
CONTRACT

PRCIJECT  r’?”

TITLE :

PRoJEcr

No :

.

EKE .2-CT92-0147

BE 5099

Mebhod for making cm-size single crystal plates

of diamond

CX)CXU)INATOR : Pro f.dr.

PARkERS :

L.J. Giling ( KLJN)

Prof.dr. A. Gicquel (LIMHP)

Mr. J.P. Dan (CSEM)

STARTING DATE : 0 1 - 0 1 - 1 9 9 3 DURATION : 36 MQ~~

m+++ PKUECT  FUNDED BY THE EUROPEAN
+* COMMUNITY UNDER THE
4
4 : PROGRAMME**+

13RITEWWRAM

DATE : 2 3 - 0 2 - 1 9 9 6



Method for making cm-size single-crystal
plates of diamond: The “MOSAIC” process

L.% Gilirtg,  G. Janssen,  J..T. Schemer,

J.J.L. S@anjaars, R.J.H. Kleirt-lluuwel, .J.J fer Metden
KUN : University ufiflijmegen,

Toernooiveld 1, 6525 ED i$f~megen,  Netherlands

A. Gicquei, C. Findeling,  E. Anger, K. Hassomi,  A. Vignes
LAMHP : Laboratoire  d’Ing&i&-ie  ties ikfa&iaux  et des Haute Pressiom,

Avenue J.B. Clt%e@ 934.30 ViHetarteuse, Frame

H. Hintermam,  J.P. Dan, W. Hami, P. Alem,  C. Faure
CSEM : Centre  Suisse d’Electronique et de Micro fechique  SA,

Rue Jaquet-Droz  1, Case Posfale 41, CH-2007 Neuch&elj  Switzerland

.,,,

@ Abstract

A method, called the ‘; MOS.MC’’-process, has been developed for producing large-area, single-
crystal,  diamond plates. It starts by carefully orienting and closely packing a set of diamond seed
crystals. This assembly, or mosaic, is then overgrown by chemical vapour deposition (CVD) with
a single-crystal diamond layer. The success of the “MOSAIC’’-process was shown for three
different CV5 techniques, namely the hot filament method (HF-CVD),  microwave plasma assisted
CVD (MPACVD) and the acetylene-oxygen combustion flame. The largest mosaic structure
successfully overgrown -up to now- consists of seven semi crystals and has a surface area slightly
in excess of 1 cm2. Although several technical problems sti~l have to be solved, there seem to exist
no fundamental reasons which could hamper the further enlargement of the surface area.
In order to realize the “MOSAIC’’-process, know-how had to be developed about the diamond
synthesis processes. Spatially resolved spectroscopic analyses provide information about the local
characteristics of the growth environment. The MPACVD  system was studied by optical emission
spectroscopy (OES) and laser spectroscopy while the combustion flame was studied by laser
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induced fluorescence (LIF). The molecular density distributions of different species (H, C2, C’H,
C2H, OH) and their rotational temperatures (H, H2) have been determined. These results  provide
essential input data for the optimization and validation of tiodelling calculations, necessary to
unravel the chemistry and dynamics of the dominant precursors, which in-turn are indispensable
for the optimization and up-scaling of the deposition processes.

1. Introduction

Potentially, high quality diamond plates can form a new class of materiak  for the optical industry
(windows, mirrors or lenses e.g. for high power lasers) and the electronic industry (substrates for
diamond devices andior radiation resistant components e.g. high energy radiation/particIe
detectors). However, in order to use diamond’s unique properties [1] to its full potential it will be
necessary to have a large and controlled supply of very high quality, sing~e-crystal  diamonds of
sufficient dimensions. For example, to produce diamond-based electronic devices competitive to
other wide band gap semiconductors it will be necessary to have at one’s disposal diamond wafers
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of at least one inch in diameter, whiIe a sirigIe pmducticm unit would easily require 10,000
wafers~year. Even when using 1 cm2 diamond plates the world-wide supply of suitable natural
diamonds is short by several orders of magnitude. High pressure synthetic diamonds might be a
temporary alternative, but the size of these diamonds will always be limited. Thus, if a high-tech
diamond market is to emerge in the future, the necessary diamonds must be produced by CVD
techniques.
A few years ago we therefore started to deve]op  a process by which large-area, single-crystal
diamond plates -suitable for optical and electronic purposes- can be made. The basic principle of
this so called “MOSAIC” process is illustrated in figure 1 and can be described as follows. A
number of natural ‘(or high pressure synthetic) diamond seed crystals are carefully selected,
polished, oriented and assembled in a closely packed arrangement (the mosaic) on a suitable
substrate. l%nally  the mosaic is overgrown with a single-crystal diamond film using a CVD
technique. Other approaches to obtain larger, nearly single-crystal, diamond plates from an array
of seed crystals have been reported by Geis et al. [2] and later on by Posthill et al. [3, 4].
The present paper gives an overview of the results obtained in our laboratories using several
variations of the “MOSAIC’’-process,  along with some of the related research necessary to achieve
this. The progress made so far indicates that the “MOSAIC’’-process might one day become the
basis for a bulk diamond technology.-,
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I & Figure 1: Basic principle of the “MQSA.IC’’-process.

2. Experimental

2.1 Diamond deposition systems
A priori, it was &umed ~hat the successful overgrowth of mosaic structures might be dependent
on the applied growth technique. Thus three, fundamentally different, deposition techniques were
employed namely HI?-CVD  (at KUNT), MPACVD (at LIMHP) and the flame (at KUN and CSEM).
Each of the deposition techniques has its own characteristics and requirements which affect the
diamond growth and the “MOSAIC’’-process  in particular.
I-IF-CVD:  The conventional HF-CVD set-up optimized for homoepitaxial  diamond growth has
been described elsewhere [5]. Optimal conditions for growth on {001} faces are Tfil  = 2500*G
T,U~ = 650-900”C,  170 CHA in H2 at 50 mbar and 300 seem total flow. This  gives growth rates
of =1 #m/h. Higher growth rates (up to 5 pm/h) are possible but generally yield lower quality
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material. The filament lifetime (>250  hours) and the system stability have been increased well
beyond the limits required for mosaic growth (10-50 hours). The deposition conditions used during
HF-CVD were optimized for {001} growth. As these conditions are non-ideal for {111} growth,
it will lead to extensive twinning and finally detoriation  of the {111} faces when these facets
develop during prolonged growth of the {001}.
MPACVD:  The silica bell-jar MPACVD reactor with an independent y cooled or heated substrate
holder was described elsewhere [6]. It was fed with methane (O - 5%) diluted in hydrogen and
operated under moderate pressure conditions (20-80 mbar).  Either a 1200 or a 6000 W microwave
generator (2.45 GHz) was used for the activation of the gases. Optimal conditions for
homoepitaxial  diamond growth on {001} faces are T,Ub = 780-850°C,  1-4% CHA in Hz, relatively
high plasma power densities (P~w = 15-23 W/cm3)  and 0-400 ppm Nz. Typically the growth rates
range from 0.5 to 5 pm/h and increases with increasing PMW. The nitrogen is added to increase
the growth rate and improve the morphology of the epitaxial  layer.
Combustion flame: The basic set-up for flame growth used at the KUN was described elsewhere
[7]. Using commercial burners and Iaminar  flames the optimized conditions for high quality growth
on {001} faces were T~Ub = 1050°C, Sac = 3% at a distance flame front to substrate of 1.5 mm
and a oxygen flow rate (in SLM) equal to 1.4xd02  (dO is diameter exit opening (in mm) of burner).

,..
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This gives growth rates of 20-30 #m/h. Higher growth rates (up to 100 pmlh) are possible, but
result in a reduction of the quaIity and especially of the homogeneity of the deposit.

2.2 Jnitial  investigate-m of hornoepim.xial  diamond depositiott
Before the actual mosaic overgrowth, the growth of homoepitaxial diamond films by HF-CWD [8],
MP.4CVD [9] and flame [10] was investigated in detail, For all three deposition set-ups diamond
layers grown on {001} faces are superior in quality (lowest defect and impurity content) compared
to all other directions of growth. However in order to fully employ the {001} growth it is
necessary to obtain a more or less smooth surface without unwanted features like growth hiIIocks,
random nuclei and penetration twins. This was achieved by (i) careful optimization of the
deposition conditions and (ii) the growth on surfaces slightly disoriented from the exact {001}
plane. In case of MPACVD the optimization was Iargel y supported by the spectroscopic
investigations of the plasma (see also section 3.1). The disoriented faces provide a sufficient y
high density of growth steps which suppress the formation of unwanted features. The optimal
disorientation depends strongly on the deposition technique: 0-2° for the combustion flame, 2-4°
for MPACVD and 4-7° for I+ F-CW3. Al] mosaics discussed below have {001} top faces (major

-. growth plane) with a disorientation close to the optimal for the deposition technique used.

‘*(

2.3 Ciun-acterizaticm  of diamond  fi[ms
After growth the homoepitaxial  diamond layers were routinely investigated by differential
(Normarsky) interference contrast microscopy (DICMINICM), scanning electron microscopy
@EM), Raman spectroscopy and cathodoluminescence  (CL). Sometimes atomic force microscopy
(AFM), X-ray diffraction, electron back scatter pattern (EBSP), infrared absorption spectroscopy
or photoluminescence  were included,

.2.4 Mosaic assembling
The physical alignment of the seed crystals and the stability of the mosaic ensembie during CVD
growth were considered of great importance. Several methods for assembling the mosaics were
developed (KUN) and extensively tested for stability and compatibi~ity  with the growth  of high
quality homoepitaxiaI  diamond (KUN, LIMHP).
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2.4.1 Soldering techniques
High temperature soldering diamond to molybdenum has been described previously [11,12]. A
tight-fitting recess is made in a molybdenum plate. This ensures the alignment of the seed crystals
and prevents them from drifting away on the molten solder agent. Additional slits ‘in the
molybdenum are used to accommodate the excess solder. The recess-procedure is quite
complicated, time-consuming (requiring six process steps) and very sensitive to errors. The final
results in terms of alignment and separation (s1 #m) of the seed crystals can however be excellent
[11]. As an alternative the mosaics can be soldered directly onto a flat molybdenum plate without
the help of a recess. In this case the gap between the crystals is normally in the order of 10 to 50
pm and the crystals have a tendency to rotate slightIy relative to each other causing an additional
misalignment [13].
In the case of flame deposition only these soldering techniques could be used because a good and

I stable thermal contact between the diamonds and the cooling device is absolutely essential for
controlled growth during many hours [14]. The growth of diamond seems unaffected provided the
solder is more or less stable in the flame. Somewhat surprisingly the large difference in thermal
expansion between diamond and molybdenum does not induce significant stresses in diamond
layers grown via the {001} “faces (i.e. no cracks, no shift of Raman LC)-peak) even on repeated

. .
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thermal cycIing between room temperature and 1000- 120U°C [13].
The success of soldering in the flame growth is in sharp contrast with the results obtained for
soldered diamonds in the HF-CVD and MPACVD systems. Here most of the solder agents are
readily attacked by the strongly reducing atmosphere (atomic hydrogen and hydrocarbon radicals).
This Ieads to a degrading of the solder contact or, even worse, to a complete deterioration of the
homoepitaxial  diamond growth. Such problems have been avoided successfully by careful
processing during recess-soldering in order to minimize the contact between the solder agent and.,
the aggressive atmosphere. Another problem is the use of molybdenum substrates. The large
difference in thermal expansion between the diamond and the molybdenum often gives rise to
stressed diamond films, leading ultimately to crack formation. This problem is strongly enhanced
by the use of a tight-fitting recess as this considerably decreases the degree of freedom for stress
relaxation [11],

2.4.2 Fluid fixation
In order to solve some of the problems with soldering techniques a much simpler assembling
method, called fluid fixation, has been developed for HF-CVD and MPACVD.  Fluid fixation [12]
uses a thin film of a liquid to keep the diamonds [i) together and (ii) attached to a mirror-smooth-’. ,

‘a
silicon substrate. This liquid has a high surface tension, low vapour pressure and provides a good
wetting of both diamond and siJicon.  The basic fixation procedure is similar to the one described
by Geis et al. [2], but the use of about 100 times larger seed crystals in the “MOSAIC’’-process
makes the procedure much simpler. Depending on the accuracy of the lateral dimensions of the
seed crystals and the skill of the operator the separation between the crystals can be as small as
a few micrometers. Gaps between 10 and 20 pm are easily attained. The fIuid between the
diamonds has a tendency to prevent them from drifting apart or turning relative to each other.
After assembling a mosaic, it is immediately transferred to the reactor and the excess fluid is
slowly evaporated by in-situ heating in a hydrogen atmosphere at reduced pressures. When handled
with care, the quality (and morphology) of the diamond layers deposited immediately afterwards
is not affected by the fluid. This is even true in case excess fluid was present on top of the
diamonds. The silicon substrates are used because the difference in the thermal expansion between
diamond and silicon for the interval between the deposition temperature (700-900°C)  and room
temperature is rather smalI.  In generaI this was found to avoid the built up of thermal stresses and
the formation of cracks.
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,2.5- “MOSAIC” growth
Diamond films have been deposited on top of several mosaic structures by HF-CVD, MPACVD
or flame. Additionally a two-step procedure was developed in which a thick layer is grown by
flame on top of an initial thin film deposited by HF-CVD or MPACVD. Based on the initial
investigations discussed above, the
diamonds with {001} top faces,
commercial vendor. Unless stated
dimensions of 2x2x(L5 mm3.

2.6 Deposition’ area enlargement

seed crystals for the mosaics were chosen to be type IIa natural
polished to the required orientations and dimensions by a
otherwise the seed crystals were square diamond plates with

The present stage of the ‘MOSAIC’-process requires a reasonable homogeneous deposition area
of several cmz. This is easily achieved for the HF-CVD and MPACVD set-ups. However, in case
of the basic set-up (KUN) of the combustion flame, the deposition area is typically limited to 0.1-
0.4 cm2. In order to increase this area, adaptations and optimisation of different types of burner
nozzIes were carried out (at CSEM).  Especial] y interesting in this aspect were the modelling and
experimental investigations of burner nozzles producing turbulent flames.

I
-- ‘,
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2.? Spectroscopic  methods for afiaiysing the diamond deposition system
Spatially resolved spectroscopic techniques were used to investigated the gas phase of the‘ ,-
MPACV’D system (at LIMHP) and the combustion flame (at KUN).
MPACVD:  The microwave plasma of a similar set-up described in section 2.1 was analyzed by
optical emission spectroscopy (OES) [15] and two photcm  allowed transition laser induced
fluorescence (TALIF) [16].
Combustion flame: The flame of a similar set-up described in section 2.1 was analyzed by laser
induced fluorescence (LIF) [17].

3. ResuIts  and discussion

3.1 Spectroscopy of k MPACVD system
By using laser diagnostics the gas temperatures and relative H-atom mole fractions were measured.
Thereupon the relationships were established between these measurements, the temperatures of
excited state species and the emission intensities ratio I#&. This made it possible to define
“emission spectroscopic parameters”,-+ measurable by OES, which are able to detect any evolution

\
e

in the H2 plasma system. These have been used then for controlling, optimizing and long-time
in-situ monitoring the diamond deposition conditions by OES. The spatial distribution of the
ground state and excited state H-atom temperature (TJ measured by TALIF were equal to the gas
temperature (TJ [18]. Also the variation in TFI as a function of the plasma parameters (power
density and percentage of methane) was irwestigated.  From OES measurements of- the radial
distribution of the G~2+~ electronically excited stat% of molecular hydrogen, the rotational
temperature TRH2(G) was determined. To accomplish this an Abel inversion was performed of the
line-of-sight OE.S measurements for each of the rotational lines of the G lZ+g - BIX+U(O,O)  band.
Their variations as a function of the power density are compared to those of T~.
The variations of T~ [T.ALIF)  were seen to be in very good agreement with the gas temperature
calculated with the help of a 1-D diffusive model developed at LIh4HP  [19]. Diamond h4PACVD
reactors are characterized by very high temperatures. These temperatures are very sensitive to the
averaged power density, and increase from 1550 K to 3100 K as the power increases from 6 to
30 W cm-3. The rotational temperature TRH2(G)  measured on the axis of the plasma is equal to
approximately 3/4 of T~ and is not in equilibrium with the gas temperature even at pressures as
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high as 20 to 50 mbar. This result disagrees with those of Cl-m et al [20], Owing to the very high
efficiency of the quenching processes compared to that of thermalization,  TRH2(G) shouId  be equal
to 1/2 T~lHz(X). The proportiorialit  y factor 3/4 instead of 1/2 has been attributed to the G stat;
excitation cross sections variations as a function of the rotational quantum number K, as suggested
by Otorbaev [21] or to the variations of the radiative probabilities of the G state as a function of
K. Although the Abel-inverted TRI-12(G)  is significantly lower than T~, it follows the variations of
Tg as a function of the operating conditions (see figure 2a) in particular the averaged microwave
power density. Under the experimental conditions tested here, the G state rotational temperature
has been proposed as an interesting “spectroscopic parameter”. Line-of-sight averaged TRH2(G)
temperature, although lower by around 8(90 K than T~, was also seen to follow T~ as a function
of the power density. It can be used as well for monitoring the plasma conditions, in bell jar
reactors.
The possibility was investigated to use the optical emission spectroscopy for measuring the relative
concentration of the ground state H-atom. TWO Photon Allowed transition Laser Induced
Fluorescence and Opticai  Emission Spectroscopy have been used for (i) analyzing the variations
of the H-atom mole fraction (x~) as a function of the operating conditions (percentage of methane
in the feed gas and power density), and (ii) spatially (axially and radially) analyzing the plasma.

.
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~Ie validity of the spectroscopic method of actiriometry (measurement of 113fl& for estimating the
evo]ution of XH) has been carefully analyzed (i) as a function of the operating conditions, (ii) for
a spatial analysis of the plasma.
Actinometry can be used under conditions where the electron temperature is less that 20000 K and
the H-atom  mole fractions more than a few percent. In addition correcting factors must be taken
into consideration. The correcting factors have been determined through a comparison of
measurements from TALIF and OES or through calculations. In this way the quenching cross
section of the excited 4p [2pl) argon state by moIecuIar hydrogen was estimated to be 42&30 ~.
The quenching cross-sections of excited 4p [2pl)  argon state and of excited H(n=3)  state by
atomic hydrogen have been estimated on basis of the hard sphere model or the energy
Lennard-Jones  potential curves found in the literature. Thus the TALIF measurements could be
calibrated, which made it possible, for the first time, to determine. the variations of the absolute
H-atom mole fractions in microwave diamond deposition plasma reactors as a function of
operating parameters. The calibration has been realized by comparing the experimental depletion
of the H atoms observed as the methane is introduced in the discharge, at low H-atom mole
fraction, to that calculated with a O dimension chemical kinetics model working in H2 +- CH4. A

H-atom mole fraction of 0.04 was found for an averaged power density of 9 W cm-3 [T~= 2150
6

m’
K). A decrease of the H-atom mole fraction is only observed under conditions where the H-atom
mole fraction has the same magnitude as the methane percentage introduced in the feed gas. At
high power density, no decrease is observed.
With these correction factors, it was found that the H-atom mole fraction increases from
0.01 kO.005 to around 0.32*0.15 as the power density increases from 6 W cm-3 to 30 W cm-3 (sse
figure 2b). The experimental H-atom mole fraction is also seen to be in relative good agreement
with that caIcu]ated with the 1-D diffusive H2 plasma (where energy and mass balance equations
are soived and the surface reactions considered), owing to the large  experimental error and to the
approximations made for establishing the model. The dissociation mechanism of molecular
hydrogen is main]  y attributed, at low power density (6-12 W cm-3), to the efficiency  of the
electron-molecule collisions (Te high, T~ moderated), while, at high power density (>20 W cm-3),
it is attributed to the thermal processes efficiency (Te is lower, and T~ higher).
Spatial distributions of IHO~,, x~, T~ and TRH2(G)  reveal strong radial non uniformities in these
plasmas, and very high fluxes of species and energy at the diamond surface in growth. There are
only two emissive carbon containing species (CH and Cz) that have emission intensities suitable
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for measurement by OES. Calculations showed that information on the plasma reactivity could be
found by measuring the emission intensities ratio IQfl&, as well as lCIJICZ. This last ratio provides
information on the diamond quality as a function of the percentage of methane added (it is related
to the variations of [CHJ/[CzHJ),  while I=/IA gives information on the efficiency of the methane
dissociation as the power density increases. The diamond growth rate was found not only to
depend on the concentration of carbon containing radicals, but also an almost linear dependence
of the growth rate on the H-atom mole fraction was observed. Using this knowledge, growth rates
up to .S ,tim/h  could be reached, while maintaining a high quality of the epitaxial  diamond layer.
With this work, it was established at LIMHP that optimization of industrial MPACVD reactors by
simultaneous measurements of the emission intensities ratios I&fl/@ Ic#c~ and Ic2fl@ and of
the HZ(G) temperature is possible. Furthermore, for long-term in-situ monitoring industrial reactors,
the control of only the ratios IH#& and IQfl&  shoukl  be enough.

a

~ TRW(G) + 5.50 K at 201nm from substrate
❑ TH at 25mm from substrate

I . TH at 5mfrom substrate

J

~ looo~
O 5 10 15 20 25

Radial position (mm)

-5 5 15 25 35

averaged power density (W cm-3)

Fi~re 2: (a) Radial  distribution of TH (at 5 and 25 mm above the diamond substrate)
and TRH (G) (at 20 mm above the substrate) obtained for a plasma power density of

29 W/cm . (b) xH as a function of the plasma power density obtained from the same,’ =.Y
M measurements using two different sets of quenching cross sections. The values
. calculated from the I-D diffusive model are also given.

3.2 L~~ of the COWd?USfiO?l  jbne

LIF was used to determine 2-D, cross-section, mappings of the qualitative concentrations of OH,
CH, Cz and CZH in the combustion flame as a function of the deposition parameters. These results
were correlated to the local growth rate and quality of the polycrystalline  diamond films deposited
simultaneously. In all experiments special attention is paid to the region of the boundary layer just
above the substrate. The thickness of this boundary iayer varies for each species and typically
ranges from 100 to 600 pm.
OH: Under diamond deposition conditions (reducing flame) OH is only present in the outer flame
and not in the interesting zone just above  the substrate. This implies a neutral (or negative) role
for OH in diamond growth. In oxidizing flames OH is present in abundance.
CH: The CH concentration profiles show no clear relation to the diamond growth. However it is
perhaps a good candidate for local temperature measurements using laser induced predissociative
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fluorescence (LIPF). In this technique molecules are excited to a rapidly predissociating  state
which assures that the collected fluorescence signal is not disturbed by collisions, In normal LIF
the large number of collisions in the atmospheric pressure flame prohibit a reliable measurement
of the temperature. The CH molecule is a second choice for the LIP I? technique, but the best
candidate (OH) is not present in the flame. Unfortunately the signal to noise ratio is low in case
of CH because of the narrow band spectral filtering necessary to suppress a broad band back-
ground fluorescence from Iarge poly aromatic hydrocarbons (P-AH).
C2H: Despite intensive searches no detectable signals were observed from this molecule. Probably
the CZH concentration is much lower than predicted. Also more fundamental knowledge of
spectroscopic parameters is necessary, in order to select the most favorable wavelength areas for
excitation and detection.
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Figure 3: (a) Distribution of LIF signal of Cz measured at 438 nm (Swan band
system). (b) Horizontal LIF intensity profiles of C2 just above the substrate for

@
different distances d. Q is the quality factor of the diamond deposit as determined by
Raman spectroscopy at the corresponding position at the substrate.

Cz: This molecule is readily detected throughout the complete ac~tylene  feather. Its LIF signal is
maximal at the flame front and decreases sharply in a boundary layer just above the substrate (see
figure ~a). ‘The thickness  and the horizontal structure of the Cz boundary  layer’ is dePendent  on the
disiance  [d) between the flame front and the substrate (see figure 3b) and the substrate
temperature. A strong  correlation was found between the C2 signal at the top of the boundary layer
with the growth rate and the quality of’ the deposited diamond film. These results have been
described in more detail elsewhere [22].

3..3 Flame deposition aea enlargement
On the base of an existing CSEM burner nozzle of 0.8 mm opening diameter creating a pure
turbulent gas-stream (and therefore a turbulent flame) [23], a new generation of nuzzles has been
developed. The development in steps from 0.8; 1.4; 1.7 to a final 2.2 mm diameter nozzle opening
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has been fulfilled experimentally and optimised with the assistance of the model
hTSYS/17LOJVTRAN.  A uniform, conformal, homogeneous and reproducible coating could be
obtained on an area of up to 2 cm2.
With these nozzles it could be shown that the growth rate of homoepitaxial  diamond layers was
different for turbulent and Iaminar flames and that this effect depended on the direction of growth.
On {111} faces the growth speed was identical for the laminar and turbulent flame deposition
methods and was in the order of 25 ,tim,h for the given process condition. A small difference was
found in the growth rate on {100} faces to the advantage of the turbulent flame giving a growth
rate of 50 #m/h against 40 Frn/h for the Iaminar flame. The most important growth rate difference
between the turbulent flame and the laminar flame was observed on the {110} faces (200 pm,b
relative to 100 prm%, respectively). In general the coatings realised by the turbulent flames
contained a smaller amount of amorphous carbon and residual graphite but a higher amount of
nitrogen [24]. Later studies on comparing Iaminar and turbulent flames performed with the set-up
at the KUN showed that the relative growth rates and deposition areas (in this case for
polycrystalline, {111} and {001} growth) can easily interchange depending on the other deposition
conditions [25].
For the deposition of diamond on surfaces from 2 to 5 cm2, burners having an opening diameter

?
of 2.7 to 3.4 mm had to be adapted. Purely turbulent flame burners of these dimensions are
extremely dangerous when working with an acetyIene/’oxygen  mixture. The flash back of the flame
is so quick that it must be prevented with nitrogen. Therefore industrial burners working with a
laminar gas flow operating close to the limit of turbulence have been considered for the follow up
of the work. The very important heat formation of 30 to 50 kW by these big burners needed a new
development of the substrate holder and its cooling system. With the modified substrate holder and
a 3.0 mm opening nozzle a surface of 3 cm2 could be uniformly coated with diamond.
Thus the original goal has been reached. The flame method is a very simple and readily available
diamond coating process specially for thick film growth. But there are several inconveniences.
Notably, there is an important consumption of the fluids, especially of acetylene which is
expensive and not of the highest purity, and the incorporation of a non negligible amount of
nitrogen in the diamond film coming from the impurities in the acetylene and the flame
surrounding air. Strong corrosion is observed on the substrate holder due to the NOX containing
exhaust gases. Nevertheless, the encouraging results of this development indicate ways to reach
very high quality and thick diamond coatings for optical and electronic applications on substrates
up to 20 cmz by replacing the flame method by a plasma torch method [26].

@

. 3.4 Growlh on ‘mar-perfect> rrtusaics
In order to show the feasibility of the “MOSAIC’’-process a trick was used to create mosaics in
which the crystallographic alignment of the seed crystak reIative to each other is almost perfect.
To do this a larger diamond plate is laser-cut into severa~  pieces, the cut faces are carefully
poiished and the original plate is reassembled using any of the techniques described in section 2.4.
Such ‘near-perfect’ can have a crystallographic alignment well within 0.3°, while the height
differences between the seed crystals are less than a few micrometers. Several ‘near-perfect’
mosaics, consisting of two, three or four seed crystals assembled by soldering or fluid fixation,
have been overgrown by HF-CVD, MPACVD or the flame. Special attention was paid to the
preferred orientation of the side faces of the seed crystals and the allowed width of the gap
between the crystals.
HF-CVD: The first two mosaics both consisting of two seed crystals with {100} side faces, recess-
soldered to molybdenum (gap -1 pm) were successfully overgrown with ~ single-crystal
diamond layer (14 respectively 40 ~m thick) by HF-CVD. These mosaics have been extensively
discussed previously [11,27]. Both mosaics contain {11 1} cracks (caused by the thermai mismatch

9



between diamond and molybdenum) which cross the joint region.
The overgrowth of a third, recess soldered, mosaic with {110} side faces and a wedge shaped gap
(going from 1 to =20 #m) was less successful [12]. In order to bridge this larger gap, a relatively
thick layer of about 60 ~m was deposited. However, before the initial gap was closed {111} facets
had formed along the &dges  between the (001) top face and the {110} side faces. Such {111}
facets have a strong tendency to form microtwins  @arallel as well as inclined). After closing the
gap this led to a bad morphcdogy of the interface region showing a large number of penetration
twins. On further growth the penetration twins increase in size at the expense of the top face.
Apart from these features the quality of the film is good and the overgrown layer is probably one
single crystal. After cessation of the growth also a {111} crack appeared along the original
interface, obviously being the weakest spot.
Other experiments showed that high-quality, single-crystal overgrowth on mosaics with {110} side
faces is possible. One such mosaics consisting of four seed crystals was assembled using fluid
fixation (gap typically .5 pm) in a stretcher-bond geometry which reduces the maximum number
of joining faces from four to three [12]. No cracks appeared in the 30pm thick epitaxial  layer after
growth.
An important feature cm all HF-CVD grown mosaics, is that areas of enhanced growth occur

?

parallel to the joints between the seed crystals. These regions have an appearance similar to a
welding seam and are clearly propagating from the original joints but shifted by 1OO-5OCI pm in
the major step flow direction [11,12]. The enhanced growth is most probably caused by an
enhanced growth step nucleation (compared to the normal {001} faces) due to the (misfit)
dislocations occurring when two (or three) crystals of slightly different crystallographic orientations
meet. Raman  spectroscopy seems to support this idea. ExceJlent quality diamond is observed for
parts of the layers deposited some distance away from the joining areas (FWHM = 2.8 cm-l).
Directly above the joints the FWHM increased slightly to 3.0 and 3.7 cm-*, which is indicative of
slightly defective material, e.g. due to dislocations. Sometimes the joint regions also show a shift
of the peak position (plus or minus 0.5 cm-l) indicative of compressive and tensile stress,
respectively. The shift of the enhanced growth relative to the original joints occurs because the
dislocations propagate non-parallel to the normal growth direction. They are more or less ‘pushed’
in the direction of major step flow by the growth steps propagating across the surface. The
distance of the shift is proportional to the thickness of the deposited film. In case of optimal HF-
CVD conditions the shift is typically 5 to 10 times the thickness. When penetration twins are
present in the joint regicm the enhanced growth area is pinned because the grow7th steps are
hampered in crossing from one crystal to the other.

@
hlPACVD: Similar experiments as described above were also performed by MPACVD. The results
were however slight] y different. First several mosaics consisting of two seed crystal with {100}
side faces were overgrown. It was already found that in case of such side faces the (001) top face
was expanding laterally, which is the preferred situation for “MOSAIC” growth. Indeed the
overgrowth of these mosaics was easily proved to consist of ~ single-crystal diamond layer. As
was the case for the mosaics overgrown by HF-CVD areas of enhanced  growth occurred parallel
to the joints. The enhancement is however less pronounced and the shift in the direction of the
disorientation is relatively small, typically 10 ~m for a 25 pm thick layer. Probably the
disorientation from the exact {001 } plane is no longer the dominating source of growth steps, but
other sources generating random oriented steps have also become  important. Therefore the
‘pushing’ behaviour  of the steps does not have as distinct a direction as was the case in HF-CVD
growth where these additional step sources seem to less important.
In the case of seed crystals with {110} side faces it was observed that the (001) top face was
shrinking due to the deve~opment  of {11 1} facets along the edges of the crystals. As with the HF-
CVD grown mosaics this easily led to the formation of penetration twins in the joint region,
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especialI  y when the width of the gap was too large ardor the physical alignment of the crystals
was not good.
An important result obtained for MPACVD, was the possibility to suppress the undesirable
penetration twins by the addition of some Nz (50 to 500 ppm) to the pkma. Furthermore it was

possible to outgrow the penetration twins (formed in the diamond film during a previous
deposition) by the deposition of a thick diamond layer in the presence of nitrogen (see figure 4).
From these results it was concluded that nitrogen not so much prevents the formation of the twins,
but rather changes the relative growth rates of{ 111 } and {001} faces and thus the stability of the
twin relative to the surrounding {001} face.

a b
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Figure 4: NICM images show-ing the joint region of a mosaic consisting of two seed
crystal with {100} side faces overgrown by MPACVD. [a) After an inital  film growth
[25 ~m) showing penetration twins and (b) after an additional layer (100 ~m) grown
in the presence of 100 ppm NTZ (19 W/cm 3 , 1% CH4, 800*C).

Thus the best quality layers were obtained at high power densities, i.e. high atomic hydrogen
densities (see section 3.1), and with small quantities Nz present in the gas phase.

Combustion flame: It was found possible to grown {001} single crystals i~ithout imperfections at
the rims by preceding the growth by an in-situ etching step in an oxygen rich flame [1 3]. Using
this procedure it was possible to successfully overgrow se~’eral  two piece mosaics. A particularly
nice resdt was obtained for a mosaic consisting of three seed crystals directly soldered to
molybdenum [see figure 5). Because of the triangular shape of the crystals both a [100] and a
[110] gap was present. The widths of the wedge shaped gaps between the seed crystals varied
from 7 to 25 ,um. All three crystals were successfully overgrown with ~ single-crystal diamond
layer as was easily demonstrated from the uninterrupted macrosteps and growth features above the
original gaps. A more detailed description of this mosaic is given elsewhere [12,13].
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Furthermore, the experiment demonstrated that the side faces at both sides of the gap not necessary
need to be parallel. This and the relatively large gap width that could be bridged is of great
importance because it allows small in-plane rotations of the individual mosaic substrates of which
the side faces never have exactly the same crystallographic orientation. The fact that both the gaps
along <100> and along <110> can be overgrown indicated that most probably gaps along any
direction can be overgrown. So a large variety of substrate shapes might be used to be arranged
in a mosaic structure. Micro-Raman  analyses of the overgrown mosaics indicated that the increased
dislocation density of <110> joint regions might” allow relaxation of strain at the joint.
Nevertheless, a joint along <110> is less favcmrable  because this direction is parallel to the {111}
cracking plane of diamond and involves the risk of fracturing the overgrown layer along the joint.
Furthermore the development of defective {111} facets in these <110> gaps can obstruct the
formation of one single crystal~ine  diamond layer on top of the mosaic structure.

F@gure 5: SEM image of mosaic consisting of three (001) right-angled triangular seed
crystals (each with two sides of 2.25 mm) directly soldered to molybdenum after
flame growth (S,C=4-5%,  T~.P= 103O*C, t=l 1 hours, d=250 pm), details are given in
[13].

*-
The main conclusion from these ‘riear-perfect’ mosaics is that for all three deposition techniques
the “MOSA.JC’’-process  works, i.e. a sinde-crystal overgrowth can be obtained on closely packed
and well aligned, seed crystals. The side faces can be either {100} or {11 O}. The direction of
misorientation, and thus the major step flow direction, can be either perpendicular or parallel to
the joint between the seed crystals.

3.5 “h40SAJC’7 growth  by a two-step piwcedu~e
As an alternative to the direct overgrowth by a single deposition technique also a two-step
procedure was developed which combines the merits of two techniques. The ‘gentle’ HF-CVD or
MPACVD  techniques are used to bridge the gap between the seed crystals and produce an initial,
single-crystal overgrowth of -20 ~m in thickness. Then the combustion flame, with its high growth
rate, is appIied to enlarge this crystal to a thickness larger than 250 pm. Of course this procedure
puts additional requirements on the mosaic structure and its processing, but it also opens the
possibility to use the easier fluid fixation in the first stages of the mosaic assembling. After
coverage with a thin layer the mosaic structure can be handled more easily to allow direct
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soldering to molybdenum without the problems of keeping the seed crystals closely packed and
aligned. Especially for mosaics consisting of more than three seed crystals this is a definite
advantage.
The two-step procedure was first tested for soldered mosaics. These are easily transferred to the
flame. Some problems exist with the aging of the solder after prolonged growth by HF-CVD
(typically 20 to 50 hours) and the additional thermal cycling (up to -1300”C)  in the finaI
preparation for flame growth. Sometimes this results in a (partial) loss of thermal, or even
physical, contact between the diamonds and the molybdenum. Compared to direct-soldered
mosaics, the recess-soldered samples show a significantly better stability. Two ‘near-perfect’
mosaics with one single-crystal initial film grown by HF-CVD (see section 3.4) were transferred
to the flame. After a short (= I rein) etch period, a thick diamond layer exceeding 250 pm was
deposited. Both layers remained single-crystal at the joint. These films are discussed extensively
elsewhere [12,13,28].
Next a HF-CYD pre-grown  mosaic with clusters of large  penetration twins along the joint between
the seed crystals was overgrown by flame in an attempt to remove or outgrow these undesirable
features. It proved very difficult to remove the penetration twins, once they have been formed.
Even after prolonged (>30 rein) etching in the flame, some parts of the twins usually remain

*

present. During subsequential growth the twins redevelop and often slowly increase in size at the
expense of the epitaxial  (001) top face of the film [12].
In case of mosaic structures obtained by the fluid fixation the transfer is more complicated. After
dissolving the silicon substrate, the back side of the seed crystals have to be cleaned thoroughly
and small poIycrystalIine diamond particles attached to the seed crystals have to be broken off by
tweezers. Although mosaics with an overgrowth as thin as 20pm can be handled, the removal of
the polycrystalline  film is a delicate job. N“ormally  a thin fringe of in-grown crystallite remains
attached. After cleaning the mosaic it is soldered to a molybdenum plate and transferred to the
flame. Problems with the solder stability as described above are avoided, but the additional
handling carries a risk of damage to the mosaic.
As an alternative it was also attempted to solder the mosaic structure up-side-down, i.e. with the
grown layer attached to the molybdenum. After soldering this requires additional steps to remove
(i) undesirable, but chemically stable, surface contaminations (silicon carbide) and (ii) the
polycrystals  embedded along the rims of the seed crystals. Classical diamond polishing has been
used more or less successfully here, but diamond etching in the flame set-up provides a good and
easy alternative [12,1 3]. Combined with the direct overgrowth by the combustion flame on such
a well aligned mosaic, this provides a good route for processing of pre-grown mosaics with

“:P
penetration twins and foreign particles at the interfaces.

3.6 Growth cm ‘true’ mosaics
After the success of the smaII ‘near-perfect’ mosaics the investigations were first directed towards
the 1 imiting factors for successful overgrowth and next towards larger mosaics. The maximum
allowable mismatch in the crystallographic alignment of the seed crystals relat ive to each other
was tested by preparing intentional y rnisal igned mosaics. These mosaics, consisting of two seed
crystals with in-plane misorientations  between 1 and 11°, were overgrown by HF-CVD or the
flame. Although a connected layer was obtained and the seed crystals were physically attached in
ail cases, the overgrowth was not a single-crystal. Careful inspection of the joints showed that even
for the smaller misorientations  a low angle grain boundary is present which often induces twin-like
defects and polycrystalline  inclusions. Only in case of a 1° disoriented mosaic some small portions
of the joint form a connected single-crystal overgrowth.
In conclusion: single-crystal overgrowth is possible provided that the seed crystals are very well
aligned (probably S1° mismatch in three directions), However, when starting from seed crystals
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individually, oriented (using X-ray analysis), cut and polished from small diamonds it will be
rather difficult to fulfil  this requirement. The type IIa natural diamonds used here are mostly
plastically y deformed and contain high densities of dislocations and slip bands [1]. These features
give a so-called mosaic-spread on the crystallographic orientation which is readily observed as
very broad spots)lines in X-ray diffraction. Thus it seems unrealistic to expect a total
crystallographic alignment (in three directions) within a mosaic assembly  to be better than within
M.5*,  more probably klO.
Based on these results and those described in sections 3.4 and 3.5 an optimal mosaic >1 cm2 for
the HF-CVD system was designed. It consists of 7 seed crystals with a (001) top face disoriented

I 5° towards [110] and {100} ;ide faces. Each crystal is 4x4x0.5 mm3 in dimension which gives
a total surface area of 1.12 cmz. In order to make this mosaic a fair~y  large natural diamond was
sawn into several parallel plates. From these irreguIar shaped pIates the seven seed crystals were
cut and polished by the vendor to the required dimensions and orientations (within 1° relative to
each other). Thus this mosaic ccmsists of sufficiently well aligned, but more or less independently
obtained, seed crystals. After fluid fixation the resulting mosaic was overgrown by HF-CVD with
a 25 ~m thick diamond layer (see figure 2).
r  -  - ‘- ‘- ‘-- ,;>’-—–—--- ‘—-—
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Figure 6: SEM image of
single-crystal diamond film
(25 pm) of 1.12 cm2 grown
on top. of a mosaic
consisting of seven (001)
natural diamond plates each
4x4x0.5 mm3 in dimension.

~
As before the seed crystals can be easily recognized from the areas of enhanced growth along the

,, joints. More detailed investigations of the joint regions, 12 on the top face and 6 on the side faces
with a total length of 35 mm, showed different types of morphologies.  Some joints are completely
dominated by large growth hillocks, which are sometimes correlated to penetration twins. Other
joints  show only very few hillocks and twins, while still others show no such features at all even
on the side faces. The penetration twins along the interfaces are probably caused by sub-micron
chip-out which  was observed before deposition, along most of the edges between top and side
faces, Along the exterior edges the chip-out develops into ‘cusps’ [7, 11]. From careful
observations of the growth features on the crystals, as weil as the occurrence of some {111} cracks
crossing the interfaces, it was concluded that (apart from the penetration twins) six of the seven
seed crystals have been successfully overgrown by one single-crystal diamond layer. The seventh
crystal (most right in figure 2) is physically joined  to the others but further investigations are
required to determine whether the layer is single-crystalline at the joint.
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4. conc&.&sions
The combined efforts of the three partners involved in this project, i.e. KUN, LIMHP and CSEM,
have led to the realization of the final goal of this project: a single crystal diamond layer in excess
of 1 cmz. The method which has been used to achieve this goal, the so-called “MOSAIC’’-process,
in principal is a surface enlargement process. So far no limitations have been observed for the
enlargement process itself, so that even larger diamond crystal pIates  are possible by a repetition
of the method. For the growth process all three available methods i.e. I+F-CVJ3, MPACVD and
the combustion flame can be used. At the present stage of knowledge, there is a slight preference
for a two step procedure: at first the growth of a thin layer by either the hot-filament or plasma
deposition process, followed by the growth of a thick layer by the flame method. However, it has
been demonstrated that a one step process is also possible by using just the flame deposition
method. ‘This would further simplify the present “MOSAIC’’-process. The quality of the produced
diamond is good to excellent, depending on the growth conditions. The quality of the best single
crystals, as judged by cathodoluminescence,  Raman spectroscopy, infrared transmission
spectroscopy and X-ray analyses, equals that of the best quality natural diamonds (type IIa).
The spectroscopic analysis of the plasma ball, which has been performed to unravel the processes
in the pIasma during diamond deposition, has been very successful. The analysis has revealed that

a
the quality of the grown diamond is directly related to the absolute concentration of H-atoms and
to the CH3/C2 concentration ratio, The absolute concentrations of CH3 and C2H2  are directly
related to the growth rate. At higher power levels, also the H-atom concentration increases, what
gives rise to a high quality of the grown diamond. Simultaneously the methane concentration can
be raised without a loss of quality, resulting in an increased growth rate. A further result of the
spectroscopic analysis has been, that direct possibilities exist to control the behaviour of the p!asma
ball by monitoring the intensities of the emissions of the H(Ix) and Cz line with respect to the
intensity of the Argon tracer emission.
The supporting diagnostics for the optimization of the flame, using LIF, has also given important
information. A one to one correspondence has been found between the concentration profiIes of
CH and Cz and the growth rate of the diamond Jayer.  At higher  C2 concentrations  the quality of
the grown material appears to be improved. This has been correlated with the optimal distance
between the tip of the flame and the growing surface.
The supporting research for the up-scaling of the oxy-acetylene  burner, has shown that laminar
flames operating at the onset of turbulence, are best suited for an up-scaling between 2 and 3 cm2

deposition area. Difficulties will arise with heat and noise production, corrosion and safety when
still larger areas are wanted. Nevertheless, the encouraging results of this research have indicated

e
that still larger areas are possible by using deposition by means of a plasma torch.
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