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Crack-free (111) homoepitaxial diamond films were grown on Ni-coated diamond substrates by microwave
plasma chemical vapor deposition. After diamond deposition, the Ni islands with a size of 50–1000 nm were
formed and embedded underneath the diamond films. The tensile stress in the diamond films evaluated with
micro-Raman spectroscopy can be significantly reduced with the embedded Ni islands, which allows the growth
of ~5 μm thick crack-free (111) homoepitaxial diamond films with a good quality, compared with those directly
deposited on substrates without coating.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Diamond hasmany unique physical and chemical properties includ-
ing extreme hardness, the highest thermal conductivity, high break-
down field, wide band gap, high carrier mobility, high optical
transmissivity, and chemical inertness [1–3]. These properties make di-
amond amaterial with high potentiality inmechanical, thermal, optical,
and electrical applications. Nevertheless, natural and high-pressure
high-temperature (HPHT) diamonds have limited applications due to
their small dimensions and high cost. Microwave plasma chemical
vapor deposition (MPCVD) is a suitable process for the synthesis of a rel-
atively large dimension andhigh quality single crystal diamond. Recent-
ly, homoepitaxial diamond films grown on (001) HPHT diamonds with
a high growth rate (30–150 μm/h) and large size (N1 cm2) have been
achieved [4–13]. In addition, undoped high purity (100) CVD diamond
film with a thickness of 3.3 mm has been reported [14]. However,
homoepitaxial growth of good crystal-quality (111) diamond film by
chemical vapor deposition which may be desired for n-type doping
[15] ismore difficult than that of (100) because ofmass formation of de-
fects such as stacking faults and impurities. The {111}-oriented growth
of homoepitaxial diamond film might promote the generation of twins
and other extended defects [16]. Furthermore, many studies in the past
have reported that (111) homoepitaxial diamond films tend to crack by
internal stress by reason of the presence of non-diamond phases
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and impurities [17–19]. In general, the (111) diamond films may spon-
taneously crack when the film thickness is thicker than a fewmicrome-
ters depending on growth conditions, and the magnitude of the stress
increasing with film thickness can be up to a few GPa [18–21].

In this paper, we present a method to synthesize crack-free (111)
homoepitaxial diamond films by MPCVD in that a thin nickel (Ni)
layer is deposited on (111) HPHT diamond substrate before the dia-
mond deposition. Nickel is a suitable material used upon which epitax-
ial diamond deposition can be applied because of its low carbon
solubility (~0.2 wt.% at 900 °C) and small lattice mismatch (~1.4%) be-
tween Ni and diamond (a0, Ni = 3.517 Å, a0, Diamond = 3.567 Å).

2. Experimental details

HPHT polyhedron single crystal diamonds (size ~ 1 mm) as sub-
strates were cleaned by using a mixing solution (HNO3:H2SO4 = 1:3)
for 30 min at 300 °C to remove contamination, and then the substrates
were ultrasonically dipped into an acetone bath for 10 min and a meth-
anol one for 10min to remove residual chemical solution. Subsequently,
a 20 nm thin Ni layer was deposited on one of the {111} facets of the
HPHT diamond at room temperature by electron beam evaporation.
The homoepitaxial growth of diamond was carried out in a 2.45-GHz
MPCVD reactor. The Ni-coated substrate was placed on a Mo holder in
the MPCVD reactor. The MPCVD process for diamond deposition
consisted of two steps: plasma heating and homoepitaxial growth. In
the first step, we used the hydrogen plasma to heat the Ni-coated sub-
strates at 900–950 °C. In the second step of homoepitaxial growth, a
gas mixture of H2 and 0.5% CH4 was used for plasma with a pressure
at 80 Torr and the plasma power of 800–1200 W. Table 1 summarizes
the deposition conditions and film thickness. The growth rate was eval-
uated by cross-sectional transmission electronmicroscopy (XTEM). The
XTEM specimens were prepared by focused ion beam (FIB; FEI NOVA
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Table 1
Diamond deposition conditions and film thickness.

Specimen no. Deposited Ni layer
(nm)

Growth time
(h)

Thickness
(μm)

SCD-2500 None 4 2.5
SCD-5000 None 8 5
Ni-100 20 0.17 0.1
Ni-2500 20 4 2.5
Ni-5000 20 8 5
Ni-6250 20 10 6.25

Fig. 2. Brightfield cross-sectional TEM image of Ni-5000. The TEM specimenwas prepared
by FIB with Pt coating.
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200). The epitaxy of the diamond films was confirmed by using a high-
resolution X-ray diffractometer (HRXRD; Bruker Discover D8). Exami-
nations of the presence of crack and the surfacemorphologieswere per-
formed by using optical microscopy (OM) and field emission scanning
electron microscopy (FESEM; JEOL JSM-6500F) with X-ray energy dis-
persive spectroscopy (EDS). The diamond film quality and stress were
assessed with micro-Raman spectroscopy (HORIBA Lab RAM HR with
a 488 nm diode pump solid state laser).

3. Results and discussion

Typical optical micrographs (OM) of (111) homoepitaxial diamond
films with various thicknesses grown on HPHT and Ni-coated HPHT
substrates are shown in Fig. 1. All the films exhibit a typical crystal mor-
phology of (111) homoepitaxial diamond surface. The variations of the
OM images are caused by the sensitivity of the depth of field and strong
refraction of diamond during OM imaging and focus in the reflection
mode. Actually, the surface roughness of these specimens examined
with atomic force microscopy (AFM) is less than 20 nm. Furthermore,
the diamond film thickness was determined by XTEM. Fig. 2 shows
the diamond film thickness of Ni-5000 in about 5 μm with Ni islands
at the interface. For surface morphology of diamond film, Fig. 1(a)
shows the OM of a 2.5 μm thick diamond film directly grown on HPHT
Fig. 1. Optical micrographs of (111) homoepitaxial diamond film surfa
substrate (SCD-2500) without any observed cracks. For the thicker dia-
mond film (5 μm), dense b110N cracks (indicated with black arrows)
clearly appear on the surface of SCD-5000 as shown in Fig. 1(b). This
phenomenon is similar to previous observations that a (111) diamond
film thicker than 3.5–5 μmmay crack spontaneously [19,20]. For the di-
amond films grown on Ni-coated HPHT substrates, no cracks can be ob-
served on the 5 μm diamond (Ni-5000) as shown in Fig. 1(c), while the
6.25 μmdiamond film (Ni-6250) clearly shows b110N cracks in Fig. 1(d)
(indicatedwith black arrows). From the above results, the cracks in a di-
amond film can be suppressed by coatingNi on substrate before CVD di-
amond growth. Moreover, the homoepitaxy of the deposited diamond
ce of (a) SCD-2500, (b) SCD-5000, (c) Ni-5000, and (d) Ni-6250.

image of Fig.�2
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films with HPHT substrate can be verifiedwith X-ray diffraction. For ex-
ample, a typical XRD 2θ–ω pattern of Ni-5000 in Fig. 3(a) shows only
(111) and (222) reflections, suggesting that the growth orientation of
diamond film is b111N. The diamond 111

� �
phi-scan pattern of Ni-

5000 in Fig. 3(b) shows three peaks in 120° intervals as expected for
the epitaxial relationship from the 3-fold symmetry. Hence, the XRD re-
sults indicate that the 5 μm diamond film is homoepitaxially grown on
the Ni-coated (111) HPHT substrate.

In order to examine the morphology of Ni layer after MPCVD, SEM
observations have been done on a specimen after diamond deposition
on Ni-coated substrate for 10 min. A typical SEM morphology is
shown in Fig. 4(a). It can be seen that there are many hexagonal islands
and small particles formed on the surface. In addition, the diamond
deposits are not observed on large hexagonal islands, suggesting that
the (111) homoepitaxial diamond film may be grown from the surface
of the substrate covered with no Ni. These islands and particles can
be identified to be Ni by energy dispersive spectroscopy (EDS) in
Fig. 4(b) and X-ray diffraction analyses (not shown). It is suggested
that the Ni layer in a thickness of few tens of nanometers has been
changed to form hexagonal islands and particles with a size of
50–1000 nm which are dispersed on the diamond substrate after the
MPCVD process. In Fig. 4(a), the triangle and hexagonal holes without
nickel particles can be attributed to the strong thermal stress caused
by the large difference in thermal expansion coefficient between Ni
Fig. 3.XRD analyses of Ni-5000. (a) 2θ–ω pattern and (b) phi-scan pattern of the diamond
111

� �
reflection.

Fig. 4. (a) SEM micrograph of (111) homoepitaxial diamond film surface of Ni-100 and
(b) EDS analysis of the island on diamond substrate.
and diamond alongwith a weak adhesion at the interface [22] resulting
in someNi islands being peeled off and falling onto the neighboring sur-
face areas on the diamond film after cooling. For the deposition of
thicker diamond films, XTEM examinations show that the Ni-islands
are encapsulated with CVD diamond.

Raman spectra of the samples in the 1000–1800 cm−1 range as
shown in Fig. 5 are used to evaluate the quality of (111) homoepitaxial
diamond films. Each Raman spectrum exhibits an intense diamond sig-
nal at 1332 cm−1 with the full width at half maximum (~2–4 cm−1)
close to that of the HPHT single crystal diamond, suggesting that the
CVD diamond films are of high quality. There is no apparent sp2 signal
in Raman spectra in Fig. 5(b)–(e). For Fig. 5(a), very weak signals from
Fig. 5. Raman spectra of (111) homoepitaxial diamond films in the 1000–1800 cm−1

range. (a) SCD-2500, (b) SCD-5000, (c) Ni-2500, (d) Ni-5000, and (e) Ni-6250.
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Table 2
The shift (Δω) from diamond Raman peak and the corresponding stress (σRaman) in SCD-
5000, Ni-5000, and Ni-6250.

Specimen no. Δω (cm−1) σRaman
a (GPa)

SCD-5000 −5.3 +1.6
Ni-5000 −3.7 +1.1
Ni-6250 −4.7 +1.5

a σRaman (GPa) = Δω (cm−1) / 3.2 (cm−1/GPa) [18,24].
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sp2 bonding at ~1500 cm−1 and ~1700 cm−1 are detected due to the
surface contaminants which may be resulted from carbon residues in
the MPCVD chamber. Interestingly, there is no apparent graphite signal
at 1580 cm−1 in Raman spectra of the Ni-coated samples in
Fig. 5(c)–(e), which is usually observed in the case of a diamond film
grown on Ni substrate as graphite may precipitate from the supersatu-
rated nickel surface during cooling [23].

The above results show that the cracks on (111) homoepitaxial
diamond films can be suppressed by coating Ni on substrate, sug-
gesting that the stress in diamond film can be effectively reduced.
It has been known that the stress can result in the shift and split of
the diamond Raman peak. Further, the stress in (111) homoepitaxial
diamond films can be evaluated with Raman spectroscopy as report-
ed by Mermoux et al. [18,20,24]. Fig. 6 shows more detailed Raman
spectra of the (111) homoepitaxial diamond films grown on sub-
strates coated with and without nickel. For thin diamond films of
SCD-2500 and Ni-2500 in Fig. 6(a) and (c), the peaks are apparently
shifted, implying that the stresses in the films are not large. The in-
ternal stresses of SCD-2500 and Ni-2500 with a 2.5 μm thickness
are determined to be smaller than 0.4 GPa after curve fitting of the
peak shape. For SCD-5000, Ni-5000, and Ni-6250 which have thicker
films, an apparent low-frequency shoulder signal on the left hand
side of the nominal 1332.1 cm−1 peak can be clearly seen in SCD-
5000, Ni-5000, and Ni-6250 in Fig. 6(b), (d), and (e). The presence
of a low-frequency shoulder signal has been well known to be result-
ed from tensile stress in diamond, while a compressive stress shifts
the 1332 cm−1 peak to a higher frequency [18–20]. Therefore, for
those (111) homoepitaxial diamond films which have a downshift
peak in the present cases, a high tensile stress may exist. The depen-
dence of the stress (σ) on the shift (Δω) is

σRaman ¼ Δω=αh GPa½ �

where αh is the average hydrostatic stress gauge factor [25]. Here,
we use αh of 3.2 cm−1/GPa for stress calculations [18]. Comparison
Fig. 6. Raman spectra showing the details in the 1300–1350 cm−1 range. (a) SCD-2500,
(b) SCD-5000, (c) Ni-2500, (d) Ni-5000, and (e) Ni-6250.
of the results from the three specimens suggests that the lower in-
tensity of the low-frequency shoulder signal in SCD-5000 is probably
due to the partial stress relaxation from the cracks. The measured
shift (Δω) and the corresponding stress (σRaman) are listed in
Table 2, showing that the stress increases with film thickness. For
both of SCD-5000 and Ni-6250 which have cracks on their surfaces,
it can be seen that their tensile stresses are higher than that of
crack-free Ni-5000. Since no film delamination is observed on
those two samples, the cracked film may not completely release
the stress. Compared with SCD-5000 in the same diamond film thick-
ness of 5 μm, the tensile stress in Ni-5000 is significantly reduced to
about 1 GPa which may not be strong enough to result in cracking as
it has been reported in literature that the tensile strength of diamond
is N1.2 GPa [3]. Although the crack-free diamond film with 5 μm can
be grown with embedded Ni islands, the tensile stress is seen to be
rapidly increased when the thickness of diamond film exceeds 6 μm.

It has been demonstrated that the nickel islands embedded in (111)
homoepitaxial diamond films can reduce the internal stress and sup-
press cracks. A few possible effects of the nickel islands embedded in di-
amond films on the stress reduction which may be worthwhile to be
taken into of consideration are described in the following. First, previous
studies have suggested that the grown (111) homoepitaxial diamond
films tend to crack from internal stress induced by impurity and non-
diamond phase such as amorphous carbon and graphite [17,18]. The
growth of high-quality homoepitaxial (111) diamond filmwith a thick-
ness of over 100 μm was demonstrated by using well-tuned process
conditions including high microwave power, high pressure, and high
purity gas [16]. The impurities and non-diamond phases may be signif-
icantly reduced in such deposition conditions. Second, Ni is much softer
than diamond, so that partial stress relaxation can be done through
plastic deformation in Ni. Finally, after growth, the nickel islands are
shrunk quickly to develop a compressive stress in diamond during
cooling due to that the thermal expansion coefficient of nickel is 10
times higher than that of diamond. The compressive stress may com-
pensate for the tensile stress in the diamondfilm, such that low residual
tensile stress exists in the diamond film with embedded nickel islands.
Further investigations need to be done to clarify the above possible
effects.
4. Conclusions

In this work, Ni coating on (111) HPHT diamond substrates can
result in the growth of thick crack-free homoepitaxial diamond
films by microwave plasma chemical vapor deposition. Formation
of Ni hexagonal islands in hundreds of nanometers occurs in the
early stage of diamond deposition. Examinations of the surface of
5 μm homoepitaxial diamond films on Ni-coated substrate show no
crack formation, while cracks are clearly observed on the surface of
the same thick diamond film directly deposited on the substrate
without Ni coating. From the diamond Raman peak shift, the evaluat-
ed tensile stress in the CVD diamond film on Ni-coated substrate can
be significantly reduced with the embedded nickel islands in com-
parison with the stress in the film grown on substrate without Ni
coating.
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