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Abstract

This work is devoted to the investigation of relevant thermal transport
parameters of multifunctional ZrOxNy thin films, prepared in strict controlled
conditions. Composition and structural characterizations revealed the existence
of two different types of films, with a structural change from fcc ZrN to Zr3N4-
type. Modulated IR radiometry was used to screen out these internal changes,
and also to prove its importance and application viability within complicate
systems such as thin films. The thermal diffusion time of the coatings and the
ratio of the thermal effusivities coating-to-substrate were directly determined.
Empirical correlations between processing conditions, the films’ composition
and structure, and thermal transport properties were found.

Introduction systems (which could reach more than five elements), has

brought an increasing number and detailed methods of

In today's modern technology, the increasing demand for
low cost production and reduced material resources is
inducing a change in what was most traditionalin thin film
R&D —the search for new material combinations and new
element additions to well-known systems.=* This was
clearly the route that wasfollowed in the early eighties and
nineties, when, for example, ALP! sil7) and several other
elements (alone or together) were added to TiN to improve
its oxidation resistance and mcchanical}tri’:lological per-
formance =7

This type of approach, based on specific actions that
consist in the development of new and more complex
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analysis that needed further developments in order to
proceed with the thin film system towards its industrial
implementation. Anyway, the complexity of such systems
is so high that the up-scaling requires a huge amount of
efforts that may not compensate the improvement in a
particular application. In mare recent years, the materials
R&D starts to become more interested to explore the
potential of already available and well-known material
systems, whose combination of properties already suggests
further application fields.

Within this alternative approach, one can include the
case of the PVD produced metal oxynitride thin films,
MeO,N,, (Me = early transition metal), which — due to their
multifuncionality — are gaining increasing importance in
today's technical coatings. Their relevance arises from the
fact that the presence of oxygen allows the tailoring of
film properties between those of metallic nitrides, MeN,,
and those of the correspondent insulating oxides, MeO,,
and thus, by tuning the oxide/nitride ratio, itis possible to
tune the crystallographic order between oxide and nitride
and hence the electronic structure and conseguently the
physical properties of the materials. The decorative field
has already profited from this wide ‘property-tailoring
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possibilities” of the oxynitrides, allowing to prepare
different intrinsic coloured surfaces®]

Taking this into account, the main purpose of this work
consists of the preparation of single layered zirconium
oxynitrides, ZrO,N,, thin films, with a clear focus on their
thermal properties to allow future applications beyond
those of decoration!”! where heated surfaces, time-
dependent heat transition problems and thermal mechan-
isms may play an important role.

Another objective of this work is to explore the
possibilities of modulated IR radiometry and to show its
ability to study layer systems, since controlled changes
in the heating modulation frequency can reveal the
thermal depth profile of the samples and thus the
different thermal properties of each layer. The correlation
of the thermal properties with the changes in composition
and crystalline structure will be the mainfocus of thiswork.

To perform this study a set of ZrO,N, samples were
prepared in straight controlled conditions, varying only in
the gas mixture flow (N2 4+ O, — 19:1ratio) during the films
production. In section II, details of the production and
characterization of the thin films are presented, as well asa
brief description of the setup used for modulated IR
radiometry. In section III the main equations used for the
quantitative determination of the thermal parameters
determination are explained. In section IV, the experi-
mental results are presented: the composition and struc-
tural analysis, the thermal transport properties and the
correlations between composition, structural properties
and thermal properties with the coatings’ process condi-
tions. The main conclusions are given in section V.

Film Deposition and Applied Measurement
Methods

For the present work, the ZrO,N, films (with intrinsic
colours only) were deposited on high speed steel (AIST M2)
substrates by reactive DC magnetron sputtering, using a
laboratory-sized deposition system (home-made), com-
posed of two vertically opposed rectangular magnetrons
{unbalanced of type 2}, in a closed field configuration. The
films were prepared with the substrate holder positioned at
70mm from the target in all runs, using a DC current
density of 100 A - m™” on the Zr target (200 % 100 mm” —
99.6 at.-% purity). A gas atmosphere composed of argon
(working gas) and nitrogen +oxygen reactive mixture
(95% N, +5% O,) was used for the depositions. The argon
flow was kept constant at 60 scem in all depositions, while
the mixed reactive gas flow varied from 4 to 17.5 scem
(corresponding to partial pressure variations between
3.2 % 107* and 1.6 x 107" Pa). The working pressure chan-
ged only slightly between =~0.4 and 0.5Pa. The effective

pumping speed was adjusted to 356Ls™". The substrates
were grounded and no external heating was applied.

The atomic composition of the as-deposited samples was
measured by Rutherford Backscattering Spectroscopy (RBS)
using a 2 MeV He™ beam as well as 1.4 and 2 MeV proton
beams, to increase the accuracy in the oxygen signals.
CALOTEST® was used to measure the thickness of the
samples. The structure and phase distribution of the
coatings were accessed by X-ray diffraction (XED), using
a conventional Philips PW 1710 diffractometer and
operating with Cu Ke radiation in a Bragg-Brentano
configuration.

For the depth-resolved measurements of the films'
thermal transport properties, thermal waves have been
excited using an Argonionlaserbeam, intensity-modulated
by means of an acousto-optical modulator, as pump beam.
The used range of heating modulation frequencies
extended from 1to 100 kHz This allowed to resolve surface
layer in-homogeneities, thin films and coatings in therange
from below 1 micron to several microns. The photothermal
signal is measured using an IR optical system consisting of
two BaF, IR lenses of 50 mm radius, a Ge IR filter and a
nitrogen-cooled HgCdTe IR detector. To filter the wvalid
information from the detector response, a two-phase lock-
in amplifier was used. A more detailed description of the
setup used for modulated IR radiometry can be found in
ref !

Quantitative Interpretation of Modulated IR
Radiometry Applied to Coatings

Details of modulated IR radiometry, the measurement
technique and quantitative interpretation in the case of
thin films, can be found in ref!**** The data directly
obtained by modulated IR radiometry are the in-phase and
out-of phase thermal wave signals, filtered with the help of
the Lock-in amplifier at the modulation frequency of
excitation from the IR radiation emitted by the coating 1**!
For the quantitative interpretation, the signals measured
for coating-substrate systems have to be calibrated with the
help of reference datameasured fora homogeneous opague
body of smooth surface **! Considering atwo-layer model,
with the first layer representing the coating (c) and the
second layer the backing (b) respectively the substrate, and
applying the Extremum method " it is possible to
determine the coatings’ thermal diffusion time . and the
ratio of the thermal effusivities (e /e,) coating-to-substrate
from the relative extrema {foqr, Ppn et of the measured
inverse calibrated phase lag signals:

d? 1 . e
=—"S= —{D_S arccos|(tan By eqr )’ } (1)
e AT foar h '
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(3) _ A/kocl, {1+ R 2)
eh W ko), (1 —Rep)

with the thermal reflection coefficient:

/1 —tan{0.5arccos](tan ®pear)’]}

Rew = +4/ - -
< V 1+ tan{0.5arccos|(tan Py e,m-,lz_} (3)

Exp{O.SaIccos]{tan L }

determined directly from the measured relative extrema of
the inverse calibrated phase lag signals. The negative sign
inEquation (3) is used for relative minima, ie., for coatings,
the thermal effusivity ,/{kpc], of which is smaller than
the effusivity of the substrate and the positive sign is
used for coatings, the effusivity of which is larger
than the effusivity of the substrate. Once the coating
thickness d. is known from independent measurements
(Section II), the thermal diffusivity of the coating
w.=d>/r. can immediately be calculated. In addition, if
the thermal effusivity of the substrate ey, is known, the
heat capacity (p-c)e= (ec,‘acl'&] and the thermal conductiv-
ity ko= (ec- ucl’lzj of the coatings can also be determined [*®)

To get information on the coatings’ thermal parameters,
the intermediate range of modulation frequencies,
25 < (f/Hz//*< 125 is here considered, neglecting the
deviations from the two-layer model at very high modula-
tion frequencies, which may be due to very thin surface
layers of the coating with differing thermo-optical proper-
ties.*") similarly, the deviations from the two-layer model
at very low modulation frequencies are neglected, which
are related to the coating-to-substrate heat transition and
to the heat propagation, mainly inside the substrate, %72

Results and Discussion

Composition

Figure 1 shows the elemental concentration and the
variations of atomic ratios for the ZrO,Ny, coatings analysed
in the frame of this work.

The first point worth to be mentioned about these results
is the relative smoothened variation in the elemental
concentrations, withthe increasein the gasflow, Figure 1a).
This is an important feature for theses films due to the well-
known high affinity of oxygen towards metals (about one
hundred times more reactive than nitrogent**?%l). The fact
that the gas mixture is composed of an excess of nitrogen
(N,:0;ratio of 19:1) and the depositions are carried out with
a relatively high pumping speed (356L-s7%), a gradual
transition between the metallic and compound state of the
target is obtained, inducing a smooth composition varia-
tion, as well as the non-existence of an early oxide phase as
itwillbeshown lateroninthis paper. Thisallows toobtaina
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Figure 1. Variation of the: (a) atomic concentration of the
elements as a function of the reactive gas mixture flow; and
(b) non-metals over the zirconium atomic ratios, Co/Cz,, Cn/Cz,
and (Cy + Cg)/C4, as a function of the reactive gas mixture flow.

large variation of different ZrO, N, coatings which behave
completely different from the typical oxide-like type.
Despite apparent small variations, Figure 1b shows that
the films prepared with reactive gas flows below &scem
exhibit the largest changes in the atomic ratios. Particularly
noticeable is the increase in the Cy/Cy, ratio approaching
the walue 11 (close stoichiometric), for the coating
deposited with that particular gas flow (8scem). Above
that gas flow value, this ratio seems to become approxi-
mately constant around the value of 1.1. Moreover, the ratio
CafCz; is relatively low (around 0.1) up to the sample
prepared witha gasflow of 8 scem, and thus, there seemsto
be some favourable conditions to form some kind of close
stoichiometric ZIN compounds (with some possible oxygen
inclusions™).

The films prepared with reactive gas flows =8 scerm show
a slow but systematic increase in oxygen:—The atomic
ratio Co/Cyy increases about three times to ~0.3 (Figure 1b)
and it is expected that it plays an important role for the
samples prepared in this region of gas flows. Although the
ratio Cn/Czr Temains approximately constant in the
samples prepared with these high gas flows (=8 scem),
the increase in the oxygen content results in a relatively
high ratio of non-metallic to metallic elements, [(Cy + Cp)/
Cz). which increases also smoothly from about 1.1 (for the
8 scem sample) to about 1.5 (for the 16 scom sample). The
almost no variation of nitrogen content and the reactively
high over-stoichiometric condition of the films prepared
with gas flows above 8 scem (if one takes into account the
values of the ratio [(Cy + Co)/Cz], might be an indication for
the possibility to form overstoichiometric nitride com-
pounds.

Structure

In order to analyse the effects of variations in chemical
composition on the films' crystalline structure and to
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Figure 2. XRD patterns for a selection of the analysed ZrO,N,
films.

confirmwhetherthefilmsare infactallsimilarinstructural
terms or, in contrast, there are different crystalline
structures and thus also a variation in the films' properties
(the claimed multifunctionality within the film system), a
detailed structural characterization has been carried out.
Figure 2 shows XRD patterns for some of the coatings
prepared in the different composition zones previously
discussed.

From this figure it is possible to conclude that, despite
rather small changes in composition, there are different
groups of coatings with respect to the particular structural
arrangement. There seem to be slightly different limits for
the different zones when the effects of composition and
structure were compared directly. Moreover, and following
the smooth variationsincomposition, the diffractograms of
Figure 2 show that the transition from one crystalline-type
structure to the other involves always a significant number
of samples.

In terms of specific structural features, Figure 2 shows
that the samples deposited with reactive gas flows up to
11 scem, which presented a non-metal to zirconium ratio
(C+ Co)/Cyy, varying from =0.8 to 1.4, crystallizedinaB1-
NaCl crystal structure, typical for ZrN, with a progressive
change of the preferential growth from {111} to (200}, with
the increase in the reactive gas flow. Beyond the particular
crystallinity, these results enabled to clear out some doubts
about the different types of samples present in this study,
which the composition plots could hardly reveal.

Regarding the X-ray diffractograms (Figure 2) for films
prepared with reactive gas flows between 11 [(Cy+ Col/
(g =1.38] and 17.5scem [(Cy+ Cg)fCey = 1.50], the results
suggest thedevelopment of acrystalline structure that does
not seem to match anymore with that of fec ZIN. Moreover,
the results reveal a smooth transition from the previous fce
NaCl-type structure (sample deposited with a reactive gas
flow up to 11 scem [(Cw + Co) /Czr up to 1.38] towards a new

one. The reduced number of diffraction peaks associated
with a significant peak broadening does not allow fully
accurate indexing of this structure. Anyway, the broad-
ening of the peak at 26~ 32.2°, which corresponds to a shift
fromthe (111) reference ZrN of about 2 °C could result from
a small grain size and/or some reduction of the crystalline
volume fraction of the coating, oreven froma superposition
of several peaks predicted in this region of the structure,
suggesting the formation of an overstoichiometric nitride
phase close to that of TN, 2422

Despite the similarities of the structural arrangement for
the films deposited with gas flows between 11sccm
[(Cn+ Ca)/Car=1.38] and 17.5 scem [(Cw + Co)/Cz = 1.50],
Figure 2 shows that— for the films deposited with reactive
gas flows higher than 15 scem [(Cy + Co)/Cay = 1.45) —there
is already the beginning of another structure. Ina previous
work,! this new phase had been analysed in detail and
indexed to a cubic structure similar to that of y-Zr,0N,
(ICDD card no. 48-1635) 12324

These results demonstrated that the changesin chemical
composition are inducing a change in the crystalline
structure of the films, and consequently, changes are
expected in the films’ thermal properties.

Thermal

In Table 1, the measured thermal data are presented,
namely the phase values and the modulation frequencies at
the relative extrema, as well as the deduced coatings’
thermal parameters.

As discussed in section I and shown by Equation (2) and
(3), the values (esep) are directly determined from the
measured quantities ¢, o It is noteworthy that a directly
measurable thermal quantity, namely the values of the
phase extrema b, .4 correlate with the deposition
parameters, namely with the gas flow and thus also with
composition and structure.

In Figure 3, the main thermal coating parameters
obtained by modulated IR radiometry are presented as
functionsof the atomic concentration ratio (O + Cg)/Czr. In
this figure it is interesting to see that both the thermal
diffusivity and the effusivity ratio show a rather clear,
general correlation with the atomic concentration ratio
(Cu+ Co)/Cze. In addition one can see, that the samples
which revealed the ZrN-type growth with atomic concen-
tration ratio (Cw+Co)/Czr below 1.38, have got higher
values for both the thermal diffusivity, ¢, =8 -107" m*. 577,
and the effusivity ratios (e, /ep)>0.32, indicating thus also
the existence of direct correlations between structure and
thermal properties.

Acloser look at Figure 2 shows that the sample prepared
with a gas flow of 11lscem (revealing an atomic ratio
[(Cu+ Co)/Czr of 1.38] is still presenting the ZrN-type
crystallites, together with a large tail in the region
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I Table 1. Measured phase extrema ( fox, ®n oxtr) and directly deduced thermal coating parameters (r, e. /ep).

Sample Conc ratio O, flow @, ¢y (fenl)ln T efey  d. ac (pc)e ke
o (Cn+Co)/Czx  scem deg Hz/? us pm m?s?* Jm3PK? Wm?tk?
P17 1.29 85 —163 640  107E-05 039 3666 13F-06 296E+06 3.7
P14 1.30 9 —-163 640  107E-05 039 3337 10E06 3.25E+06 34
P05 1.35 10 —182 640  104E-05 035 3522 12E06 268E+06 3.2
P06 1.38 1 —195 640  101E-05 032 2983 88E07 2.86E+06 25
P09 1.46 125  —217 570  122E-05 027 2888 6.8E07 2.77E+06 1.9
P10 145 135  —209 640  9.86E-06 029 2618 7.0E07 292E+06 2.0
P11 145 15 —222 510  151E-05 026 3159 6.6E07 2.71E+06 18
P12 149 16 —212  57.0  124E-05 028 271 59E07 3.09E+06 1.8
P13 1.50 175 —201 570  126E-05 031 2585 53E-07 3.530+06 1.9

The thermal diffusivity a. has been calculated based on additional independent measurements of the coating's thickness d.. The volume
heat capacity (poc). and the thermal conductivity k. have been calculated considering the ratio of the effusivities (e. /ep) and literature data
(Bohler Steel technical datasheet) for the thermal effusivity ey, = \/(kpc), of the high speed steel (AISI M2) substrate.

30°<26<35°, a sign of the appearance of the ZryN,-type
phase. On the other hand, for the samples prepared in the
ZrsN, ‘dominant’ zone (Cn+ Co)/Czr above 1.38, Figure 2
shows that the samples are now clearly dominated by
this type of crystalline growth and the thermal parameters
show now more pronounced reductions. Furthermore, this
change in structural characteristics may also be seen in
the last sample (the one prepared with a gas flow of
17.5 scem— [(Cy + Co)/Czy = 1.50]. This sample showed in
the XRD diffractograms (Figure 2), the beginning of the
appearance of a ‘new’ type of crystallites: those of a
y-Z1,0N»-type phase. Similarly to what has been observed
within the transition from ZrN to ZrsNs-type samples
(Figure 2). This sample reveals a comparatively higher value
of the effusive ratio, together with a smaller value of the

2.0x10° g ; 0.50
gl Zomel oL
0.40
N BN .
) . o
g fee ZrN-type~% 33 30
T soa0”f films & /. o
-— e 0.30
.
40x10°F © oy %
¢ % 0.25
L
00 020
125 130 135 140 145 LSO LSS

(C, +C)/C, atomic ratio

Figure 3. Thermal diffusivity of the coatings and ratio of the
thermal effusivities coating-to-substrate for the analysed ZrO,N,,
films.

thermal diffusivity, although its atomic ratiois very similar
to thatofthe previous sample (Cy + Cp)/Cz, = 1.49, prepared
with a gas flow of 16 scem. Again, these results show a clear
influence of the structural effects (induced by those of
composition changes) on the thermal behaviour, which go
beyond the particular chemical composition of the
particular samples.

In Figure 4 one may clearly distinguish two main
different sets of samples: at the very surface, the coatings
with (Cn+ Co)/Cz values in the range from 1.45 to 1.50
(films from the second zone, with an orthorhombic ZrsN,-
type structure) considerably exceed the Zero-line @, =0,
and thus exhibit a three-layer structure with a very thin

Zone 11
]5 o (Gt CHC, =146
* (G, +C)C, =145 s
10 & (0, +C)C, = 145 a
A (€ HCHC, =149 i A
5 B (C,+C )T, =150 b4
———(C, +C,¥C, = 149 Fit
0
on = =
% -5 - 5 : .
e ¢ : $ o o 2
o5 -10 ,E! S O Zamel
.)g' 0 (€ +C M, =129
-15 0000 Gii o (€ ACHC, =130
al-'. 1 O NG, =138
=20 b " (G, 4 CHC, =138
o - (C, +C,VC, = L35 Fit
225 L L 1 ) 1
0 50 100 150 200 250 300
12
(f/ Hz)

Figure 4. Inverse calibrated IR phases obtained for the ZrO.N,
films, compared to two-layer approximations for samples with
concentration ratios of 1.35 (dots) and 1.49 (dashed-dotted line).
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Figure 5. Thermal diffusivity and conductivity as a function of the
gas mixture flow during processing.

layer on top of the coating of higher thermal transport
properties, while the two-layer approximations (dotted and
dashed dotted lines) follow the Zero-line. In contrast to that
behaviour, the samples with atomic ratios (Cyn+ Co)/Car
varying between 1.29 and 1.38 (films from the first zone,
which developed a ZrN-type structure) do not cross or
follow the Zero-line, exhibiting a three-layer structure with
a thin layer on top of the coating of comparatively lower
thermal transport properties. These differences follow
closely the changes in composition (Figure 1) and thus
also changes in the crystalline structure.

Figure 5 presents the thermal diffusivity and thermal
conductivity as a function of the gas mixture flow during
processing. An interesting feature associated with the
behaviour shown in Figure 5 is the clear decrease in the
thermal diffusivity and conductivity values with increas-
ing gas mixture flow. Comparing the behaviour of the
thermal diffusivity with that shown in Figure 3 (. vs.
composition), one can see a more pronounced trend,
pointing towards a clear dependence of the coating's
thermal properties on the process conditions. For a gas
mixture flow above 12 sccm (zone 1), the values of the
referred thermal properties remain nearly constant,
reflecting thus the transition to a more insulating structure
corresponding to ZrgNg, in contrast to the ZiN-type
structure in Zone L.

Conclusion

The analysed Zr0,N, films were prepared by DC reactive
magnetron sputtering; using a reactive gas mixture
composed of 95% N, +5% O, The composition variations
were obtained by increasing the gas flow, taking profit of
the higher reactivity of oxygen leading to increased oxygen
content, The characterization of the variations in composi-
tion (especially the atomic ratios) allowed to conclude that
there are two different types of coatings.

Structural characterization revealed a strong depen-
dence of the film texture on the oxygen content; exhibiting
a change from fee-type films of low oxygen content for low
gasflows toa structure similar tothat of ZrsNg with oxygen
inclusions at higher gas flows. These compositional and
structural changes showed clear correlations with the
effective thermal transport properties, e.g, the thermal
diffusivity and conductivity, determined by depth-resolved
measurements based on modulated IR radiometry. Modu-
lated IR radiometry combined with the inverse solution for
the two-layer thermal wave problem revealed to be a
powerful tool to determine the thermal transport proper-
ties of coating-substrate systems.

At higher heating modulation frequencies, correspond-
ingtoshorter thermal penetration depths, deviations from
the two-layer model have been found, corresponding to
coatings with thin surface layers on top of the coatings with
differing thermal transport properties. Thin surface layers
of both comparatively higher and lower thermal transport
properties have been found, and these variations of the
coatings' surface properties also have been found to
correlate with the coatings' composition and crystalline
structure.
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