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ABSTRACT: Diamond coatings are investigated for thermal management, wear protection
and corrosion resistance in harsh environments. In power electronic industries, copper (Cu),
which shows high thermal conductivity, is considered as a promising substrate for diamond
based heat-spread materials. However, the coefficient of thermal expansion (CTE) mismatch
between diamond and Cu induces thermo-mechanical stresses that affect the integrity of the
diamond-Cu assembly. In fact, diamond films deposited on Cu substrates tend to peel-off upon
cooling due to the compressive stresses present at the diamond-Cu interface. This investigation
is focused on the growth of polycrystalline diamond thin films onto Cu/CF (CF) composite
materials, using combustion flame chemical vapor deposition (CVD). It has been found that
increased CF content in the Cu/CF materials leads to a reduced CTE improving, hence, the
adhesion between the diamond film and the Cu/CF substrate and reduces Cu/CF-diamond
interfacial residual thermal stresses. At a CF content of 40% in volume, the residual thermal
stress of the diamond film deposited on the Cu/CF composite is lower than that on bare Cu and
adapted with CVD diamond growth. Naturally engineered composite surfaces have enhanced

the adhesion of the diamond film on the composite substrate via mechanical interlocking.
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engineering



1. INTRODUCTION

Diamond exhibits exceptional properties that make it a suitable material for various applications
such as coatings for cutting and drilling tools and thermal dissipation. Combustion flame
chemical vapor deposition is being used to produce polycrystalline diamond films [1-3]. Its

flexibility allows operating in open air and at a low cost, which results in high growth rates.

Diamond depositions have been conducted on several non-diamond substrates showing mainly
two issues, low growth rate and poor adhesion. While the growth rate is related to nucleation
density [4], the adhesion is compromised because of the internal residual stresses in the
deposited diamond films [5]. These stresses are divided in two parts, thermal stress which is
provoked by the coefficient of thermal expansion (CTE) mismatch between the diamond film
and the substrate, and intrinsic stress which is related to the grain boundary formation and
impurity content during diamond growth. As diamond is characterized by a very low CTE, it is
often incompatible with conventional non-diamond substrates, such as metals. The thermal
stresses in these cases are often compressive and result in the diamond film cracking and

eventually peeling off [6-10].

The substantial differences in thermo-mechanical properties of the non-carbon substrates and
diamond, makes it difficult to obtain adherent diamond films. Several techniques, such as heat
treatments, and chemical and physical etching [11], have been applied to reduce the amounts
of residual stresses and therefore prevent delamination. Ali et al. have opted for a carbide-
forming chromium interlayer to chemically modify the surface and use covalent bonding to
make diamond adherent on copper [12]. While a number of studies on the modification of the
surfaces either by insertion of carbide forming interlayers [12-13] or by heat treatments and
etching have been carried out, there is still very few information on diamond growth on copper

surfaces.

The purpose of this work is to investigate diamond deposition on copper/carbon composite
materials using combustion flame CVD in open air. Depositions were carried out on a number
of composites of different volume fractions of CF. Different volume fractions resulted in
different surfaces in terms of carbon content and allowed natural surface engineering to occur.
Additionally, theoretical and experimental CTEs have also been investigated. Adherent
diamond films were characterized using scanning electron microscopy (SEM) to investigate the
surface and cross-sectional morphologies of the films. Raman spectroscopy investigations were

carried out to evaluate the phase purity and residual stresses of the diamond films. The SEM



micrographs have allowed suggesting a growth mechanism of diamond films on copper-based
composites. The Raman analyses have shown the dependence of phase purity and residual
stresses on the film thickness. It was found that composites containing sufficient amounts of

CF were suitable substrates for adherent diamond films.

2. EXPERIMENTAL DETAILS
2.1. Copper-based composites. The composite materials consist of a copper matrix and
short CF reinforcements. The CF (K223HM, CTN DIALEAD/BOBBINS, Sumitomo
Corporation Europe) are pre-grinded to an average length of 200 um. Dendritic copper powders

(Eckart Granulate Velden GmbH) (dso close to 35 um) were used as the matrix material.

The sintering of the composite materials has been carried out using a Termolab press. The
powders were mixed and compacted in a steel mould heated by an induction system. The
powders were pressed at 650 °C under 40 MPa for 30 min. The temperature is controlled with
the use of a thermocouple which is inserted in the steel mould. The chamber is put under
vacuum (102 mbar range) to prevent the oxidation of the copper matrix during heating and/or
cooling. Composites with 10%, 20%, 30%, 40% and 50% volume fractions of CF were
densified. The final porosities observed are inferior to 4% for 10 to 40 % CF, and 7% for 50 %.
Furthermore, the CF show no specific degradation. The final outcome is pellets of 40 mm of
diameter and 2 mm in thickness. The pellets of the composites, up to 40% volume fraction of
CF, were then cut in 6x6x2 mm? pieces using an ISOMet 1000 precision saw. The optical
micrographs of the Cu/CF composite materials show a strong anisotropic structure (Figure 1),
with the orientation of the CF perpendicular to the compaction direction. This anisotropy is
caused by strains and stresses imposed by the processing-induced deformations and geometry,
and will be reflected in the anisotropic thermal (k) and thermomechanical (CTE) properties of

the composite materials.
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Figure 1: Optical micrographs of the composite material (40 vol% in CF) in (a) cross and (c)

parallel section after densification and (b) schematic of the CF orientation

2.2. Combustion flame CVD. The diamond deposition setup consists of a combustion
system. The combustion torch, with a diameter of 1.5 mm, delivers a gas mixture of acetylene
(C2H2, 99.999%), ethylene (C2Has, 99.6%) and oxygen (O2, 99.996%) with a volume ratio of
1:1:2 respectively. The distance between the inner flame cone and the top of the substrate was
maintained at 1.5 mm. The substrates were positioned using an X-Y-Z moving stage. A cooling
system below the stage is used to regulate the deposition temperature. Unlike diamond
depositions on Si and WC substrates [8], the temperature was kept between 710 and 740 °C.
The substrate temperature was monitored using an infrared pyrometer (0S3752, Omega

Engineering, Inc.).

2.3.  Diamond film characterization. The microstructure and cross-section of the deposited
diamond films have been evaluated using scanning electron microscopy (XL-30, Philips
Electronics). The cross-sections were polished using Argon ion milling (Gatan Model 693,
Ilion+) for 4 hours under 5 kV. Raman spectroscopic analyses have been carried out using a

micro-Raman spectrometer (Renishaw inVia H18415) with a 514.5 nm laser excitation.

2.4,  CTE measurement and simulations. Thermo-mechanical simulations were also
carried out to evaluate the impact of the diamond film on the surface of a Cu/CF composite, on
heat dissipation through the substrate. A volume fraction of 40 %vol of CF was selected for the
simulations. Two geometries were used: one where the several heat sources (simulated silicon
chips) are placed on the surface of the Cu/CF composite and one where the heat sources are
placed on a diamond film-Cu/CF assembly. The Cu/CF substrate and diamond film thickness

are set as 2 mm and 100 pum respectively.



Thermal expansion coefficients along the fibers direction were measured on all samples of the
same dimensions using a horizontal Netzsch dilatometer DIL402C. The device was calibrated

using an alumina sample.

The COMSOL software makes it possible to predict the thermo-mechanical behavior of an
electronic assembly. The temperature distribution used for the thermomechanical analyses is
directly available from the COMSOL heat transfer module. The model developed for these
simulations consists of a copper matrix composite reinforced with anisotropic CF. The aspect
ratio of the CF (diameter/length = 10/200 = 0.05) is respected and different volume fractions of
CF were analyzed: 10%, 20%, 30%, 40% and 50%. A parametric study was done with a
parameter angle ranging from 0 to 90°. An average value of the displacement of the composite
for all the angles was taken for the CTE calculations. In order to add anisotropic properties to
the CF, according to the different angles, a second rotated coordinate system is added. This

rotated system is also parameterized with the parameter angle.

The governing equations consist of the Fourier heat transfer equation. The stationary state heat

transfer equation is [6]:
-7 (kpT) =Q, 1)

where T is the temperature, k the thermal conductivity and Q the heat source. The boundary
conditions for heat flux are defined as follows:

n-(k PT) = h(Tex-T), 2)

where n is the normal vector to the boundary, h is the heat transfer coefficient and Tex the
external (ambient) temperature. The elastic equation including the thermal expansion of
materials is represented in the following relationship:

-7 (chu +aT) = K, 3)

where c is the stiffness of the matrix, u is the deformation of the matrix, a is the coefficient of
thermal expansion and K the volume forces. All materials’ data, as the Young modulus (E),
Poisson ratio (v), CTE, density (d) and materials size (Cu particles and short CF) are given in
Table 1.



Table 1: Thermal and mechanical properties of copper and CF materials at 140 °C (calculation

temperature)
Cu Powder Carbon Fiber
Material Data Isotropic Orth?tropic x,¥,2)
(Eckart Granulate (Sumitomo
Velden GmbH) Corporation Europe)
I (mm) 35 25
L (um) 35 1
CTE (10°%/K) 17 (-1, 12, 12)
E (GPa) 110 (780, 15, 15)
\Y 0.34 (0.2,0.2,0.2)
d (kg/m3) 8900 2200

3. RESULTS AND DISCUSSIONS

3.1. Interest of diamond film/composite assemblies. The impact of the diamond film on
heat dissipation has been simulated in order to predict the behavior of the diamond film-Cu/CF
assemblies. The temperature profiles through Cu/CF 40%vol substrates without and with
diamond coating are reported in Figure 2 (a) and (b) respectively. Several heat sources are
integrated on the same heat-sink. One can observe that the isovalue lines of temperature are
clearly shifted due to the planar heat-spreading induced by the diamond coating in the case of
the diamond film/composite assembly. This planar heat spreading at the surface of heat sink
leads to the increase of heat dissipation by conduction through the substrate, but also by
convection on the substrate surface, in particular close to the heat sources. The latter mode can

have a large impact, in particular when the heat source sizes are small and the substrate is thick.
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Figure 2: Simulation of heat-dissipation of Cu/CF 40% substrate and diamond film-Cu/CF
40% substrate

3.2.  Effect of the reinforcement volume fraction on the CTEs. The CTEs of the Cu/CF
composite materials have been calculated and measured for composite materials containing
different volume fractions of CF. Both calculations and measurements show the decrease of the
CTEs with increasing CF content. However, there is a substantial difference between the
theoretical and experimental values. For a volume fraction of CF lower than 30% the measured
CTEs are higher than the calculated ones whereas for volume fraction of CF higher than 30%

the measured CTEs are lower than the calculated ones.



¢ Model CTE (Configuration A)
18 17 @ Model CTE (Configuration B)
—&— Experimental CTE

16 -
<
— 14 F
< @
= @
= ol _ " Config. B®
= ~| ~ >
5 /N,
.'v"/ | /// ]
ol [Nl
b Config. A
8 -
I 1 |
0 10 20 30 40 50

Carbon Fiber Volume Fraction (%)

Figure 3: Comparison of theoretical and experimental CTE values for a Cu/CF composite of
CF volume fractions from 0 - 50 % - Schematic theoretical configurations of CF in the Cu
matrix. Configuration A: randomly distributed CF with no inter-fiber contacts and,

Configuration B: randomly distributed CF with inter-fiber contacts — creation of rigid preform

The experimental and theoretical values of CTEs for different configurations of CF inside the
matrix are given in Figure 3Erreur ! Source du renvoi introuvable.. Configuration A corresponds
to randomly distributed CF with no contact between them and configuration B is related to
homogeneously distributed fibers with contact points between them, which create a rigid
preform. From the graph it appears that configurations A is in agreement of the experimental
values for volume fractions that are equal or inferior to 30%. For 40 vol% and more of CF,
configuration A is no longer representative of the experimental values. At this point,
configuration B seems to follow the right trend, therefore fiber-fiber interactions must be taken
into account. The fiber intertwining induces the creation of a rigid preform and causes the
drastic change in the CTE values. One can conclude that the percolation threshold for the type

of fiber considered in this investigation is situated between 30 and 40 vol% of CF.

Figure 4 shows the simulation results obtained for diamond film/Cu and diamond film-Cu/CF
40% vol assemblies. To illustrate the positive effect of the composite material on residual
stresses generated in the film because of the CTE mismatch, both assemblies were heated to
740 °C, which is the temperature at which the combustion CVD process takes place, and cooled



to room temperature. One can observe the profile of normal stresses in the planar direction of
the assemblies. The diamond coating is under compressive stresses (negative values) when on
top of both Cu and the Cu/CF composite. However, one can notice a decrease of the
compressive stresses of 3 to 4 times in the case of the composite. Therefore, the interest of using

composite substrates rather than Cu, is clearly demonstrated.
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Figure 4: Simulated diamond film-Cu and diamond film-Cu/CF 40% assemblies at room

temperature. The simulation shows the residual stresses in the diamond films after cooling from
700°C

3.3.  First moments of diamond deposition. The SEM micrographs of a Cu/CF 40 vol%
composite before diamond deposition and after 2, 5, and 15 min of diamond deposition, are
given in Figure 5. The initial surface shows the preferential orientation of the fibers which is
perpendicular to the compression axis, leading to a random distribution of CF in that plane
(Figure 5 (a)). Naturally engineering surfaces occur because combustion CVD is operated in
open air and at high temperature, which results in the consumption of the exposed CF. In fact,
operating in open air and at a high concentration of O> causes the CF to burn and leave fiber-
shaped voids on the surface. It is important to note that the CF that are consumed need to be
exposed to the combustion flame. The consumption of the CF starts after 2 min (Figure 5, (b))
of diamond deposition. By 5 min (Figure 5, (c)), the fibers have been completely consumed,
leaving fiber-shaped voids. Depending on the depth at which the CF are situated, with respect
to the surface (maximum 10 pum), the voids will either be open or closed (Figure 6). Such voids
can act as mechanical gripping sites of the diamond film on the composite substrates [11, 14].
By the end of the 15 min of diamond deposition (Figure 5, (d)), a mixture of sp? and sp® carbon

is observed on the surface with a predominance of sp? carbon. The predominance of sp? carbon



has been confirmed through Raman analyses carried out on the cross-sections of the diamond

films, close to the Cu/CF-diamond interface.

Figure 5: Cu/CF 40 vol% surface (a) before diamond deposition, (b) after 2 min, (c) after 5
min, and (d) after 15 min of diamond deposition

Figure 6: Schematic view of the initial surface and the voids left on the surface after the CF
consumption. (a) Before diamond deposition, (b) (1) closed void (the gap of the void is
sufficiently small to trap deposited carbon) and (b) (2) open void (the gap of the void is large

enough that it cannot trap carbon), after diamond deposition.

Longer diamond depositions were carried out on 10 %, 20 %, 30 % and 40 %vol Cu/CF
composites until a detachment of the diamond film had been observed. The diamond films
easily peel off from the low CF content composites, and remain attached on the surface of the
high content in CF composites (Cu/CF 40 vol%). SEM micrographs of the bottom face of a
peeled-off diamond film and the surface of a Cu/CF 20 vol% composite are shown in Figure 7

(a) and (b) respectively. The micrographs confirm the initial growth of a diamond-like carbon



film, as shown in one of our earlier studies [15], and show protrusions of ball-like carbon that
exceed the surface. The presence of ball-like carbon inside the voids on the upper surface of the
composites confirms the initial growth of carbon within the voids, and therefore the

enhancement of mechanical gripping.
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Figure 7: SEM micrographs of (a) a bottom face of diamond film with ball-like carbon
protrusions and (b) surface of a Cu/CF 20 vol% composite after diamond film peel-off

3.4.  Microstructure of the diamond films. SEM micrographs of the cross-sections and
surfaces of diamond films deposited on Cu/CF 40 vol% substrates for different durations are
shown in Figure 8. Diamond films were deposited on the substrates as circular spots of
approximately 1 cm in diameter for 90, 120, 180, and 240 min. The combustion flame
deposition has enabled the deposition of resisting diamond films of different thicknesses
depending on time. The adhesion of the films is explained by both the decreased CTE of the
Cu/CF 40 % composite and the large amounts of fiber-shaped voids on the surface. Indeed, the
composites with 40 vol% of CF indicate the presence of a larger amount of fibers exposed on

the surface.

The films obtained are dense polycrystalline films and consist of randomly oriented diamond
crystals. The growth rates were equivalent for all substrates and were about 0.12 pm/min.
According to the cross-sectional SEM micrographs of the diamond films deposited during 90,
120, 180, and 240 min, shown in Figure 8, the growth is columnar. This indicates that the
majority of diamond crystals grow along the <111> direction, hence exposing (100) faces on
the surface, and that the facet velocity growth ratio is close to 1 [16]. The cross-sectional
observations have confirmed the hypothesis made on columnar morphology deduced from the
facet velocity ratio. It appears that the diamond growth follows the VVolmer-Weber [17] mode
which involves the 3D growth of germs. First the nucleation of carbon germs (mixture of sp?

and sp®) on the surface takes place, then they grow in 3D and finally, they coalesce to form a



continuous film. The columnar microstructure is therefore obtained. Table 2 gathers the grain

size and film thickness comparison for each diamond deposition.

~— ™ -
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Figure 8: SEM micrographs the surface and cross-section of diamond films deposited on
Cu/CF 40 % composite materials using combustion flame CVD for (a) t = 90 min, (b) t = 120
min, (ct = 180 min, and (d) t = 240 min.

3.5.  Raman Spectroscopic Investigations. The Raman spectra were analyzed by multi-
Gaussian peak fitting using three peaks at, ~1332, ~1350, and ~1500 cm™ as seen in Figure
9Erreur ! Source du renvoi introuvable.. Stress-free diamond peaks are usually situated at 1332
cm?in the literature, however, in the case of the copper-based substrates; thermomechanical

stresses at the substrate-film interface cause the peaks to shift to higher wavenumbers.

Figure 10 shows the comparison of the Raman spectra of diamond films being deposited on
Cu/CF 40 % composites at 90, 120, 180, and 240 min. All the analyzed spectra exhibit sharp
diamond peaks located at around 1332 cm™. The D-band (1375 cm®) and the graphitic carbon
broad band ([1500-1580] cm™) show decreasing intensities with increasing deposition times.



This indicates the decrease of sp?/sp® carbon ratio in the film, and therefore the phase purity

enhancement with increasing film thickness.

The diamond phase purity was quantified through the calculation of the diamond quality factor,

using the equation below [18]:

IDiamon
Qs1anm = prampnd ——100(%), 4)
(IDiamond + T)

where Ip;iamona 1S the intensity of the diamond peak and 1,_.4,pon 1S the sum of the intensities
observed for non-diamond carbon. The values of the quality factor are superior to 85% and
reach 95 % in the case of 240 min long diamond depositions. This was ascribed to the fact that
with increasing deposition durations and therefore thicknesses, the films tend to grow with less
non-diamond carbon trapped. Indeed, as the thickness increases, the diamond grain size
increases as well and there are therefore less grain boundaries. Since amorphous carbon and
impurities tend to locate at the grain boundaries, the overall quality of the diamond film is

improved when the amount of grain boundaries decreases.
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Figure 9: Typical Raman spectra of a diamond film deposited on a Cu/CF composite.
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Figure 10: Raman spectra of diamond films deposited on Cu/CF 40 % composites during 90,
120, 180, and 240 min

Residual stresses gather thermal stress induced by the thermal expansion mismatch between the
diamond film, the substrate and intrinsic stress, which is related to the growth of the diamond

film. The stresses are quantified as follows [8]:
o =0.567(viy, — Vo) , 2

where v, and v,are the observed Raman peak positions of stressed and unstressed (1332 cm”
1) diamond respectively. Diamond films of different thicknesses have shown peak shifts to
higher wave numbers compared to stress-free diamond films. These peak shifts indicate the
presence of compressive stresses in the film. The peak shift however is less important as the
diamond film thickness increases. While for 90 and 120 min of diamond depositions the
diamond peak is situated close to 1334.6 cm™, longer deposition times show a decrease of the
shift to 1333 cm™. The overall residual stresses are therefore decreased to less than 1 GPa in
the diamond film obtained after 240 min of deposition. The decrease of the compressive
residual stresses is related to the increase of the tensile stresses (intrinsic stress). One can
conclude that after a certain thickness the growth mode of the diamond film is more influent on
the residual stresses than thermal mismatch. Therefore, the CTE has been sufficiently

decreased. Quality factors and residual stresses are given in Table 2.



Table 2: Comparison of grain size, film thickness, quality factor and residual stresses of
diamond films deposited during 90, 120, 180, and 240 min

Deposition Time (min) 90 120 180 240

Grain Size (um) 250 379 585 8.09
Film Thickness (um) 939 16.74 2238 2541
Quiality factor (%) 834 917 921 951

Residual stresses (GPa) -1.48 -1.25 -1.21 -0.62

4. CONCLUSION

High content CF materials have been successfully coated with resisting diamond films in open
air using combustion flame CVD. SEM micrographs showed dense polycrystalline diamond
films consisting of faceted diamond crystals. Raman spectroscopy shed light on the increase of
the phase purity with increasing diamond film thickness which is related to larger diamond
grains. Also, it revealed the decrease of total residual stresses with increasing thickness,
indicating hence the increase of intrinsic tensile stresses during diamond growth. The insertion
of CF brings good assets to the copper-based substrates. They allow tailoring the substrate’s
CTE and hence induce a decrease in thermally induced stresses at the diamond/substrate
interface. The accordance between theoretical and experimental CTE values has been shown,
as well as the necessity to take into account the formation of a rigid preform due to inter-fiber
contacts. The CF also bring additional roughness to the surface, due to their consumption, which
increases the possibility of mechanical gripping and the amount of reactive sites. The initial
deposition of an amorphous carbon layer prior to diamond growth is confirmed. The growth

mechanism of diamond films on Cu/CF composites is following the VVolmer-Weber model.
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