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Diamond growth at low temperatures (<400 °C) and over large areas is attractive for materials, which are
sensitive to high temperatures and require good electronic, chemical or surface tribological properties. Resonant-
cavity microwave plasma enhanced (MWPE) chemical vapor deposition (CVD) is a standard method for growing
diamonds, however, with limited deposition area. An alternative method for CVD of diamond over large area and
at low temperature is to use a surface wave plasma (SWP). In this work we introduce a novel method to excite
SWP using composite right/left-handed (CRLH) materials and demonstrate growth of nanocrystalline diamond
(NCD) on 4-inch Si wafers. The method uses a set of slotted CRLH waveguides coupled to a resonant launcher,
which is connected to a deposition chamber. Each CRLH waveguide supports infinite wavelength propagation
and consists of a chain of periodically cascaded unit cells. The SWP is excited by a set of slots placed to interrupt
large area surface current on the resonant launcher. This configuration yields a uniform gas discharge distri-
bution. We achieve 80 nm/h growth rate for NCD films with a low surface roughness (5-10 nm) at 395 °C and

0.5 mbar pressure using a Hy/CH4/CO; gas mixture.

1. Introduction

Nanocrystalline diamond (NCD) with excellent physical, chemical
and surface tribological properties is an attractive material for micro-
electro-mechanical systems, biosensors, thermal management and ap-
plications requiring high abrasion resistance [1-4]. Most of these ap-
plications demand uniform diamond films over large areas, which is a
major challenge for industry and the research community. The two most
widely used methods for growing NCD are hot filament (HF) and mi-
crowave plasma enhanced (MWPE) chemical vapor deposition (CVD).

The HFCVD is a preferred method in industry for a large area CVD
due to a relatively low cost and scalability. The scalability is achieved by
extending or adding more filaments that can yield deposition areas of up
to few square meters. The HFCVD method, however, suffers from two
main drawbacks: long-term filament instability and contamination of
the growing diamond film by metal evaporation from the filament itself.
The long-term filament instability is a result of the filament corrosion
and formation of carbides on the filament during the incubation period
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and CVD process. This can lead to filament distortion thus altering NCD
growth conditions [5,6]. Therefore, for the growth of high purity dia-
mond films, typically, resonant-cavity MWPECVD systems operating at
2.45 GHz frequency are used. The deposition area of these systems is
limited by the gas discharge shape and size, which is roughly half the
wavelength at a given frequency. The limited scaling-up of the gas
discharge size can be achieved by lowering MW generator frequency
from 2.45 GHz to 915 MHz, yielding deposition areas of up to approx-
imately 30 cm? and 200 cm?, respectively. It is worth noting, however,
that lowering generator frequency reduces MW power density by a
factor of two leading to higher operational costs [7].

Diamond films, typically, are grown at substrate temperatures
ranging from 500 °C to 1000 °C in HFCVD and resonant-cavity
MWPECVD systems [8]. Such high substrate temperatures limit the
range of substrate materials, which can be used for diamond synthesis. It
is worth noting, however, that multiple research groups have succeeded
growing diamond at low substrate temperatures (<400 °C) reaching 135
°C with HFCVD [9,10], 350 °C with MWPECVD [11-14], and 200 °C
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Fig. 1. Schematic drawing of the new SWP MWPECVD system consisting of the
CRLH waveguides, the resonant launcher and the CVD chamber.

using magneto-active plasma CVD method [15]. As an alternative to
HFCVD and resonant-cavity MWPECVD either a distributed antenna
array (DAA) [16,17] or a surface wave plasma (SWP) [18-21]
MWPECVD system could be used to mitigate above mentioned draw-
backs. The SWP and DAA systems can achieve large area and uniform
diamond CVD at low temperatures (<400 °C) using a Hy/CH4/CO- gas
mixture, which is desirable for diamond synthesis on substrates sensitive
to high temperatures such as plastic. NCD films have been successfully
synthesized on plastic at substrate temperatures below 100 °C using
SWP method [22]. Furthermore, growth at low temperature reduces the
stress induced by the mismatch of coefficients of thermal expansion
between the substrate and the film.

The DAA system is based on multiple elementary microwave plasma
sources arranged in a square lattice matrix configuration [23]. The MW
power to each plasma source is distributed via waveguide-based power
divider followed by a matching circuit comprising a tuning means and a
ferrite isolator [24]. Therefore, scalability of DAA microwave system
introduces additional complexity and cost. SWP, on the other hand, can
be excited by linear [25] and slotted [19] antennas or different types of
microwave launchers [26-28]. Linear antenna SWP is excited by a set of
coaxial linear antennas each surrounded by a quartz tube [29-31]. The
low directivity of the linear antenna yields inefficient MW radiation
distribution towards the deposition area. Additionally, a standing elec-
tromagnetic wave is formed along each antenna thus affecting the uni-
formity of the electric field and plasma distributions. The SWP excited
by slotted antennas suffers from problems such as arc discharges,
heating of the dielectric window and localized plasmas around the slots
yielding non-uniform plasma density. Various configurations of
advanced-geometry slotted antennas were proposed to mitigate these
effects [19,32]. However, the fundamental limit in the slot-based
approach is the constraint on minimum distance between two adjacent
slots (ds). The d; is determined by the waveguide surface current dis-
tribution and is given by half of the waveguide wavelength (d; = A¢/2)
[33].

In this work we introduce a new method to excite SWP that uses the
unique properties of metamaterials. Composite right/left-handed
(CRLH) materials [34] with infinite wavelength propagation property
are used to achieve d; < 1¢/2. We have designed and built the new SWP
MWPECVD system based on 3D numerical electromagnetic field simu-
lations and experimentally realized growth of a smooth NCD film on 4-
inch Si wafers.

2. Numerical simulations

The SWP MWPECVD system operates at 2.465 GHz frequency and
consists of three interconnected parts: an array of CRLH waveguides, a
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Fig. 2. Dispersion diagram of the unit cell showing RH (red) and LH (blue)
wave propagation with infinite wavelength propagation frequency at 2.465
GHz (dashed line).

(a)

(b)

Fig. 3. Simulations results of the surface current density on (a) the shorted
CRLH waveguide and (b) the resonant launcher. Black rectangles represent
excitation slots while the dashed black circle indicates the position of the
quartz window.

resonant launcher and a CVD chamber. Fig. 1 shows a schematic
drawing of the system. The slotted CRLH waveguides work at infinite
wavelength propagation frequency and are coupled to the resonant
launcher. The surface current on the resonant launcher is interrupted by
a set of slots to excite SWP in the CVD chamber. Next, we detail simu-
lations and design of each part separately.

2.1. CRLH waveguide

The CRLH waveguide consists of a chain of periodically cascaded
unit cells that support left-hand (LH) and right-hand (RH) wave prop-
agation. Each unit cell is an artificial structure with a size in x-direction
(see Fig. 1) much smaller than the wavelength of the guided wave,
which can be represented by an equivalent circuit model as described in
Ref. [34]. The CRLH waveguide supports infinite wavelength propaga-
tion only if all unit cells are balanced, meaning a unit cell does not have a
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stop band and there is a seamless transition from LH to RH bands in the
dispersion diagram. This criterion can be fulfilled by various designs of
the unit cell as proposed in Refs. [35-38]. In this work we use a design of
the unit cell similar to one presented in Ref. [38]. Fig. 2 shows the
dispersion diagram of the chosen unit cell with infinite wavelength
propagation frequency at 2.465 GHz that matches the frequency of the
MW generator.

At infinite wavelength propagation frequency phase does not change
as the wave propagates along the cells. Therefore, the surface current
along the CRLH waveguide flows undisrupted and excitation slots can be
placed at arbitrary positions with d; < 1,/2. We use a set of rectangular-
shaped slots placed equidistant (d*f'#=5 c¢m) along each CRLH wave-
guide. The finite integration method of Maxwell’s equations is used to
simulate surface currents on the CRLH waveguides and the resonant
launcher. Fig. 3-(a) shows simulations results of the surface current
density on the CRLH waveguide surface (xy-plane) coupled to the
resonant launcher. All slots on the CRLH waveguide are excited either in
phase or anti-phase. In total, four CRLH waveguides are used to couple
MW radiation to the resonant launcher. Slots and the CRLH waveguides
are placed in such a way that projection of magnetic current vector for
each waveguide points in the same direction [39,40].

2.2. Resonant launcher

The resonant launcher is a resonant cavity placed below the array of
CRLH waveguides. The size of the cavity is determined by the area
occupied by the excitation slots with height chosen to be approximately
half of the freespace wavelength (4¢) at 2.465 GHz. The slots on CRLH
waveguides couple MW radiation into the resonant launcher with the
same direction of the magnetic current vector projection. As a result, the
alternating magnetic field generates an electric field yielding a uniform
surface current distribution over a large area [40]. Fig. 3-(b) shows
simulations results of the surface current density on the resonant
launcher surface (xy-plane), which faces the quartz window of the CVD
chamber (see Fig. 1). Four slots placed equidistant from each other
(d?L:7 cm) are used to excite SWP in the CVD chamber. The length of
each slot is chosen to be 1¢/2 making them resonant [41]. The 23 cm in
diameter quartz window separates the resonant launcher from the CVD
chamber. The quartz window and the resonant launcher are actively
cooled by forced air flow. It is important to note that in this work we
exploit only ~30% of the available surface current area with one
particular slot configuration for SWP excitation.

2.3. CVD chamber

The CVD chamber is a cylindrical, 21 cm in diameter, water-cooled
resonant cavity equipped with the translational substrate holder. The
electric field in the CVD chamber and in the rest of the system is simu-
lated by solving Maxwell’s equations in the frequency domain

V x (1,'V x E) — oPeopy <e,. = ﬁ)E =0, m
we(

where E is the electric field vector, ey (uo) the permittivity (perme-
ability) of free space, w the angular frequency, ¢ the electrical conduc-
tivity and e, the relative permittivity. For simulation domains other than
the CVD chamber we set ¢,=1 and 6=0. The SWP is assumed to be a cold
collisional hydrogen plasma [42], which can be represented by a lossy
isotropic dielectric with the permittivity and conductivity given by [43]
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where v, is the electron-neutral collision frequency, w, = /n.e?/meeo
the plasma frequency, n, the electron density, e the electron charge and
m, the electron mass. In a hydrogen discharge the collision frequency
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Fig. 4. Simulations results of the electric field in the CVD chamber for (a) pure
hydrogen and (b) with SWP present. Cross sectional view in xy—plane shows
results 2 cm away from the quartz window.

can be approximated as v, ~ 10'%(p/ Ty) [44], where p is the gas pressure
in mbar and Ty is the gas temperature in K. The pressure in simulations is
set to the measured value (p=0.5 mbar) during the CVD process of NCD.
The gas temperature at such pressure is close to room temperature due to
the small kinetic energy transfer in elastic collisions between electrons
and hydrogen atoms and is set to Tg= 300 K [45]. The electron density in
SWP exceeds the cut-off density (n.=7.4 x 10'° cm~2 at 2.45 GHz). The
measured n, values for hydrogen SWP close to the quartz window in slot-
based systems are from 2 x 10'! cm™ to 10'2 cm™ and falls rapidly
with the distance [22,46]. Therefore, in simulations, we set the electron
density to the experimentally measured value at p=0.5 mbar (n,=5 x
10 em~3) [46]. The MW field amplitude decays exponentially in SWP
requiring fine mesh for the corresponding simulation region. Due to
limited computational resources we exclude in the simulations the re-
gion where the distance between the quartz window and the substrate
holder exceeds 2 cm. Fig. 4 shows electric field distributions in xz— and
xy—planes for the CVD chamber simulated using the finite element
analysis method for pure hydrogen case and with SWP present. In sim-
ulations the distance from the quartz window to the substrate holder is
set to 51 mm yielding the total distance from the slots to the substrate
holder of about 1yp/2. This constraint, similarly as for the resonant
launcher, yields a uniform electric field distribution over large area as
described in Ref. [40]. As a result, the chosen configuration of the slots
on the resonant launcher and the constraint on the distance from the
quartz window to the substrate holder, in the absence of the gas
discharge, yields similar electric field strength over a deposition area
enabling the covering of a 4-inch Si wafer as illustrated in Fig. 4(a). In
the presence of the SWP, however, the electron density is n, > n. and
MW propagate as a surface wave along the quartz-plasma interface.
Excited surface waves from adjacent slots interact with each other
yielding a standing surface wave pattern. Due to the chosen configura-
tion of the slots the wave field is homogeneously distributed over the
deposition area as shown in Fig. 4(b). This yields a uniform plasma
distribution, witch is further confirmed by experimental results pre-
sented in the next sections. The electric field strength decays rapidly
with the distance from the quartz window indicating that MW power
absorption by plasma close to the quartz-plasma interface is the highest.
In experiments, a plasma diffuses from a quartz window towards a
substrate with a falling density. Typically, for diamond synthesis with
SWP the substrate is placed in the so called “CVD region”, which starts
approximately at 4.5 cm away from the quartz window and extends up
to 20 cm [46].
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Fig. 5. SEM and AFM images of NCD films grown with 2.5 %, 3.8 % and 5.0 % CH,4 concentration in Hy/CH4/CO, gas mixture.

It is worth noting that other configurations of slots (size, shape,
placement, etc.) can be used for SWP excitation. Plasma uniformity
could also be further improved by using a corrugated dielectric plate
[42,47] instead of the quartz window. Lastly, CRLH waveguides alone
could be used as SWP sources avoiding use of the resonant launcher.

3. Experimental

The NCD films were grown on polished (100) oriented 4-inch Si
wafers with thickness of 525 pm. All samples were grown with the new
in-house built SWP MWPECVD system at the same MW power of 2 kW
keeping constant 0.5 mbar process pressure. The Hy/CH4/COy gas
mixture was used with the CO, fraction fixed to 10 % while CHy4 con-
centration was varied from 2.5 % to 5.0 %. The total gas flow was 78
scem and the growth time was 2 h for all samples. The Si substrates were
placed on the molybdenum holder 51 mm away from the quartz window
keeping the same distance as in the simulations described above (see
Fig. 4). The substrate holder was not additionally heated apart from the
diffusive plasma. The temperature was measured with type K thermo-
couple embedded in the molybdenum holder.

Prior to growth the substrates were seeded with 5-7 nm size nano-
diamonds (ND). To nucleate the Si wafer with ND seeds a water-based
ND colloid was drop-cast onto the sample surface covering it
completely. Then followed by spinning the wafer at 2000 rpm and
flushing it with deionized water for 30 s, and finally leaving it spinning
for 60 s till the surface dries [48,49]. This yields seeding density of
approximately 4 x 10'! cm™2.

Surface morphology and roughness of the NCD films were investi-
gated by scanning electron microscopy (SEM, Raith e-Line), using an
inlens detector and an acceleration voltage of 10 kV, and atomic force
microscopy (AFM, Anfatec, Eddy) operated in contact mode using a
MicroMash CSC17 cantilever. The film thicknesses were measured using
spectral reflectance technique (Filmetrics F10-RT). The Raman spectra
were measured with HORIBA LabRAM 800 HR spectrometer working in
a confocal mode and using 488 nm wavelength Ar laser as an excitation
source.
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Fig. 6. Background corrected Raman spectra of NCD films grown with 2.5 %
(red line), 3.8 % (blue line) and 5.0 % (black line) CH,4 concentration. Spectra
lines are shifted vertically for illustrative purposes. The inset shows sp> content
as a function of CH,4 concentration.

4. Results and discussion

We varied the CH4 concentration in the Hy/CH4/CO4 gas mixture to
investigate changes in NCD films morphology, structure and growth
rates. Fig. 5 shows SEM and AFM images of NCD film surfaces of three
samples grown using 2.5 %, 3.8 % and 5.0 % CH4 concentration at 410
°C, 395 °C and 405 °C temperature, respectively. The grain sizes are
similar in size for all the films. The root-mean-square (rms) roughness of
the surface was measured on several spots for each of the sample and
ranges from 5 nm to 10 nm. The increase in CH4 concentration from 2.5
% to 5.0 % does not induce significant changes of NCD film surface
morphology.

Fig. 6 shows measured and background corrected Raman spectra for
the three samples mentioned above. The characteristic diamond peak is
observed at 1332 cm™! and a broad line shape is visible around 1580
em ™! corresponding to D and G bands, respectively. The broad peaks



J. Zalieckas et al.

250 ————————T—————————

—=—2.5%

——3.8%

200 —=—5.0%
€

s (n
3

)
g
=100 - - .
S100}F £
< = 9 ]
= g
£ 80 1
50 %
O 70
3 4 5
CH, (%) |
0 1 1 1 ¥ L 1 1 1
-50 0 50

Distance (mm)

Fig. 7. Thickness profiles of NCD films grown with 2.5 % (red line), 3.8 % (blue
line) and 5.0 % (black line) CH,4 concentration. The inset shows growth rate as a
function of CH,4 concentration.

near 1190 cm™! and 1480 cm™! assigned to transpolyacetylene seg-
ments at grain boundaries [50-52] are clearly visible for sample grown
with 5.0 % CH4 concentration representing a signature of NCD. The
amount of sp3 bonded carbon was calculated using formula [53-58]:

5 75 x Iy

—  XMa 3
75 X g+ 3 It @)

sp

where I4 is the integrated diamond peak intensity (at 1332 cm’l), Inq is
the integrated non-diamond peak intensity. The diamond signal effi-
ciency factor of 75 was used, because sp? and sp® bonded carbon have
different sensitivity to the laser excitation [59-62]. The amount of sp3
bonded carbon in NCD films is estimated to be 83%, 62% and 57% for
2.5 %, 3.8 % and 5.0 % CH4 concentration, respectively.

Fig. 7 shows thickness profiles of the NCD films measured across the
center of 4-inch Si wafers. The variation of the film thickness for all
samples ranges on average from 15% to 19%. The thickness variation
can be further decreased by using a larger CVD chamber and increasing
the number of excitation slots. The growth rate increases with increasing
CH4 concentration and is, measured at the center of the wafer, 72 nm/h,
80 nm/h and 95 nm/h for 2.5 %, 3.8 % and 5.0 % CH4 concentrations,
respectively. We expect that the growth rate can be further improved in
the new SWP MWPECVD system by varying process pressure, increasing
substrate temperature or reducing substrate distance from the quartz
window.

5. Conclusion

In this work, a novel method to excite SWP, based on unique prop-
erties of metamaterials, for growth of NCD has been presented. The
method uses infinite wavelength propagation of CRLH waveguides to
induce large area surface currents on the resonant launcher. This unique
feature allows arbitrary placement of the excitation slots yielding uni-
form SWP distribution. Further scaling-up of the SWP can be easily
achieved by increasing the size of the CVD chamber and the number of
the excitation slots.

The new SWP MWPECVD system has been used to demonstrate the
growth of diamond on 4-inch Si wafers. The Hy/CH4/CO, gas mixture
has been used to grow low surface roughness (5-10 nm) NCD films at
low temperatures (395 °C - 410 °C) with growth rates reaching up to 95
nm/h. The NCD films exhibit high sp® content and have thickness vari-
ation less than 19%.
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