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a b s t r a c t

Thin diamond films deposited by chemical vapour deposition (CVD) usually feature cross-sectional
gradients of microstructure, residual stress and mechanical properties, which decisively influence
their functional properties. This work introduces a novel correlative cross-sectional nano-analytics
approach, which is applied to a multi-layered CVD diamond film grown using microwave plasma-
enhanced CVD and consisting of a ~8 mm thick nanocrystalline (NCD) base and a ~14.5 mm thick poly-
crystalline (PCD) top diamond sublayers. Complementary cross-sectional 30 nm beam synchrotron X-ray
diffraction, depth-resolved micro-cantilever and hardness testing and electron microscopy analyses
reveal correlations between microstructure, residual stress and mechanical properties. The NCD sublayer
exhibits a 1.5 mm thick isotropic nucleation region with the highest stresses of ~1.3 GPa and defect-rich
nanocrystallites. With increasing sublayer thickness, a h110i fibre texture evolves gradually, accompanied
by an increase in crystallite size and a decrease in stress. At the NCD/PCD sublayer interface, texture,
stresses and crystallite size change abruptly and the PCD sublayer exhibits the presence of Zone T
competitive grain growth microstructure. NCD and PCD sublayers differ in fracture stresses of ~14 and
~31 GPa, respectively, as well as in elastic moduli and hardness, which are correlated with their particular
microstructures. In summary, the introduced nano-analytics approach provides complex correlations
between microstructure, stresses, functional properties and deposition conditions.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Due to their outstanding electronic, chemical, thermal, me-
chanical and biocompatible properties, diamond thin films have
Physics, Montanuniversit€at
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Switzerland.
attracted significant scientific and technological attention in the
last decades [1,2]. Polycrystalline diamond thin films produced by
low-pressure chemical vapour deposition (CVD) nowadays repre-
sent one of the most common applications of synthetic diamond
[3,4]. During the CVD process, a complex cross-sectional micro-
structure is usually formed in a sequence of growth stages including
nucleation, coalescence and a final growth stage [2,5e10]. In
addition, during both the growth process and the subsequent
cooling down to room temperature, (intrinsic) growth and
(extrinsic) thermal stresses accumulate in the films as a result of the
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gradual microstructural evolution and the mismatch of coefficients
of thermal expansion (CTEs) between the film and substrate,
respectively [11e20]. The gradients of intrinsic stress can be very
pronounced as a result of the gradual microstructure evolution,
which may include an evolutionary selection of distinct crystallo-
graphic orientations, the development of columnar grain
morphology, incorporation of non-diamond phases at grain
boundaries, porosity, coalescence of grains, and/or the formation of
twins and stacking faults [8,13,15].

Mechanical properties of CVD diamond thin films are strongly
dependent on grain size, where, with increasing grain size, Young's
moduli ~(400e1200MPa) and hardness ~(40e110 GPa) tend to in-
crease to a certain extent, whereas fracture stress ~(1e9 GPa) de-
creases [21e27]. The grain size also influences the surface
roughness of the films and, in nanocrystalline diamond (NCD),
smoother film surfaces occur due to the fact, that (i) surface
roughness is decoupled from film thickness and (ii) better film
homogeneity as well as isotropic material properties, compared to
polycrystalline diamond (PCD), are present [4,26], [28]. The char-
acterisation of mechanical properties of CVD diamond thin films
has, however, been performed mainly by using indentation tech-
niques [26,29,30], and three and four-point bending tests [31,32],
which provide primarily surface and/or volume-average properties.

In contrast, the functional properties of CVD diamond films
depend decisively on the cross-sectional gradients of microstruc-
ture and residual stress [15,26]. For example, residual stress gra-
dients in CVD diamond films may induce unwanted bending of the
film, when removed from the underlying substrate, e.g. to be
applied in microelectromechanical systems. Therefore, the under-
standing of the correlation between cross-sectional microstructure
and residual stress gradients on one side, and overall as well as
depth-dependent mechanical properties on the other side, is of
significant importance for the successful application of CVD dia-
mond thin films.

The aim of this work is (i) to introduce a novel concept for the
analysis of gradient CVD diamond thin films based on correlative
cross-sectional nano-analytics including 30 nm cross-sectional X-
ray nano-diffraction (CSnanoXRD) in conjunction with depth-
resolved micromechanical testing and (ii) to discuss the correla-
tion between gradients of microstructure, residual stress and me-
chanical properties in a model multi-layered CVD diamond film
consisting of a NCD base and a PCD top sublayers. The novel nano-
analytics approach opens new possibilities for the understanding of
the correlation between (i) applied time-dependent process con-
ditions, (ii) cross-sectional depth-dependent gradients of micro-
structure, residual stress andmechanical properties and (iii) overall
functional properties of diamond thin films.

2. Experimental

2.1. Deposition of NCD/PCD diamond thin film

The diamond film was deposited by a microwave plasma-
enhanced chemical vapour deposition (MPECVD) method (using a
2.45 GHz IPLAS CYRANNUS I plasma source) on a Si(100) wafer with
a thickness of 425 mm. Prior to the deposition, the substrate was
ultrasonically treated for 30min with an abrasive solution con-
sisting of diamond powder (20 nm grain size), Ti powder (5 nm
particle size), and ethanol in a weight percent ratio of 1:1:100 (wt
%). In a next step, the substrate was first ultrasonically cleaned for
15min in acetone to remove any residue of the abrasive solution
from the surface before the plasma cleaningwas performed. Finally,
the multi-layered 22.5 mm thick film consisting of 8 and 14.5 mm
thick NCD and PCD sublayers, respectively, was deposited. Themain
process parameters are summarised in Table 1.
2.2. Synchrotron CSnanoXRD characterisation

A thin lamella with dimensions of ~(3� 0.5) mm2 and a thick-
ness L of ~100 mm (in the X-ray beam direction, cf. Fig. 1) was
prepared by mechanical thinning from the NCD/PCD film on
Si(100). The sample was investigated by CSnanoXRD [33,34], at the
ID13 nano-focus beamline of the European Synchrotron Radiation
Facility in Grenoble, France. The experiment was performed in
transmission geometry, using a pencil X-ray beam focussed by a
Multi-layer Laue lens (MLL) to cross-sectional dimensions of
~15 mm� ~30 nm [34] and a photon energy of 13 keV (Fig. 1). The
sample was moved in the X-ray beam with a constant step size of
~25 nm along the film normal direction using a piezo-actuated
stage while the diffraction signal was recorded using a two-
dimensional (2D) charged-coupled device detector (CCD) Eiger X
4M featuring a pixel size of 75� 75 mm2. To calibrate the powder
diffraction experimental geometry, a NIST LaB6 standard powder
was measured at the same sample-to-detector distance as the
diamond film sample. The collected Debye-Scherrer (DS) rings from
the NIST sample were used to calibrate the sample-to-detector
distance of 124.71mm, the tilt angle of the detector plane of
0.85� and the rotation angle of the tilt plane of 152.42�, as well as
the beam centre on the detector at 969.4 and 1182.8 pixels (in
horizontal and vertical directions).

The DS rings collected from the diamond sample were pro-
cessed using the Python package pyFAI [35]. Due to the relation of
sample-to-detector distance to photon energy, there was only one
diamond 111 DS ring visible on the detector, but a high strain
sensitivity was ensured by this chosen geometry (Fig. 1). The data
were used to generate plots of (i) intensity distribution I111(q, z) as a
function of Bragg's angle q and the sample depth z (denoted further
as phase plot), (ii) intensity distribution I111(d, z) as a function of the
DS ring azimuthal angle d and the sample depth z (denoted further
as texture plot) and (iii) to evaluate depth gradients of in-plane X-
ray elastic strains ε111(z) for the diamond 111 reflection. In order to
calculate residual stresses s(z) from the measured strains, the Hill
grain interaction model was used for simplicity, with an X-ray
elastic constant 0.5S2 of 9.38� 10�9 Pa�1. In order to correct the
evaluated strain and stress values for the stress relaxation caused
by the lamella preparation, a dedicated procedure based on a finite
element model was applied [36]. Other details of the experimental
approach and evaluation procedure can be found elsewhere
[34,36].

2.3. Electron microscopy analysis

Scanning electron microscopy (SEM) analysis, electron back-
scatter diffraction (EBSD) and focused ion beam (FIB) machining/
polishing on the NCD/PCD thin film cross-section was performed
using a Zeiss AURIGA CrossBeam workstation. To obtain informa-
tion on the film cross-sectional morphology, the cross-section was
first polished by Ga ions by FIBwithin a 20 mmwide region followed
by a final polishing step at a beam current of ~100 pA and an
accelerating voltage of ~5 kV and under an angle of ~15� in order to
achieve maximum smoothness and to remove residual impurities
from previous coarser FIB milling. The EBSD characterisationwith a
lateral step of 50 nm was carried out with an Ametek-EDAX Hikari
Super camera at an accelerating voltage of 20 kV and using a beam
current of 6 nA, directly after the fine polishing in order to prevent
contamination of the cross-section.

2.4. Hardness characterisation

The hardness of the individual sublayers was evaluated by
nanoindentation, using a Hysitron TI950 Triboindenter on the same



Table 1
Summary of parameters used for the deposition of NCD and PCD sublayers on Si(100) substrate.

Substrate cleaning prior to the deposition 30min in an Ar/H2 plasma at 200mbar with a microwave power of 1 kW
(390 sccm Argon, 10 sccm H2) at ~800 �C

Deposition temperature for NCD and PCD sublayers 800 and 900 �C
Deposition pressure 200mbar
Microwave power 1 kW
Precursors for NCD H2/CH4 (384 sccm H2, 16 sccm CH4)
Precursors for PCD Ar/H2/CH4 plasma (386 sccm Ar, 10 sccm H2, 4 sccm CH4)
Deposition time 5 h for each sublayer
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cross-section of the film that was prepared by FIB for the EBSD
analysis. Ten indentation measurements were performed on the
PCD and NCD sublayer cross-sections, approximately in the middle
of each sublayer, and (for reference purposes) also on the under-
lying substrate. The measurements were carried out using a dia-
mond Berkovich tip under quasi-static loading conditions, applying
a maximum load of ~13mN. They resulted in effective contact
depths of ~60 nm for PCD and ~70 nm for NCD. The area function of
the indenter tip was determined by reference measurements on
fused silica. Recorded load-displacement data were evaluated ac-
cording to the Oliver-Pharr method [37]. The hardness values (and
corresponding standard errors) presented in Sec. 3 were calculated
as the arithmetic mean of the results obtained from the ten indi-
vidual measurements.
2.5. Micromechanical tests

In order to determine elastic moduli and fracture stresses of the
CVD diamond multi-layer film, in-situ testing of micro-cantilevers
and an evaluation procedure based on the classical linear-elastic
theory of fracture mechanics were employed [39]. Eight micro-
Fig. 1. A schematic drawing of the CSnanoXRD set-up at the ID13 beamline of ESRF in
Grenoble. The experiment was performed in transmission diffraction geometry using
one MLL to focus the synchrotron pencil X-ray beam (with E¼ 13 keV) to a cross-
section of 15 mm� 30 nm. The sample lamella with a thickness L of ~100 mm
comprising the multi-layered NCD/PCD thin film on Si(100) was scanned along the z
direction in equidistant steps of 25 nm while the diffraction signal was recorded at
every sample position by the 2D detector (Eiger X 4M) at a sample-to-detector distance
d of ~125mm. The azimuthal angle d is counted from the 12 o'clock detector position
and defined in clockwise direction as indicated on the detector plane schematically. (A
colour version of this figure can be viewed online.)
cantilevers with dimensions of ~(1.4� 1.4� 12) mm3 each were
fabricated from the individual sublayers of the CVD diamond film
using a FIB workstation (Zeiss AURIGA CrossBeam) (Fig. 2). Four
cantilevers made from the coarse-grained top PCD sublayer were
positioned about 2 mm beneath the sublayer surface. In order to
access the NCD layer and to avoid the long FIB milling times, a large
portion of PCD sublayer with a volume of ~(200� 15� 30) mm3 was
removed using a femtosecond laser unit (Origami 10 XP) installed
in the FIB workstation prior to the FIB machining. Four cantilevers
were then milled approximately from the centre of the NCD sub-
layer. Details on the laser milling approach can be found in Ref. [38].
The FIB fabrication was performed using an acceleration voltage of
~30 kV and beam currents in the range from 20 nA to 50 pA. Special
care was taken to avoid sample damage by Ga ions by using low FIB
cutting currents at final cantilever machining steps.

All un-notched cantilever specimens were loaded and load-
deflection curves were acquired. Micromechanical testing was
carried out in in-situ configuration in a SEM (Zeiss LEO 982) by
means of a dedicated indenter system Hysitron Pi-85 PicoIndenter,
featuring a piezo-actuated sample stage. The cantilevers were
loaded using a sphero-conical diamond indenter tip (with a radius
of curvature of ~700 nm) in out-of-plane direction up to the load of
fracture (Fig. 2). Testing was carried out at a constant displacement
rate of ~20 nm/s in order to ensure quasi-static loading conditions.
Special care was taken to load the cantilevers in their central planes
to avoid torque. The load-deflection curves as well as the applied
force were recorded and subsequently used to calculate Young's
moduli.

Based on the recorded load-deflection data, fracture stress ss
was evaluated as follows
Fig. 2. A schematic drawing of the employed micro-cantilever specimen geometry
indicating width B and thickness w. The bending length l is the distance between the
point of the applied load F and the resulting fracture plane. (A colour version of this
figure can be viewed online.)
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ss ¼ 6
F l

B w2 ;

where F represents the maximum applied load at fracture, l is the
bending length representing the distance between the point of the
applied force and the resulting fracture plane, and B and w repre-
sent the cantilever width and thickness, respectively (Fig. 2). The
evaluation of Young's modulus E rests on the assumption of an
ideally brittle material, excluding plastic deformation effects of the
tested material in contact with the indenter tip. The recorded
dominant elastic response from cantilever loading is thus used to
calculate E according to

E ¼ 4 F
dB

�
�
l
w

�3

;

d being the displacement at maximum applied load F [39].
Fig. 3. SEM micrograph showing the cross-sectional morphology of the fine- and
coarse-grained NCD and PCD sublayers, respectively. The markers at the cross-
sectional positions AeD correspond approximately to the CSnanoXRD measurement
positions, at which the DS rings in Fig. 5a were collected.
3. Results and discussion

3.1. Cross-sectional thin film morphology

The SEM micrograph from the NCD/PCD film fracture cross-
section in Fig. 3 reveals a distinct two-layer architecture, with a
very fine microstructure of the NCD base sublayer compared to the
coarse-grained microstructure with prominent elongated
columnar grains of the PCD sublayer. The interface between the
sublayers is relatively sharp and flat, indicating small surface
roughness of the NCD sublayer surface caused by its nanocrystal-
line nature. Measurements in the SEM onmultiple fracture surfaces
and cross-sections indicated an almost uniform film thickness of
~8 mm for NCD and ~14.5 mm for PCD sublayers.

The cross-sectional microstructure, grain morphology and
crystallographic orientation of the grains were mapped by EBSD
using a lateral step size of 50 nm. Fig. 4a presents an orientation
map of the thin film cross-section for the film normal direction
[001], while Fig. 4b shows an orientation map for the film in-plane
direction [100]. The results document that the EBSD characterisa-
tion succeeded in determining the preferred orientation of the
crystallites within the PCD sublayer only, indicating a h110i fibre
texture. Additionally, the EBSD data from the PCD sublayer were
used to generate three inverse pole figures for three perpendicular
sample axes [100], [010] and [001], which correlate with two thin
film in-plane (perpendicular and parallel to the micrograph plane)
and one out-of-plane directions, respectively. The inverse pole
figures (Fig. 4c) document, once more, the 110 fibre texture as well
as a relatively regular in-plane orientation of crystallites with {111}
planes oriented approximately perpendicular to the substrate
surface.

The EBSD data (Fig. 4) together with the SEM micrograph from
Fig. 3 indicate the presence of a Zone T type mechanism of
competitive grain growthwithin the PCD sublayer. One can observe
the columnar grain growthwith selected grains stretching from the
nucleation zone at the NCD/PCD interface to the film surface,
whereas some other, smaller, grains close to the nucleation zone of
the PCD sublayer cease to grow further after ~1e5 mm. In the case of
the NCD sublayer, however, the EBSD approach failed to reveal the
microstructure and preferred orientation of the nanocrystals,
which is also apparent from Fig. 4b, where the NCD sublayer is
entirely covered by the dark EBSD image quality. There, the low-
quality EBSD signal can be explained by the small grain size of
the crystallites of ~20 nm (cf. Sec. 3.2), which was close to, or
somewhat below the resolution limit of the EBSD system.
3.2. Synchrotron CSnanoXRD analysis

In Fig. 5a, four representative diamond 111 DS rings from the
centre, the nucleation region of the PCD sublayer, as well as from
the centre of the NCD sublayer and the corresponding nucleation
region are presented (cf. also Fig. 3). They indicate a variation in
texture across the film's thickness. In the NCD sublayer, the DS ring
collected at position D (Fig. 5a) exhibits a relatively homogeneous



Fig. 4. EBSD [001] (a) and [100] (b) inverse pole figure (IPF) maps from a 20� 20 mm2

cross-section of the NCD/PCD film indicating a columnar morphology of the micro-
scopic diamond grains exhibiting a competitive grain growth mode in the PCD sub-
layer. The strip of noisy signal on top of the PCD films is artefacts stemming from the
uneven sample surface. Crystallite size in NCD was below the resolution limit of the
EBSD analysis. (c) EBSD [100], [010] and [001] inverse pole figures obtained from the
data collected from the PCD sublayer, indicating the h110i fibre texture. (A colour
version of this figure can be viewed online.)
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azimuthal intensity distribution (nearly random texture), whereas
azimuthal maxima at d¼ 30� and 90� can be identified in the DS
ring collected at position C. In the PCD sublayer, the azimuthal
maxima of the DS rings taken at positions B and A become very
pronounced. About 950 DS rings collected from the thin film cross-
section were used to generate cross-sectional phase and texture
plots I111(q, z) and I111(d, z), presented in Figs. 5b and 7, respectively.

The phase plot in Fig. 5b obtained by the azimuthal integration
in the d range of 80�e100� reveals an evolution of the diamond 111
reflection shape as a function of the film depth. In Fig. 5c, four
representative diamond 111 reflections collected at the respective
positions AeD (Figs. 3 and 5a) for the diffraction vector oriented
approximately parallel to the substrate surface, are shown. In the
NCD sublayer, the 111 reflections are broad and asymmetric with a
shoulder at smaller diffraction angles, while in the PCD sublayer
they become narrower. The phase plot (Fig. 5b) and the peak pro-
files corresponding to positions C and D from Fig. 5c with their
asymmetric 111 reflection can be interpreted by the nanocrystalline
and defect-rich nature of the NCD sublayer crystallites with a high
stacking fault density. In contrast, the phase plot and the relatively
narrow and symmetric line profiles corresponding to positions A
Fig. 5. (a) DS rings collected from the PCD and NCD sublayers at the cross-sectional position
obtained by azimuthal integration of about 950 DS rings in the d range of 80�e100� . (c) N
diffraction on diamond {111} crystallographic planes oriented perpendicular to the substra
online.)
and B from Fig. 5b and c indicate the presence of relatively large
crystallites in the PCD sublayer.

The evolution of the XRD peak broadening was evaluated for all
~950 diamond 111 reflections for the in-plane orientation of the
diffraction vector and is presented as full width at half maximum
(FWHM) in Fig. 6. FWHM is usually sensitive to the size of coher-
ently diffracting domains D and to the presence of crystal defects,
resulting in the formation of strains of II and III order. The FWHM
data from Fig. 6 are shown together with the D obtained by
Scherrer's equation Dyl=ðFWHM,cos qÞ, using the beam wave-
length l ¼ 0:9537�A and neglecting strain-induced broadening for
the sake of simplicity. The results indicate that the in-plane crys-
tallite size is smallest in the NCD sublayer at the interface to Si(100),
reaching values below 20 nm, then increases to ~24 nm within the
1.5 mm thick nucleation layer before saturating and remaining
relatively unchanged. Within the PCD sublayer, the average in-
plane crystallite size increases from about 40 nm to 60 nm and
remains constant across the entire sublayer.

The texture plot I111(d, z) in Fig. 7 shows the gradual evolution of
texture across the film's cross-section. At the interface to the
Si(100) substrate, the crystallites are oriented randomly in the NCD
sublayer (cf. also Fig. 5a). Starting at a thickness of ~1.5 mm, the
h110i fibre texture starts to evolve within the NCD sublayer and
becomes sharper towards the NCD/PCD interface. Across the PCD
sublayer, the 110 texture is also becoming stronger towards the
surface, due to the mechanism of competitive columnar grain
growth discussed in Sec. 3.1. One important feature of the h110i
fibre texture is the presence of distinct azimuthal maxima at
d¼ 90� and 180�, which represent the diffraction on {111} crystal-
lographic planes oriented approximately perpendicular to the
substrate surface, with diffraction vectors oriented parallel to the
surface. The CSnanoXRD data are in agreement with the EBSD data
(Fig. 4), confirming the texture type for the PCD sublayer and
complementing the missing data for the NCD sublayer.

CSnanoXRD was employed to evaluate gradients of X-ray elastic
strain ε111(z) and in-plane biaxial residual stress across the film
thickness. The acquired strains and stresses presented in Fig. 8
document the presence of complex gradients. The highest stress
of ~1.1 GPa was observed in the NCD sublayer at the interface to the
Si(100) substrate. Within the NCD sublayer nucleation region, these
tensile stresses were observed to drop rapidly to about 750MPa,
s AeD (cf. Fig. 3) indicate a variation of texture across the film. (b) Phase plot I111(d, z)
ormalised intensity distributions of exemplary diamond 111 reflections, representing
te surface, collected at positions AeD. (A colour version of this figure can be viewed



Fig. 6. Cross-sectional evolution of FWHM of the diamond 111 reflection evaluated
from DS rings for d¼ 90� , corresponding to the in-plane orientation of the diffraction
vectors, and the linked in-plane size of coherently scattering domains D obtained from
Scherrer's equation. (A colour version of this figure can be viewed online.)

Fig. 8. Gradient of residual stress and X-ray elastic strains ε111(z) across the film depth
determined using CSnanoXRD. (A colour version of this figure can be viewed online.)
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and then found to decrease linearly towards the NCD/PCD sublayer
interface, where the stress state switches to compressive. Across
the PCD sublayer, the stress state changes very locally and overall
becomes tensile again towards the surface. These abrupt changes in
stress within the PCD sublayer can be attributed to the coarse-
grained nature of this sublayer as well as varying stress states
within individual grains. It is obvious that the observed stress
variation across the diamond thin film cross-section can be corre-
lated with intrinsic stress changes caused by the complex micro-
structure evolution (cf. Sec. 4).
Fig. 7. Texture plot I111(d, z) obtained by radial integration of ~950 DS rings showing
the cross-sectional texture evolution for the entire azimuthal range (a), and for a
selected azimuthal range around 90� (b). (A colour version of this figure can be viewed
online.)
3.3. Cross-sectional mechanical properties of the sublayers

In Fig. 9a, SEM micrographs of micro-cantilevers machined us-
ing FIB from the NCD (four specimens plus one pre-test) and PCD
(four specimens) sublayers are presented together with the mi-
crographs of two representative cantilever specimens in Fig. 9b and
c, respectively. The load-deflection curves recorded during the
bending experiments on both types of cantilevers presented in
Fig. 9. SEM micrographs of five (four plus one specimen for pre-testing) and four
micro-cantilevers machined from the NCD and PCD sublayers (a) together with the
magnified micrographs of representative cantilevers from PCD (b) and NCD (c) sub-
layers. The approaching sphero-conical diamond indenter tip is visible in the upper
part of micrograph (c).



Fig. 10. Load-deflection curves recorded during bending experiments on micro-
cantilevers (Fig. 9) machined from the NCD and PCD sublayers, indicating the
comparatively smaller Young's modulus and fracture stress of the NCD sublayer. (A
colour version of this figure can be viewed online.)

Fig. 11. Load-displacement curves recorded during cross-sectional indentation ex-
periments on the NCD and PCD sublayers, indicating the smaller Young's modulus and
hardness of the NCD sublayer. The response of the Si substrate is shown for reference.
(A colour version of this figure can be viewed online.)
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Fig. 10 show linear elastic behaviour, i.e. the cantilevers behaved
like an ideal bending beam and broke without detectable plastic
and/or ductile response [39]. The data set of one micro-cantilever
from the PCD sublayer showed unrealistic load-deflection charac-
teristics. It was treated as an outlier, disregarded from further
evaluation and is not shown in Fig. 10. The distinct differences in
the slopes and in the (maximum) loads at fracture between the
curves from the NCD and PCD type cantilevers (Fig. 10) qualitatively
indicate the differences in the mechanical properties of the sub-
layers. The recorded micromechanical data from the cantilevers
were used to evaluate fracture stresses and Young's moduli (cf. Sec.
2), of which the mean averages are presented in Table 2. The
quantitative data document a difference of ~10% in the Young's
moduli and a significant difference in the fracture stresses between
the sublayers, which are both discussed in Sec. 4.

In addition, the hardness of the NCD and PCD sublayers was
determined by means of nanoindentation performed on the sub-
layers' cross-sections. In Fig. 11, thirty load-displacement responses
are presented, ten from each of the NCD and PCD sublayers' as well
as the underlying Si substrate's cross-sections. Again, the differ-
ences between the slopes and the maximal penetration depths
(Fig. 11) indicate qualitative differences in the mechanical proper-
ties of both sublayers. The recorded indentation data were used to
determine the hardness of the sublayers presented in Table 2.
4. Discussion of cross-sectional correlations

As discussed in Sec. 1, the physical properties of CVD diamond
thin films depend on cross-sectional microstructure and stress
Table 2
Mechanical properties of the NCD and PCD sublayers evaluated by bending exper-
iments on micro-cantilevers and cross-sectional indentation tests.

Fracture stress
ss[GPa]

Young's
modulus E [GPa]

Hardness
[GPa]

PCD sublayer 31.6± 6.6 1037± 25.3 60.8± 0.9
NCD sublayer 14.3± 0.6 903± 35.3 46.5± 1.7
gradients, which evolve as a function of the deposition conditions,
in particular as a result of the applied process parameters as well as
of a variety of self-organisation phenomena taking place at distinct
stages of the growth process. In this section, the correlations be-
tween (i) the observed phenomena and (ii) the methodological
aspects of the applied correlative cross-sectional nano-analytics
approach will be discussed.

Electron microscopy and diffraction (SEM, EBSD) as well as
CSnanoXRD (Figs. 3,5e8) revealed the presence of a nanocrystalline
nucleation region in the NCD sublayer with a thickness of ~1.5 mm,
possessing the highest tensile stress of ~1.1 GPa at the interface to
Si(100) and showing the smallest apparent in-plane crystallite size
D of ~18 nm and random texture. This observation is in agreement
with the model of Silva et al. [8], where it was proposed that the
growth of ballas-like crystallites composed of nanometric sectors
elongated along the ½110� axes results in the formation of a h110i
fibre texture. At a thicknesses of ~1.5e8 mm, both microstructure
and stress evolution become saturatedwithin the NCD sublayer as a
result of steady state grain growth conditions, resulting in a tensile
stress level of 0.75 GPa and a crystallite size D of ~24 nm, while the
h110i texture sharpness changes only marginally. The presence of
the near-substrate transition region with random nucleation
texture lacking significant growth competition in the early growth
stage correlates with the experimental results and texture models
reported from other thin monolithic films [5,7,8]. It is, however,
interesting to observe that the transition from the nucleation
regime during the NCD sublayer formation occurs very abruptly.

EM and CSnanoXRD (Figs. 3e8) also revealed the presence of a
transition regionwith a thickness of ~2 mmwithin the PCD sublayer.
At a total film thickness of ~8e10 mm, one can observe a decrease in
stress from 0.7 to�0.3 GPa, a further sharpening of h110i texture, as
well as an increase in crystallite size D from ~25 to ~50 nm. The
presence of this transition region within the PCD sublayer can also
be identified in the EBSD inverse pole figure orientation maps
(Fig. 4a and b), indicating competitive columnar grain growth,
which ceases after about 2e2.5 mm. At a thickness of ~10e22.5 mm,
the microstructure evolution becomes saturated within the PCD
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sublayer as a result of stable grain growth conditions. The variation
in tensile stress across the PCD sublayer can be interpreted by the
large size of the diamond crystallites, of which the analysis using
the X-ray nanoprobe provided just very local information on the
stress state. If the sampling volume were significantly larger,
encompassing a much higher number of grains, the local stress
variations would average out and result in a smoother stress profile,
akin to that found in the NCD sublayer.

The significant differences between the sublayers' observed
intrinsic microstructural characteristics can be attributed to
different deposition conditions applied during the synthetises of
the NCD and PCD sublayers. Especially the lower deposition tem-
perature of ~800 �C and the application of the Ar/H2/CH4 plasma
played an important role in the formation of the nanocrystalline
bottom (NCD) sublayer. The temperature difference of ~100 �C in
conjunction with two different types of plasma environments
resulted in the formation of sublayers with profoundly distinct
microstructural attributes. Interestingly however, in both sublayers,
the presence of nucleation transition regions was detected by EM
and CSnanoXRD. Within the transition regions all microstructural
parameters such as texture, crystallite size, stress, and grain
boundaries change rapidly before they reach a saturation state. The
NCD and PCD sublayers exhibit different levels of residual stress of
~0.75 and 0.25 GPa (Fig. 8), which after adding the thermal stress
component of ~ -0.72 and �0.81 GPa [12,13,15], indicate tensile
growth stresses of 1.4 and 1 GPa, respectively. The difference in the
growth stresses can be interpreted by the sublayers' microstruc-
ture. In particular, the larger portion of grain boundaries in the
nanocrystalline base sublayer could be responsible for generating
larger tensile growth stress as a result of the coalescence of
columnar grain boundaries during the initial stages of the sublayer
growth [7,8].

The cross-sectional microstructure can be correlated with the
mechanical properties of the sublayers, which were characterised
using cross-sectional indentation and micro-cantilever bending
experiments (Table 2). In general, the mechanical characterisation
indicated significantly smaller hardness, fracture stress and Young's
modulus for the NCD sublayer, compared to the PCD sublayer,
which can be attributed to the nanocrystalline nature of the bottom
sublayer, with small crystallites and a comparatively large volume
fraction of grain boundaries. The obtained quantitative results of
hardness and Young's moduli presented in Table 2 are in agreement
with the results obtained from monolithic nanocrystalline and
polycrystalline diamond thin films [26]. In the case of fracture
stress, however, significantly larger values of 14.3± 0.6 and
31.6± 6.6 GPawere determined using themicro-cantilever bending
method. These values appear significantly larger than the data
evaluated from other diamond samples (cf. Fig. 4 in Ref. [26]),
especially compared to the tensile strength data of 5.2 GPa from
Olson et al. [40]. Compared to the data from micromechanical
compressive tests on diamond single crystals [27], however, the
obtained fracture stress values appear very reasonable and docu-
ment the discrepancy between tensile and compressive strengths
in diamond. In addition, the present data also indicate the advan-
tage of the micro-cantilever approach. Unfortunately, it was not
possible to perform amechanical characterisation of the nucleation
regions of the NCD and PCD sublayers, which would require further
downscaling of the micromechanic specimens.

One important novelty of this work is the application of a
correlative cross-sectional nanoanalytics approach to the investi-
gated multi-layered NCD/PCD thin film. The combination of EM and
CSnanoXRD allowed for obtaining quantitative experimental data
on the cross-sectional evolution of microstructure and stress. These
approaches were found to be quite complementary: while it was
not possible to determine texture gradients in the NCD sublayer by
means of EBSD analysis, CSnanoXRD allowed for obtaining very
local information on texture gradient across the nanocrystalline
transition nucleation region. The first application of CSnanoXRD to
a diamond thin film demonstrated the possibilities of the technique
to study depth gradients of microstructure and stress in both
nanocrystalline and coarse-grained thin films. In order to obtain
cross-sectional structure-property correlations for diamond thin
films, the combination of EM and CSnanoXRD techniques on one
side, and of cross-sectional micromechanical characterisation on
the other represents a great methodological advance. There re-
mains, however, the need to improve the spatial resolution of the
mechanical tests.

5. Conclusions

In this work, a novel correlative cross-sectional nano-analytics
approach was used to characterise cross-sectional structure-prop-
erty relationships in a multi-layered CVD diamond film grown us-
ing microwave plasma-enhanced CVD and consisting of a ~8 mm
thick nanocrystalline (NCD) bottom and a ~14.5 mm thick poly-
crystalline (PCD) top diamond sublayer. For the characterisation,
depth-resolved micro-cantilever and hardness testing, electron
microscopy methods and novel CSnanoXRD were applied. CSna-
noXRD was used for the first time to study properties of diamond
thin film. The cross-sectional experimental data revealed complex
correlations between thin film mechanical properties, texture,
crystallite size, residual stresses and deposition conditions. The
fine-grained NCD and coarse-grained columnar PCD sublayers
indicated the presence of nucleation regions with distinct gradual
microstructures, which were investigated primarily by CSnanoXRD.
The values of hardness and Young's moduli from both sublayers
correlate well with the results reported from other monolithic CVD
diamond thin films, whereas relatively large fracture stresses were
observed using the micro-cantilever method. The presence of the
gradual microstructures and stress gradients, however, documents
the importance of the cross-sectional analysis, which should be
further developed and downscaled. In summary, the nano-analytics
approach allows for understanding the correlation between depo-
sition conditions, cross-sectional gradients of microstructure, re-
sidual stress and mechanical properties and overall functional
properties of diamond thin films.
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