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Abstract

A multistep deposition technique is developed to produce highly oriented diamond films by hot filament chemical vapor
deposition (HFCVD) on Si (111) substrates. The orientation is produced by use of a thin, 5-20 nm, Ni interlayer. Annealing
studies demonstrate diffusion of Ni into Si to form nickel silicides with crystal structure depending on temperature. The
HFCVD diamond film with Ni interlayer results in reduced non-diamond carbon, low surface roughness, high diamond
crystal quality, and increased texturing relative to growth on bare silicon wafers. X-ray diffraction results show that the
diamond film grown with 10 nm Niinterlayer yielded 92.5% of the diamond grains oriented along the (110) crystal planes
with ~ 2.5 pm thickness and large average grain size ~ 1.45 um based on scanning electron microscopy. Texture is also
observed to develop for ~300 nm thick diamond films with ~89.0% of the grains oriented along the (110) crystal plane
direction. These results are significantly better than diamond grown on Si (111) without Ni layer with the same HFCVD
conditions. The oriented growth of diamond film on Ni interlayers is explained by a proposed model wherein the nano-
diamond seeds becoming oriented relative to the 3,-Ni,Si that forms during the diamond nucleation period. The model
also explains the silicidation and diamond growth processes.

Article Highlights e Adetailed report on the formation of different phases
of nickel silicide, its stability with different tempera-
e High quality diamond film with minimum surface ture, and its role for diamond film texturing at HFCVD
roughness and ~93% oriented grains along (110) crys- growth condition is presented.
tallographic direction is grown on Si substrate usinga e A diamond growth model on Si substrate with Ni inter-
thin 5 to 20 nm nickel layer. layer to grow high quality-oriented diamond film is
established.

Relevance Summary This paper describes a method for growing oriented diamond films on silicon substrates using a thin nickel
interlayer. The formation of the nickel silicide phase during the early nucleation stage of diamond causes improved columnar growth
along the silicide phase. The improved growth mechanism aids in the formation of oriented diamond films with low surface roughness
and reduced non-diamond carbon content. Such oriented diamond films with lower non-diamond carbon content have superior
optical and thermal properties. Such oriented diamond film growth techniques can be used in GaN-based devices for thermal
management applications.
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1 Introduction

Superior diamond properties, including a wide band
gap, high hardness, chemical inertness, and high ther-
mal conductivity [1-3] make it an attractive material for
diverse applications. Diamond films grown by chemi-
cal vapor deposition (CVD) are important for thermal
management in electronic and optoelectronic devices
[4, 5]. Furthermore, the performance of microelectronic
devices that operate at high temperature and high-
power density would benefit substantially from integra-
tion of textured diamond thin films for enhancing heat
dissipation [6, 7].The integration of oriented diamond
film in GaN based RF devices can significantly improve
the power density and reduce thermal resistivity [5, 6].
For example, GaN-based high-power RF devices fabri-
cated on a diamond substrate showed a 2.7 x reduction
in the thermal resistivity, to allow a threefold increase in
device areal power density with 85% temperature reduc-
tion compared to similar devices fabricated on SiC [8].
Heteroepitaxial growth of diamond films on non-dia-
mond substrates by CVD offers a promising approach for
achieving oriented diamond for use in microelectronic
applications [9, 10]. The main obstacles to this goal are
the high surface energy of diamond, lattice mismatch
between the diamond film and substrate as well as intrin-
sic reactivity of substrate under bias enhanced nuclea-
tion compared to other materials [11, 12]. Nickel has a
face-centered cubic structure with a lattice constant of
3.52 A, which differs by only 1.4% with that of diamond
(3.57 A, diamond cubic structure), and has previously
been used as a catalytic metal-solvent for high-pressure
high-temperature (HP-HT) diamond synthesis [13]. How-
ever, graphitic interlayers are generally formed when the
Ni substrate is placed in the methane/hydrogen CVD envi-
ronment [12, 14] and has previously limited the develop-
ment of an orientational relationship between the dia-
mond film and Ni substrate. Nevertheless, diamond can
nucleate and grow on the graphitic layers leading to inter-
esting studies of the high reactivity of carbon in the HP-HT
environment and producing new insight into the low-
pressure CVD process. Indeed, Sato et al. [15] reported
that both (111) and (100) oriented diamond nuclei could
be grown on Ni substrates, but the percentage of both
nuclei was limited to about 50% and limited details were
given with regard to the deposition process. In another
study, Hassan et al. [16] reported the formation of high-
quality diamond on a WC-Co substrate with Ni interlayer.
They annealed the nickel coated WC-Co substrate prior
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to diamond growth to enable the nucleation and growth
of well-defined diamond crystals, but they did not find
oriented diamond nuclei with this approach.

Zhu et al. [12] established a multistep deposition tech-
nique for oriented diamond growth on Ni to suppress the
graphitic formation by hot filament CVD (HFCVD). They
employed a surface pre-treatment multistep annealing
process to achieve a consistent orientation of about 85%
along either the (100) or (111) directions in a coalesced
thick diamond film. Despite these successes, the mecha-
nism by which the oriented nuclei are formed is not fully
understood. Furthermore, the high catalytic activity of
Ni for hydrocarbon decomposition and high solubility
of carbon in Ni often lead to either graphite deposition
or no growth if the process is not properly controlled.

A Ni interlayer on Si substrate is different from bulk Ni
substrate due to rapid diffusion and high solubility of Ni
in Si during thermal processing. This results in the forma-
tion of different phases of nickel-silicide [17, 18] beginning
at temperatures as low as 200 °C. Epitaxial Ni,Si starts to
form at 200 °C [19]. With increasing temperature, the coex-
istence of NiSi and NiSi, phases is observed in the range
200-650°C [18, 19]. The silicidation process of Ni on Si sub-
strate and its stability at different temperature has been
well established in the literature [20]-[23].

We report for the first time on the improvement of dia-
mond quality and texture with a thin Ni interlayer on Si
substrate. A model is proposed in which the formation
of silicide phases with diamond growth temperature ori-
ents the diamond nuclei along the (110) crystallographic
direction with reduced non-diamond carbon phase and
minimum surface roughness. The paper is organized in
the following structure. The experimental set up, includ-
ing experimental details and characterization techniques,
is presented in Sect. 2. The experimental results are pre-
sented in Sect. 3. The results are modeled with a multistep
deposition technique to nucleate and grow oriented dia-
mond film on a silicon substrate with a thin intermediate
Ni film (less than 20 nm thick) by HFCVD. The extremely
high surface energy and lattice misfit between diamond
and Si is proposed to be minimized by this process, result-
ing in a high-quality, highly oriented diamond film on a
non-diamond substrate with minimum non-diamond car-
bon. Furthermore, the oriented growth of diamond nuclei
on a non-diamond substrate occurs after 3 h deposition
time. In Sect. 4, a summary and the conclusions of this
work are presented.
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2 Experimental set up
2.1 Experimental details

The samples were prepared by depositing Ni (99.99%
purity) of various thickness (nominally, 5, 10, 15, and
20 nm) on 100 mm p-type silicon wafers with (111) ori-
entation in an e-beam deposition system (Angstrom
Engineering). The chamber pressure during deposition
was 3.63 x 1078 Torr and Ni deposition rate was 0.5 A/s.
Before diamond seeding, the Ni-coated substrates were
sequentially cleaned with acetone, methanol, and iso-
propanol. Substrates were then seeded with a photoli-
thography process consisting of thoroughly mixed 1 ml
dimethyl sulfoxide (DMSO), 3 ml S1813 photoresist, and
1 ml dimethyl sulfoxide (DMSO) based nano diamond
suspension (ND) with 0.5 wt.% nano diamond seeds
(5-40 nm diameter). Silicon substrates were then spin
coated at 2500 rpm speed and 1000 rpm acceleration for
25 5. This blanket seeding method produces a diamond
seed density of approximately 10'° cm™2 [24]. For the
diamond HFCVD process, 6 kW was driven through an
array of nine tungsten wires, 24 cm long and 0.25 mm
diameter, which resulted in a 2200 °C wire filament tem-
perature. The water-cooled rotating substrate was posi-
tioned 6 mm from the tungsten wire array to produce
a substrate temperature of 720-750 °C as measured by
IR pyrometer. Growth was carried out using 30 sccm of
methane and 3 sccm of oxygen with 2000 sccm of hydro-
gen, while maintaining a chamber pressure of 20.8 Torr.

2.2 Sample characterization

The Ni film thickness was measured by spectroscopic
ellipsometry (J. A. Woollam Co., Inc.) and X-ray reflectiv-
ity (XRR, Rigaku Smart Lab, 3 kW XRD). The surface mor-
phologies of the as deposited Ni films were characterized
using atomic force microscopy (AFM, Bruker Dimension
ICON). The RMS roughness of the Ni film was found to
be <1 nm with uniform coverage and no Ni spitting was
observed. The diamond seeding density on the samples
were determined from SEM imaging by using Fiji image
J software. For precise seeding density measurement,
the S1813 polymer on the seeded wafers were cleaned
by etching the polymer using PE50 O, Plasma Asher at
100 W power for 3 min in the presence of ionized O,
gas. After diamond deposition, the surface morphology
of the diamond films was characterized by scanning
electron microscopy (SEM, FEI Helios 400) and atomic
force microscopy. The interface analysis and diamond
growth mechanism were studied with cross-sectional

SEM imaging. The cross-section samples were prepared
by using standard focused ion beam (FIB) techniques
using a Helios Nanolab 400 (Dual beam SEM system) by
first depositing a protective Pt layer and milling using
a 30 kV accelerating voltage. The composition across
the interface was characterized using energy dispersive
X-ray spectroscopy (EDS). The quality of the diamond
films and the presence of non-diamond carbon phases
were characterized by micro-Raman spectroscopy (Hor-
iba LabRAM) equipped with a visible laser (wavelength
532 nm) focused using a 100 x objective lens (NA 0.90)
for nominal spot diameter ~ 2 um. Spectra were collected
from 450 to 1800 cm™' for observing the diamond peaks.
Low-temperature photoluminescence (PL) measure-
ments [25] (data not shown) were conducted to deter-
mine Ni incorporation in diamond using HeCd (325 and
445 nm) laser light for excitation. Emission from nickel
color centers was not observed in the reported range,
suggesting that any incorporation of Ni is below the PL
detection limit in our samples. The oriented diamond
film was characterized with XRD (Rigaku SmartLab) lev-
eraging both parallel beam and Bragg Brentano slit con-
figurations operated at 40 kV and 40 mA, with Cu K, radi-
ation (wavelength 1.5406 A). Medium resolution 0 — 20
XRD scans from 20 to 80° was performed. The diamond
film surface roughness was characterized by Dektak XT
stylus surface profilometer.

3 Results and discussion
3.1 Characterization of Ni on Si
3.1.1 Ni thickness and roughness

Ellipsometry and XRR results for the as-deposited Ni films
on Si (111) are summarized in Table 1. The spectroscopic
ellipsometry measurements were taken at two angles
of incidence (55° and 65°). The thickness and roughness
measured from ellipsometry and XRR generally agree.

3.1.2 XRD analysis for annealed and unannealed Ni film
onSi

The crystallographic structure of the Ni layer was evalu-
ated using medium resolution wide-angle parallel beam
XRD. Data are shown in Fig. 1. The XRD pattern was com-
pared with standard diffraction peaks given by JCPDS file
no.04-0850. We found weak Ni (111) peaks at 44.45° and
sharp (220) peaks at 75.30°. The Ni (220) diffraction peak is
strongest relative to the Ni (111) peak for the Ni film with
5 nm thickness, which is identified as a highly oriented Ni
film along the (220) direction on the Si substrate. From the
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Table 1 Thickness and Sample Ellipsometry Results XRR Results
roughness measurements for
Ni thin films on Si (111) Thickness Roughness Mean Thickness Roughness R-Squared
(nm) (nm) Squared Error (nm) (nm) Value
(MSE) (R%)
A 43+0.3 0.6+0.2 23 4.9 0.9 0.01
B 8.8+0.5 0.5+0.2 29 8.7 0.3 0.02
C 14.2+0.3 0.3+0.1 3.2 12.8 0.6 0.01
D 16.8£0.3 0.5%+0.1 1.9 183 0.7 0.03
- ; XRR is estimated to be 7.69+0.81 g/cm? in general agree-
sie22) =20 N ment with the reported 3, phase of Ni;Si density 7.9 g/
Ni(111) Ni(220) cm? [19]. The XRR data are best described using a two-
— layer model comprised of the silicide and unconsumed
. E—15nm ni nickel. Measurements performed at three different spots
3 on the samples result in an average Ni;Si phase thickness
E of 8.2+ 1.3 nm with 3.2+ 1.1 nm Ni on top, see inset Fig. 2b.
e The thin native silicon oxide layer is no longer observed.
2 We assume this is due to diffusion of O into the Ni during
-g the high temperature anneal [19]. When the annealing
T et—— n n temperature is increased to 750 °C for 30 min, strongly
. textured 3,-Ni;Si phase with (220) crystal orientation at
F=som i 20 =75.89°is still present but the surface Ni layer is con-
sumed to form additional silicide (XRD results not shown).
e [ The stability of the 3,-Ni;Si phase for our samples up to

S
o

45 50 55 60 65 70 75 80
Theta/Two Theta (deg.)

Fig. 1 Medium resolution parallel beam XRD scans for Ni thin film
onSi

relative intensity ratio, [(220)/1(111), we find progressively
higher texturing with thickness with trend 12.4,9.3, 7.3,
and 4.0, respectively for 5, 10, 15, and 20 nm Ni film.

Prior to the diamond growth, the possible phases occur-
ring during the diamond deposition process for Ni layer on
Si were identified by conducting a separate study. In this
study, 10 nm Ni on Si samples are annealed at two differ-
ent temperatures, 500 °C and 750 °C, with varying time at
low pressure (~20 Torr Ar atmosphere) using a tube fur-
nace. The annealing condition, 500 °C for 30 min., is chosen
to approximate anticipated silicide formation during the
early diamond nucleation period (first 30 min of growth).
Results by X-ray reflectivity (XRR) and medium resolution
parallel beam XRD are shown in Fig. 2.

For the annealed samples, XRD data in Fig. 2a shows
the stable 3,-Ni;Si with (002) and (220) crystal orientation
at 20=45.82° and 75.89°, respectively, when the samples
are annealed for 30 min at 500 °C. The lattice constant
calculated from XRD analysis is a=3.497 A, which is close
to the accepted a=3.506 A [26] for B,-Ni;Si. Density from
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750 °C for 30 min may be due to the decrease in solubility
of Siiin Ni for this annealing condition. However, we cannot
rule out that the thin (~2 nm) native SiO, layer plays a role,
such as serving as a diffusion barrier, in the silicide forma-
tion for our studies. However, the Ni;Si phase transformed
completely into NiSi,, with a thickness of 14.8+1.8 nm,
when the 750 °C annealing time is increased to 3 h. The
formation of NiSi, phase is confirmed by the XRD peak
at 20=47.88° in Fig. 2a and also by comparing the film
density, 4.42+0.41 g/cm?, with the standard density [19]
based on XRR. Based on this study, it is reasonable to
expect the 3,-Ni,Si silicide to be present during the early
stages of diamond growth and the NiSi, phase to form as
the deposition process continues.

The (110) texture of the ,-Ni;Si phase after annealing
Ni on Si at 750 °C for 30 min is due to the contributions
of minimum surface and strain energy present along the
{110} grain direction during the silicide formation process.
As previously reported, a thin Ni film will develop texture
upon annealing and is strongly affected by the deposition
conditions and the corresponding driving force for grain
growth [27]. The concurrent minimizations of the surface
and the strain energies during annealing Ni thin film on Si
are identified as the major driving forces for grain growth
and the associated texture evolution during silicidation.
With increasing annealing temperature, the elastic strain
energy dominates over surface energy contributions for
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Fig.2 a Medium resolution parallel beam XRD scans for annealed 10 nm Ni thin film at different temperature and time b X-ray reflectivity

(XRR) scans for the annealed Ni film at different temperature and time

the silicide texture formation [28]. Once the Ni;Si phase
starts to form, the Ni;Si (110) grains will have lower strain
energy thereby yielding anisotropy, as explained by Lu
et al. [28]. The resultant sum of surface and strain energy
for (110) oriented grains diminish while increasing for
(100) and (111) grains. This results in Ni;Si grains on Si (111)
preferably growing along the (110) crystallographic direc-
tion giving the strong (220) texture by XRD.

Fig.3 SEM images of diamond
seeds on a Si wafer and b Ni
layer

3.2 Characterization of diamond film
3.2.1 Diamond seeding density

The diamond seeding densities on Si (111) and pre-
annealed Ni layers are determined from SEM images by
using Fiji Image J software. The diamond seeds on the
seeded wafers after O, plasma etch is shown in Fig. 3.
The diamond seeds form an aggregate structure with
average aggregate size of (68.20+21.50) nm. The seeds
were uniformly distributed across the Ni layer (Fig. 3b) in
comparison to the bare Si surface (Fig. 3a). The seeding
density calculated by Fiji image J software on the Si and
pre-annealed Ni layers was approximately 10° cm=2 and
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10'% cm™2, respectively. We obtained 10 times higher dia-
mond seeding density on the Ni layer in comparison to
Si. This is due to better adhesion of nano diamond seeds
having positive zeta-potential (+ 35 mV at PH 7) on the Ni
surface with negative zeta potential [29] due to enhanced
electrostatic interactions including Van der Waals force.

3.2.2 Surface morphology of diamond

SEM images collected after 3 h of diamond growth are
shown in Fig. 4 for (a) no Ni interlayer, and (b)—(e) for nomi-
nal 5,10, 15, and 20 nm Ni layers on Si (111), respectively.
The diamond thickness is consistent in each sample, 0.32
to 0.38 um, indicating that nickel does not play a strong
role in catalytic growth. In contrast, a significant increase

in diamond grain size is seen with increasing Ni film thick-
ness. The grain size was measured using the Heyn Linear
Intercept method [30] from the images, using lines that
produced at least 50 intersections. The faceted grain’s
lateral size ranges from 0.02 to 0.3 um after 3 h diamond
growth. Generally, for diamond deposition, due to differ-
ent surface structures that depend on crystallography,
growth on certain facets will be faster than others lead-
ing to a degree of preferential crystal orientation [31]. The
diamond nuclei in this study are close to the stable equilib-
rium shapes, such as octahedral, rhombic dodecahedron,
and truncated octahedron, as pictured by the SEM images
in Fig. 4. Flake grains due to twin crystals are scarce, and
the quality improvement is attributed to the thin nickel
layers. Compared to the diamond grown directly on Si

Fig.4 SEM images of diamond grown for 3 h on a Si (111) substrate and b-e Ni layers. The red boxes on the images highlight spherically
shaped nickel silicide on the diamond surface (characterized by EDS, as shown in Fig. 8b

Fig.5 SEM images of diamond
grownona 10 nm Niand b Si
(without Ni layer) for an addi-
tional 6 h (total of 9 h diamond
growth)
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(111), Fig. 44, all the diamond films on the Ni layers exhibit
substantially better surface coverage and coalescence. This
is attributed to better adhesion of the nano diamond to
the Ni surface from enhanced electrostatic interaction

_ o3l @ = 3h
g T == @’ - )
.ﬂ!# 0.2 ) '/,._g— :
m .’-’
E /.’.!
© 0.1 /_/'
(O] il'

0.0

(b) . m-9h]

-~ 1.6 :
£ . :
= : o : :
o 1.4 HER g N T
N R : ~a- :
o H /'/ : - :
£ 1.2 R °
5 w

1.0} §

without Ni 5nm Ni  10nm Ni 15nm Ni 20nm Ni

Diamond grown on Si

Fig.6 Average grain size of diamond grown on Si and Ni interlayers
aftera 3 hand b 9 h growth

(including Van der Waals forces) [32] leading to higher
seeding density, shown in Fig. 3. SEM images are shown
in Fig. 5 for diamond on 10 nm Ni and Si substrate (without
Ni layer) after an additional 6 h HFCVD. Large-faceted dia-
mond grains have developed on the sample with 10 nm Ni
with an average lateral size of 1.45+0.20 pm. The increase
in lateral grain size is attributed to ripening and takes place
in all samples. Average grain size, summarized in Fig. 6a,
show the diamond grain size after 3 h growth and Fig. 6b
show the grains are substantially larger when diamond is
grown with a Ni interlayer after additional 6 h (total 9 h).

Cross-section SEM images for diamond grown with 10
and 20 nm Ni layers are shown in Fig. 7. Thicker nickel sili-
cide is observed at the interface for the 20 nm Ni sample in
Fig. 7a compared to the 10 nm Ni sample, shown by Fig. 7b.
Unconsumed Ni-Si is also observed on the diamond sur-
face for the 20 nm 3 h Ni sample. The unconsumed Ni-Si
present on the diamond surface is seen as round features
in the SEM images in Fig. 4. The cross-section SEM images
for diamond growth on 10 nm Ni for total 9-h growth is
shown in Fig. 7c. This shows that the diamond grain struc-
ture after 9 h of growth is fully coalesced and no nickel is
observed at the diamond surface.

The nickel silicide phase characterized using EDS is
shown in Fig. 8a. The color images indicate the Si substrate,
diamond, and nickel appearing in the substrate region.
Pt on the sample surface is from the sample preparation

Nickel
silicide

Fig. 7 Cross-section SEM images for diamond grown on a 20 nm Ni for 3 h, b 10 nm Ni for 3 h and ¢ 10 nm Ni for 9 h.
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«Fig.8 EDS analysis for a the interface phase for the diamond
growth on 20 nm Ni for 3 h, b the droplets seen on diamond sur-
face after 3 h growth, shown by red boxes in Fig. 4 and c the exist-
ence of a Ni phase within growing diamond grains for the diamond
grown on 10 nm Ni after 9 h

process [33]. The spectrum in Fig. 8a gives the relative EDS
peak intensities of the indicated elements.

The EDS analysis for the composition of the rounded
features on the diamond surface, Fig. 4, is observed to be
an intermediate Ni, C, and Si phase and shown in Fig. 8b.
The size of these features is smaller for diamond grown
on the thin Ni layer and increases in size with increasing
Ni thickness for the investigated growth time of 3 h. The
appearance of Ni, C, and Si rounded feature on the dia-
mond surface after 3 h diamond growth confirms that the
Ni interlayer plays a role in both silicide formation, seen
in Fig. 4a, and diamond nucleation. Above this thickness,
additional diamond growth may result in Ni residing at the
growth surface and possibly within the diamond. Traces
of Ni in the boundaries between the diamond grains is
observed from the EDS mapping at the interface for dia-
mond grown on 10 nm Ni for an additional 6 h (total 9 h)
is shown in Fig. 8c. This result is interpreted as evidence
that the nickel droplets present after 3 h diamond growth
decay into smaller droplets at the diamond growth tem-
perature of ~ 750 °C for longer growth time.

3.2.3 Quality of diamond film

3.2.3.1 Raman spectroscopy Visible Raman analysis was
performed to investigate the diamond crystallinity devel-
opment after 3 h growth. The results for each sample are
shown in Fig. 9a. The diamond O (I') phonon peak is cen-
teredat 1332cm™". The broad Raman features at 1363 cm™"
and 1567 cm™' correspond to the D and G bands of disor-
dered carbon, respectively. The peaks at 1139 cm™' and
around 1492 cm™' are related to trans-polyacetylene
(t-PA) at grain boundaries and surfaces, characteristic of
nanocrystalline diamond [32]. The disordered carbon and
nanocrystalline diamond features are slightly more pro-
nounced in the samples grown with a Ni interlayer. Raman
spectra are shown in Fig. 9b for the thick diamond films
grown for the additional 6 h (total 9 h) HFCVD process. In
all cases the diamond O () dominates the spectra, and
when grown directly on Si we also see the disorder and
nanocrystalline features. In contrast, spectra for samples
grown with the Ni interlayer exhibit weak D and G bands,
and very weak scatter associated with nanocrystalline dia-
mond. The following important trends can be concluded
from the Raman spectra: (1) diamond grown both directly
on the Si substrate and the Ni layers exhibits similar car-
bon related Raman signals, (2) the enhanced nucleation of

diamond film on Ni layers have suppressed non-diamond
peaks when growing thicker diamond layers. These results
indicate that the presence of the thin Ni film improves the
HFCVD diamond quality.

Trends in the diamond volume fraction are obtained by
calculating the ratio of integrated intensities (area under
the curve after background correction) of diamond peak,
I, to the total intensity from diamond plus that from the
non-diamond carbon, lypc [34, 35]. This is expressed as
Ip/Up + lype)- The observed trend in Fig. 10, for 9 h total
HFCVD diamond growth, shows improved diamond inten-
sity ratio for diamond grown with Ni layers compared to
diamond grown on Si without Ni. This result is consistent
with nickel assisting with the conversion of non-diamond
carbon into diamond during growth. The FWHM of the dia-
mond O (I') Raman line, shown in Fig. 10, exhibits a reduc-
tion, corresponding to improved material, for the thinnest
Ni interlayers. The improvement in diamond film quality
with Ni interlayer is a result of slightly faster diamond
nucleation/growth kinetics on Ni layers. The fast diamond
coalescence on Ni layers results in decreased NDC content.
Thus, the Ni layer improves the diamond crystalline qual-
ity by reducing the non-diamond carbon concentration.

3.2.3.2 Surface roughness and thickness The thickness
and root-mean-square (RMS) roughness of the diamond
film are characterized by cross-section SEM and profilom-
eter, respectively, and shown in Fig. 11. The diamond sur-
face roughness for 9 h growth on Ni layer is lower in com-
parison to the diamond film grown directly on Si, while
the diamond film thickness is ~ 2.5 um.The lower diamond
film surface roughness is a result of fast coalescence of
diamond on Ni. The increased surface roughness for the
thicker films after 9 h growth in comparison to 3 h growth
is attributed to the larger grain size. Diamond growth rate
depends on the growth temperature [36]. During nuclea-
tion (within the 1st hour of growth), the temperature of
the system rises slowly to reach ~750 °C and the incuba-
tion time between diamond nucleation from graphitic
layers to convert sp> bonded carbon is relatively longer.
Once the growth is stabilized at ~ 750 °C, the available car-
bon may convert to sp* (diamond) and the growth rate
correspondingly increases. This process explains how the
diamond growth rate during the first 3 h is~0.1 um/h
while averaging ~0.3 um/h over 9 h of growth.

3.2.4 Diamond texture analysis by XRD

The diamond film texture characterized by medium-reso-
lution wide-angle parallel beam XRD, is shown in Fig. 12,
for 3 h diamond growth. The XRD scans reveal sharp (220)
diamond peaks at 75.6° and weak (111) peaks at 43.9°,
The (220) NiSi, peak at 47.8° is due to the precipitated
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Fig. 10 Relative peak intensity (lp/lp+Iypc) and diamond peak
FWHM of 9 h HFCVD grown diamond with Ni layer thickness

silicide phase at the diamond surface and at the interface
during diamond growth (shown in SEM images, Fig. 4,
Fig. 7a). Ni;C with (111) and (200) crystallographic peaks
at 44.6°and 51.9° are seen for the diamond film grown with
20 nm Ni. This phase has rhombohedral crystal structure
at diamond growth temperature ~ 750 °C with nearly 9.5
at. %, of C [37]. To quantify the diamond film texture, the
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observed intensities were compared to the spectrum from
arandomly oriented diamond powder sample. The planar
indices, 2-theta angle, d-spacing and expected random
intensities of the diffracted beam for a randomly oriented
diamond powder were taken from the American Society
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Fig. 12 Medium resolution parallel beam XRD scans for diamond
films grown on the varying Ni layer thickness for 3 h

Table2 The relative intensity of diffracted X-rays beams for ran-
dom assembly of diamond crystals [38]

h, k, | planer 20 angle(degree) d-spacing (Ang- Relative

indices strom) dif-
fracted
intensity

(1171) 439 2.06 100

(220) 75.6 1.261 25

(311) 91.5 1.0754 16

(400) 119.5 0.8916 8

(331) 140.3 0.8182 16

of Testing Materials (ASTM Card info 6-0675) and are given
inTable 2.

The observed peak intensities for the diamond 26 peaks
(43.9° and 75.6° for diamond (111) and (220), respectively)
are calculated for all samples utilizing the Lorentzian curve
fitting technique. The integrated peak intensity (I, of
the respective peaks is determined by multiplying the
observed peak intensity by the peak’s FWHM. Each meas-
ured integrated peak intensity is divided by the relative
diffracted intensity from the randomly oriented powder.
Finally, the values are expressed as a percentage peak
intensity according to

1220)
(220) Texture (%) = ——2

(=)

25 100

where 1(220) and I(111) are the integrated peak intensities
of the (220) and (111) peaks, respectively. The calculated
texture values are expressed graphically in Fig. 13a. From
the analysis, the diamond films grown with Ni interlayer
are substantially more textured toward (110) compared
to diamond grown directly on silicon. For 3 h growth,
the 10 nm Ni layer has marginally higher (110) oriented
diamond compared to the other Ni film thicknesses, as
well as the lowest surface roughness (Fig. 11). Finally, the
diamond texture is analyzed following an additional 6 h
(total 9 h) diamond growth comparing without Ni layer
and with 10 nm Ni layer. Without Ni, the percent texture
values do not change significantly from those found fol-
lowing 3 h growth. However, increased (110) texturing is
observed for the 10 nm Ni layer sample. The high nuclea-
tion kinetics of diamond enables additional (110) textur-
ing, to 92.5%, on the 10 nm Ni layer sample upon further
diamond growth with ~ 2.5 um thickness. This result shows
significantly enhanced texturing compared to diamond
grown directly on Si for the same growth conditions and
comparable thicknesses.

X 100 1)

3.2.5 Discussion

The growth of highly oriented diamond films can be
explained by the nano-diamond seeds orienting within
the B,-Ni;Si phase during the early diamond nucleation
period. We found (110) preferential crystal orientation of
B,-Ni5Si on Si during the diamond nucleation period by
separate experiments on annealed Ni films on Si discussed
in Sect. 3.1.2. 3;-Ni;Si has the L1,-type crystal structure
(ordered face cubic structure, 221 space group) with Si and
Ni located at 1a and 3c Wyckoff positions [22], respectively,
asillustrated in Fig. 14a, along with the diamond structure
in Fig. 14b. The unit cell lattice parameter is 3.506 A [23],
and is~ 1.7% lattice mismatched with diamond (at room
temperature). In addition, the (220) peaks position for dia-
mond (20 =75.60°) and (3;-Ni;Si (20 =75.89°) indicates a
mismatch of 0.4% along this crystallographic plane. So,
an epitaxial relationship between diamond and ;-Ni,Si
phase is expected.

We now describe a proposed model for the diamond
formation with texturing caused by the presence of the
nickel silicide. During nucleation, the diamond seeds
embed in the eutectic 3;-Ni;Si phase, possibly residing
mostly at the grain boundaries. The diamond seeds will,
thus, preferentially orient along the (110) direction and
start to grow with orientation subject to the predominant
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Fig. 13 (a) Crystal orientation distribution of diamond obtained from XRD for the samples grown with varied Ni layer thickness. (b) Medium
resolution parallel beam XRD scans for diamond grown on Si and 10 nm Ni layer for an additional 6 h (total 9 h)

3.506A°

3;-Ni;Si crystal facet. The carbon and hydrogen that
remain on the surface provide an additional pathway for
diamond deposition resulting in a diamond film textured
along the (110) direction. This is an important difference
between our results and other published literature results
[39, 40]. Previous studies used different multi-deposition
processes that produced oriented diamond only after sev-
eral microns (15-20 pum) of diamond growth. In contrast,
we have obtained (110) preferentially oriented diamond
within the first 300 nm of diamond film thickness, along
with further texturing with thicker (~2.5 pm) diamond
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Fig. 14 Representation of (220) crystal plane (red dashed rectangles) in crystal structures for a 3,-Ni;Si and b Diamond

film. In all cases, substantially higher diamond texture is
observed in comparison to diamond grown directly on Si.

3.2.6 Diamond growth model on Ni thin film

We now propose a model for seeded diamond growth on
silicon with nickel interlayer as depicted in Fig. 15a-h. It
has been reported by others that when diamond is grown
on a thick nickel substrate, a graphitic carbon layer is
observed to form under HFCVD conditions [12]. It is rea-
sonable to consider that a similar layer may form in the
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early growth stages for our thin film Ni samples. However,
a key difference in our studies is that when the tempera-
ture exceeds 200 °C, the Ni begins to diffuse into the silicon
substrate and a nickel silicide phase is initiated [20]. The
interdiffusion is expected to increase as the temperature
increases. As discussed above, when annealing at 500 °C
the silicide was found to form in the 3,-Ni;Si phase as con-
firmed by XRD in Fig. 2a. The formation of nickel silicide
phase can also be seen for our samples in cross-sectional
SEM images shown in Fig. 7a, b, which is also characterized
by EDS and shown in Fig. 8a. The diamond seeds present
on the top surface embed in the 3;-Ni,Si phase. Since ;-
Ni;Si and diamond have comparable lattice parameters,
the diamond seeds may attach to and possibly orient with
the silicide surface, modeled in Figs. 15¢, d. The supply of
Cand H from the HFCVD process produce the anticipated
diamond growth to the seeds that tend to orient according

to the presence of the silicide. This modifies the diamond
columnar growth mechanism and texture.

The Ni-C-Si material may form due to high reactivity of
Niin C, to form a Ni-C phase, and Si atoms reacting with C.
Such a process is likely to be starved of Ni and Si as the for-
mer is incorporated into the silicide and supply of the lat-
ter from the substrate diminishes with diamond thickness.
The evidence of the formation of a Ni, C, and Si intermedi-
ate phase on the growing diamond surface is supported
by EDS data for the samples shown in Fig. 8b. Once Ni-C-
Si is formed and the temperature continues to rise, the C
solubility decreases and begins to separate out from the
silicide. Then, the separated C atoms act as another carbon
source, which is consumed by the growing diamond nuclei
to form larger diamond grains. The formation of large dia-
mond grains for the diamond grown on Ni layer for 3 h and
additional 6 h (total 9 h) on our samples is shown in Fig. 6.
We speculate that once the Cis consumed from Ni-C-Si
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phase, the remaining Ni-Si phase precipitate out as spheri-
cal droplets [41] on the diamond surface (~ 725 °C) and
then solidify on the diamond surface during cooling. The
precipitate’s rounded shape droplet is only observed when
the diamond growth is limited to a short period (3 h). The
nickel silicide precipitates formed on the diamond surface
after 3 h diamond growth is seen in the SEM images in
Fig. 4, and which is characterized by EDS and shown in
Fig. 8b. Upon subsequent diamond growth, these droplets
slowly dissolve with a few remaining in the diamond grain
boundaries. Traces of Ni that appear on the growing dia-
mond surface on our samples after growing an additional
6 h (total 9 h) of diamond on 10 nm Ni are shown in Fig. 8c.
The resultant diamond film will have highly oriented grains
along with silicide phase during diamond nucleation with
improved quality. The (110) oriented diamond film on our
samples along with the ,-Ni;Si phase can be seen by
quantitative x-ray diffraction analysis shown in Fig. 13a.
Similarly, their improved quality can be seen from the
Raman spectroscopy analysis shown in Fig. 10.

The stepwise model for diamond growth on a thin
nickel interlayer on silicon is shown in Fig. 15 and
explained as follows:

a. Fig. 15a represents the nano-diamond seeded wafer.
When heated in the HFCVD chamber, Ni begins diffus-
ing into the Si. When the HFCVD temperature is below
200 °C, C and H radicals also start to diffuse into the
top Ni layer, as shown in Fig. 15b.

b. With increasing growth temperature, above 200 °C,
the Ni diffusion rate into the Si increases and com-
plete transformation into the silicide phase occurs,
as shown in Fig. 15c. The C and H radicals from the
HFCVD growth environment diffuse into the silicide
phase and may also act as source material for nano-
diamond seeds for growth into larger grains.

c. The diamond seeds embed into the silicide phase and
possibly start to orient along the silicide’s crystallo-
graphic direction. These oriented seeds act as the pre-
ferred nucleation sites to grow into larger grains with
the incoming C radicals. At~ 500 °C, C and H would be
diffusing into the Ni-Si phase to form Ni-Si-C interme-
diate phases, as shown in Fig. 15d.

d. Above 500 °C, the Ni-C-Si phases continue to form.
With increasing growth temperature, the C solubil-
ity decreases and would be expected to separate out
from the Ni-Si phases. The out-diffusing C can act as an
additional source for the growth of diamond, by being
incorporated into the growing diamond nuclei. These
steps are shown in Fig. 15e, f.

e. At the diamond growth temperature of ~750 °C, the
Ni-Si phase may precipitate out as droplets after all Cis
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consumed from the Ni-Si—-C phase. The droplets solid-
ify during cooling and can be seen on the diamond sur-
face after 3 h growth time, as shown in Fig. 15g. During
further HFCVD diamond growth, these droplets slowly
dissolve and may incorporate along the diamond grain
boundaries, as represented in Fig. 15h.

4 Conclusions

Growth of diamond on silicon with thin Ni interlayers
yields increased diamond nucleation density resulting in
the formation of highly textured, coalesced diamond films
after 300 nm diamond deposition by HFCVD. The highly
textured diamond films orient along the (110) crystallo-
graphic direction within 3 h growth time. Further diamond
texturing, up to 92.5%, is observed following an additional
6 h growth, yielding an~ 2.5 um thick diamond film. The
best results are obtained with a 10 nm thick Ni layer that
produces the optimal nickel-silicide thickness for orient-
ing the diamond nano-seed. The resultant diamond film
has lower surface roughness and less non-diamond car-
bon (NDC) in comparison to the diamond film grown on Si
without the Ni layer, with comparable diamond film thick-
ness. We propose that the improved orientation observed
in the diamond film is due to improved columnar growth
within the B,-Ni;Si that forms as Ni diffuses into the sili-
con wafer during the early nucleation step. Using a thin
Ni interlayer (<20 nm) on Si to achieve preferentially ori-
ented diamond film is applicable for thermal management
in various microelectronic applications. Integration of ori-
ented diamond film on Si as a substrate with technological
materials, such as GaN based high electron mobility tran-
sistors, will reduce the thermal boundary resistance, and
take advantage of the benefits of diamond heat conduc-
tion away from the device active region.
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