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A B S T R A C T

Wear resistant coatings are frequently used for cutting applications due to their high hardness, chemical stability
and low thermal conductivity. The low thermal conductivity is generally believed to redirect the heat generated
during cutting into the chip, while the heat transfer into the tool is kept low. However, a low isotropic thermal
conductivity of the applied coatings consequently causes high lateral thermal gradients close to the heat affected
zone. These gradients in turn might cause local degradation of mechanical properties, increased local wear and
pronounced local thermal stress. A promising concept for thermal management during cutting is the use of
coatings with designed anisotropic thermal conductivity. Thereby, the heat flow into the tool can be still kept
low, while heat dissipation within the coating can be maximized. Following this concept, the focus of this work is
the design, deposition and characterization of coatings with tailored anisotropic thermal conductivity. TiN/SiO2

multilayer coatings with periodicities between ~100 and ~400 nm and different TiN/SiO2 thickness ratios
resulting in theoretical anisotropy factors ranging from ~1.7 to ~4.0 were designed. Subsequently, corre-
sponding coatings were deposited by unbalanced reactive magnetron sputtering to a total thickness of ~12 μm
using Ti and Si targets. The multilayers were prepared for cross-sectional measurements of their in-plane and
surface measurements of their cross-plane thermal conductivity by time-domain thermoreflectance to success-
fully verify the predicted anisotropies.

1. Introduction

Hard coatings are frequently applied to increase the lifetime and
performance of cutting tools, due to their high hardness, wear re-
sistance and chemical stability [1,2]. In service, these coatings are ex-
posed to harsh environments, which are dominated by high mechanical
and thermal loads. During application, temperatures of ~1000 °C, or
even higher, might be reached [3,4]. Thus, significant efforts are made
to constantly improve the microstructure, architecture and mechanical
properties of the used coatings as well as their thermal stability and
oxidation resistance [5–7]. Besides that, it is generally believed that the
thermal conductivity of the applied coatings significantly influences the
overall performance of the used tools, since it predominantly de-
termines the heat dissipation and thus the temperatures occurring at the

cutting edge [4,8]. Hard coatings with low thermal conductivity ef-
fectively act as thermal barriers and thus redirect the heat flow into the
chip. Consequently, the thermal load on the tool is reduced and plastic
deformation of the substrate might be impeded or at least delayed [3].
In turn, however, peak temperatures within the coating increase and
pronounced thermal gradients are the consequence. Thus, sophisticated
design concepts and optimized thermal management within such
coating systems are considered as a key parameter to further increase
their performance [9]. Up to now, only a few reports on investigation
and tailoring of the thermal conductivity of hard coatings can be found,
but recently this topic gains increasing interest in research [10–20].

A promising concept, which has been suggested to improve the
thermal management in cutting tools during application, is the im-
plementation of coatings with anisotropic thermal conductivity as
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recently proposed by Böttger et al. [21]. The proposed anisotropy can
be established for example by multilayer structures consisting of al-
ternating layers with high and low thermal conductivity. As a con-
sequence, the thermal conductivity parallel to the surface (in-plane) is
higher than perpendicular to the surface (cross-plane). Thus, the pro-
nounced anisotropy can reduce thermal gradients along the coating,
while the heat flow into the substrate is still kept low.

A reasonable material selection for such a concept might aim to-
wards implementation of transition metal nitrides, as they are fre-
quently used as hard coatings for various applications, with TiN being
one of the most established representatives [1]. Recently, Daniel et al.
[22] have shown that the combination of TiN and SiOx in a multi-
layered architecture significantly improves the fracture mechanical
properties compared to their individual constituents. This material
combination seemed especially promising to us, since TiN and SiO2 are
known to exhibit a pronounced difference in their thermal conductivity
which makes them well suited candidates for the deposition of multi-
layer coatings with anisotropic thermal conductivity [23,24]. Conse-
quently, this work focuses on the design, synthesis and evaluation of
TiN/SiO2 multilayer coatings with tailored anisotropic thermal con-
ductivity. Following a careful optimization of sample preparation, a
multilayer series with different in- and cross-plane thermal con-
ductivities was designed, synthesized and consequently investigated
using time-domain thermoreflectance (TDTR).

2. Theoretical conceptualization

A schematic of the correlation between in- and cross-plane thermal
conductivity and their effect on the resulting anisotropy is shown in
Fig. 1. The dashed line indicates a linear increase with a slope of 1,
representing purely isotropic behavior. Below the line, the in-plane
thermal conductivity is lower than the cross-plane thermal con-
ductivity, which is defined by an anisotropy factor lower than 1. Such
an anisotropy would provide heat flow into the substrate, while the
heat dissipation along the coating would be limited. For cutting tools,
however, a contrary anisotropy is assumed to be beneficial since in this
case, heat diffusion along the lateral direction could help to dissipate
energy, reduce peak temperatures and dilute thermal gradients along
the coating [21]. This is where an anisotropy with an in-plane to cross-
plane ratio higher than 1 comes into play, as it maintains a significantly
higher in- than cross-plane thermal conductivity. Fortunately, such
anisotropies can be rather easily obtained using available coating de-
position equipment, as the most obvious concept for such coatings is
based on the deposition of multilayers with a significant difference in
the thermal conductivity of their sublayers [21,25,26].

Recently, Böttger et al. suggested a thermal resistor model to predict

the anisotropy of periodic multilayer structures, which is applicable to
any system containing two species of periodic alternating layers [21].
Within the model, the thicknesses of the two individual sublayers and
their corresponding thermal conductivities are considered. If the model
is set as independent of the absolute thickness and the interface re-
sistance between the individual layers is neglected, the in- and the
cross-plane thermal conductivities λin−plane and λcross−plane can be solely
defined by the following equations, where a is the ratio of the thickness
of layer 1 and 2 while b is the ratio of their thermal conductivities (λ1

and λ2):
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Consequently, the anisotropy factor of the thermal conductivity can
be calculated as the ratio of the in- and cross-plane thermal con-
ductivities:
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Both equations indicate that the in- and cross-plane thermal con-
ductivity and consequently also the anisotropy factor only depend on
the thermal conductivity and the thickness of the individual sublayers.
Contour plots for a typical parameter range of thermal conductivity
[23,24] and layer thicknesses (covering layer thickness ratios a between
1 and 20) within the multilayer system TiN/SiO2 are shown Fig. 2 for
the relative in-plane (a) and cross-plane (b) thermal conductivity as
well as for the corresponding anisotropy factor (c). The contour plots
show that basically a high relative in-plane thermal conductivity is
mainly determined by a large difference in the thermal conductivity of
the combined sublayers. The relative cross-plane thermal conductivity
shows the highest values for high thermal conductivity ratios in com-
bination with high sublayer thickness ratios. For maximization of the
anisotropy, where the relative in-plane thermal conductivity should be
as high as possible, while the relative cross-plane thermal conductivity
should be as low as possible, the corresponding contour plot indicates
that relatively high thermal conductivity ratios should be preferred,
while the layer thickness ratio should be kept close to 1. In general, the
ratio of the thermal conductivities for a given multilayer system is
predetermined by the choice of the corresponding sublayer materials.
For the combination of TiN and SiO2 being within the focus of this
work, the b ratio is in the range of ~13.9 [23,24]. Consequently, ac-
cording to Fig. 2c the anisotropy of TiN/SiO2 multilayers can be
adapted within a range from ~1 to ~4, exclusively depending on the
realized sublayer thickness ratio a.

A theoretical parameter variation based on the contour plots pre-
sented in Fig. 1 for a TiN/SiO2 multilayer series with different aniso-
tropies is summarized in Table 1. The sublayer thickness ratio was
varied from 1 to 16 and the in- and cross-plane thermal conductivities
and their corresponding anisotropy were calculated using the thermal
resistor model described above. Subsequently, within the course of this
work, the proposed multilayer series as shown in Table 1 has been
synthesized.

3. Experimental methods

All coatings investigated within this work have been synthesized by
reactive unbalanced magnetron sputtering using a lab scale AJA
International ATC-1800 UHV sputtering system. Ar was used as
working and N2 and O2 as reactive gases. The four magnetrons were
equipped with two Si and two Ti targets (diameter 75 mm each).
Mirror-polished austenitic stainless steel platelets with a size of
12 × 6 × 1 mm3 were used as substrates. Prior to the depositions, the
substrates were ultrasonically cleaned in acetone and ethanol for 5 min
each. After evacuation to a base pressure of ≤1 × 10−7 mbar, the
substrates were heated to the deposition temperature of 400 °C and an
etching process using an Ar+ plasma at a pressure of 5 × 10−3 mbar

Fig. 1. Schematic illustration of in-plane and cross-plane thermal conductivity
and resulting anisotropy.
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was performed to remove remaining surface contaminants. After
etching, a ~200 nm Ti adhesion layer was deposited followed by the
deposition of the different TiN/SiO2 multilayers, aiming for a total
thickness of ~12 μm. The rather high thickness was necessary for
successful in-plane TDTR measurements. During deposition, the total
pressure was set to 2 × 10−3 mbar for the synthesis of the TiN layers
and 5 × 10−3 mbar for the SiO2 layers. Thereby, the gas flows were set
to 20 sccm for Ar and depending on the individual layer to 5 sccm O2 or
N2, respectively. The Ti targets were sputtered in DC mode applying a
power of 400 W while the Si targets were sputtered in asymmetric bi-
polar pulsed DC mode at a frequency of 100 kHz and a pulse duration of
1 μs, using a power of 300 W. The applied RF substrate bias power was
set to 15 W. Six individual multilayer coatings, as proposed in Table 1,
were deposited. The aimed sublayer thickness of the respective multi-
layer systems was approximated from determined deposition rates of
respective single layer sample runs. In addition, a single layer TiN re-
ference coating with a total thickness of 0.9 μm and a single layer SiO2

reference coating with similar total thickness as the multilayer samples,
using the deposition parameters for SiO2 and TiN as stated above, were
grown.

For documentation and basic microstructural characterization, a
Zeiss Auriga 40 Crossbeam scanning electron microscope (SEM) and a
Zeiss Gemini SEM 450 were used. In order to detect possible Ar+ ion
implantation into the Si and sapphire reference samples during ion
slicing and to consider effects of the elemental composition of the TiN
and SiO2 reference coatings on their thermal conductivity, energy dis-
persive X-ray spectroscopy (EDS) investigations were carried out using
an Oxford Instruments Ultim Extreme windowless SDD detector in-
stalled on the Gemini SEM 450. Information about the crystallographic
structure, phase composition and microstructure of the investigated
coatings was obtained via asymmetric X-ray diffraction (XRD) using a
Bruker D8 Advance diffractometer. A parallel-beam configuration was
used to perform detector scans in a 2θ range of 10–80° at a primary
incidence angle θ of 5° and a step size of 0.02°, counting for 1.2 s per
step.

Prior to the TDTR measurements, all samples were coated with a
pure Al transducer layer [27,28] with a nominal thickness of ~70 nm.
The deposition was carried out at room temperature by electron-beam
physical vapor deposition using a Leybold LQ560 deposition system.

The electrical conductivity of the Al layers was measured by the van der
Pauw method, yielding a thermal conductivity of ~200 W/mK using
the Wiedemann-Franz law. This is close to the value of bulk Al, in-
dicating good quality and purity of the layers.

For the TDTR measurements, the stainless steel substrates were cut
in half to a size of 6 × 6× 1 mm3 using a Struers Accutom 50 precision
cutting machine. Subsequently, one half of each multilayer sample was
used for the cross-plane TDTR measurements for which no special
preparation procedure was applied. The other half was used for in-
plane TDTR measurements. For successful measurements, smooth and
plain coating cross-sections without any edge rounding or break-outs
are crucial. Thus, the in-plane samples were prepared by cross-sectional
broad Ar+ ion beam polishing (ion slicing) at, using a Hitachi
IM4000+ ion milling system, operated at an accelerating voltage of
6 kV. In addition, to investigate the influence of the cross-sectional
preparation procedure on the results of the TDTR measurements, two
reference samples (single crystalline Si, p-doped, 100 oriented and
single crystalline sapphire, 0001 oriented, both provided by CrysTec
[29]) were prepared in same manner. Further, the single layer SiO2

coating was prepared and measured analogously to the multilayer
samples to evaluate the concept and validity of in-plane TDTR mea-
surements.

Subsequently, the TDTR measurements were performed using a
pulsed laser pump-probe system, as described in refs. [30, 31]. The
necessary laser pulses were generated by the Ti:Sapphire laser system
Mai Tai from Spectra-Physics with a pulse width of 500 fs, a pulse re-
petition rate of 80 MHz, and a wavelength of 785 nm. In order to obtain
a representative average thermal conductivity of the system, a suffi-
ciently high thermal penetration and thus information depth for the
measurements in cross-plane direction was crucial. Thus, to probe
several alternating layers of the multilayer systems during the cross-
plane measurements, which were performed on the sample surfaces, the
modulation frequency of the pump beam was set to a relatively low
frequency of 1.2 MHz. The total average laser beam power (pump plus
probe beam) was set to 15 mW with a beam diameter (i.e. 1/e2 width)
of ~9 μm (central section within the Gaussian intensity profile, where
the intensity is above 1/e2 = 0.135 times the maximum value). For
TDTR measurements, the thermal penetration depth dt can be estimated
for a given modulation frequency f by Eq. (3), if the thermal diffusivity

Fig. 2. Contour plots indicating the influence of layer thickness ratio a and thermal conductivity ratio b of TiN/SiO2 multilayer coatings on relative (a) in-plane
thermal conductivity, (b) cross-plane thermal conductivity and (c) resulting relative anisotropy.

Table 1
Theoretical parameter variation of TiN/SiO2 multilayers and corresponding predicted in-plane and cross-plane thermal conductivities as well as their resulting
anisotropy based on thermal conductivities of 19.2 W/mK for TiN 1.38 W/mK and SiO2 taken from refs. [23, 24].

Nomenclature TiN layer thickness
t1 [nm]

SiO2 layer thickness
t2 [nm]

Theoretical a = t1/t2
[−]

Theoretical
b = λ1/λ2 [−]

Predicted λin−plane

[W/mK]
Predicted λcross−plane

[W/mK]
Predicted anisotropy
F [−]

ML 200/200 200 200 1 13.9 10.3 2.6 4.00
ML 100/100 100 100 1 13.9 10.3 2.6 4.00
ML 50/50 50 50 1 13.9 10.3 2.6 4.00
ML 100/25 100 25 4 13.9 15.6 5.4 2.92
ML 100/12.5 100 12.5 8 13.9 17.2 7.9 2.18
ML 100/6.25 100 6.25 16 13.9 18.2 10.9 1.66
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of the investigated material is known [31,32]. The corresponding
thermal diffusivity Dt can be calculated using Eq. (4), if the thermal
conductivity λ, the specific heat capacity cp and the density ρ of the
material are known.

=d D
f

2
2t

t

(3)

and

=D
ct

p (4)

An estimation of the thermal penetration depth for the extreme
cases of pure TiN and SiO2 using thermophysical data from refs. [23,
24] yielded average penetration depths of ~1300 nm for TiN and
~475 nm for SiO2. Since the actual thermal penetration depth of re-
spective multilayer samples is assumed to consequently lie within these
boundary values, a sufficient thermal penetration of all multilayer
samples was guaranteed by using a modulation frequency of 1.2 MHz.
Directly before to the measurements on the samples, the TDTR mea-
surement system was validated with two reference samples, namely a
pure Si wafer and an oxidized one.

While for the cross-plane measurements, which were performed on
the sample surfaces, no special alignment procedure was necessary,
special emphasis had to be laid on the alignment of the in-plane sam-
ples, where the measurements were performed on the prepared coating
cross-sections. First, the laser beam was moved to the edge (i.e. coating
surface) of the prepared cross-section until a part of the beam was cut
off and the probe beam signal intensity (as recorded by a photo diode)
was clearly changing. Then it was carefully moved back towards the
coating until no cut off could be detected. While further moving the
laser beam towards the substrate, the recorded TDTR signal, i.e. the
ratio of detector voltages Vin/Vout [see ref. 30] was monitored. When
this signal was considerably changing, it was taken as a sign that the
beam was already penetrating the substrate. Finally, the laser beam was
moved half way back towards the coating surface, which aligned it
exactly in between the coating surface and the coating/substrate in-
terface.

In order to obtain sufficiently accurate results, four to five in-
dividual measurements on different positions of each sample were done
and averaged. The modeling of the obtained measurement data to ex-
tract the thermal conductivity was performed using a semi-infinite solid
model as described in ref. [31]. In general, as long as the thermal pe-
netration depth is significantly lower than the laser beam diameter, the
heat flow can be assumed as one-dimensional and laterally confined,
which was the case for the setup used within this work [28,30,32].
Thus, the TDTR measurement provides the thermal conductivity of the
sample along the incidence direction of the laser beam. Consequently, it
was assumed that this technique can be also applied for in-plane
measurements, as already shown within the work of Böttger et al. [21].
In order to verify this assumption, the deposited single layer SiO2 re-
ference sample was prepared for cross-plane and in-plane reference
measurements. SiO2 was chosen for this purpose as it was expected to
yield an amorphous structure and thus intrinsically homogeneous and
isotropic properties.

4. Results and discussion

4.1. Influence of ion beam preparation on TDTR measurements

In order to evaluate the influence of the ion beam polishing (i.e. ion
slicing) on the results of the cross-sectional TDTR measurements, two
single crystalline reference samples, i.e. 0001 oriented sapphire and
100 oriented Si, were ion sliced analogously to the coating samples. A
combined image, showing backscattered electron (BS) SEM images of
the prepared sapphire (left) and Si (right) is presented in Fig. 3. It

provides an overview of the ion sliced areas and pristine regions of the
samples. Using the same parameters, the size of the ion sliced region
within the Si is significantly larger than in the sapphire and less cur-
taining can be observed. Nevertheless, since only rather small spots are
illuminated by the laser during TDTR measurements, both the size as
well as the surface quality and roughness of the ion slices were assumed
to be suitable for TDTR measurements. After deposition of the Al
transducer layers, TDTR measurements were performed within the ion
sliced areas as well as on pristine sample surfaces. Since ion slicing was
performed horizontally, i.e. parallel to the polished surface of the single
crystalline reference samples, the TDTR measurements yielded the
thermal conductivities of the samples along their specified crystal or-
ientation (0001 for sapphire and 100 for Si). The sufficient intensity of
the reflected signal (i.e., probe laser beam) evidenced that the surface
roughness after preparation was adequate to perform valid measure-
ments. For the sapphire, a thermal conductivity of 35 ± 6 W/mK was
determined on the pristine sample surface, while within the ion sliced
area a value of 39 ± 4 W/mK was obtained. Both values are in ex-
cellent agreement with literature data reporting values between 35 and
39 W/mK for α-Al2O3 [23,33]. The Si sample revealed values of
120 ± 30 W/mK and 138 ± 16 W/mK on the pristine and ion sliced
surfaces, respectively, which is in good agreement with literature va-
lues of ~140 W/mK reported for Si [30,34–36]. For both samples, in-
creased conductivity values are obtained after ion slicing, while the
measurement uncertainty is reduced. Especially in the case of Si, a
lower deviation from the reference value is observed after the ion beam
preparation. From the observed results it can be concluded that, ion
slicing does not negatively affect the TDTR measurements and their
quantitative evaluation. In order to further evaluate the influence of the
ion slicing procedure, which is generally considered as gentle surface
treatment, on the single crystalline reference samples, Monte Carlo si-
mulations of 6 keV Ar+ ions impinging at grazing incidence on sapphire
and Si were performed using the software package SRIM [37–39]. The
results, which basically reconstruct the situation during cross-sectional
ion slicing as soon as the bulk material which initially protrudes the
applied aperture is eroded, revealed ion penetration ranges of ~4 nm in
Si and ~2 nm in sapphire at ion backscatter fractions of> 82.5%.
Consequently, the actual ion penetration ranges are significantly lower
than the estimated thermal penetration and thus information depth of
the TDTR measurement. In addition, the high fraction of backscattered
ions suggests that only minor amounts of Ar+ are implanted into the
sample cross-section during preparation. This is further corroborated by
EDS measurements performed on the Si and sapphire sample after ion
slicing, using an acceleration voltage of 5 kV, aiming for a preferably
small interaction volume of the electron beam with the sample. The
performed measurements did not reveal any indications of Ar+

Fig. 3. BS SEM overview of the ion sliced sapphire (left) and Si (right) reference
samples, which were used for the verification of the influence of ion beam
preparation on TDTR measurements.
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implantation, neither into the Si nor into the sapphire. Thus, ion beam
polishing using Ar+ ions, seems to be a perfectly suitable method for
TDTR. It should be emphasized, however, that this finding cannot be
transferred to samples prepared by focused ion beam (FIB) workstations
using Ga+ ions and high acceleration voltages, which are known to
alter surface near regions and also implant significant amounts of Ga+

into the material [40,41].

4.2. Feasibility and validity of cross-sectional in-plane TDTR measurements

Since the measurements on the single crystalline reference samples
indicated the feasibility to perform TDTR measurements on ion sliced
areas, a series of TiN/SiO2 multilayer coatings as proposed in Section 2
was deposited for in- and cross- plane TDTR measurements. A sketch of
the principal setup of cross-plane and in-plane measurements on an
exemplary multilayer sample is shown in Fig. 4a. During cross-plane
measurements, both the pump and the probe laser beam are focused on
the sample surface. Thus, as long as the sample exhibits a sufficiently
low roughness, no special preparation is required. The heat flow during
TDTR measurements is generally considered to be one-dimensional for
large laser beam dimensions at low thermal penetration depths
[28,30,32]. Thus it penetrates the coating across the individual layers
of a multilayer sample and the obtained signal yields the cross-plane
thermal conductivity. For the in-plane measurements however, a cross-
section of the corresponding sample needs to be prepared to allow an
alignment of the laser beams along the individual layers, subsequently
the in-plane thermal conductivity can be assessed. Fig. 4b shows a
combined image of BS and secondary electron (SE) SEM micrographs of
an exemplary ion sliced multilayer sample (100/25 TiN/SiO2, see
Table 1) ready for cross-sectional TDTR measurements. Within the ion
sliced area, individual grains of the steel substrate can be identified. On
top of the ion slice, at the sample edge, the multilayer coating can be
clearly seen. Prior to the actual in- and cross-plane TDTR measurements
of the multilayer series, a further reference sample, namely a homo-
geneous single layer SiO2 coating was deposited onto austenitic steel.
Subsequently, the reference coating was prepared for cross-sectional
TDTR measurements of its in-plane thermal conductivity as well as for
surface TDTR measurements to determine its cross-plane thermal con-
ductivity. Since the coating was expected to be amorphous and

intrinsically homogeneous, similar values for the in-plane as well as
cross-plane thermal conductivity were expected. A higher magnifica-
tion SE SEM image of the featureless single layer SiO2 reference coating
is shown in Fig. 4c. The EDS measurements, performed on the as de-
posited sample prior to the ion slicing procedure, indicated a stoi-
chiometric elemental composition without any other detectable im-
purities except of ~2 at.% Ar stemming from the sputtering process.
The X-ray diffractogram shown in Fig. 4d confirms the amorphous
structure of the reference coating. No distinct crystalline peaks can be
identified, while the broad peak at ~25° and the slight bump at ~50°
indicate the presence of amorphous SiO2 [42,43]. Thus, no pronounced
influence of microstructure or elemental composition on the observed
thermal conductivity of the SiO2 reference coating were expected. The
TDTR measurements performed on the surface of the amorphous SiO2

(i.e., in its cross-plane direction) revealed a thermal conductivity of
1.2 ± 0.2 W/mK, which is close to the literature value of 1.38 W/mK
for vitreous silica [23,44]. The in-plane measurements performed on
the ion sliced cross-section of the coating yielded a value of
1.3 ± 0.2 W/mK, which is even closer to the literature value, while the
difference to the cross-plane measurement is insignificant. Thus it can
be concluded that indeed the present sample is intrinsically homo-
genous in terms of its thermal conductivity. However, even more im-
portantly, the results confirm the feasibility and validity to perform in-
plane TDTR measurements in order to determine the cross-plane and in-
plane thermal conductivity of multilayered coatings, which is con-
sistent with the previous findings of Böttger et al. [21].

4.3. Microstructure and layer thickness of the TiN/SiO2 multilayer coatings

SE SEM images of the individual TiN/SiO2 multilayers, as proposed
in Section 2, are summarized in Fig. 5a. Within the images, the TiN
layers appear bright, while the SiO2 layers give dark contrast. For all
coatings, the periodic structure can be clearly identified. The SiO2

sublayer thickness is generally slightly thinner than intended resulting
in altered TiN/SiO2 ratios. In addition, a decreasing regularity of the
multilayer structure with decreasing SiO2 layer thickness can be ob-
served. XRD investigations were performed to analyze the phase com-
position and microstructural changes with changing sublayer ratio. An
exemplary diffractogram of the TiN/SiO2 100/100 coating is shown in

Fig. 4. Schematic illustration of the
used cross-plane and in-plane TDTR
measurement setup (a) and exemplary
SE/BS SEM overview of an ion sliced
coating cross-section (100/12.5 TiN/
SiO2 multilayer coating according to
Table 1) (b). SE SEM image of the ion
sliced cross-section (c) and corre-
sponding X-ray diffractogram (d) of the
amorphous SiO2 coating, which was
used to verify the in-plane TDTR mea-
surements.
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Fig. 5b. Characteristic peaks for face-centered cubic TiN according to
ICDD card nr. 00–038-1420 are observed. No pronounced preferred
orientation of the TiN sublayers can be identified. Again a slight bump
in the range between 20° to 35° is visible, which can be assigned to the
amorphous SiO2 sublayers. In general, for the different multilayer
coatings, a slightly increasing peak width with decreasing TiN sublayer
thickness was observed, which can be attributed to increased size
broadening (i.e., smaller domain size). Additionally, with decreasing
SiO2 fraction (i.e., layer thickness) the intensity of the amorphous bump
decreased.

Based on the SE SEM images shown in Fig. 5a, the actual sublayer
thickness of the individual multilayer coatings was determined and the
corresponding sublayer ratio was calculated. Subsequently, the actual
in- and cross-plane thermal conductivities as well as the thermal ani-
sotropy were re-estimated using the theoretical thermal conductivity
ratio and the thermal resistor model described in Section 2. For the
actually deposited multilayer series, the model suggests significantly
different in- and cross-plane thermal conductivities, yielding thermal
anisotropy factors ranging from ~1.7 to ~4.1. A summary of the in-
vestigated samples and their resulting in- and cross-plane thermal
conductivities as well as their calculated anisotropy is given in Table 2
and will be discussed in the following section.

4.4. In-plane and cross-plane thermal conductivities

The measured thermal conductivities of the TiN/SiO2 multilayer
coatings in in- and cross-plane direction are presented in Fig. 6a and
tabulated in Table 2. The table includes both the measured in-plane and
cross-plane thermal conductivity values and thermal anisotropies as

well as the estimated values based on Eqs. (1) and (2), for which the
layer thicknesses taken from the SEM cross-sections presented in Fig. 5a
and thermal conductivities of TiN and SiO2 reference single layers de-
termined by TDTR were used. For the cross-plane thermal conductivity,
a very good agreement of the estimated and measured values is ob-
tained for those coatings with almost equivalent sublayer thickness
ratio. This is somewhat unexpected, since the interface spacing in those
samples and consequently also the interface density is varying by a
factor of 4, which was assumed to have a detectable influence on the
measured cross-plane thermal conductivity. Thus, increasing dis-
crepancies of the estimations and measured values were expected for
decreasing interface spacing (i.e. sublayer thickness), since the esti-
mations are based on a simplified model omitting the thermal interface
resistance. However, as the measurements and the model are in good
agreement, it can be assumed that the interface density is still too low to
significantly contribute to the cross-plane thermal conductivity of the
investigated samples. This is supported by the findings of Costescu et al.
[45], who reported on a pronounced influence of the interface re-
sistance on the thermal conductivity of SiO2 within TiN/SiO2/Si lami-
nates at a SiO2 thickness below 25 nm. Samani et al. [12] also observed
a decreasing thermal conductivity of TiN/TiAlN multilayer coatings
with decreasing sublayer thickness. While no explicit differentiation
between microstructural contributions and contributions of increasing
interface density is given in their work, again the sublayer thickness
exhibiting most pronounced changes was in the range of 6 to 25 nm.
Thus it can be concluded, that for multilayer coatings with corre-
spondingly high sublayer thickness, the simplified model yields valid
results without the strict necessity of consideration of the thermal in-
terface resistance. For decreasing SiO2 layer thickness, however, in-
creasing discrepancies from the estimated values tabulated in Table 2
are observed, measured values are considerably higher than estimated
values. This can be attributed to the increasing interface softening
which is observed with decreasing SiO2 layer thickness, as obvious from
the SE SEM images in Fig. 5a. Consequently, the actual coating archi-
tecture increasingly deviates from the model coating architecture pre-
sented in Section 2, assuming a strict step-function of the thermal
conductivities of the individual sublayers. This mutually yields to de-
viations of model and measurement in thermal conductivity and ac-
cordingly also in the calculated anisotropy. Another possible source for
errors is the measurement of the thickness of very thin sublayers, which
becomes increasingly challenging with decreasing layer thickness. In
contrast, the in-plane thermal conductivity shows in general a good
agreement of predictions and measured values. Nevertheless, all sam-
ples reveal a slightly lower in-plane thermal conductivity than pre-
dicted. This might be an indication for a slightly lower thermal con-
ductivity of the TiN sublayers, in comparison to the tabulated literature
value of 19.2 W/mK for bulk TiN [24], which would affect the in-plane
thermal conductivity to a greater extent than the cross-plane thermal
conductivity. In general, for coatings, a strong influence of deposition
conditions and resulting microstructure on the thermal conductivity
can be expected [46,47]. For example, Samani et al. reported a value of
~11 ± 1 W/mK for arc evaporated single layer TiN coatings [12] with
their inherently high fraction of interfaces due to small crystallite size
and microdroplets [25,48,49], while Kainz et al. reported a value as
high as 45 W/mK for coarse grained single layer TiN synthesized by
chemical vapor deposition [14]. Additionally, the elemental composi-
tion of samples is of importance since e.g. impurities, point defects and
stoichiometry can have major influence on their thermal conductivity
[50]. As seen in Fig. 6a and in Table 2, the in- as well as cross-plane
thermal conductivities reach values of ~17 and ~18 W/mK for the
multilayer with the lowest SiO2 sublayer thickness. This suggests that
the thermal conductivity of the TiN layers deposited within this work is
rather in the range of ~18 W/mK instead of the value of 19.2 W/mK
taken from literature, which was used for the initial predictions shown
in Table 1. In fact, the TDTR measurements on the single layer TiN
reference coating investigated within this work revealed a thermal

Fig. 5. SE SEM cross-section images of the different TiN/SiO2 multilayer
coatings investigated within this work (see Table 1 for sample denomination)
(a). Exemplary X-ray diffractogram of the 100/100 TiN/SiO2 multilayer coating
(b).
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conductivity of 18 ± 2 W/mK. This value seems consistent for all TiN
sublayers; no indications for a pronounced dependency of the sublayer
thickness on the individual thermal conductivities are found. The
slightly lower value compared to the tabulated literature value might be
owed to microstructural effects as described above. In addition, the EDS
measurements of the as deposited TiN reference coating indicated a
slight N deficiency of ~1.8 ± 0.1 at.% which might affect the thermal
conductivity to a certain extent. Apart from that, analogously to the
SiO2 sample, no other impurities, except of ~2 at.% Ar stemming from
the sputtering process, could be detected. The anisotropy, which was
calculated from the measured in- and cross-plane thermal con-
ductivities, is presented in Fig. 6b and Table 2, including error estimates
based on error propagation calculations, where again the estimated
anisotropy is added as well. A reasonable agreement of estimated and
measured anisotropy values is found. The fact that the anisotropy of the
200/200 multilayer coating is the only value which is higher than the

estimated anisotropy might be owed to the limited information depth
available for the cross-plane measurement. For this particular coating,
the thermal penetration depth was in the range of ~1–1.5 layer stacks
of TiN and SiO2, and SiO2 formed the top-layer. Due to the exponential
decay of the thermal signal for an increasing penetration into the
sample, the sample information originates mainly from the top layer of
the sample. Since SiO2 has a significantly lower thermal conductivity
than TiN, for this particular sample the SiO2 layer might have affected
the measurement disproportionally high. Thus, it is recommended that
for future experiments at least several sublayer stacks of multilayer
samples should be probed using this technique. The actually lower
anisotropy of multilayers with thin SiO2 sublayers is a direct result of
their higher cross-plane thermal conductivity compared to the expected
values. This effect could be overcome in future works by putting special
emphasis on layer regularity and homogeneity. However, to deposit
coatings with low or no anisotropy, multilayered architectures are not
necessarily required and thus, this discrepancy is probably negligible.
Besides that, the thermal stability as well as mechanical properties of
single layer TiN and especially SiO2 are moderate compared to other
hard coatings [1,5,51–53]. Thus, a logical progression within future
works, might aim to extend the results of this work to coating systems
with higher thermal stability and more favorable mechanical proper-
ties. The crucial challenge, however, is to find suitable candidates to
combine, which likewise deliver the necessary high contrast in thermal
conductivity. Another fact which should be addressed is that during the
measurement - due to the continuous laser pulsing - the temperature on
the sample rises (so called steady state temperature rise [31,54]). The
rise in temperature is inversely proportional to the thermal conductivity
of the investigated material, as it directly influences the heat dissipation
during the measurement. According to the models proposed in [31,54],
for the particular parameters of the TDTR setup used within this work,
the rise to steady state temperature for a single layer TiN coating is in
the range of ~5–10 °C, while for a single layer SiO2 coating it is
~120–130 °C. Consequently, the measurements have to be considered
to yield the thermal conductivity of the sample at the particular steady
state temperatures. While for an isotropic single layer SiO2 sample, the
increase in temperature is the same for in- and cross-plane measure-
ments, that is not the case for anisotropic samples. For the samples
investigated within this work, the difference in steady state temperature
between in- and cross-plane measurements was estimated to be
~6–63 °C at a total rise of ~10–80 °C. In general, the change in thermal
conductivity over temperature for materials similar to those in-
vestigated within this study is reported to be small [13,15,20]; thus, for
this work the difference in steady state temperature is considered to be
not substantial.

5. Conclusions

Within the course of this work, theoretical considerations using a
thermal resistor model allowed to conceptualize a series of multilayer
coatings with highly anisotropic thermal conductivities, yielding

Table 2
Actual TiN/SiO2 multilayers investigated within this work and their estimated and measured in- and cross-plane thermal conductivities as well as their corresponding
anisotropy. The estimated values are based on the actually obtained thickness ratio a and the actual thermal conductivity ratio b, which was determined by TDTR
measurements on the single layer TiN and SiO2 reference coatings.

Nomenclature TiN layer thickness
t1 [nm]

SiO2 layer thickness
t2 [nm]

Actual a = t1/t2
[−]

Actual b = λ1/λ2

[−]
λin−plane [W/mK] λcross−plane [W/mK] Anisotropy F [−]

Estimated Measured Estimated Measured Estimated Measured

ML 200/200 214 170 1.25 14.4 10.6 9.2 ± 1.3 2.6 2.0 ± 0.3 4.08 4.6 ± 1.3
ML 100/100 107 87 1.23 14.4 10.5 10.0 ± 1.0 2.6 2.6 ± 0.3 4.08 3.8 ± 0.8
ML 50/50 60 40 1.5 14.4 11.3 8.9 ± 0.9 2.8 2.5 ± 0.3 3.99 3.6 ± 0.8
ML 100/25 92 20 4.6 14.4 15.0 14.0 ± 1.4 5.3 6.9 ± 0.7 2.83 2.0 ± 0.4
ML 100/12.5 80 10 8 14.4 16.1 16.0 ± 2.0 7.2 10.0 ± 1.0 2.23 1.6 ± 0.4
ML 100/6.25 80 5 16 14.4 17.0 17.0 ± 2.0 10.1 18.0 ± 2.0 1.69 0.9 ± 0.2

Fig. 6. (a) Measured and estimated in-plane and cross-plane thermal con-
ductivities and (b) calculated anisotropy of the investigated TiN/SiO2 multi-
layer coatings. The estimated values are based on the actually obtained thick-
ness ratio a and the actual thermal conductivity ratio b, which was determined
by TDTR measurements on the single layer TiN and SiO2 reference coatings.
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anisotropy factors from ~1.7 to ~4.0. Accordingly, a series of corre-
sponding TiN/SiO2 samples was deposited using unbalanced reactive
magnetron sputter deposition. The actual layer thicknesses and thermal
conductivities of the individual sublayers were fed into the model to
estimate the actually expected in-plane and cross-plane thermal con-
ductivities as well as thermal anisotropies. Subsequently, a technique to
determine the in-plane thermal conductivity of hard coatings using
time-domain thermoreflectance (TDTR) was successfully applied. For
this purpose, a carefully optimized ion beam assisted preparation pro-
cedure for coating cross-sections and subsequent in-plane TDTR mea-
surements was utilized. Special emphasis was laid on the influence of
the sample preparation on the TDTR results and validation of in-plane
TDTR measurements. Subsequently, in- and cross-plane TDTR mea-
surements on the multilayer samples were performed. The obtained
results revealed good agreement of measurements and model in terms
of in- and cross-plane thermal conductivity as well as estimated thermal
anisotropies. This work clearly demonstrates that the design and sub-
sequent characterization of coatings with anisotropic thermal con-
ductivity represents a vast playground to improve their thermal per-
formance during application.
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