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Microtexture and Grain Boundaries in Freestanding
CVD Diamond Films: Growth and Twinning
Mechanisms
By Tao Liu,* Dierk Raabe,* Weimin Mao, and Stefan Zaefferer
Three groups of free-standing chemical vapor deposition (CVD) diamond

films formed with variations in substrate temperature, methane

concentration, and film thickness are analyzed using high-resolution electron

back-scattering diffraction. Primarily {001}, {110}, and {111} fiber textures

are observed. In addition, corresponding primary and higher order twinning

components are found. As interfaces, high angle, low angle, primary twin, and

secondary twin boundaries are observed. A growth and a twinning model are

proposed based on the sp3 hybridization of the bond in the CH4 molecule that

is used as the deposition medium.
1. Introduction

Because of its extreme physical properties (e.g., highest hardness
and thermal conductivity, wide band gap (�5.5 eV), and broad
optical transparency), diamond is an important functional
material.[1–5] Since many of its properties, such as heat and
electrical conductivity, optical behavior, and mechanical proper-
ties, depend on the crystallographic direction, it is important to
understand the influence of the deposition parameters on the
evolution of texture and microstructure.[6–13] For instance, in the
field of mechanical properties and wear it has been observed that
[100]-textured films reveal lower roughness and higher wear
resistance than other crystallographic directions, so that [100]-
textured diamond films are of interest in tribology.[11] h100i-
textured films are also optimal for heat transport as the heat
conductivity in the h100i direction exceeds that in the h111i and
h110i directions.[7,8] Highly oriented {100} grains were reported to
be beneficial for electrical properties.[9] {111} surfaces of diamond
films reveal a negative electron affinity, i.e., they emit electrons in
the presence of sufficiently large electrical fields.[14] For optical
applications, the properties of {001} films are superior to those of
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{111}-oriented ones in terms of the refractive
index and extinction coefficient.[9]

Various techniques have been used to
study diamond film textures, namely, X-ray
Bragg diffraction (XRD) for statistical texture
analysis,[15,16] transmission electron micro-
scopy (TEM) for defect studies,[17,18] and
electron back-scattering diffraction (EBSD)
for microtexture and twinning analy-
sis.[16,19,20] However, a systematic investiga-
tion of the microtexture of diamond films,
including parameter variations of substrate
temperature, methane concentration, and
filmthickness, hasnot been conducted yet. In
this work we investigate the texture and interfaces as a function of
the deposition parameters during CVD (chemical vapor deposi-
tion) diamond film growth by means of a high-resolution (HR)-
EBSD technique tounderstand themechanisms that dominate the
formation of thin film diamond textures.
2. Experimental

To date, most CVD techniques for diamond films have in
common that the precursor molecules are activated either
thermally (e.g., hot filament) or by plasma (e.g., direct current
CVD and microwave CVD).[2] Each of these techniques has its
benefits and drawbacks. For instance, high growth rates are
usually limited to very small deposition areas smaller than 1 cm2,
and generally, there is an inverse relationship between film
quality and deposition rate. Nevertheless, the direct current CVD
technique provides a good compromise and is able to produce
good-quality diamond films on substrates as large as 65mm in
diameter with a fast growth rate and at a low cost. Therefore, we
chose the direct current CVD technique, operated in gas recycling
mode, to prepare freestanding diamond films.[21–23] Three groups
of films were deposited using variations in substrate temperature,
methane concentration, and film thickness:

Group I: Variation of substrate temperature: Substrates were
kept at three different temperatures, 800, 900, and 1000 8C
(�20 8C), during diamond deposition. The substrate temperature
was measured in real time by an infrared thermometer. The
methane concentration in the hydrogen feeding flow had a
concentration of 1%. The resulting film thickness varied around
150mm. In the following, the three samples are referred to
as 800 8C–1% CH4/H2–150mm, 900 8C–1% CH4/H2–190mm,
and 1000 8C–1% CH4/H2–140mm, respectively.
Adv. Funct. Mater. 2009, 19, 3880–3891
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Group II: Variation of methane concentration: The methane
concentration in the hydrogen feed flow was varied to three dif-
ferent concentrations, 0.6%, 1%, and 1.5%. The substrate
temperature was 1000 8C (�20 8C). The film thicknesses varied
around 250mm. The three types of samples are referred to as
0.6% CH4/H2–1000 8C–230mm, 1% CH4/H2–1000 8C–240mm,
and 1.5% CH4/H2–1000 8C–260mm, respectively.

Group III: Variation of film thickness: Films were deposited
with a thickness of 140 and 280mm. The substrate temperature
was 1000 8C (�20 8C). The methane concentration in the
hydrogen feed flow had a concentration of 1%. The two types
of samples are referred to as 140mm–1% CH4/H2–1000 8C and
280mm–1% CH4/H2–1000 8C, respectively.

We chose molybdenum as the substrate material because the
very high and concentrated energy density produced by the direct
current arc jet causes the cracking of some other substrate
materials, e.g., silicon. Since the roughness of the substrate
supports nucleation, the substrates were abraded using diamond
powder with an average grain diameter of approximately 10mm,
and subsequently cleaned using ultrasonic waves in order to avoid
the remains of the diamond particles.[24,25] For each sample we
studied the free growth surface, the nucleation surface (interface
to substrate), and the cross-section (Fig. 1). In order to obtain
excellent Kikuchi patterns, the cross-sections were cut using a
laser, and then sputtered by Ar ions. The growth and nucleation
surfaces were ground using a diamond paste, and then sputtered.
Characterization was conducted using scanning electron micros-
copy (SEM) and HR-EBSD (1mm step size).
3. Results

3.1. Microstructure

Figure 2a shows the growth surfaces. The microstructures of
group I samples show a weak dependence on substrate
temperature. The SEM images show faceted grains. Group II
samples show that the surface edges of the crystals become less
sharp with increasing methane concentration. The grains are
composed of irregular facets. Even at a 1.5% methane concentra-
tion themorphology showsnon-faceteddiamondgrains.GroupIII
samples reveal that the grain shapes vary only slightly with film
thickness. Figure 2b shows as an example specific crystallographic
Figure 1. Schematic drawing of the three sample sections studied.

Adv. Funct. Mater. 2009, 19, 3880–3891 � 2009 WILEY-VCH Verl
planes in sample 800 8C–1% CH4/H2–150mm and 140mm–1%
CH4/H2–1000 8C at higher resolution.

3.2. Crystallographic Texture
3.2.1. Orientation Mapping of the Cross-Section

Figures 3–5a show the cross-sections in terms of EBSD maps.
The bottomof themaps is the substrate interface and the top is the
free surface. The crystal size increases with film thickness. The
large grains have a columnar shape in the growth direction and
mostly belong to a h101i texture fiber in the growth direction (Figs
3–5c). The large grains have a homogeneous in-grain texture and
often extend from the interface to the free surface. In addition to
these large grains, clusters of much smaller grains with non-
columnar shape occur (Fig. 4a(g)). The clusters are often oriented
close to the h001i and h112i axes (Figs 3–5a,b,c).

3.2.2. Orientation Mapping of the Nucleation and Growth Surface

Sample 1000 8C–1% CH4/H2–140mm is given as an example for
the microtexture in flat sections both at the nucleation surface
(interface to substrate) and at the free growth surface (upper row in
Fig. 6). The mean intercept diameter in the cross direction of the
(mostly) columnar grains is approximately 2.5mm in the
nucleation interface at the substrate (Fig. 6a) and 12mm at
the free top surface (Fig. 6b).

3.3. Grain Boundary Character Distribution

Figures 3–5b and the second row in Figure 6 show the
crystallographic character of the grain boundaries both in cross-
sections of all samples (Figs 3–5) and for two layers of the sample
1000 8C–1% CH4/H2–140mm (Fig. 6). The grain boundaries are
marked as high angle grain boundaries (black lines) and low angle
grain boundaries (gray lines) where the misorientation between
two adjacent grains is above 158 and between 28 and 158,
respectively. In addition, special grain boundaries are marked as
primary twins (red lines) and secondary twins (green lines) where
the misorientation across the interface is described by a h111i
rotation axis and a 588–628 rotation angle (h111i 588–628) or h110i
36.98–40.98 rotation angle, respectively. The cross sections,
Figures 3–5b, reveal a large amount of high angle grain boundaries
andprimary twins in all samples (seeTable 1). Inparticular, group I
specimens reveal large fractions of primary twins, namely up to
44% of all high angle grain boundaries when deposited at 800 or
900 8C, respectively. Thicker samples from all three groups reveal
some very long primary twin grain boundaries, which are created
close to the substrate andprevail up to the free surface. Someof the
large grains are associated with such twin boundaries. Secondary
twin boundaries also appear occasionally but their fraction does
not exceed 4% in any case. Specimens from group I show a much
smaller fraction of low angle grain boundaries than samples from
groups II and III, Table 1. At the nucleation surface (substrate
interface) fewer low angle, primary twin, and secondary twin
boundaries appear than close to the free surface (Fig. 6). This
observation suggests that non-coherent high angle grain bound-
aries are dominant at the initial stage of deposition.
ag GmbH & Co. KGaA, Weinheim 3881



F
U
L
L
P
A
P
E
R

www.afm-journal.de
www.MaterialsViews.com

Figure 2. a) Grain shapes and morphologies for different substrate temperatures (group I), different CH4/H2 concentrations (group II), and different film

thickness (group III). b) Grains in sample 800 8C–1% CH4/H2–150mm (left) and in sample 140mm–1% CH4/H2–1000 8C (right). c) External surface of

diamond grains as a function of the facet growth velocity ratio, a¼
ffiffiffi

3
p

V100/V111, where V indicates the growth velocity. a increases from left (a¼ 1) to right

(a¼ 3) [27].

3882
3.4. Texture Analysis by use of the Orientation Distribution

Function (ODF)

The EBSD data presented above were used to calculate the
corresponding orientation distribution functions (ODFs). The
crystal structure is the diamond (A4) lattice and the sample
symmetry was assumed to be triclinic owing to the asymmetry of
the deposition process. Figures 7a,b show two types of ODF
sections for the EBSDdatameasured in the cross sections (Figs 3–
5), namely, for w2¼ 458 and 158, where w1 and F are varied in the
range of 08–1808. Figure 7c shows the w2¼ 458 sections for the two
flat sections.

Thew2¼ 458 sections, Figure7a, show inpartfiber type textures,
for instance for samples 900 8C–1% CH4/H2–190mm (group I);
1.5% CH4/H2–1000 8C–260mm (group II and particularly
pronounced, for 280mm–1% CH4/H2–1000 8C (group III).

Figure 7b shows a {148} texture fiber in the w2¼ 158 section,
particularly for samples 800 8C–1% CH4/H2–150mm (group I)
� 2009 WILEY-VCH Verlag GmbH & C
and 280mm–1% CH4/H2–1000 8C (group III). This texture fiber
allows one to identify orientations that stem from secondary
twinningwith respect to the texture components on the {001} fiber
texture. Figure 7c shows the orientation density of sample
1000 8C–1% CH4/H2–140mm, which is very weak both in the
nucleation (interface) zone and in the growth surface correspond-
ing to the data obtained from the cross sections.
4. Discussion

4.1. Microstructure and Grain Growth Analysis
4.1.1. Microstructure and Surface Appearance

The shape of freely growing diamond crystals is determined by the
growth rates of the {001} facets, V100, and {111} facets, V111, i.e.,
o. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 3880–3891
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Figure 3. a) Orientation and b) grain boundary maps for different substrate temperatures (cross section view). c) and d) Variations in microtexture

presented in terms of certain texture fibers for these three samples. Orientation maps are color coded for the crystal direction parallel to the growth

direction.
a¼
ffiffiffi

3
p

V100 /V111, Figure 2c.[15,26,27] The arrows in Figure 2c
indicate the directions with the highest growth rates. Because of
this free growth selection, low-index planes such as {111} and
{001} frequently occur at the free surface of the CVD diamond
films. The Miller indices of the planes that are visible at the free
surface, as well as the corresponding grain orientations, can
be understood in terms of the external morphology of the surface
grains.For instance,Figure2a-III-b showsa largeamountof {110}-
oriented grains that reveal a shape in agreement with the third
idiomorphic crystal shape in Figure 2c. This observation indicates
that the growth ratio awas in this case close to 1.5. The alignment
of the surface polyhedra also allows the estimation that a large
fraction of the surface grains has a crystallographic orientation
close to a {110} texture fiber, e.g., sample 280mm–1% CH4/H2–
1000 8C. Particularly, Figure 2b-a shows a perfect {111} plane,
where the growth ratio awas equal to 1.35, i.e., a ratio between the
second and the third idiomorphic crystal shape in Figure 2c.[22]

Figure 2b-b shows for sample 140mm–1% CH4/H2–1000 8C two
grains that are tilted against the ideal {110} texture,which leads to a
Adv. Funct. Mater. 2009, 19, 3880–3891 � 2009 WILEY-VCH Verl
tilted form of the third idiomorphic crystal shape in Figure 2c,
a¼ 1.5.

4.1.2. Van der Drift Growth Selection Mechanism

The growth process during CVD deposition can be discussed in
terms of a Van der Drift growth selectionmechanism,[28] in which
thenucleation stage is characterizedby randomlyorientatednuclei
that grow freely and uniformly according to the growth rate ratio
discussed above prior to impingement. The probability of nuclei to
prevail is maximal when their fastest growing crystallographic
direction is perpendicular to the substrate. These nuclei overgrow
less favorably oriented ones, which results in a corresponding
crystallographic texture.[15]

Figures 3–5 reveal the actual growth microstructure formed
during the deposition process. For example, a comparison of the
nucleation surface with the growth surface in Figure 6 clearly
indicates the sharp increase of the grain size by a factor of 5.
However, the grain orientations are relatively random both in the
ag GmbH & Co. KGaA, Weinheim 3883
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Figure 4. a) Orientation and b) grain boundary maps for different CH4/H2 concentrations (cross section view). c) and d) Variations in microtexture

presented in terms of certain texture fibers for these three samples. Orientation maps are color coded for the crystal direction parallel to the growth

direction.

3884
nucleation zone close to the substrate interface and also at the
free growth surface. This can be explained in terms of the cross
sections shown in Figures 3–5 that demonstrate that the film
growth was frequently interrupted by growth defects, mainly
growth twins.
� 2009 WILEY-VCH Verlag GmbH & C
4.1.2.1. Atomistic Growth Models

The growth process can also be discussed in terms of atomistic
mechanisms. CVD diamond films are prepared by deposition of
carbon atoms after dehydrogenization of activated CxHy radicals
o. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 3880–3891
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Figure 5. a) Orientation and b) grain boundary maps for different film thickness (cross section view). c) and d) Variations in microtexture presented in

terms of certain texture fibers for these two samples. Orientation maps are color coded for the crystal direction parallel to the growth direction.
adsorbed onto a substrate. Single carbon atom (C1) and double
carbon atom (C2) mechanisms are of main relevance in that
context. According to the CVD diamond growth theory and the
models developed by Goodwin and Butler,[29] the C1 system (C
through CH4) complies with the bimolecular hydrogen shift
reactions: CHmþH$CHm – 1þH2 (m¼ 1–4). According to this
reaction sequence, methanemolecules, which offer four potential
covalent bonds, are sequentially decomposed into activated
radicals with a different number of free bonds, i.e., CH4, CH3,
CH2, and CH1, to C. The sequence and kinetics of these partial
molecular processes depend on the deposition atmosphere and on
the process parameters (Fig. 8a).[3] During the deposition process,
according to the C1mechanism, carbon atoms can be added to the
{111}, {001}, or {110} surfaces.

Based on this molecular decomposition sequence Tsuda et al.
proposed the following methyl mechanism: The diamond {111}
surface is first fully covered by methyl groups, three neighboring
methyl groups are then bound spontaneously in one step by the
single attack of amethyl cation.[30] Theepitaxial growthof the {111}
plane then occurs by repeating this reaction chain. Goodwin and
Butler objected to thismechanism that involved the addition to the
{111} surface because of the very low concentration of ionized
species in the thermal environment.[29] In addition, Valone
Adv. Funct. Mater. 2009, 19, 3880–3891 � 2009 WILEY-VCH Verl
calculated the energetics of bonding three methyl groups in
adjacent positions on the {111} surface.[31] He observed that this
process is energetically unstable because of the severe steric
constraints between the adjacent groups. Therefore, the {111}-
surface deposition mechanism proposed by Tsuda et al. does not
seem to be free of contradictions at first view.[30] However, the
experimental observations suggest that it cannot be completely
ruled out. For example, a perfect {111} plane is observed in
Figure 2b-a. These types of {111} planes have also been observed
by other groups.[22] The experimental observation of diamond
growth along the h111i direction implies the existence of an
addition mechanism of carbon atoms to the {111} surface.
Furthermore, growth along the h111idirection can only be fulfilled
through the repeated deposition of three carbon atomswith at least
one dangling bond (i.e., CH3, CH2, CH1, or C) and one carbon
atomwith at least three dangling bonds (i.e., CH1 or C). As for the
concentration limitation of ionized species, it is hard to define the
exact value under which three neighboring methyl groups cannot
be bound spontaneously within one step by the single attack of a
methyl cation. The semi-empirical methods that Valone employed
to calculate the energetics of bonding three methyl groups at
adjacent positionswere conductedunder simplified conditions.[31]

This means that more complex deposition environments and
ag GmbH & Co. KGaA, Weinheim 3885
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Figure 6. Orientation and grain boundary maps of a) nucleation surface

(interface to substrate) and b) free growth surface of sample 1000 8C–1%
CH4/H2–140mm (color coded for the crystal direction parallel to the

growth direction).
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sequences could not be considered. From the above considera-
tions,we conclude that the growthmechanismsuggested byTsuda
might be a plausible one in the present case. In addition, itmust be
considered that diamond growth is a metastable and kinetics-
Table 1. Grain boundary fractions of each type in the three groups of sampl

Samples

High angle grain boundaries

Group I 800 8C–1% CH4/H2–150mm 95

900 8C–1% CH4/H2–190mm 93

1000 8C–1% CH4/H2–140mm 71.9

Group II 0.6% CH4/H2–1000 8C–230mm 52

1% CH4/H2–1000 8C–240mm 43.9

1.5% CH4/H2–1000 8C–260mm 51.8

Group III 140mm–1% CH4/H2–1000 8C 59.2

280mm–1% CH4/H2–1000 8C 52.9

� 2009 WILEY-VCH Verlag GmbH & C
driven process. It cannot be reduced to the role of an energy barrier
that is required tobring threemethyl groups at the same time into a
nearest-neighbor configuration.

Harris suggested an alternative approach to explain the
crystallographic surface orientation dependence of diamond film
growth frommethyl radicals.[32] In his approach he used the BCN
9-carbon model compound (C9H4, bicyclo[3.3.1]nonane) to
describe a proposed mechanism for homoepitaxial growth of
diamond on a hydrogenated, electrically neutral (100) surface.
Harris estimated enthalpy and entropy changes for each step in
this process. In this approach the addition of carbon to the (100)
surfaces would be simpler than for (111) or (110) surfaces.

Garrison et al. proposed a low-barriermechanism:According to
their approach a dimer is first opened by abstraction of a surface
hydrogen, then by addition of CH3 followed by abstraction of a
methyl hydrogen, andfinally by ab-scission reactionwhich leads to
a methylidene intermediate and a radical site.[33]

In terms of the arguments given above, we propose that the
depositionon{111}planes is assumed toworkviaCH1 (orCwithat
least three free bonds) and CH3 (or CH2, CH1, and Cwith at least
one free bond) molecules (Figs 8b,c). The carbon atoms can then
deposit along the h111i direction. Growth of {001} planes requires
two CH2 (or CH1 and C with at least two free bonds) molecules
(Figs 8d,e). Likewise, the carbon atoms can laterally occupy the
substrate and stack along the h100i direction. In either case, the
deposition velocity is proportional to the methane concentration
and to the substrate temperature.[34] Based on the decomposition
sequenceofmethane, thebondingofCH2�CH2occursbefore that
of CH3�CH1, which leads to a kinetic advantage of deposition on
{001} planes over that on {111} planes. Another theoretical reason
for preferential growth of diamond on {001} facets rather than on
{111} facets is the fact that {001} planes were reported to have a
lower probability for defect incorporation and twin formation than
the {111} facets.[35]

4.1.2.2. Twinning During Growth

The discussion above was based on the sp3 hybridization of the
bonds in CH4. Real deposition and growth processes in diamond,
however, also involveS3 primary twinning and aminor fraction of
S9 secondary twinning. Primary twinning can be understood in
terms of the deposition model proposed in Figures 8b,c. At the
atomic scale, primary twinning has a low defect energy. In real
processes primary twinning is usually observed to increase during
ongoing diamond deposition. 608/h111i primary twinning is
es.

Grain boundary fraction [%]

Low angle grain boundaries Primary twinning Secondary twinning

5 45.1 3.6

7 44.3 3.4

28.1 25.9 1.6

48 23.3 0.4

56.1 17.4 0.3

48.2 18.5 0.3

40.8 23.9 0.8

47.2 22.3 0.6

o. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 3880–3891
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Figure 7. ODF sections at a) w2¼ 458 and b) w2¼ 158 on the basis of the EBSD data obtained from the cross-sections for different: I) substrate

temperatures, II) CH4/H2 concentrations, and III) film thicknesses. c) ODF section of w2¼ 458 of a) nucleation and b) growth surface of the sample

1000 8C–1% CH4/H2–140mm.
associated with a very small interface energy since the nearest
neighbor configuration is the same as for the regular lattice
(coherent interface structure). Figure 8f shows the formation ofS3
twins on {111} planes, in which the CH3 radical is geometrically
rotated 608 about the h111i axis on theB layerwhen comparedwith
the configuration shown in Figure 8b. The stacking sequence
becomes then twinned from ���ABCABC ��� to ���CABAC ��� ,
where the B layer is the twinning plane.

In terms of the twinningmodel, the {001} plane is transformed
into the {221} plane after twinning. This plane is then further
transformed into the {148} or {447} plane after repeated twinning
(secondary twinning). Similarly, the {110} and {111} planes are
transformed during primary twinning into the {114} and {115}
planes, respectively. According to Steeds et al.[36] secondary twins
form through the twinning of primary twins and not by direct S9
transformation relative to the parent phase (Fig. 8g). Such
configurations are marked by Position 1 in Figure 3b-a (see
Table 2).
4.2. Microtexture Analysis

The formation of fiber textures is a natural consequence during
polycrystalline film growth according to the Van der Drift growth
selection.[28] Our current EBSDresults agreewellwith earlierXRD
texture measurements.[15,16,20]
Adv. Funct. Mater. 2009, 19, 3880–3891 � 2009 WILEY-VCH Verl
In this study we particularly analyze the h001i, h110i, and h111i
texture fibers including their primary twin components. For the
analysis of these textures fiber components we consider a 108
orientation scatter. In the case of their twinning components 58 is
used as the scatter width to avoid overlap with neighboring
components (Figs 3–5d).

The EBSD data reveal that the growth directions can strongly
change when twinning occurs (Figs 3–5, positions 4–9).
Positions 4 and 5 show initial growth in the h110i direction,
subsequent primary twinning into h114i, and back transforma-
tion to h110i by twinning. The evolution of growth in the h001i
direction ismore complicated as indicated by positions 6 and7. It
proceeds from h001i, transforms into h221i by primary
twinning, and then further to h148i and also back to h001i.
Positions 8 and 9 show a twinning relation between the {111}-
and {115}-oriented grains. Repeated twinning increasingly
randomizes the texture and leads to small grains (Table 2).
Figures 3–5c and Figure 3d show that h110i oriented grains often
grow fromthe initial surfaceuntil thefinal growth surface,which
suggests a growth advantage over the other directions (Fig. 9).

4.2.1. Variation of Substrate Temperature

The fiber texture evolution as a function of substrate temperatures
is summarized in Figure 9(I). Apparently, the elevated substrate
temperature favors grain growth parallel to the h001i direction.
The {110} fiber shows amaximumand the {111} fiber aminimum
ag GmbH & Co. KGaA, Weinheim 3887
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Figure 8. Deposition of diamond grains: a) decomposition sequence of methane molecules, b) deposition process on the {111} plane, c) bonding of

CH3�CH1, d) deposition process on the {001} plane, e) bonding of CH2�CH2, f) formation of S3 twinning on {111} planes, and g) schematic of the

relationship between primary twinning and secondary twinning.

3888
at 900 8C. The deposition model shown in Figure 8 is used to
explain the results. Themethane decomposition rate and diamond
deposition rateboth increase athigher substrate temperature.[37,38]

The elevated consumption rate of CH2 impedes further acquisi-
tion of CH.[39] Relatively speaking, CH1 and C are hardly obtained
because of the decomposition sequence. This leads to an increase
of the advantage of CH2�CH2 bonds over CH1�CH3 bonds,
which accounts for the enhancement of the {001} texture fiber.
Furthermore, the increase in the deposition rate is supposed to
improve thedefect density duringdeposition,which leads to adrop
in the stacking fault energy. This leads to easier twinning, which
explains an increase of theprimary twinning components fromthe
{001}, {110}, and {111} fibers.

On the other hand, somedefects such asHatoms and vacancies
are adsorbed onto the growth front, which results in the formation
of stacking faults and twins. As the substrate temperature
Table 2. Possible transformations by primary twinning and secondary twinni

Twinning Rotation angle/axis

Primary (S3) 608/h111i

Secondary (S9) 38.98/h110i

� 2009 WILEY-VCH Verlag GmbH & C
increases, the adsorbed hydrogen on the growth front is more
easily extracted by the hydrogen in the gas phase, which leads to
more activated sites. It causes the grains to grow perpendicularly
and reduces the crystal defect density. The probability for twinning
is decreased with rising substrate temperature.[40,41] This
hypothesis is in agreement with the decrease in the number of
twinning components stemming from the {001} fiber texture
({221}, {148}, and {447} components).

The energy of the activated radicals is proportional to the
temperature. At low temperatures, this energy readily satisfies the
growth condition for the octahedra enveloped by {111} planes
bearing lower specific surface energy. This leads to the growth of
{111} planes and to the disappearance of {001} planes. As the
substrate temperature rises, the kinetic energy of activated radicals
increases. This means that the exposure area of the {111} planes
shrinks and that of the {001} planes grows, increasing and
ng.

Change of lattice plane after primary and secondary twinning

{001} — {221} (1st) — {148}, {447}, or {001} (2nd)

{110} — {110} or {114} (1st) — {110}, {114}, {778}, or {4,5,11} (2nd)

{111} — {111} or {115} (1st) — {111}, {115}, {11,11,1}, or {5,7,13} (2nd)

{001} — {447} or {148}

{110} — {110}, {114}, {778}, or {4,5,11}

{111} — {115}, {5,7,13}, or {11,11,1}

o. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 3880–3891
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Figure 9. Volume fractions of fiber texture components at different

I) substrate temperatures, II) methane concentrations, and III) film thick-

nesses.
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Figure 10. Grain boundary length densities at different I) substrate tem-

peratures, II) CH4 concentrations, and III) film thicknesses (HAGB: high

angle grain boundaries; LAGB: low angle grain boundaries).
decreasing their normal growth rates, respectively. The external
shape is cubo-octahedral at the intermediate stages and finally
reaches a cubic shape principally enveloped by {001} planes with a
further temperature increase.[15] Therefore, an elevated tempera-
ture level induces the transformation of the fastest crystallographic
growth direction from h001i, via h110i, to h111i. This agrees with
thedecrease of the {001}-groupfibers (i.e., {001}, {221}, {148}, and
{447}fibers),with the increase of the {110}-groupfibers (i.e., {110}
and {114} fibers), and the {111}-group fibers (i.e., {111} and {115}
fibers), Figure 9(I).
4.2.2. Variation of CH4/H2 Concentration

The texture variation as a function of themethane concentration is
analyzed in Figure 9(II). The elevated methane concentration
promotes grain growth parallel to the crystallographic h110i
direction, suppresses growth along h001i and h111i direction, and
reduces the density of twinning components generated from the
{001}, {110}, and {111} texturefibers.Weuse thedepositionmodel
to explain the observed dependence. We suggest that the rising
methane concentration enhances the concentration of activated
radicals, which results in an increase of the deposition rate.[42] The
elevated consumption rate ofCH2prevents a further acquisition of
Adv. Funct. Mater. 2009, 19, 3880–3891 � 2009 WILEY-VCH Verl
CH.[39] Hence, the deposition on the {001} facets becomes more
advantageous over the deposition on {111} facets, which leads to a
decrease in the orientation density of the {111} texture fiber,
Figure 9(II).

As discussed above, thermodynamic effects may play a role in
gas flows with low methane concentration, leading to a higher
{111}-plane deposition velocity when compared with {001},
because of a lower surface energy of the {111} planes. This agrees
witha lowfractionof the {001} texturefiber andwithahigh fraction
of the {111} texture fiber at a methane concentration of 0.6%. The
increase of the methane concentration alters the chemical
equilibrium in the gas flow mixture and, hence, enhances the
collision frequency of the activated radicals with the active surface
of the diamond crystals. The film deposition rate is accordingly
ag GmbH & Co. KGaA, Weinheim 3889
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increased, which results in a growth advantage of the {001} planes
having a lower activation energy than the {111} planes. This agrees
with the sharp decrease of the {111} texture fiber from 0.6% to
1.5% methane concentration.

4.2.3. Variation of Film Thickness

The fiber texture variation as a function of film thickness is shown
in Figure 9(III). The increase in film thickness weakens grain
growth along the h001i, h221i, h148i, h447i, and h111i directions
and improves the growth along h110i. According to earlier
results[43–45] diamond films also tend to grow along the h110i
directionduringdeposition,which canbeexplained in termsof the
Van der Drift selectionmodel.[44] Meakin et al. attributed the rapid
growth of the {110} texture to the formation of twins and
microtwins.[46]

4.3. Grain Boundary Analysis

It was observed in diamond that various growth defects appear
near high angle grain boundaries while the defect density is low
inside individual grains,[47] e.g., low angle grain boundaries often
occur in the vicinity of high angle grain boundaries (Figs 3–5b).

Normally, there are two types of growth relations between
parent grains and twins: in series and inparatactic order.[16] For the
case where they grow in series, the parent grains terminate and
twins grow out as shown at position 2, Figure 3b. In the case of
paratactic growth, parent grains and twins grow out together as
shown at position 3. Twinning that occurs primarily in series
producesmore randomized textures while twinning that occurs in
paratactic order does not weaken the prevailing parent texture
substantially. In order to compare the variation of various types of
grain boundaries, we derived the following statistics from the
EBSDdata sets: a)We extracted the fractions of the high angle, low
angle, primary twin, and secondary twin boundaries from the
EBSD data based on the principle described in Section 3.3. b) We
analyzed the length densities of the high angle, low angle, primary
twin, and secondary twin boundaries. The definition of the length
density of the grain boundaries is the total grain boundary length
within a unit area. The unit of the interface density is mm–1. The
statistical results are illustrated in Table 1 and Figure 10.

4.3.1. Variation of Substrate Temperature

The length densities of the high angle, primary twin, and
secondary twinboundaries decreasewith rising temperaturewhile
that of the low angle grain boundaries rises (Fig. 10(I)). The results
reveal that the increasing substrate temperature suppresses planar
defects but may intensify the influence of grown-in dislocations
that eventually may form low angle grain boundaries. As the
temperature goes up, the deposition rate rises. This may leads to a
higher grown-in dislocation density. In addition, this could result
in a decrease of secondary nucleation during deposition, which
implies a decrease of high angle grain boundaries. It is worth
noticing that the variation in the volume fraction of the primary
and secondary twin boundaries is consistent with that of the high
angle grain boundaries, which agreeswith the observation that the
high angle grain boundaries are the source of lattice defects.
According to the results of Sivazlian et al.,[47] impurity atoms tend
� 2009 WILEY-VCH Verlag GmbH & C
to accumulate at high angle grain boundaries. Thehigher impurity
content reduces the stacking fault energy, which leads to a higher
twinning rate.

The volume fraction of the low angle grain boundaries (relative
to all internal interfaces) ismuch higher at 1000 8C than at 800 and
900 8C (Table 1). This effect can be readily explained in terms of the
much lower volume fraction of the twin grain boundaries at
1000 8C which form a large portion of the high angle grain
boundaries, as shown for all eight samples in Table 1.

4.3.2. Variation of CH4/H2 Concentration

The length densities of the high angle, low angle, and primary twin
boundaries drop with the increase of the methane concentration
(Fig. 10(II)). As the methane concentration increases, the
deposition rate rises. Such immediate deposition may lead to a
decrease of secondary nucleation during deposition, which
implies a decreaseof the frequencyofhigh angle grainboundaries.
The fraction of secondary twin boundaries is almost independent
of the methane concentration.

4.3.3. Variation of Film Thickness

The length densities of high angle, low angle, primary twin, and
secondary twin boundaries are reduced as the film thickness
increases (Fig. 10(III)). The densities of defects become smaller
with increasing film thickness. This means that the deposition
process becomes more ordered at the atomistic and microstruc-
tural scales with increasing film thickness. In all cases, selective
growth ismore complicated at the initial stage of deposition than at
the later stage. Once the initial nucleation and growth stage is over
leading to a front of growing crystals, the remaining growth
process is dominated by the high growth rates of those crystals that
have an advantageous orientation as discussed above.
5. Summary and Conclusions

EBSD was used to determine microtexture and interfaces in
diamond films for different substrate temperature, methane
concentration, and film thickness. The results are:
I) Variation of substrate temperature:
The elevated substrate temperature makes CH2�CH2 bonding
more advantageous than CH1�CH3 bonding, which leads to a
stronger {001} texture fiber. At elevated temperatures the fastest
crystallographic growthdirection changes from h001i, via h110i, to
h111i, due to the lower specific surface energy of the {111} planes.

Increasing substrate temperatures tend to suppress the
formation of planar defects. High angle grain boundaries are
supposed to be the source of various lattice defects in their vicinity.
The impurity accumulation at high angle grain boundaries is
assumed to reduce the stacking fault energy locally,[16] resulting in
a higher twinning frequency.
II) Variation of CH4/H2 concentration:
Rising methane concentrations lead to a more advantageous
deposition on {001} facets and to a decrease of the {111} texture.
Growth along h110i is enhanced and twinning is reduced.
Thermodynamic effects may play a role in the gas flow at low
methane concentration, leading to a lower fraction of the {001}
o. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 3880–3891
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texture andahigher fractionof {111} at amethane concentrationof
0.6%. Kinetic effects prevail with rising methane concentration,
leading to a sharp decrease of the {111} texture fiber.

The fraction in the length densities of high angle grain
boundaries drops with increasing methane concentration. This
may be due to a decrease of secondary nucleation effects induced
by immediate deposition.
III) Variation of film thickness:
Diamond tends to grow along the h110i direction as the films
become thicker.

Crystallographic defects are reduced with increasing film
thickness.
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