eV,
respectively, referencing the work from Abadias [9,48] and the refer-
ence wherein it [50].

The results for the sputter vield, backscatter yield and the ratio (a) of
the flux of backscattered atoms to the flux of sputtered atoms of Ti, Zr,
and Ta by the bombardment of Ar™ ions and N* ions are shown in
Table 2a) and b), respectively.

The initial angular and energy distribution of sputtered and back-
scattered atoms obtained from SRIM calculations are used as input in
SIMTRA to obtain the average energy of each species that arrives at the
substrate. SIMTRA is a Monte Carlo program which simulates the
transport of energetic atoms during sputtering deposition. In the pro-
gram, the geometry of the experimental chamber is used. In this work, a
Moliere screened Coulomb potential was selected to describe the metal-
gas interaction. An axial symmetric racetrack was used to sample the
initial position of the simulated particles without considering the shape
and depth of the target as the program assumes that the target surface is
completely flat. Sputtered and backscattered particles are simulated
separately in the program by using the initial energy and angular dis-
tribution of each species leaving the target from SRIM. The average
energy of the deposited species [9] is estimated as:

E=

E?r X Yspu!Ar Xfflr X r:\r + E?{ X YspuLN xjN X I'?[ =+ Eﬁ: X ﬁ/\r X.ﬁh‘ X tg: + E)’Y; XﬁN XfN X tf‘
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bombardment of i = Arfor N*ions. Eb(i = Artor N*) is the average
energy of backscattered atoms by the bombardment of i = Ar"or N ions.

The implantation depths of each species were estimated by using
SRIM. The damage type used in the simulation was detailed calculation
with full damage cascade and the initial energy was set as the arriving
energy of each species at the substrate calculated by SIMTRA.

3. Results
3.1. Steady-state stress for different processing conditions

The steady-state stress was determined by taking the slope of the
stress-thickness measurements vs. thickness for each interval of growth
under different conditions. The results for TiN, ZrN and TaN at different
growth rates, pressures and flow rate ratios are shown in Fig. 2. Each
panel shows the steady-state stress vs. growth rate for different pres-
sures, as indicated in the legend. Each row corresponds to a different
material (TiN, ZrN and TaN) from top to bottom. Each column corre-
sponds to different flow rate ratios (26/3, 26/6 and 26/10 sccm) from
left to right. The solid (or dashed) lines in the figure represent the fits to
the kinetic model described in Section 4.1. The error bars in the figure
were calculated by taking the standard deviation of all the measure-
ments performed at the same processing conditions.

From the results, we can observe that in each material, for each
growth rate, the stress is more compressive at lower pressure and more
tensile at higher pressure. When the pressure is sufficiently high, the
stress becomes independent of pressure as shown by the results in ZrN
films. This can be explained by the reduced energy of the particles under
higher pressure at which the particles experience more collisions during
the transport from the target to the substrate. Tensile stress has been
typically observed at higher pressure due to the formation of voids as
reported in the literature [22,34]. At lower pressures, where the ener-
getic effects are more significant, the magnitude of compressive stress in
the deposited nitride films follows the trend that TaN > ZrN > TiN. This

Y:pw./\r Xf:’lr x r;lr . Yspur.N fo X riv +ﬁ/\r Xf}!r X ti‘: +IBN XfN x tﬁ,

where Y, ar and Yy, v are the sputter yield of Ar and N, respectively.
Parand fy are backscatter yield of Ar and N, respectively. f4, and fy are
the fraction of Ar' ion and N7 ions in the chamber, respectively. And

2Ny, i s + + 3 .
(s v2vm, ) t. (i = Artor N7) is the fraction of

fAr - (Nirf;]\i!\iz)} fN -
sputtered atom arrived at the substrate. tf,s (i = Artor N7) is the fraction
of backscattered atoms arrived at the substrate. They have been esti-
mated by the relative flow rate of each gas species in the chamber. EL (i
= Arfor N7) is the average energy of the sputtered atoms by the

Table 2

Sputter yield, backscatter yield and the ratio of the flux of sputtered atoms to the
flux of backscattered atoms by the bombardment of a) Ar* and b) N "tothe Ti, Zr
and Ta metallic targets.

Materials Sputter yield Backscatter yield a

a)

Ti 0.4714 0.0261 0.0554
Zr 0.5904 0.1315 0.2228
Ta 0.4932 0.2591 0.5253

b)

Ti 0.3135 0.1684 0.5371
Zr 0.2025 0.2921 1.4423
Ta 0.1192 0.3961 3.3232

(3.7)

can be explained by the higher fraction of backscattered neutrals
reaching substrate from Ta as indicated by Table 2.

3.2. Microstructural characterization

A buffer layer was deposited at the same processing condition for
each materials (i.e., TiN buffer layer for TiN growth, ZrN buffer layer for
ZrN growth, TaN buffer layer for TaN growth) to ensure that the growth
layer was started with similar microstructure conditions. The average
grain sizes for TiN, ZrN and TaN films were measured on some repre-
sentative samples after they were deposited with multiple growth rates.
The values for the grain sizes are 14 & 10 nm, 11 = 9 and 9 + 6 nm,
respectively. The error bars are estimated from measurements of
different regions in the same sample, not across different samples. TEM
also confirmed that the grain size does not change significantly with
thickness, consistent with the results of the stress measurements.

XRD was performed in order to determine the texture and phase of
the films for different processing conditions for each material (shown in
Fig. 3). The XRD characterization was performed on samples that were
deposited with multiple growth rates as described in Fig. 1 at each
pressure and gas flow ratio. The thickness of the samples ranges from
425 to 1006 nm. The XRD patterns of the Si substrate without any
deposition were scanned as a reference to analyze the patterns of the
nitride films which is shown as the black curves in Fig. 3, indicating that
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Fig. 2. Steady-state stress vs. growth rate for TiN a) 26/6 sccm, b) 26/10 scem, ZiN ¢) 26/3 scem, d) 26/6 scen, e) 26/10 scem, and TaN f) 26/3 scem, g) 26/6 scem

and h) 26/10 sccm at different pressures. Solid lines are results of fitting to model.

the peak around 26 = 33.203° in TiN, ZrN and TaN films belong to Si
{002}. From the results, we can observe that the TiN and ZrN films
exhibits the cubic rocksalt structure within the investigated processing
conditions, and the intensity of peak {111} is stronger than that of
{002}. In TaN films, all the films exhibit cubic 8-TaN structure. A hex-
agonal TagN phase was detected at the lower gas flow rate of 26/3 scem
Ar/N, as shown in the asymmetric peak ranging from 34° to 40°. With
an increase of the N, gas flow rate, the hexagonal-Ta;N phase is no
longer present. Formation of the hexagonal TasN phase at lower Ny gas
flow rates has also been observed in the work from Zaman et al. [10] and
Shin et al. [51]. Although the peak position is expected to change due to
stress in the films, the XRD measurements are not precise enough to
observe this correlation.

4. Discussion
4.1. Dependence on processing conditions

Several general observations can be made about the dependence of
the stress on growth rate, flow rate ratio and pressure in each material.
At the higher pressures, the dependence on the growth rate is weak,
which is similar to the stress behavior in sputtered Mo [52] which also
has low atomic mobility. In the low-pressure regime, the stress generally
becomes more compressive at higher growth rates. For TiN and ZrN
films, this has a weak dependence on the gas flow rate, whereas in
sputtered TaN films, the stress is more compressive at higher No flow

rate in the high growth rate regime. In the following sections, we use the
analytical model to analyze the data and discuss the meaning of the
parameters obtained from fitting the data to the kinetic model.

4.2. Results of fitting to the stress model

To compare the experimental results with the kinetic model, a non-
linear least square fitting routine was used to obtain the optimal
fitting results by a minimization of the residual between the measured
stress and the calculated stress from the kinetic model. The model pa-
rameters are described in Section 4.1. During the fitting, the parameters
6., or, PD, D; are assumed to be independent of processing conditions so
that a single value of each was used to fit all the stress data in each
material [44]. Ao, Bo, | can be different for different values of the pres-
sure and gas flow rate ratios. In order to reduce the number of fitting
parameters, Ag, Bg, [ are assumed to have a linear dependence on pres-

sure so that Ay = (I fp%)A*, By = (1 — P%)B*, 1= (1 - P%)l* where Py

is a threshold pressure at which the energetic effects are assumed to be
negligible in each material. If the pressure is greater than Py, these pa-
rameters are set to zero. The fitting parameter for the grain size, L, is
assumed to have a constant value for each sequence of measurements at
different growth rates (as in Fig. 1), but the value is allowed to be
different for each pressure, flow rate ratio and material. Based on the
TEM measurements, . was constrained in the fitting so that its value was
limited to the range of 0-25 nm. Without this constraint, the largest
fitting value for the grain size was 40 nm.
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Fig. 3. XRD patterns for TiN a) 26/6 scem, b) 26/10 scem, Z1N ¢) 26/3 scem, d) 26/6 scem, €) 26/10 scem, and TaN f) 26/3 scem, g) 26/6 scem and h) 26/10 scem

deposited with multiple growth rates at different pressures.

Table 3

Fitting parameters determined from the kinetic model. a) fitting parameters
common to all processing conditions (o¢, o7, pD, D;) for TiN, ZrN and TaN. b)
fitting parameters (A*, B*, [*, Py, L) at different pressure and gas flow rate ratio
for TiN, ZrN and TaN.

a)
- (GPa) or{L = 10nm) (GPa) pD (nm?/s) D; (nm?/s)
TiN —0.10 0.29 0.20 3.00
ZIN 0.00 0.25 0.03 7.91
TaN -0.25 0.41 0.20 13.86
b)
Flow rate (sccm) Py (Pa) L (nm) A* (GPa) B* (GPa) I (nm)
TIN 26/6 0.50 13.4 —28.1 —27.7 0.23
26/10 0.76 25.0 -2.0 —25.2 0.60
26/3 0.48 15.8 —-120.3 —200.0 0.23
ZrN 26/6 0.49 18.7 —44.0 —195.5 0.53
26/10 0.61 25.0 —51.3 —101.2 0.53
26/3 0.91 5.7 —1000.0 —0.3 0.04
TaN 26/6 1.03 25.0 —-574.3 —222.3 0.30
26/10 1.51 25.0 —194.6 —973.2 0.26

The resulting fitting values for o, o1, pD, D; for each marterial are
shown in Table 3a. The fitting values for A*, B*, [*, Py and L for each
material and gas flow rate ratio is shown in Table 3b. The stresses

calculated from the model using these parameters are shown as the solid
lines in Fig. 2.

4.3. Discussion of the fitting parameters

Comparison of the data with the calculated stress in Fig. 2 suggests
that the model is able to account for the dependence on the processing
conditions for each material. As discussed in ref. [44], the fitting pro-
duces a reasonable set of values for the parameters, but their values
should not be taken as unique, absolute minima of the mean-squared
difference. This is because of several effects including physical approx-
imations that make the model imperfect, experimental errors in the data
and the broad minimum in parameter space. As a result, multiple sets of
parameters can produce a similar quality of fit. Although their values
may not be exact, insight can still be gained by a study of the dependence
of the parameters on processing conditions and by a comparison with
values expected from other measurements and calculations.

For each material, Ag and By vs. pressure are shown in Fig. 4,
calculated from the fitting parameters A*, B*and P,. The values in the
figure are averaged over the results for the multiple flow rate ratios. The
color corresponds to the different materials shown in the legend and the
solid and dashed lines correspond to Ag and By, respectively. Note that
the linear dependence on pressure above Py is assumed in the fitting. The
parameters for each material are found to be generally in the order
TaN>ZrN > TiN.

For comparison, calculations were made using Monte-Carlo
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Fig. 5. Average energy per particle vs. pressure estimated by using SRIM and
SIMTRA for TiN, ZtN and TaN at different pressures and gas flow rates.

simulations (SRIM and SIMTRA) to estimate the energy dependence of
the stress-inducing particles. The average energy per sputtered atom
arriving at the substrate is shown in Fig. 5 versus pressure for different
materials and flow rate ratios indicated in the legend. The dashed line is
a linear fit for each material averaged over all the flow rate ratios. For
each material and flow rate ratio, the average energy decreases with the
increase of pressure; the dashed line shows the results of a linear fit. This
linearity supports the dependence of the energetic parameters A, By, [
on pressure that is assumed in the fitting of the kinetic model.

The results of the calculations indicate that the average energy does
not depend significantly on the ratio of the gas flow rate of Ar to N5. This
is consistent with the experimental results for TiN and ZrN in which the
stress vs. growth rate has a weak dependence on the different gas flow
rates. However, this does not explain why there is a greater flow rate
dependence observed in TaN. As mentioned above, this may be related
to effects of target poisoning that change the ratio of energetic to
deposited species for different conditions. The more tensile stress at
lower Ny flow rates in TaN might also be due to the formation of N
vacancies [53,54] as indicated by the formation of the hexagonal TasN
phase at lower N5 flow rate from the XRD results.

The threshold pressure is the pressure at which the energetic effects
become negligible, which can be estimated by taking the intercept of the

Surface & Coatings Technology 447 (2022) 128880

Table 4
Calculated implantation depth in nitride films at each pressure and gas flow rate
ratio by using SRIM and SIMTRA.

Pressure (Pa) 26/3 sccm 26/6 sccm 26/10 sccm
TiN 0.13 n/a 0.30 nm 0.30 nm
0.40 n/a 0.27 nm 0.27 nm
ZrN 0.13 0.43 nm 0.43 nm 0.47 nm
0.27 0.37 nm 0.40 nm 0.40 nm
0.40 0.33 nm 0.37 nm 0.37 nm
0.67 0.27 nm 0.30 nm 0.23 nm
TaN 0.40 0.47 nm 0.50 nm 0.53 nm
0.67 0.37 nm 0.40 nm 0.43 nm
1.00 0.30 nm 0.30 nm 0.33 nm

linear fit of the average energy with the pressure axis (dashed line in
Fig. 5). The estimates from the average energy fits have a larger inter-
cept value for TaN and are similar for ZrN and TiN. This is similar to the
trends in the average threshold pressure, Py, obtained from the fitting
shown in Fig. 4.

The implantation depth in TiN, ZrN and TaN is calculated by taking
the weighted average of implantation depth from each energetic particle
species in SRIM by using the average energy of each species generated
from SIMTRA as input. The calculated implantation depth at each
pressure and each gas flow rate ratio in each material was tabulated in
Table 4. It indicates that the implantation depth is weakly dependent on
the gas flow rate ratio, and it decreases with the increase of pressure.
This trend is consistent with the fitting values obtained from the kinetic
model, although the fitting predicts smaller values than the calculations.

The fitting parameter D; in this study estimates an effective defect
diffusivity in the material, but does not identify the origin of the
diffusing defects or species. The value of D; from the kinetic model for
TiN, ZrN and TaN are 3.00, 7.91, and 13.86 nm?/s, respectively. This is
similar to the value of D; in sputtered Mo [28] which is 7.2 nm3/s. But
much smaller than the predicted D; for sputtered Cu [13] which is
5503.14 nm?/s. The larger D; in sputtered Cu indicates that fewer defects
are incorporated in the films because of the higher defect diffusivity,
leading to a lower compressive stress in sputtered Cu.

The parameter D is related to the rate at which atoms can diffuse
into the grain boundary to induce compressive stress. Its effect is evident
in the transition from tensile to compressive stress when the growth rate
is decreased [31] for materials with relatively high atomic mobility. For
the nitrides, the atomic mobility is low so that this effect cannot be seen
in the measurements. Rather, the dominant effect of growth rate is due
to the trapping of defects as modeled by the By term in Eq. (3). There-
fore, the value of the D parameter determined from the fitting is not
reliable. Similarly good fits can be obtained if the gD parameter is
constrained to have a much smaller value than shown in the table.

The parameters obtained from the fitting can also be compared with
values estimated from other approaches. In the Hoffman mechanism
[37], the tensile stress parameter o7 is assunmed to be proportional to
/M:Ay/L where Mg is the biaxial modulus and Ay is the interfacial en-
ergy difference between the free surface and the grain boundary based
on the tensile stress mechanism proposed by Hoffman [37]. To estimate
its value, Ay was taken to be proportional to the melting temperature of
the material (3220, 3225, and 3360 K for TiN, ZrN and TaN, respec-
tively) and the Young's moduli and Poisson's ratio are 440 GPa and 0.25
[55] for TiN, 400 GPa and 0.25 [56] for ZrN, and 383.8 GPa and 0.335
[57] for TaN. A plot of o7 vs. \/Am at the same grain size of 1 nm is
shown in Fig. 6. The data are consistent with the Hoffman model,
although the range of measurements is too small to confirm the pre-
dicted dependence. For comparison, a linear correlation was also
observed between o7 and /M;Ty for evaporated metals [44]. The re-
sults for the metal-nitrides are smaller than what would be expected
from extrapolation of the evaporated metal results.
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5. Conclusions

A series of experiments were conducted to investigate the effect of
growth rate, pressure and gas flow rate ratio on stress in sputtered TiN,
ZrN and TaN films. The processing parameters were varied systemati-
cally so that a steady-state stress could be associated with each set of
growth conditions and associated grain size. The results, presented in a
series of plots showing stress vs. growth rate for different materials,
pressures and flow rate ratios, reveal trends in the data. For example, the
stress is generally more compressive at lower pressure and more tensile
at higher pressure. The compressive stress magnitude shows the trend
that TiN < ZrN < TaN at lower pressure. The dependence on the ratio of
Ar/Nj, gas flow rate is weak in TiN and ZrN, while higher relative N; flow
in TaN tends to make the stress more compressive. The measurements
are interpreted in terms of a previously developed kinetic model. The
ability of the model to fit the data with a limited set of parameters
supports the validity of the mechanisms used to simulate the effects of
growth kinetics and energetic bombardment. Furthermore, the param-
eters obtained from fitting the model to the data are found to be
consistent with calculations from Monte-Carlo simulations (SRIM and
SIMTRA) for the energy of the incoming particles. By using this model,
the connection between the stress, processing conditions and the un-
derlying physical kinetic mechanisms is better understood. In addition,
the fitting parameters obtained from this study can be used to predict the
stress under different conditions or optimize the growth conditions for a
desired stress.
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