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Abstract

This paper deals with diamond films grown by microwave plasma enhanced chemical vapor
deposition technique (MWPECVD) on molybdenum (Mo) substrates of different roughness. The
work is motivated by the necessity to overcome the poor adhesion of diamond films on smooth Mo
substrates, to be effectively applied as cathodes for aerospace propulsion. The deposition process was
monitored in situ by pyrometric interferometry (PI), thus enabling the real-time monitoring of both
the rate and the temperature of deposition. The characterization of the obtained diamond films was
performed by different techniques such as Raman spectroscopy, X-ray diffraction (XRD) and
scanning electron microscopy (SEM). The poor adhesion of diamond films on smooth Mo was solved
by roughening the surface substrates, decreasing thermal and intrinsic stresses of the films compared
to those deposited on smooth ones. In this work, PI technique supported the prediction of the
adhesion and the stability of diamond films before their exposure in air, simply by monitoring the
deposition temperature. This is a very interesting aspect that has never been addressed in research
papers, as pyrometric interferometry is generally used to assess the rate and the temperature of
deposition.

Keywords: MWPECVD; diamond films; molybdenum substrate; surface roughness

1. Introduction

The superior chemical-physical properties of diamond, such as high chemical inertness, high
mechanical hardness, high radiation hardness, good thermal conductivity and high secondary
electron emission coefficient, make it one of the most investigated in the field of materials research.
In particular, the chemical inertness allows it to work under harsh external conditions. Diamond is
also a wide band gap semiconductor (5.47 eV) thus implemented in UV sensors [1,2]. In addition, it
is a good electron emitter for its low electron affinity (0.35 - 0.5 eV), making it attractive for
photocathode production, especially in nanocrystalline structure [3-8].

Since the synthesis of diamond films was generally carried out by chemical vapor deposition
(CVD) techniques, such as hot filament CVD (HFCVD) [9] and microwave plasma enhanced CVD
(MWPECVD) [2,4-6,10], working at high deposition temperatures (=600 °C), the employed substrates
must be compatible with the growth process of diamond. The role of the substrate in diamond films
growth was crucial, because it affected many diamond properties, like the structure, the
microstructure, the morphology, and the adhesion. This was the reason why the choice of substrate
for diamond deposition must have certain requirements [11]. First, it must be resistant to high
temperature and have thermal expansion coefficients or lattice constants close to those of diamond.
Second, it must be able to form carbides as intermediate layer having high surface free-energies
relatively close to the surface free energy of diamond [12-16]. Refractory metals (Mo, W, Ta), as well
as silicon, form stable carbides in the presence of carbon or hydrocarbons due to their high stability
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and to the low carbon solubility in these metals. For example, W forms W2C at 920-970 °C, Mo forms
Mo:C at 700-770 °C [12] and SiC is the predominant form of the intermediate layer when using silicon
as substrate. The carbon surface diffusion on the substrate is mainly important for the diamond
nucleation [11]. For example, Ta and W have shown very low carbon diffusion into the substrate
making the diamond growth [11] difficult; high nucleation rates are instead observed with Nb and
Mo substrate [11]. In addition, the carbon diffusion coefficient together with the substrate
temperature and the carbon concentration influence the carbide layer growth rate that is relatively
slow, providing very thin layer thickness of the order of 1-10 nm, as reported by some authors for
SiC intermediate layer when diamond is deposited on silicon substrate using MWPECVD technique
[13-15]. Carbide layers play an important role for the mechanical [16] and the structural properties
of the grown diamond film (sp?/sp® carbon content, grain size, orientation of growth), thus modifying
microhardness and corrosion resistance of the material [12].

Most papers reported in literature show diamond synthesized on molybdenum [9,17-21],
conventional silicon substrates [17,21,22] and copper [17-21], mainly thanks to their high melting
point temperature, making them utilizable in CVD techniques. Moreover, the lattice constants close
to that of diamond make them good for heteroepitaxy deposition, especially Cu and Mo. Among
conductors, molybdenum is considered the best substrate for diamond growth [11,17-19], thanks to
the lattice constant and thermal expansion close to diamond. It is also a refractory metal with a high
melting point (2623 °C) and therefore extraordinarily resistant to high temperatures. However, silicon
is generally the most utilized substrate material for diamond growth by CVD techniques having a
thermal expansion coefficient very close to that of diamond although its small nucleation density of
10* cm?, due to the high surface diffusivity of the carbon species.

Table 1 summarizes the above-discussed key properties of the main substrates suitable for
diamond thin films growth and compares them with diamond ones.

Table 1. Main properties of substrates suitable to diamond film growth and compared to diamond ones.

Material Thermal expansion (x 10 K)  Melting point (°C)  Lattice constant (nm)
Copper 16.5 1084 0.361
Silicon 2.6 1414 0.543
Molybdenum 4.8 2623 0.314
Diamond 1.0 4090 0.357

In general, the high surface energy of diamond makes it extremely difficult to grow on non-
diamond substrates [23]. Therefore, such a problem has been solved by using techniques that
promote the nucleation process and enhance the density of the nuclei up to 10 cm? on silicon
substrate [24]. One approach is the pre-treatment of the substrates [11,22,24-26], consisting in
ultrasonic abrasion, using diamond particles ranging from 10 nm to 45 m. Another way to treat the
substrate surface, but less widely used, is mechanical scratching with diamond powder [20], to induce
morphology modifications able to create active sites for a better adsorption of diamond precursors.
This step is extremely important in the first phase of the growth: a mirror or flat surface does not
promote diamond nucleation, since there are neither (a) appropriately shaped scratches in the
surface, which act as growth templates, or (b) embedding nanometre-sized fragments of diamond
into the surface, which then act as seed crystals, or (c) a combination of both.

On metal substrates CVD-grown diamond films exhibit good adhesion [11,21], although some
authors report their detachment [27]. In particular, diamond films on Mo substrates exhibit enhanced
adhesion on roughened surfaces [21].

The aim of this work is to study the impact of the Mo substrate roughness on the properties of
the diamond films to overcome the poor adhesion and stability of the films on smooth Mo substrate
observed in samples to be tested as neutralizer cathode for aerospace applications. The films were
grown by MWPECVD technique and both the rate and the temperature of deposition during the
process were monitored in situ by pyrometric interferometry (PI).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In this work, we also demonstrate how the deposition temperature can be considered a key
parameter for the production of adherent and high-quality diamond films. The characterization of
the diamond films was performed by means of atomic force microscopy (AFM) to evaluate the
substrate roughness, by X-ray diffraction (XRD) to evaluate the crystallinity, the average orientation,
the size of the crystalline grains and the residual stress; Raman spectroscopy to assess the carbon
hybridization and the phase purity, and scanning electron microscopy (SEM) to determine the films’
surface morphology.

Finally, we show initial tests on cathode erosion in Ar plasma in order to obtain a preliminary
estimate of the stability of these films as cathode in a plasma environment, as occurs when they are
applied in aerospace propulsion.

2. Materials and Methods

Diamond films were deposited on molybdenum and silicon substrates by MWPECVD technique
in a home-made cylindrical stainless steel ASTeX-type reactor, by starting from CHs-H2 gas mixture.

2.1. Substrates Preparation

Four types of substrates were used in this study: a disk of p-Si (highly doped in boron with a
low resistivity <0.005 ohm-cm, single side polished, diameter of 25 mm and thickness of 0.75 mm)
and three disks of smooth Mo (diameter of 25 mm, thickness of 0.75 mm). One Mo disk was used as
received (Mos) while the other two were mechanically treated, by two different methods, to roughen
the surface and study the influence of the surface roughness on the adhesion of diamond film on it.

The first available method was sandpaper. The sanding operation was performed manually by
P60 sandpaper with grit particles size of 269 m (Morsandpaper) to achieve a coarser surface. This
treatment was performed for 10 minutes applying a constant force of about 10 N/cm?. Subsequently,
the opportunity to use a shot peening machine CB800PA series A was seized, improving the quality
of the roughness treatment (uniformity and better control of surface modification). A jet of alumina
powder was used on the Mo sample (Morshot-peened) placed at a distance of 10 cm for a duration of 15
minutes. After these treatments, the Mo substrates were cleaned with alcohol and deionized water to
remove any residual dirt and debris. The root mean square roughness (Rq) of the substrates was
evaluated by AFM (Nanosurf CoreAFM).

2.2. Diamond Deposition via MWPECVD Technique

Before the introduction into the deposition chamber of MWPECVD apparatus, the p-Si and Mo
substrates were treated ultrasonically for one hour in an ethanol suspension of diamond powder
(grain size 40-60 pum). Such treatment enhanced the nucleation density [24] by promoting the
deposition process of diamond films. During the plasma-chemical process the substrates were
directly placed on the susceptor, previously heated up to 700 °C via a PID (Proportional Integral
Derivative) feedback control system. A highly diluted mixture of CHs:H: was employed 2.5:247.5
sccm (standard cubic centimeters per minute), the total gas flow rate was 250 sccm. The flow rate of
each gas was controlled via a flowmeter and kept constant during the whole process. The deposition
time was monitored to obtain films of thickness around 1 pm.

In the following Table 2, the deposition parameters for the preparation of the samples are listed,
holding constant composition of gas mixture (1% CHi - 99%H>), total gas flow rate (250 sccm),
susceptor height (70 mm), microwave power (1250 Watt) and pressure (35 mbar).

Table 2. Plasma conditions for the deposition of diamond films onto silicon p-Si(100) and molybdenum
substrates, holding constant the total flow rate (250 sccm), the composition (1 % CHa) of gaseous CHs-H2 mixture,

the pressure (35 mbar), the microwave power (1250 Watt) and the heating temperature of susceptor (700 °C).

Substrate Deposition  Deposition Deposition rate

Sample type  temperature (°C) time (min)  rpo(um/h)

thickness (um)
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Diam112_pSi p-Si 820 180 0.43 +0.01 1.29 £0.03
Diam116_Mos smooth Mo >950 219 0.33+0.01 1.20 £ 0.02
Diam117_ Morsandpaper  rough Mo! 873 217 0.30 +0.01 1.10 +£0.01
Diam114_Mogshot-peened  rough Mo? 818 420 0.17 +0.01 1.20 +0.03

'roughened by sandpaper. 2roughened by shot peening.

2.3. Process Diagnostics: Pyrometric Interferometry (PI)

As already reported, the on-line, real-time and continuous measurement of the surface
temperature of the substrate on which the diamond deposition takes place is very important. It allows
for measuring the deposition rate and thus the average thickness of the obtained film, and it is also
shown how a check can be obtained on the adhesion properties of the film by observing the
pyrometric interferogram and the deposition temperature during the diamond growth process.

In the experiment, the temperature was measured by the pyrometric interferometry that is a
non-invasive, in-situ diagnostic technique of the plasma chemical process which allows the
monitoring of temperature in real time. Specifically, a noncontact, dual wavelength infrared ( 1=2.1

mand 2=24 m) pyrometer (Williamson Pro 9240) working in the temperature range 475-1475 °C
was employed. It was positioned on the upper quartz window of the MWPECVD reactor by means
of the optical fiber, set perpendicular to the substrate surface with an observation angle ~ =0°, and
interfaced to the computer by means of a programmable interface module. The emitted IR radiation
intensity is modulated in time by interference phenomena causing a variation of the apparent
temperature reading of the pyrometer. The real deposition temperature (To) of the process can be
calculated through the average value. In addition, the pyrometric interferences provide also the
deposition rate ro according to the following equation [28]:
_ (A44+243)cos @
T 4nat

(1)

where 1and :are the two wavelengths of the pyrometer, is the observation angle measured from

D

the substrate surface normal, # is the refraction index of the diamond film (about 2.4), and tis the
time interval between two consecutive maxima or minima of the apparent temperature oscillations).
The used pyrometer offers the following advantages:

] the two wavelengths allow to compensate automatically the problems due to emissivity
variation;

. the chosen wavelengths allow to observe the specimen surface through the plasma
without contributions from the latter;

. the long-term stability of the calibration is useful for monitoring processes or controlling
applications where precise and reproducible results can be a crucial point;

J the values of the quality factor known as Signal Dilution Factor (500:1) are high;

. the optical fiber permits to place the sensor in more convenient and remote zones.

2.4. Diamond Films Characterization

The material characterization plays an important role both for the optimization of the plasma
chemical process and for the behavior of the film diamond in the application of final device.

The topography of the p-Si and molybdenum substrates was analyzed by AFM technique
(Nanosurf CoreAFM) operating in contact mode in air at room temperature by scanning an area of
(10x10) m2

The topography and morphology of the diamond surfaces were investigated by SEM. The SEM
images were obtained using an EVO scanning electron microscope (SEM model Zeiss 50XVP) in
secondary electrons mode, with an operating voltage of 15 kV. This technique allows to obtain
magnification up to 106, therefore the morphology of various materials can be analyzed with a spatial
high resolution down to few nm.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The chemical-structural features of diamond films were examined at room temperature by
means of a Raman confocal micro-spectrometry apparatus (Labram from Jobin-Yvon Horiba) in the
backscattering configuration using an excitation Ar-ion laser beam (514 nm, laser output power 1
mW). The spot size on the samples was approximately 1 pm diameter using a 100x objective. Raman
spectroscopy permits the evaluation of order and structure of the various carbon allotropes via the
analysis of the position and the shape of the phonon peaks, allowing to distinguish sp? (graphite) and
sp? (diamond) hybridized carbon.

The crystalline structure and the crystal orientation of the diamond films were analyzed by XRD
technique (Rigaku SmartLab SE diffractometer, Tokyo, Japan) in pseudo-parallel Bragg-Brentano
mode with an incident angle of 0.5°, using the Cu-Ka radiation (A=0.154 nm, 40 kV and 50 mA) and
the spectra were collected in 20 = 10°- 80° (0.010° step size and scan speed of 0.2° min!). The spectra
were fitted by a Voigt function to calculate the full width at half maximum (FWHM) for crystal quality
assessment. The crystallite size of the thin films was extracted from the XRD data.

3. Results and Discussion

Figure 1 shows: a) the photos of molybdenum substrates, b) the corresponding AFM topography
images, with and without roughening treatments and c) AFM profiles.

S R

shot peened Rsand paper

Z-Axis - Scan forward Line fit
2 “jf\ e R OT

10pm

Line fit 184nm
Line fit 795nm
Line fit 828nm

b)

Z-Axis range
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opm x* 10pm
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-388nm Linefit 442nm
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-115nm  Line fit BLEnmI

E=
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Figure 1. a) Photos of molybdenum substrates (2.5 cm of diameter, 0.75 mm of thickness): smooth (Mos), rough
by shot peening machine (MoORrshot-peened) and rough by sandpaper (Morsandpaper) and corresponding b) AFM
topographies and c) AFM profiles.

The topography of the polished p-Si substrate, studied using AFM, showed an average
roughness of less than 1 nm (not shown in Fig. 1). The smooth Mo surface (Mos), on the other hand,
had a higher roughness of (70 = 5) nm, which was very different from that of the polished p-Si, which
increased to (580 + 50) nm when roughened by shot peening (Mogshot-peened) and up to (675 + 65) nm
when treated by sandpaper (Morsandpaper). Furthermore, it can be seen from the AFM images of Fig.1b
that the roughness of the shot peened molybdenum is regular and uniform over the entire surface
(due to the uniform shot of particles), in contrast to the sandpaper roughened molybdenum, which

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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shows grooves in different directions with depths around 1 m (see Fig. 1c), compatible with the
specifications of the sandpaper used.

Figure 2 shows the Mo roughness with and without the application of the roughening
treatments. In the same Figure, the Si roughness is reported for comparison.

750 H .
MoRshol'peerTed -

/E\ 600 ] " - MoRsan;paper
E
»n 450
(D2}
(O]
£
o 300 -
-
o

150 1 v

MOS
p-Si .

T = T

substrates

Figure 2. Trend of the root mean square roughness (Rq) of the substrates, determined by AFM (Nanosurf
CoreAFM).

Figure 3 shows the pyrometric interferograms obtained during the deposition process of
Diam112 on polished p-doped silicon (Diam112_pSi, blue curve) and Diam116 on smooth Mo
(Diam116_Mos, red curve), without the roughening treatment.

5

3

g

Apparent temperature (°C)

2

1 1 1 1 J 1 1 1 J 1 1 1 i 1 1 1 1 1 [ 1 1
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Deposition time (min)

Figure 3. pyrometric interferograms obtained during the deposition process of Diam116 on smooth Mo
(Diam116_Mos, red curve) and of Diam112 on polished p-doped silicon (Diam112_pSi, blue curve).
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The deposited film thicknesses (reported in Table 2) are calculated by multiplying the ro of eq.
(1) and the deposition time.

Although both samples were synthesized under the same experimental conditions, it is worth
to evidence that the apparent temperature recorded on each substrate is very different. In particular,
minima and maxima of the interference fringes of Diam116_Mos, are below and above the sensor’s
range of measurements and are recorded as LO (below range i.e. <475 °C) or HI (above range i.e. >
1475 °C). The value of real deposition temperature (Tp), given by the averaged values of apparent
temperatures, is indicated in Figure 3 by the horizontal blue line for Diam112_pSi (Tp = 820 °C), while
it was not possible to calculate it for Diam116_Mos (interpolation gives Tp > 950 °C).

The results change when comparing the temperatures obtained during the synthesis of the
diamond films on rough Mo substrates. Figure 4 reports, in fact, the pyrometric interferograms of
Diam116_Mos (red curve) and Diamll7 grown on roughened Mo by sandpaper
(Diam117_Mogsandpaper, blu curve) which shows a clear decrease of deposition temperature from To >
950 °C to 873 °C. The roughening treatment of Mo induces a pyrometric interferogram where the
maxima and minima values of interference fringes are within the measurement range of the
pyrometer (475 °C < T < 1475 °C) and therefore a lower deposition temperature.

-~ T T T T ‘ T T T ‘ T T T T T T ]
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e | |
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Figure 4. pyrometric interferograms obtained during the deposition process of Diam116 on smooth Mo

(Diam116_Mos, red curve) and of Diam117 on rough Mo by sandpaper (Diam117_Morsandpaper, blu curve).

The subsequent opportunity to improve roughness treatment through shot peening made it
possible to decrease the temperature of the process. In fact, a lower deposition temperature was
observed for Diam114_Morshot-peened. The pyrometric interferogram reported in Figure 5 falls even
better within the operating range of the pyrometer with an estimated deposition temperature of 818
°C (Diam114_Mogshot-peened, blue curve).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. pyrometric interferograms obtained during the deposition process of Diam116 on smooth Mo
(Diam116_Mos, red curve) and of Diam114 on rough shot peened Mo (Diam114_Morshot-pecned, blue curve).

After deposition and successive susceptor cooling, all diamond films were removed by the
deposition chamber and exposed to air atmosphere and characterized by AFM, XRD, Raman and
SEM techniques.

Figure 6 shows the XRD patterns of the diamond films, performed in -2 (Bragg-Brentano)
geometry, from 0 to 80 degree. The labels showed, for all the investigated films, the diffraction peaks
corresponding to two orientation planes of cubic diamond. Specifically, the peak at2 =43.9°belongs
to the diffraction from the crystallographic plane (111) of diamond; the other peak at2 =75.3°is
attributable to the diffraction from (220) plane of cubic diamond.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. XRD patterns of the investigated diamond films and Mo substrate.

All the spectra of the diamond films also show the reflection from their substrates. In particular,
Diam112_pSi pattern shows two peaks at 2 =32.9° and 69.1°, corresponding to the (200) and (400)
crystalline planes of silicon, respectively. The spectra of Mo substrate, Diam116_Mos,
Diam114_Mogshot-pecned and Diam117_Morsandpaper show three peaks located at 40.6°, 58.8° and 73.8°,
corresponding to the (110), (200) and (211) crystalline planes of molybdenum (JPCDS 89-5023),
respectively. A low intensity peak due to molybdenum oxide (MoQ) is also visible in the Mo
substrate spectrum.

In addition to the reflection peaks of diamond films and the corresponding substrates, all the
spectra show various peaks attributable to metal carbide interlayer. In particular, the spectrum of
Diam112_pSi shows a very high and narrow peak of 3C-SiC whereas Diam116_Mos,
Diam114_Mogshot-peened and Diam117_Morsandpaper sShow various strong reflection peaks attributed to -
Mo2C (exagonal carbide phase, JCPDS 35-0787).

X-rays reflections provide information also about the interfaces suggesting that, before the
growth of diamond films, very thin layers of Mo2C and SiC were produced on the substrates surface;
consequently, diamond films grow on the respective carbide layers. The roughening of the Mo
substrates does not influence the crystallinity of the diamond films showing the same diffractograms,
whatever the substrate surface conditions are. On the contrary, a strong influence on the
microstructure can be observed through the estimation of the crystallite size of diamond films. Grains
size (Gs) along (111) and (220) planes of diamond were calculated by Scherrer formula [29] and by
fitting XRD peak with a Voigt function. The obtained values are reported in Table 3.

Table 3. Grains size (Gs) along (111) and (220) planes of diamond, calculated by Scherrer formula.

Sample Gs(111) (nm) Gs(220) (nm) Roughness (nm)
Diam112_pSi 49.9 444 very low (< 1)
Diam116_Mos 36.9 31.2 70+5

Diam114_MoORrshot-peened 27.4 244 580 + 50
Diam117_MoORsandpaper 26.5 26.3 675 + 65

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1952.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 September 2025

10 of 20

It is worth to note that all the diamond films grow preferentially along (111) plane, as confirmed
by the faster growth of (111) grain size. In addition, the grain size decreases with substrate roughness
increasing, as depicted in Figure 7.

—=— (111)|
—e— (220)|

Grain size (nm)

0 175 350 525 700
Substrate roughness (nm)

Figure 7. Substrate roughness Rq vs grain size estimated by XRD spectra.

The lattice constant was also calculated, considering Bragg Law. The lattice constant of stress-
free diamond (cubic carbon) is 0.357 nm which is 34 % smaller than that of Si (0.543 nm) and 12 %
larger than that of Mo (0.314 nm). Considering the XRD spectra of Figure 6, an interlayer of carbide
appears on all the substrates. The lattice parameters for -Mo2C are a = 0.30 nm and c = 0.473 nm
(JCPDS no. 11-0680). SiC has more than 250 different polytypes but usually exists in two basic
crystalline modifications - hexagonal -SiC (6H-5iC (a=0.3073 nm, ¢=1.511 nm) and cubic -5iC (3C-
SiC a = 0.43596 nm). Lattice mismatches between diamond and molybdenum/silicon carbides are 19
% (larger) and 22 % (smaller), respectively.

The dislocation density (0) gives more information about the number of defects in the films
which can be calculated from Williamson-Smallman relation [30]:

1

6= oz 2)
where the grain size Gs is expressed in nm. Higher d values indicate lower crystallinity levels for the
films and the number of defects in the structure. All diamond films arrange along (111) plane with
higher crystallinity. The number of crystallites per unit area (N) can be calculated from the following
formula:

t
where t is the thickness of the film. The higher N values indicate abundance of crystallization.
All these parameters are reported in Table 4.

Table 4. Crystallographic parameters of diamond films obtained by XRD analysis.

Sample a(11)  a(220) 5}“ §2m Nint N220
A A (x10%lines/m?) (x10%lines/m?)  (x10'%/m?) (x10%¢/m?)
Diam112_pSi 3.54 3.55 0.40 0.51 1.04 1.48
Diam116_Mos 3.50 3.51 0.73 1.02 2.80 4.62
Diam114_Morshot-peened 3,51 3.52 1.33 1.68 5.78 8.20
Diam117_Morsandpaper ~ 3.51 3.52 1.42 1.45 7.16 7.35
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Table 4 clearly evidences the effect of the substrate roughness on the crystallographic parameters
of the diamond films: (111) the grain size increases on smooth substrate surface, higher values of
dislocation density (d) and number of crystallites per unit area (N) are found on diamond films
deposited on rough molybdenum substrates due to their nanocrystalline nature (as shown in the
following), which results in smaller grains and thus more grain boundaries.

SEM analysis allows for a better observation of the more pronounced nanocrystalline structure
of diamond films when grown on rougher Mo substrates compared to the others. Figure 8 shows
SEM images of diamond films grown on different substrates. The diamond film Diam112_pSi (Fig.
8a) evidences a microcrystalline character and many grains from 0.3 to 0.8 m with extended (001)
facets oriented approximately parallel to the surface.

Figure 8. SEM images of the diamond films deposited on a) p-Si (Diam112_pSi), b) smooth Mo (Diam116_Mos),
c¢) Mo roughened by shot peening (Diam114_Morshotpeened) and d) Mo roughened by sandpaper
(Diam117_MORsandpaper).

SEM image of Diam116_Mos (Fig. 8b) still shows a microcrystalline character of the film, albeit
to a lesser extent than in Diam112_pSi. In particular, grains with various shapes and sizes slightly
smaller than 0.8 um are seen, together with nanocrystalline grains.

However, the surface morphology of the films on rough Mo (Diam114_Mogshotpeened and
Diam117_Mogsandpaper, Figs. 8c and 8d, respectively) is different and exhibits a higher nanocrystalline
character. Specifically, both Diam114_MoOgshot-peened and Diam117_Mogsandpaper, for memory effect of the
roughened Mo surface having several morphological features shows globular structures aggregated
among them including smaller number of microcrystalline grains. This is slightly more evident in
Diam117_Mogsandpaper Which shows the lower density of microcrystalline grains, i.e. a higher
nanocrystalline character. The increased roughness going from smooth to roughened Mo leads to the
decrease of the grain size and the morphological features. In fact, Diam114_MOorshotpeened and
Diam117_Mogsandpaper are less microcrystalline than Diam116_Mos. But, on the other side, it leads to
the adhesion improvement as observable in Fig. 9 where diamond film deposited on Si, smooth and
rough Mo substrates are compared after 5 days of exposure in air (constant ambient temperature of
22 °C with stable humidity levels of about 65%). The film deposited on smooth Mo (Diam116_Mos)
is the only one to show obvious surface fractures and delamination, indicating poor adhesion to the
substrate. In contrast, the other diamond films on Si (Diam112_pSi) and rough Mo substrates
(Diam114_Mogshot-peened and Diam117_Morsandpaper) showed excellent adhesion, without any surface
defects.
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Diam112_pSi Diam116_Mog

Diam114—M°Rshot peened Diam117—M°R$andPaPef

Figure 9. Photos of the diamond films deposited on p-Si and Mo substrates after 5 days of exposure in air
(constant ambient temperature of 22 °C with stable humidity levels of about 65%).

Raman spectra of diamond films are reported in Figure 10 and confirm the results obtained by
XRD and SEM analyses. The films exhibit typical features of micro- and nano-crystalline diamond
films [31]. In particular, Diam112_pSi spectrum shows a typical microcrystalline structure with a
diamond peak at 1332 cm™ and the G-band centered at 1515 cm™ due to graphite and sp? bonds at
grain boundaries.
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Figure 10. Raman spectra of diamond films deposited on Si and Mo substrates.

Small changes are beginning to be seen in Diam116_Mos spectrum: the diamond peak is
positioned at 1331.9 cm! but a peak is beginning to be seen at 1480 cm due to the trans-polyacetylene
(t-PA). The structural properties of this film are different from Diam112_pSi and exhibit both
microcrystalline and nanocrystalline characters.

The spectra of Diam114_MOogshot-peencd and Diam117_Morsandpaper appear similar, but different from
Diam112_pSi and Diam116_Mos. They show the diamond peak shifted to more than 1336 cm* and a
more prominent t-PA peak at 1480 cm.

The shift, from the 1332 cm™! literature value to 1336 cm, is generally attributed to a structural
stress in the films (discussed below).

In terms of the diamond peak width (FWHM), there is also a difference between the samples.
The lower FWHM values of the diamond peaks of Diam112_pSi and Diam116_Mos indicates a higher
microcrystalline nature of these films with respect the others.

In addition, it is easy to observe that going from microcrystalline (Diam116_Mos) to
nanocrystalline (Diam114_Morshot-peened and Diam117_Morsandpaper) films, the diamond peak decreases
and at the same time the graphite band widens and increases because the graphitic component at the
grain boundaries increases.

A qualitative estimate of the carbon fraction organized in the diamond or in the graphite
structure can be determined via a quality factor (Fq) defined as the ratio F¢=Ip/Inp, where Ip and Inp
are the peak intensities of the diamond peak and the graphite band, respectively. Similarly, one can
consider the ratio Ar=Ap/Anp where Ap and Anp are the areas of the diamond peak and the graphite
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band, respectively. High values of Fq or Ar ratios indicate a microcrystalline nature of the films. Table
5 reports these data obtained by analyzing the Raman spectra; the reported values are the average
over four different points for each sample analyzed.

Table 5. Diamond peak, FWHM, t-PA, G-band, Fq, and Ar data obtained by analyzing the Raman spectra.

Diamond FWHM t-PA G-band Fq=ID/IND ARZAD/AND

Sample peak (tm?) (cm?)  (ecm?)  (em?)
Diam112_pSi 1332.0 4.8 -- 1515 7.0 0.45
Diam116_Mos 1331.9 5.3 1485 1515 44 0.28
Diam114_MORshot-peened 1336.7 8.1 1485 1545 1.8 0.17
Diam117_Morsandpaper 1336.4 10.0 1493 1555 1.3 0.14

All these results evidence how the structural characteristic of diamond films deposited on
molybdenum is closely related to the surface roughness of the substrate: a smooth Mo surface favors
the growth of a film with a microcrystalline character, while both rough Mo surfaces (roughness
approximately 10 times that of smooth Mo) favor the growth of a nanocrystalline film.

From Raman spectra, it is possible to obtain further information on diamond films grown on Mo
substrates. In particular, the shift of the diamond peak can be related to the residual stress of the
deposited film [32]. This stress was calculated by the following equation [32,33]:

d(GPa) = —0.49 (GPa/cm™Y) (v, — vo)(cm™1) 4)

were 0.49 GPa/cm is the weighted average gauge factor related to a polycrystalline diamond film,

m is the Raman shift of the deposited diamond film and o is the position of diamond peak without
stress condition.

Table 6 reports the residual stress values obtained by eq. (4): for the diamond grown on smooth
Mo (Diam116_Mos) a very low but positive value of 0.05 GPa is found, which means tensile stress
(can cause cracking or peeling) in according with its microcrystalline character, whereas the two
nanocrystalline films deposited on rough Mo (Diam114_Mogshot-peened and Diam117_MoOrsandpaper) show
negative values i.e. compressive stress (pushes the film inward and can lead to wrinkling or
buckling), as expected [32].

Table 6. Stresses values of the diamond films on Mo substrates.

Sample Residual Thermal Intrinsic stress Diamond peak
stress (GPa) stress (GPa) (GPa) (cm?)
Diam116_Mos 0.05 -2.09 2.14 1331.9
Diam114_MOogshot-peened -2.16 -1.83 -0.32 1336.4
Diam117_Mogsandpaper -2.30 -1.86 -0.44 1336.7

Table 6 also shows the thermal and the intrinsic stresses; their sum gives the total residual stress.
Intrinsic stress refers to the internal stresses in deposited thin films that arise during the growth
process and it is generally influenced by process parameters such as gas pressure in the deposition
chamber and substrate temperature [34].

The thermal stress, related to the thermal expansion between film and substrate, was calculated

by the following formula:
. _ _(apram—asyp) - (T-To) (5)
DIAM ™ tpiam . (1=vsyp) | 1-Ypram
tsuB-Esup Epram

where the subscripts “DIAM” and “SUB” indicate diamond and substrate respectively, is the

coefficient of thermal expansion, T and To are the deposition and room temperatures respectively, ¢
is the thickness, is the Poisson’s ratio and E is the Young’s modulus.

Figure 11 shows the stresses (expressed in absolute value) of the films deposited on
molybdenum together with the roughness of their substrate: a trend closely related to the thermal
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stress (i.e. deposition temperature) and the roughness of the Mo substrate can be observed, i.e. they
are inversely proportional.

Diam116_Mog

Diam114_Mognot-peened

Diam11 7_M oR\:mdp:lpcr

0 0.5 1 1.5 2 25

® Roughness (um) ® Intrinsic stress (GPa)
® Thermal stress (GPa) m Residual stress (GPa)

Figure 11. Stresses (expressed in absolute value) of the diamond films deposited on Mo substrates having

different roughness compared with substrate roughness.

As can be easily seen from Figure 11, the diamond film deposited on smooth Mo shows the
highest values of thermal and intrinsic stresses. The intrinsic (growth) stress affects the grain size,
growth rate and deposited energy. Conversely, thermal stress is closely related to deposition
temperature and can induce deformations in thin films, such as bending and warping, and can even
lead to fracture and delamination (as observed in Diam116_Mos). Film growth at high temperatures
tends to produce tensile stresses and promotes grain growth and high deposition rates. This is one of
the reasons why Diam116_Mos film has a microcrystalline character, higher deposition rates
compared to the other films deposited on rough Mo (see Table 1) and tensile stress.

4. Preliminary Tests on Cathode Erosion in Plasma

The ultimate purpose of these diamond films is to be able to use them as neutralizing cathodes
for aerospace propulsion. Conventional neutralizers exploit thermionic electron emission of materials
with low or negative work function. These conventional neutralizers rely on the surface properties
of the material and their interactions with the plasma and working gas and are prone to cathode
poisoning. The poisoning process causes an increase in the work function of the thermionic emitter
and consequently a decrease in electron emission. Plasma cathodes have been considered as a
potential replacement to conventional hollow cathodes [35] since they do not rely on a thermionic
emissive material and, instead, rely on ionization and electron generation in the bulk plasma.

It follows that the stability of the diamond films and their adhesion to the substrate is a key
parameter, since a cathode is exposed to harsh working conditions, such as high temperature and
wear due to the plasma produced during thrust.

In order to see how these diamond films behave under the action of plasma, erosion tests using
an Ar plasma (this is one of the gases used as a propellant) in an RF sputtering reactor was
investigated. Aware that the present experimental conditions did not represent those experienced
during aerospace propulsion, the aim at this preliminary stage was simply to study the degradation
of diamond films under plasma interaction.

In this section, preliminary results obtained by exposing three diamond samples, freshly
deposited on three different Mo substrates and synthesized under the same conditions are shown.

They were mounted on the substrate holder of a sputtering chamber. Ar gas (P = 2x10 mbar)
was introduced into the chamber through a mass flow controller and an RF biasing (13.56 MHz) was
applied to the substrate. The applied RF power (300 W) created a negative DC voltage on the substrate
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(equal to about — 400 V) that accelerated Ar ions across the plasma-substrate sheath, bombarding the
diamond film surface.

Figure 12 reports the photos of the cathodes after the plasma treatment (Figs. 12b). SEM images
showed the areas where diamond films exhibited less erosion and were more intact (Figs. 12a).

a)

b)

Diam112_pSi Diam116_Mos Diam114_Mogshot-peened Diam117_Mogsandpaper

Figure 12. a) photos of the cathodes after the plasma treatment, b) SEM images showing the areas where

diamond films show less erosion and are more intact.

It is evident from Figures 12b that the least stable film is once again the one deposited on smooth
Mo. On the contrary, the most stable film (among those deposited on Mo substrates) was
Diam114_MOogshot-peencd. It appeared that a “more uniform” roughness of the substrate surface improved
adhesion as it reduces the process temperature (i.e. intrinsic and thermal stresses, as evident in Fig.
11)) compared to a smooth or unevenly rough surface, such as that obtained with sandpaper.

In conclusion, the results obtained in this work demonstrate that:

*  arough substrate surface is better than a smooth one for the growth of diamond films on
molybdenum by MWPECVD technique;

*  the use of a rough Mo substrate reduces the deposition temperature (Tp);

. the decrease in Tp results in lower thermal and intrinsic stresses;

e the decrease in Tp also leads to a change in the stress of the films, switching from tensile
stresses to compressive stresses (from microcrystalline to nanocrystalline film character), limiting
cracking or peeling phenomena attributed to tensile stress;

J more uniform substrate roughness improves films stability and further reduces the
deposition temperature with the consequent above mentioned advantages.

5. Conclusions

The influence of the molybdenum substrates roughness on the characteristics of diamond films
has been discussed based on AFM, SEM, XRD, and Raman results. Specifically, the roughened Mo
substrates guarantee a higher mechanical stability of the films without delamination. This result was
further confirmed during our plasma test where silicon and roughened Mo substrates do not show
mechanical failure. This was probably due to the lower values of thermal and intrinsic stresses of
these two films with respect to the one deposited on smooth Mo.

Moreover, these results have shown how the values of deposition temperature are correlated
with diamond-substrate adhesion. The adhesion was good for the film deposited on silicon, whose
minima and maxima of interference fringes of the pyrometric interferogram and deposition
temperature were within the measurement range of the pyrometer (475 °C < T <1475°C) and of 820
°C. As for Mo substrates, the roughness and therefore the morphology have affected the adhesion
and the structural properties of diamond film. In fact, it was found an undefined high deposition
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temperature >950 °C for films deposited on smooth Mo substrate because the pyrometric
interferogram showed minima and maxima values of the interference fringes below 475 °C and above
1475 °C, outside of the pyrometer’s measurement range. Such a high temperature (>950 °C) caused a
change in structure of diamond (from nano- to micro- crystalline), higher thermal and intrinsic
stresses, higher residual strain and consequently the poor adhesion of the film to the substrate and
the detachment of the film itself. Instead, the diamond films on roughened Mo substrates,
Diam114_Mogshot-peecned and Diam117_Morsandpaper, were well adherent, stable with lower deposition
temperature of 818 and 873 °C, respectively. In particular, Diam114_Morshot-peened showed the best
mechanical stability and adhesion among the films deposited on Mo, thanks to the method used to
treat the Mo substrate (shoot peening), which allows for a uniform and controlled increase in surface
roughness, causing the film to grow at lower temperatures and thus reducing thermal and intrinsic
stresses compared to that grown under the same experimental conditions but on a smoother surface.

These results were confirmed by preliminary erosion tests in plasma environment, where the
most stable film (among those deposited on Mo substrates) was Diam114_Mogrshot-peened. It appeared
that a “more uniform” roughness of the substrate surface improved adhesion as it reduces intrinsic
and thermal stress compared to a smooth or unevenly rough surface, such as that obtained with
sandpaper.

Moreover, the support of the process diagnostics like pyrometric interferometry allowed to
predict the adhesion and the stability of diamond films before their exposure in air. This is a very
interesting aspect that has never been addressed in research papers, as pyrometric interferometry
was generally used to assess the rate and the temperature of deposition, and not to study the quality
of the thin films and their adhesion to the substrate. Thus, it was possible to define the stability of the
diamond film already during the growth process by simply monitoring the pyrometric
interferograms i.e. the apparent and deposition temperatures.
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Abbreviations

The following abbreviations are used in this manuscript:

CVD Chemical Vapor Deposition

HFCVD Hot Filament Chemical Vapor Deposition

MWPECVD  Microwave Plasma Enhanced Chemical Vapor Deposition
PI Pyrometric Interferometry

AFM Atomic Force Microscopy

XRD X Ray Diffraction

SEM Scanning Electron Microscopy

PID Proportional Integral Derivative

FWHM Full Width at Half Maximum

RF Radio Frequency
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