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Abstract

High power pulsed magnetron sputtering (HPPMS) is used to deposit CrN films without
external heating at different peak target currents, while the average current is kept constant.
Films are also grown by dc magnetron sputtering (dcMS), for reference. The plasma
properties, the deposition rate and the morphology of the films are investigated. The plasma
analysis reveals that HPPMS provides higher fluxes of ionized species (both gas and sputtered)
to the growing film, as compared with dcMS. In addition, the ionic bombardment during
HPPMS increases, when the peak target current is increased. The HPPMS films exhibit
changes of the density and the surface roughness as the peak target current increased, while the
deposition rate decreases drastically. Furthermore, it is found that different thin-film
morphologies are obtained starting from a porous columnar morphology for the dcMS films,
which turns to a dense columnar one at low peak target currents and ends up to a featureless
morphology at high peak target currents for the films grown by HPPMS. A new structure zone
model specific for high ionization sputtering is, therefore, outlined.

1. Introduction

Physical vapour deposition is a well-established thin-film
technology, in which the variation of the deposition parameters
enables the control of the thermodynamic and the kinetic
conditions during the film growth [1]. This affects the
morphology of the films [1, 2] and provides means for altering
their optical, electrical and mechanical properties [3—5]. One
way to understand the effect of the deposition parameters
variations on the growth of thin films is by classifying the
different morphologies in a so-called structure zone model
(SZM) [6]. For example, in films grown by evaporation this
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classification can be based upon the substrate temperature.
However, when growth is performed by magnetron sputtering
techniques, modifications of this classical ZSM are necessary
[7,8]. This is due to the presence of low-flux ionic
energetic bombardment during magnetron sputtering [2,9—
11]. Other deposition techniques, where higher fluxes of ions
are available, has been shown by a number of authors [12-15]
to further modify the morphological features predicted by the
classical SZMs.

It is, therefore, evident that the presence of ions in the
deposition flux is beneficial, since it allows for control and
tailoring of the film properties over a wide range. High power
pulsed magnetron sputtering (HPPMS) [16-21] is a newly
developed high ionization deposition technique. Typical for
HPPMS are the high peak power unipolar pulses of a few tens
of microseconds, which are supplied to the target (cathode),
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Figure 1. The electrical circuit representing the HPPMS deposition
system.

resulting in high plasma (electron) densities [22] and a high
ionization of the sputtered material [16,23,24]. In general,
the ionization fraction in HPPMS is much higher than the
value of ~1% typically obtained by dcMS, and depends on
the target material, the sputtering gas, the pressure and the
peak target power [22]. The increased ionization obtained
by HPPMS has been utilized to enhance the film properties,
including density, surface roughness [25], optical performance
[26,27] and electrical conductivity [28]. HPPMS has also
been shown to provide means for tailoring the microstructure
[29-31] and composition [32] of the growing film. In most
of these investigations HPPMS has been used by choosing
arbitrary values for the pulse on-time and off-time. In a recent
study, we have shown [33] that the chosen pulse on/off time
configuration considerably affects the plasma conditions and
the deposition rate. However, the effect of the pulse on/off
time configuration on the morphology of the grown films has
not been studied. This is investigated in this work by growing
CrN films by HPPMS and analysing their properties.

CrN is known for its refractory character and its
exceptional mechanical properties [34,35]. CrN thin films
are routinely used as hard coatings, and for applications in
severe environments, due to their, relatively, high hardness
and chemical stability. In addition, CrN behaves as a
semiconductor [36,37] with the single crystal (100) CrN
having an optical gap of ~0.7eV [36]. In this study, CrN
films are deposited by unipolar HPPMS using a number of
pulse on/off time configurations. Films are also grown by dc
magnetron sputtering (dcMS), for reference. The resulting
changes in the morphology of the films are identified and
discussed in the light of the energetic bombardment provided
at the various deposition conditions.

2. Experimental procedure

2.1. Deposition setup

The power device used in this work consisted of a conventional
Advanced Energy Pinnacle dc power supply connected to a
MELEK SPIK 2000A pulsing unit [38]. An electric/electronic
equivalent network diagram of the magnetron deposition
system can be a diode with a complex impedance Z(¢), as
shown in figure 1. The pulse current is then a function of
the time-dependent impedance Z,(z). Due to the very low
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Figure 2. Temporal evolution of the target voltage and current
density during HPPMS. It is seen that the current is measured some
microseconds after the pulse initiation as a result of the plasma
build-up.

generator impedance, Z,, the applied power can be directly
transferred to the target without significant losses. This mode
of operation results in a constant voltage during the pulse
on-time. The target voltage obtains, thus, a rectangular-like
shape, while the discharge current shows a saw tooth like
shape [38]. The time-dependent target current and voltage
were measured using a LEM LA205-S current transducer and
a LEM CV3-1500 voltage transducer, respectively, and were
monitored in a TDS2014 digital oscilloscope. An example
of the time-dependent current and voltage curves is shown in
figure 2, where it is also seen that no current is measured in
the first 20 us from the pulse start, accompanied by voltage
oscillations of a few hundred volts. This is due to the
high impedance prior to the ignition of the plasma which
results from the complete ‘dying out’ of the discharge between
pulses [39]. This has been shown by Gudmundsson et al [39]
to be a function of the chamber pressure. In fact, when
the discharge pressure was increased, a faster ignition and a
decrease in the ripple time were observed [39].

2.2. Plasma analysis

The effect of the deposition parameters on the discharge
properties was studied by performing plasma measurements
using a Langmuir probe [40] placed at the substrate’s
position. Time-resolved curves of the probe current (/)
were recorded for each applied probe voltage (V};) with steps
of 0.5 V. The data were processed using MATLAB software
tools [41] and the electron density n., electron temperature
T., as well as the plasma potential V,, and the floating
potential V; were determined, according to Liebermann and
Lichtenberg [42]. The ion flux to the substrate was also
estimated by measuring the ion saturation current using a flat
probe at the substrate position. Details on the construction of
the Langmuir and the flat probes are given elsewhere [39]. In
order to investigate the changes in the plasma composition
with changing deposition conditions, time-resolved optical
emission spectroscopy (OES) measurements were performed.
A Mechelle 5000 Spectrometer equipped with an intensified
CCD camera for optimized signal count was used for the
purpose. Light emission signals were collected using a
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fiber optic placed 30cm from the target surface, at a
45° angle. The OES measurements were carried out
by measuring the emission intensity corresponding to the
four wavelengths 283.56nm, 301.73nm, 487.89nm and
696.53 nm, representing Cr*, Cr’Ar* and Ar® species [43],
respectively.

2.3. Film deposition and characterization

CrN films were deposited without external heating on Si
(100) substrates placed at a distance of 70 mm from a Cr
target that had a diameter of 75mm and a thickness of
6.3mm. The temperature measurements, performed during
the growth indicated that the substrate temperature during
HPPMS was independent of the choice of the pulse on/off
time configuration, and was only slightly higher than that
during dcMS (130°C as opposed to 110 °C for dcMS). The
Si substrates were cleaned sequentially in tetrachloroethylene,
acetone and isopropanol ultrasonic baths and then blown dry
with a nitrogen gas, prior to introducing them inside the
chamber. Ar (99.999%) gas and N; (99.999%) mixtures
with a total pressure of 0.8 Pa were used as a working gas.
Measurements of the target voltage evolution as a function
of the N, flow were performed (not shown here), in order to
determine the working point for depositions. Trial depositions
showed that in order to obtain stoichiometric CrN films, a N,
flow of 30 sccm was needed for dcMS. At a N, flow of 25 sccm
or lower, the films contained the Cr,N phase beside the CrN
phase. For the HPPMS depositions, N, flows lower (than those
used for dcMS) were needed in order to obtain single phased
CrN films. All depositions were, however, performed at a N,
flow of 30sccm, in order to ensure that the grown films will
not contain Cr,N. For the HPPMS depositions, high power
unipolar pulses of a few hundred W cm~2 were applied to the
target with a pulse on-time of 50 us and duty times ranging
between 2% and 25%. The decrease in the duty cycle from 25%
down to 2% resulted in an increase in the peak target current
(Itp) from 6 to 180 A to keep the average current constant
at 0.9 A. These values corresponded to peak target current
densities in the range between 0.15 and 4.2 Acm~2. Films
of 250 to 500 nm in thickness were deposited on grounded
substrates by HPPMS and by dcMS, for reference. It has to be
mentioned here that the decrease in the duty cycle resulted in
an increase in the target voltage. Thus, the average power was
increased, since the depositions were performed at a constant
average target current.

In order to examine the films’ properties x-ray
measurements were performed using a Philips X’Pert
diffractometer.  The films’ thickness, root mean square
roughness (o) and density (p) were determined by means of
x-ray reflectometry (XRR) by fitting the measured XRR curves
to simulated ones using the WINGIXA software package [44].
The crystal structure and the phase composition of the films
were evaluated using x-ray diffractometry (XRD) in both
Bragg—Brentano (BB) and grazing incidence (GI) geometries.
Electron microscopy in transmission (TEM) and scanning
(SEM) modes was used in order to investigate the films’
microstructure and morphology. Cross-sectional samples for
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Figure 3. Plasma and floating potentials as well as ion saturation
current measured during and after the pulse on-time. The target
voltage is also shown in thick lines.

SEM were prepared by cutting the samples so as to obtain
a brittle fracture in the CrN films. SEM was carried out
using a Jeol JSM-7400F equipped with a field emission gun.
Cross-sectional TEM samples were prepared using standard
mechanical thinning procedures followed by low angle Ar
ion milling at incident angles of 8° to 10° using a BalTec
RES101 system. The specimens were thinned from both sides
with a high tension of 5kV and a gun current of 1 mA. TEM
analysis was carried out using a Philips CM 20 transmission
electron microscope, operated at 200 kV with a 0.24 nm point
resolution. The microstructure was investigated by means of
Fresnel fringe analysis, in order to reveal possible porous film
regions. In all imaging modes the orientation of the electron
beam was parallel to the (1 1 1) direction of the Si substrate.

3. Results

3.1. Plasma analysis

The electron density n. was measured in the substrate’s
vicinity for the HPPMS discharge with the pulse on/off time
configuration 50/2450 (corresponding to a duty cycle of 2%)
and was found to reach a peak value of 7 x 10" cm™3. This
value was more than 2 orders of magnitude higher than the
value of 4 x 10" cm™> measured for the dcMS discharge
operating at the same average target current. The plasma and
the floating potentials measurements, presented in figure 3,
showed that the V; had a value of ~ —18V during the pulse
on-time, but decreased fast after the pulse was switched off to
reach a value near zero. The plasma potential, on the other
hand, was nearly constant with a value between 1 and 2 V. The
plasma and floating potentials could not be reliably measured
in the first 10 us of the pulse as the plasma was unstable
during the early build-up stage. The time-dependent mean
electron energy was calculated and was shown to decrease
from ~4eV at 20 us after the pulse initiation to ~2eV at
the end of the pulse on-time, and to 0.5eV a few tens of
microseconds after the pulse was switched off. This behaviour
indicates a thermalization of the plasma species as they arrive
at the substrate’s vicinity. The peak ion flux estimated from
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Figure 4. Pulse-integrated intensity of Ar® (squares), Ar* (circles),
Cr? (triangles) and Cr* (inverse triangles) emission lines as a
function of the peak target current. The emission intensity during
dcMS is also plotted for It, = 0 A.

the ion saturation current density measurements (shown in
figure 3) was 2-3 orders of magnitude higher than during
dcMS. However, because of the large distance between the
target and the substrate (70 mm), a significant number of ions
reached the substrate tens of microseconds after the pulse
was switched off. Consequently, the accelerating voltage
that the ions were subjected to at the substrate—plasma sheath
ranged between AV = V, — V¢ ~ 1V for the majority slow
thermalized ions and AV ~ 20V for the minority fast hot
ions. An increase in the target peak current (induced by an
increase in the pulse off-time) resulted in an increase in the ion
flux to the target, while the plasma potentials only marginally
changed.

The OES measurements performed for both the HPPMS
and the dcMS discharges revealed that the HPPMS discharge
exhibited a significantly higher emission intensity of the
ionized Cr* and Ar* species. The time-resolved emission
intensities for ionized and neutral Cr and Ar species were
integrated over the pulse time and are presented in figure 4
as functions of the peak target current (I1p). It is seen that
at It, ~ 120 A, the HPPMS emission signal intensity of Cr*
(10° counts) was 2 orders of magnitude higher than the dcMS
value (Itp = 0) of less than 10* counts. Furthermore, the
intensity of the Ar* species increased from a value of ~10%
counts at dcMS up to a value of 5 x 10* counts at Ity =120 A,
i.e. the increase in the peak target current resulted in higher
Cr*/Ar* intensity ratios. Finally, the Ar” species exhibited a
slight intensity decrease. This behaviour is, as discussed in an
earlier work [33], a result of the gas rarefaction.

3.2. Film roughness, density and deposition rate

The XRR measurements demonstrated that the film roughness
o decreased from the dcMS value of 2.7nm to a HPPMS
value of o ~ 0.5nm which was obtained at a peak current
value of It, ~ 44 A. Increasing the peak current further did
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Figure 5. X-ray diffraction patterns of (a) dcMS and HPPMS films
grown at the peak target current values of (b) 44 A (c¢) 74 A and

(d) 180 A. The position of the (11 1) and (20 0) reflections in the
unstrained bulk CrN is designated with vertical dotted lines.

not affect the film roughness. The film density p exhibited
an increase from 5.70 gcm™> (dcMS) to 6.05 gcm™ for the
HPPMS film grown at I, ~ 44 A. Here too, no change in
p was observed at higher I, values. The deposition rates,
Ry, calculated from the XRR measurements showed that Ry
was 0.5nms™! at It, ~ 44 A, which was close to the value
obtained by dcMS. As It increased, Ry dropped further until
it reached a value of 0.28 nm s~ for I7, ~ 180 A.

3.3. Film morphology

The BB-XRD patterns corresponding to samples grown at the
various deposition conditions are presented in figure 5. The
measurements revealed that the dcMS grown film exhibited
the CrN crystal structure with a strong (111) and a weak
(200) reflection. The BB patterns of the samples deposited
by HPPMS exhibited much broader reflections, in comparison
with the dcMS sample, with an intensity that became weaker
and finally disappeared when the peak target current was
increased.

The cross-sectional SEM micrographs shown in figure 6
display the morphologies for the dcMS film and for HPPMS
films grown at the three different I, values. It is seen
that the dcMS film (figure 6(a)) exhibited a columnar
competitive growth. The corresponding higher magnified
TEM micrograph shown in figure 7(a) revealed further that the
structure was quite porous and could be described as belonging
to zone 1 in the SZM growth model [6, 7]. When HPPMS was
used, a distinct change in the morphology was seen. At a
low It value of 44 A (figure 6(b)), the film still exhibited a
dense columnar structure but thinner columns. Furthermore,
the corresponding TEM micrograph shown in figure 7(b)
displayed no porosity in the film. As I, was increased to 74 A
(figure 6(c)), a featureless morphology was obtained, while
the high density was still maintained. Similar morphology
was also observed in figure 6(d) which corresponds to I, =
180 A. The corresponding TEM micrograph (figure 7(c)) also
exhibited a non-porous featureless structure, indicating a dense
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Figure 6. SEM micrographs of (a) dcMS and HPPMS films grown
at the peak target current values of (b) 44 A (c) 74 A and (d) 180 A.
The dcMS film shows a columnar competitive growth typical for
zone 1 and zone T. The HPPMS films exhibit a dense columnar
structure which turns into a nanocrystalline one when the peak
target current is increased.

morphology. The selected area electron diffraction patterns,
shown in the inset of the TEM micrographs in figure 7, revealed
that the diffraction rings were more diffuse for higher values
of peak target current. The latter, in combination to the results
presented in figures 5 and 6, was indicative of a transition from
polycrystalline to nanocrystalline films, when the peak target
current was increased.

4. Discussion

As mentioned in section 2.3, all films were deposited without
external heating of the substrate. The temperature induced on
the substrate as a result of the interaction of the growing film
with the plasma (110 °C-130 °C) corresponds to a homologous
temperature T/ Ty, (T is the substrate in Kelvin and Tj, is
the melting temperature of the deposited material also in
Kelvin) of ~0.28 [45]. These conditions give rise to film
morphologies which can be classified in zones 1 and/or T
of the SZM [2,46], i.e. consist of V-shaped columns (as a
result of competitive growth) and significant inter-columnar
porosity [2,46]. These features were indeed observed for the
dcMS grown films (figures 6(a) and 7(a)). On the other hand,
the morphology of the HPPMS films showed transition from
a dense columnar morphology to a nanocrystalline featureless
one as the peak target current, was increased. The relatively
high values of ion saturation current measured for HPPMS (2-3
orders of magnitude higher than those in dcMS) imply that

- " " . o A 5
Si ~inferface —

interface

| HPPMS: | =180 A
k - : ’ Ty

Figure 7. TEM micrographs of (a¢) dcMS and HPPMS films grown
at the peak target current values of (b) 44 A and (c) 180 A.

this technique can provide high fluxes of ionized species to the
growing film. In addition, the flux of these species increases
when the peak target current is increased, as mentioned in
section 3.1. The ions in HPPMS exhibit, in general, a broad
energy distribution [23] during the pulse on-time. However, in
their majority they are nearly thermalized as they make their
way from the target to the substrate [22]. This is confirmed by
the low electron temperature measured during and, especially,
after the pulse-end. Moreover, the increase in the Cr*/Ar*
emission intensity ratio (section 3.1) speaks of an enhancement
of the fraction of the metal ions in front of the target, when the
peak target current is increased. It is thus seen that a variety of
low-energy ion-irradiation conditions, with respect to the flux
and the nature of the bombarding ionized species, could be
provided depending on the pulse on/off time configuration (i.e.
peak target current). The increase in the total bombarding flux
and of the fraction of Cr* species (induced by an increase in the
peak target current) led to a drop in the surface roughness and a
densification of the films, as demonstrated in section 3.2. This
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behaviour is an indication of an enhanced surface diffusion
length of the adatoms [47,48]. The latter can be explained
by the increase in the average energy provided per deposited
atoms, caused by the higher flux of bombarding species [48].
In addition, the increase in the Cr* fraction in the total flux
results in a more efficient momentum transfer to the adatoms,
contributing further to the enhanced adatom mobility [48]. The
increase in the flux of the low-energy bombarding species can
also explain the morphological features observed in section 3.3.
Petrov et al [2] and Barna et al [46] have explained that ion
irradiation leads to periodical interruption of the individual
grain growth and induces surface defects promoting in such a
way, secondary nucleation (re-nucleation). These mechanisms
are consistent with the transition from a dense columnar
structure to a nanocrystalline one, when the peak target current
is increased (figures 5-7). It has to be mentioned here that
in conventional sputtering techniques secondary nucleation,
which leads to dense equiaxed morphologies, can only be
promoted by high growth temperatures and is a result of
bulk diffusion [6,7]. It is therefore evident that the low-
energy high-flux ion irradiation during HPPMS can be used, in
order to overcome the characteristically rough and under-dense
microstructures of zones I and T in the SZM model deposited at
low substrate temperatures (typically T,/ T, < 0.3) [6,7] and
obtain morphologies unique for low temperature deposition.
This work thus presents an outline for a new SZM specific for
high ionization sputtering at ambient temperatures.

The results presented in this work show that all the HPPMS
films had better properties than the dcMS film. However,
although the morphology showed clear changes with peak
target current, the film density and surface roughness did
not change much. On the other hand, the deposition rate
decreased dramatically with increasing peak target current.
This is known also from other works and is a characteristic
of HPPMS as a result of the increased self-sputtering with
increasing ionization [33]. It is therefore important to see
the obtained film properties in the context of deposition rate
gains.

5. Conclusions

In this study, HPPMS was used to deposit CrN films at
different peak target current, while keeping the average current
constant. The HPPMS films’ properties were compared with
dcMS grown films. In order to understand the effect of ion
bombardment on the morphology and film properties, the
CIN thin films were grown without external heating. As
a result, a new SZM specific for high ionization sputtering
was outlined, where it was shown that for the same average
current, the morphology of the films changes from columnar
to featureless as the target peak current increases. Furthermore,
the HPPMS films showed little change in the density and
the surface smoothness as the peak target current increased,
suggesting that the high density and low surface roughness of
the CrN, could be obtained at a high deposition rate close to
that of dcMS.
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