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Abstract

This study reports the impact of film microstructure and composition on the Young’s modulus and
residual stress in nanocrystalline diamond (NCD) thin films (= 250 nm thick) grown on silicon substrates
using a linear antenna microwave plasma-enhanced chemical vapor deposition (CVD) system.
Combining laser acoustic wave spectroscopy to determine the elastic properties with simple wafer
curvature measurements, a straightforward method to determine the intrinsic stress in NCD films is
presented. Two deposition parameters are varied: (1) the substrate temperature from 400 °C to 900 °C,
and (2) the [P]/[C] ratio from O ppm to 8090 ppm in the H2 /CH4 /CO2 /PH3 diamond CVD plasma.
The introduction of PH3 induces a transition in the morphology of the diamond film, shifting from
NCD with larger grains to ultra-NCD with a smaller grain size, concurrently resulting in a decrease in
Young’s modulus. Results show that the highest Young’s modulus of (1130 + 50) GPa for the undoped
NCD deposited at 800 °C is comparable to single crystal diamond, indicating that NCD with excellent
mechanical properties is achievable with our process for thin diamond films. Based on the film stress
results, we propose the origins of tensile intrinsic stress in the diamond films. In NCD, the tensile
intrinsic stress is attributed to larger grain size, while in ultra-NCD films the tensile intrinsic stress is due

to grain boundaries and impurities.
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1. Introduction

Owing to its superior mechanical and tribological properties, single crystal diamond is an attractive
candidate used in various applications, however, high fabrication costs and limited up-scaling hinder its
wide industrial usage [1,2]. Polycrystalline diamond, particularly nanocrystalline diamond (NCD) and
ultra-NCD (UNCD), with the prospect of large area deposition on non-diamond substrates, is an
alternative to single crystal diamond for many applications such as electrochemistry, sensing and
microelectromechanical systems [3—5]. It is also very at- tractive for protective coatings, while high thermal
conductivity makes NCD a strong candidate as heat spreaders on GaN devices thereby mitigating their
reliability issues [6,7]. Despite these features, NCD is still limited in commercial usage due to its high
process temperature leading to substrate damage and film adhesion issues. Of equal importance is the
limited scalability in the conventional resonant cavity chemical vapor deposition (CVD) systems. Hot-
filament CVD technique can be used for large area NCD, but it is restricted due to filament impurity
incorporation and high growth temperature. By addressing these limitations, the surface wave microwave
plasma-enhanced CVD (MW PE CVD) systems, operated with linear, distributed or slotted antennas, are
promising alternatives and are capable to produce diamond coatings over large area and at lower
temperature [8—10].

Concerning the diamond coatings, an essential property for thin film-based applications is the tunability of
residual stress generated in the coatings. The main origins of residual stress in films are the thermal stress
and intrinsic stress. Thus, the choice of substrate and deposition conditions determine the residual stress
in thin films [11,12]. A wide range of values for the mechanical properties of diamond films and
models for residual stress generation have been proposed [13—16]. Although large area NCD and
UNCD can be achieved in the linear antenna (LA) MW PE CVD systems, very few studies focus
on the mechanical properties of the films grown in such deposition systems [17,18]. Moreover, the
determination of the Young’s modulus of thin films is challenging as it involves the conversion of
continuous NCD films into cantilevers or membranes for bulge tests and/or uses destructive techniques such
as nanoindentation that are influenced by the film surface roughness and the underlying substrate
[13,19]. In this study, we use an alternative non-destructive laser-induced surface acoustic wave technique
for the Young’s modulus analysis of diamond films. This technique does not require any sample
preparation such as smoothing or cross-sectioning and is mostly conducted on the substrate/thin film
systems used for the actual application. Compared to nanoindentation and as long as the materials allow
the propagation of a sound wave, it can be applied to many thin film and surface layers, ranging from ultra-
thin (<5 nm) to thick (several pm) from very hard to porous materials [20,21].

It is well known that doping enhances the electronic properties of diamond, the most common dopants
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being boron and phosphorus, which make diamond a p- and n-type semiconductor, respectively. Most of
previous studies report the diamond doping process using resonant cavity systems, while studies carried out
by Taylor et al. report on boron-doped NCD layers in the LA MW PE CVD system [18,22,23]. Considering
that diamond deposition in Ar or N> based plasma generates UNCD, it is also worth exploring how
phosphine (PH3) addition in the Ho/CH4CO:> plasma influences film properties. However, no studies on
phosphorus incorporation into NCD nor PH3 addition as an impurity in the linear antenna system have
been reported. Janssen et al. have demonstrated phosphorus incorporation in NCD under high substrate
temperature conditions in resonant cavity system [24]. Hence, it is of interest to extend the study to high-
temperature process conditions and investigate the possibility of n-type doping in LA MW PE CVD
diamond films.

In this work, we report the first results on Young’s modulus, film stress and phosphorus incorporation in
LA MW PE CVD diamond films. We systematically investigate the morphological changes, film com-
position and correlate these properties with the residual stress in the (U)NCD thin films grown at various
substrate temperatures and PH3 concentrations in the CVD growth plasma. A control group of undoped
diamond process at different substrate temperatures is also included, allowing us to decouple the influence
of substrate temperature from PH3 addition to the CVD plasma. By using a combination of two
characterization techniques, laser surface acoustic wave and wafer curvature method, the Young’s
modulus and residual stress are measured in a simple and straightforward manner, allowing us to
determine the origins of intrinsic stress, i.e. the process parameters to control the film stress are easily

identified.

2. Experimental

Polished single crystal (100)-oriented 200 um silicon substrates with an average roughness <0.5 nm

were used for the experiments. Substrates with 1x1 cm2 dimensions were used for all characterization
techniques except for the laser-induced surface acoustic wave technique for which 2-inch silicon wafers
were necessary. The substrates were dry-cleaned using an oxygen (O;) gas discharge plasma [25].

After the treatment the substrates were seeded with nanodiamond (ND) particles by drop-casting a water-
based ND colloid onto the substrate surface and covering it completely, followed by deionized water
rinsing and spin-drying steps. The ND colloid was prepared from detonation ND slurry provided by the
NanoCarbon Institute Co., Ltd, Japan. The size of the NDs is 5 to 7 nm and the zeta-potential of the colloid
is (49 £5)mV.

The diamond films were deposited either using a gas mixture of H2/CH4CO: (undoped), or with PH3

addition to the gas mixture. The addition of CO to the gas mixture was used to enhance the etching of
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sp2 carbon phase. The PH; gas precursor with a concentration of 1000 ppm in H, was used for the
experiments. Three series of diamond growth experiments on the ND seeded substrates were done in the
LA MW PE CVD reactor (Table 1). For each sample series, one deposition parameter was varied, i.e.
[P}/[C] from O ppm (undoped) up to 8090 ppm at 400 °C for the PH3-series, and substrate temperature (T
from 400 °C to 900 °C at [P]/[C] ratio of 8090 ppm (PH3-T-series) or 0 ppm (undoped- T-series) gas
compositions. The sample stage was heated by a resistive heater and T was measured by a thermocouple
inside the stage. Before plasma ignition, the substrates were maintained at the set temperature. For all
depositions the following parameters were kept constant: 5600 W of MW power in continuous wave
mode, a working pressure of 22 Pa, a total gas flow of 150 sccm, a gas composition of 5% CHs4 and
6% COz in Hz, and sample-to-antenna distance of 5 cm. The film thickness was monitored by in-situ laser
reflection interferometry with a laser wavelength of 405 nm. Depending on the chosen process
conditions, the film growth rate varied between 50 nm/h and 130 nm/h, hence the deposition time was

adapted so that a total (U)NCD thin film thickness of about 250 nm was obtained for each sample.

Table 1 Overview of process variables in this study.

Experiment series T (°C) [P1/[C] (ppm)
PH3-series 400 0 to 8090
PH;-T-series 400 to 900 8090
Undoped-T-series 400 to 900 0

The samples chosen for transmission electron microscopy (TEM) were prepared using a FEI Helios 650
dual-beam Focused Ion Beam (FIB) device as a FIB lamella. Four-dimensional scanning TEM (4D
STEM) was performed on a X-Ant-EM instrument operated at 300 keV. The 4D STEM experiment was
performed by raster scanning an electron probe, with a convergence angle 1 mrad, and acquiring a
diffraction pattern at every probe position with a resolution of about 2 nm.

The samples were characterized by confocal micro-Raman measurements using an argon ion laser

(dexc. = 488 nm) with a Horiba Jobin Yvon T64000 spectrometer. Secondary ion mass spectrometry

(SIMS) measurements (raster area of 150x150 um2) were carried out on the sample deposited at a [P]/[C]
ratio of 8090 ppm and substrate temperature of 900 °C to detect the impurities present in the film. Positive
primary ions with a Cs" source is set to 10 keV and an incidence angle of 23° with respect to the surface
normal of the sample. The secondary ions are detected in the negative mode (sample bias at —5 kV).
X-ray reflectivity (XRR) was carried out for film density analysis with an X-ray diffraction (XRD,
Rigaku SmartLab) system with monochromatized Cu K¢ incident X-ray beam (1.541 A). The measure-

ment ranged from 0° to 2° with a step size of 0.0004° at 0.48°/min, whereas the analysis of the
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diffractograms was performed between 0.4° to 0.6° with the GlobalFit software (Rigaku Ver.2.1.1). The

material model for the fitting by the least mean square method consisted of a silicon substrate with an
infinite thickness, a density of 2.33 gcm3, roughness of 0.3 nm and an (U)NCD film thickness of 250 nm.
The NCD density and roughness were subject to refinement, constraining the density between 2.00 gcm3
and 3.52 gm3. The apparent Young’s modulus of the NCD films was determined by the laser surface
acoustic wave technique (LAwave®, Fraunhofer USA Center Midwest CMW) [26,27]. In this method,

laser pulses (4 = 337 nm, maximum power of 12 mW, pulse duration of 3 ns) absorbed by the substrate
generate surface acoustic waves. The low power density of the laser pulse is sufficiently low for any change
of state in the diamond film [28]. The waves prop- agate along the surface with amplitude decaying
exponentially within the material. Due to this behavior, the surface acoustic wave is very sensitive to
surface layers and modifications with elastic properties and density deviating from the bulk material. The
penetration depth of the surface acoustic wave depends on frequency. The higher the frequency the lower
the penetration depth. This method can be applied for thin films that are thinner than 50 nm. The wave
signal was recorded with a 500 MHz digital oscilloscope averaged over 64 pulses in a frequency range from
40 MHz to 200 MHz and a scan length of 20 mm. The dispersion of the surface acoustic waves is a function
of the substrate and film thickness, Poisson’s ratio, film density and the Young’s modulus. The applied
material model consists of the substrate and film properties. The substrate properties were determined

from an uncoated reference wafer. Due to linear dispersion for the investigated diamond films, fitting of

only one unknown — the Young’s modulus of the diamond film could be achieved. Hence, for all LAwave®
measurements in this study, the Poisson’s ratio of the films was set to 0.12 (Fig. S1) [29]. The film density
values for each sample were derived from XRR measurements. Using the method of non-linear least squares
curve fitting the Young’s modulus of the diamond thin films was determined.

The in-plane residual stress component in the films was calculated by the Stoney equation [30-32]. The

substrate curvatures before and after diamond CVD were obtained from line scans measurements with a

Bruker DekTakXT® stylus profilometer. The elastic constants of the Si substrate were taken from the

literature [33].

3. Results

3.1. Film morphology and composition

Fig. 1 shows the 4D-STEM correlation coefficient maps and the corresponding cross-sectional SEM images

of four samples in this study. The samples are diamond thin films deposited at substrate tempera- ture of
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400 °C or 900 °C and with the lowest [P]/[C] ratio of 0 ppm (undoped) or the highest [P]/[C] ratio of
8090 ppm. The correlation coefficient maps are constructed from the differences between neigh-boring
diffraction patterns, with the white regions in the STEM images indicating grain boundaries. Of the four
samples, the undoped 400 °C sample (Fig. 1(a)) has the largest grains with least grain boundaries. In
contrast, the [P]/[C] = 8090 ppm sample deposited at 400 °C (Fig. 1(b)) shows a complex microstructure
with significantly smaller grains and more grain boundaries. Thus, it can be confirmed that addition of
PH3 at a [P]/[C] ratio of 8090 ppm to the diamond CVD plasma leads to grain size reduction. A gradual
film morphology transition, from faceted to dendrite-like features with smaller grains, with increasing
[P)/[C] ratio (PHs3-series at 400 °C) can be seen in Figure S2(a). A reduced grain size is also observed
for the undoped sample deposited at 900 °C (Fig. 1(c)). In this case, the grain size reduction is observed
only at the highest substrate temperature of 900 °C (Figs S2(c) and S3). The NCD film grown with the
highest [P]/[C] ratio at 900 °C (Fig. 1(d)) also has a complex morphology. While clusters of smaller
diamond grains are observed, there are no notable distinctions compared to the film deposited at 400 °C

with the highest [P]/[C] ratio.

(a) T = 400°C, [P}/[C] = 0 ppm

(b) T=400°C, [P)/[C] = 8090 ppm

'(c) T'=900°C, [P]] =0 ppm

S g

. A T
Fig. 1. (a-d) 4D-STEM correlation coefficient maps (left) and cross-sectional SEM (right)

images of the diamond films deposited with [P]/[C] ratio of O ppm and 8090 ppm at 400 °C

and 900 °C, respectively. The white lines indicate the presence of grain boundaries.



In addition to the morphology change, the diamond content of the films also changes with the

growth conditions. Fig. 2 shows the diamond content in the films qualitatively estimated from the

Raman spectra of the samples (Fig. S4). The sp3 content remains almost con- stant at (80 = 10)% for
the PHz-series samples (Fig. 2(a)). As expected from the faceted morphology, the undoped diamond
films showed the highest amount of sp3 bonded carbon (=90%) with the maximum from 500 °C to 700 °C

(Fig. 2(b)). Both the temperature series samples show similar trends — an increase in temperature above 800

°C leads to a significant reduction in the amount of sp3 bonded carbon (=40%) for both [P]/[C] = 8090
ppm and the undoped layers and increasing growth rate of the diamond films (Fig. 2(c)).
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Fig. 2. (a) sp3 content in PHs-series samples grown at T = 400 °C and their respective growth

rates. The sp3 content (b) in PH3-T-series and undoped-T-series samples, and their corresponding
growth rates (c).

Thus far, phosphorus is reported to successfully incorporate in diamond layers only at elevated

temperature (>800 °C) [24,34]. Hence, the sample deposited at [P]/[C] = 8090 ppm and at a substrate
temperature of 900 °C was chosen for SIMS analysis (Fig. 3). The depth profiling results show
phosphorus incorporation with uniform concentration throughout the thickness of the diamond layer.
Although this result confirms that phosphorus is present in the bulk and in high concentration (4.2 x
1019 cm™3), it should be kept in mind that impurities are known to incorporate in grain boundaries and in
non- diamond phases [35-37]. Hence, it may not be representative of the actual phosphorus concentration
within the diamond grain. Additional impurities detected in the film are H, O, Si, N and B. All
impurities except boron are present in high levels (>5 x 1018 cm_3). The presence of silicon and oxygen

is attributed to the quartz tube etching during the CVD process [8], while residual N present in the
deposition chamber is due to the base pressure (1 x 104 mbar) of the deposition system. The boron
concentration, between 6 x 1016 cm™3 and 6 x 1017 ¢cm™3, is unexpected as there is no boron dopant
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source in the process. Hence, its origin is unclear. In addition to SIMS, measurements carried out with
EDX and XPS techniques also confirm the variations in film composition among samples grown with
different deposition conditions (Figs S5 and S6). Thus, from the above results it can be inferred that the

film microstructure as well as the film composition change with the CVD diamond growth conditions.
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Fig. 3. SIMS depth profile of the diamond film deposited with [P]/[C] ratio of 8090 ppm
at 900 °C.

3.2. Young’s modulus and in-plane residual stress

The Young’s modulus (E) of the diamond films also varies with the deposition conditions (Fig. 4).
The values of E are between (450 £ 50) GPa and (1130 + 50) GPa, with the highest for the undoped
NCD layers. The PHs-series samples have almost constant E values of =630 GPa except for the highest
[P}/[C] ratio where a drop to =450 GPa is observed (Fig. 4(a)). For the undoped-T-series films, E
steadily increases until 800 °C and sharply reduces at the highest substrate temperature of 900 °C (Fig. 4(b)).
On the other hand, the increasing substrate temperature has a negligible effect on E for the PH3-T-series
up to 700 °C beyond which an increase is observed. It should be noted that the highest values of E for the
undoped diamond sample is comparable to that of single crystal diamond and achieved in our process

with thin NCD films. Fig. 4(d) shows the Young’s modulus as a function of the diamond film density as
determined with the XRR technique. The average film density of (3.46 = 0.06) g/cm3 for the undoped-T-

series samples is comparable to that of single crystal diamond (3.52 gem3). The PHs-series films have a
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density of (3.27 + 0.07) gem3 while no clear trend is observed for the PH3-T-series samples.
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Fig. 4. Young’s modulus of the diamond thin films: (a) PHs-series, (b) PH3-T-series and undoped-

T-series, and (c) Young’s modulus as a function of film density.

Fig. 5 shows the in-plane residual, thermal and intrinsic stress for the deposited films. The in-plane
residual stress in the diamond films is evaluated from the wafer curvature measurements. All samples
have compressive residual stress with the lowest value of —0.25 GPa for the film grown at [P]/[C] ratio of
8090 ppm and at a substrate temperature of 900 °C. In general, the origins of the residual stress in thin
films are due to: (i) the mismatch between the lattices of the substrate and the film, (ii) the thermal
expansion coefficient difference, which generates the thermal stress when cooling down to room
temperature after deposition, and (iii) the intrinsic stress, which depends on the CVD deposition conditions
[11]. As the diamond growth occurs on ND seeds and not directly on the silicon substrate, the lattice
mismatch is not considered in this study. The thermal stress (o) is expressed as:

E
l—v

o= (aﬁlm - asub.) (T - TO) (1)

with E and v the Young’s modulus and the Poisson’s ratio of NCD, respectively, afilm and asub. the
thermal expansion coefficients of thin film and substrate, respectively, T and To the substrate
temperature at film deposition and room temperature, respectively. The thermal expansion coefficient
values are reported in literature [38], and Young’s modulus values were experimentally determined. The
Young’s modulus values stayed almost constant with Poisson’s ratio (Fig. S1), hence a Poisson’s ratio of
0.12 was chosen for Young’s modulus determination as well as for thermal stress calculations [29,39].
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Once the thermal stress for each deposition is calculated, it can be subtracted from the residual stress

giving the value of the intrinsic stress, which can then be correlated with the film properties.
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Fig. 5. In-plane residual, thermal and intrinsic stress of the (U)NCD films: (a) PHs-series, (b)
PH3-T-series, and (c) undoped-T-series.

For the PH3-series, the deposition temperature is constant (400 °C) and E values remain almost constant
(=630 GPa), except for the sample deposited at the highest [P]/[C] ratio. Therefore, the calculated thermal
stress is compressive and vary between —0.34 GPa and —0.36 GPa for all PHs-series samples except at
the highest [P]/[C] ratio for which it is —0.25 GPa. With the increase in substrate temperature, the
ther- mal stress increases systematically for both of the T-series, except for the undoped film at 900 °C.
Again, this deviation is due to the drop in the value of Young’s modulus. The evaluated intrinsic stress is
compressive for the PHs-series and decreases with increasing [P]/[C] ratio. While, a transition from
compressive to tensile intrinsic stress is observed at 400 °C and 600 °C for the PH3-T-series and undoped-

T-series, respectively.

4. Discussion
4.1. Film morphology and film composition

Depending on the CVD process conditions, the samples have differ- ent microstructure, ranging from
randomly faceted NCD to a cauliflower-like film with finer grains of ultra-NCD. The UNCD process
reported earlier in N»>-based, Ar-based, or CHy-rich plasmas is primarily attributed to impurity-related
surface processes due to changes in plasma chemistry and surface kinetics resulting in smaller grains [40—
42]. In our samples, the morphology transition for the PHs-series samples confirms that phosphine-based

CVD diamond growth plasma with [P]/[C] ratio of 8090 ppm in the linear antenna CVD system is an
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impurity driven process. As comparable morphology changes is observed for the undoped layers at 900 °C,
we propose that additional impurities, such as residual gases in the chamber, may be introduced into the
H2/CH4#CO; diamond growth plasma at higher stage tem- perature. Therefore, the complex morphology
featuring clusters of smaller diamond grains (Fig. 1(d)) is suggested to originate from the introduction of
phosphine and other impurities into the CVD growth plasma at 900 °C. Moreover, impurities such as
silicon are also known to originate from the quartz tubes of the CVD system [8], leading to plate-like
morphology (Fig. S2). Whether these impurities play a role in UNCD formation at higher deposition

temperature (900 °C), leading to transition in the film morphology, remains under investigation.

Earlier studies in the literature report increased sp3 content in dia- mond films fabricated at higher

substrate temperature in the resonant cavity MW PE CVD reactor [43,44] and LA MW PE CVD reactor

[45]. Our results are contrary — the samples have lower sp3 bonded carbon content at the highest

substrate temperature and can be explained by the impurity driven transition to UNCD process [46,47].

4.2. Young’s modulus and in-plane residual stress

The Young’s modulus values obtained for the diamond films can be elucidated by considering the
projected grain areas (deduced from the SEM images, Fig. S2). All values, except for the increased E
at 800 °C and 900 °C for the PH3-T-series, correlate well with the cor- responding projected diamond
grain areas, with higher E for larger grain areas (Fig. 6(a)). Thus, it can be confirmed that the Young’s
modulus of the diamond films depends on the CVD process conditions. Prior reports on NCD process,
associate lower Young’s modulus with smaller grains (i.e. more grain boundaries) [13,14,19,48]. A
theoretical study by Sha et al. shows a direct correlation between the decrease in Young’s modulus and
the increase in the density of grain boundaries in UNCD [49], while Fallon et al. using TEM,
observed amorphous carbon at the grain boundaries and at the edges of the CVD diamond grains [50]. We
can hence expect that diamond films with smaller grains, thus with a higher fraction of grain boundaries
and amorphous carbon, result in a lower Young’s modulus than samples with larger grains and less grain
boundaries.

The intrinsic stress of diamond films is dependent on the CVD conditions — the film morphology,
impurities and grain boundaries are known to impact the intrinsic stress of the grown film [51]. It is
generally accepted that the compressive intrinsic stress is attributed to non-diamond phases, hydrogen
content and/or impurities in the layer [52]. Tensile intrinsic stress in diamond films are reported to be
generated by dislocations, voids and grain boundaries explained using the grain boundary model
[16,52,53]. The PH3-series samples exhibit compressive intrinsic stress, with a non-diamond content of

less than 20%. However, the samples with even higher non-diamond content, such as those deposited
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at 900 °C, display tensile intrinsic stress. These observations are contrary to the expected results; hence

the non-diamond content alone cannot explain the origins of intrinsic stress.
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Fig. 6. (a) Young’s modulus and (b) intrinsic stress as a function of the projected grain area for

the diamond thin films.

In our samples, we explain the origins of intrinsic stress on the basis of film microstructure. Our
results (Fig. 6(b)) show undoped- T-series samples with largest grain areas have tensile intrinsic stress.
High quality diamond with tensile stress are reported to arise from the onset of grain growth [12]. On
the contrary, it can be seen that as the area of grains reduces (density of grain boundaries rises), the
tensile intrinsic stress dominates, and the samples with the smallest grain area demonstrate the highest
tensile stress. Thus, the presence of grain boundaries generating tensile stress can be supported. The
incorporation of trans-polyacetylene (TPA) in UNCD films with smaller grains also generates tensile
intrinsic stress [54]. The PH3-T-series samples have prominent TPA peak in the Raman spectra (Fig. S4)

and also contribute to the intrinsic tensile stress formation. The film density variation between (2.92 + 0.05)

g/cm3 and (3.13 £ 0.05) g/cm3 for the PH;3-T-series samples indicate film composition differences, i.e.
changes in the carbon matrix surrounding the grains occur. We can hence conclude that tensile intrinsic
stress is generated in high quality films with larger grains, while in UNCD the presence of grains
boundaries, the incorporation of TPA and impurities in matrix surrounding the grains contribute to

tensile intrinsic stress generation in the samples.

5. Conclusion

In this study, we systematically investigated the Young’s modulus and residual stress of diamond films
deposited with the linear antenna CVD system. The main conclusions are summarized as follows:

1. The linear antenna CVD system can be used for the growth of NCD with enhanced mechanical

13



properties. The 250 nm thick undoped NCD films grown at 800 °C had the Young’s modulus of

(1130 + 50) GPa and density of (3.46 + 0.05) gem3, which are comparable to single crystal diamond.
2. The addition of PH; to the H2/CH4#CO; diamond CVD plasma leads to diamond films with
reduced grain size, which is the cause of the Young’s modulus reduction due to amorphous car- bon
within the grain boundaries.
3. Tensile intrinsic stress in diamond films is microstructure- dependent and generated with higher
magnitudes either in films with the smallest grain areas or in those with the largest grains.

Additionally, the incorporation of TPA contribute to the tensile stress generation.

4. The incorporation of phosphorus in NCD thin films with a con- centration of up to 4.2 X 1019 ¢cm3
as shown by SIMS analysis marks a significant milestone for linear antenna type CVD systems.
These findings pave the way for advancing to the next stages in fabricating large area phosphorus-

doped diamond films.
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