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Effects of ion bombardment on the nucleation and growth of diamond films
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Fraunhofer-Institut fu¨r Schicht- und Oberfla¨chentechnik, Bienroder Weg 54 E, D-38108 Braunschweig, Germany

~Received 3 November 1997; revised manuscript received 30 March 1998!

The influence of ion bombardment on the nucleation and growth of diamond films by microwave plasma
chemical vapor deposition~CVD! has been investigated. The following findings were obtained.~i! Modifica-
tion of surface diffusion by a substrate bias voltage was demonstrated by the measurement of the first-nearest-
neighbor distances. The satisfactory agreement of the nucleation rate with a kinetic model describing the
formation of active sites, germs, and nuclei was computer-simulated using crystal-size-distribution data under
consideration of a linear growth mechanism.~ii ! A dependence of growth direction of diamond grains upon the
orientation of ion bombardment was observed using an atomic force microscopic analysis.~iii ! Using a
combination of scanning electron microscopy and transmission electron microscopy, slight misorientations of
crystallites, homoepitaxially grown on~001! diamond faces parallel to the substrate, were found and analyzed.
The findings confirm the role of ion impact in diamond CVD and help to understand the basic mechanism
responsible for the crystal orientation in heteroepitaxial diamond films prepared using bias-enhanced nucle-
ation. A detailed study of H1 ion etching selectivity was performed in order to obtain insight into the basic
mechanism of the observed effects.@S0163-1829~98!04135-6#
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I. INTRODUCTION

It is well known1 that the kinetic energy of vapor particle
strongly influences the physical vapor deposition~PVD! of
thin films. Physical processes on or near the growth surf
can be modified by the bombardment by energetic partic
As the extent of bombardment increases, the sticking pr
ability of the vapor atoms on the surface increases due to
formation of active sites; the mobility and the diffusion
adatoms/adsorbed species will be enhanced. With a
enough kinetic energy~e.g., .30 eV!, surface penetration
~subplantation! of the particles and even backsputtering
the deposited atoms can occur. These surface processe
fluence the morphology, the crystallinity, and the propert
of the deposited films. For plasma-assisted chemical va
deposition~PACVD!, ion bombardment also plays an impo
tant role. A typical example is the deposition of amorpho
hydrocarbon films.2,3 With increasing substrate bias voltag
the film structure changes from polymerlike through d
mondlike to graphitelike due to the increased extent of
bombardment. Modification of diamond CVD by ion bom
bardment has also been observed since 1990.4–6 Previous
investigations revealed different effects of the negative s
strate bias voltage. In the early studies,4,5 a negative influ-
ence of ion bombardment on diamond growth, namely
amorphitization of the diamond surface to an amorph
phase, was observed. On the other hand, enhanced diam
nucleation by application of ion bombardment was first
ported by Yugoet al.6 This bias-enhanced nucleation h
then attracted considerable interest after the heteroepitax
diamond on silicon carbide and silicon substrates w
achieved using this method.7,8 The mechanism of this en
hanced nucleation has been studied by different groups
very different models have been reported. Yugoet al.9 and
Gerber et al.10,11 suggested a shallow ion implantatio
model, in which thesp3-bonded carbon clusters, formed b
ion implantation, serve as nucleation precursors. Sto
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et al.,12,13 on the other hand, suggested that the change
plasma chemistry, such as the increase in atomic hydro
concentration due to the substrate biasing and the forma
of a carbide surface layer, should play the decisive ro
Jianget al.14,15 found that the overall temporal evolution o
nucleation density agrees well with a surface kinetic mo
involving immobile active nucleation sites, germs, and nuc
established by Tomelliniet al.16 They have further suggeste
that ion bombardment can increase the density of surf
defects~point defects, steps, andsp3-bonded carbon clus
ters!, which can serve as the nucleation sites and also
hance surface diffusion and sticking probability of carbon
silicon. The enhancement of surface diffusion of carbon s
cies was identified in an investigation of the first-neare
neighbor distance distributions.14

A complete explanation of the mechanism of bia
enhanced epitaxial nucleation is still a theme being stud
intensively. Nevertheless, more experimental results h
been reported to show the decisive role of i
bombardment.17,18

Recently it was observed19,20 that ~001!-textured diamond
films can be prepared by application of a suitable nega
substrate bias potential during diamond growth, resulting
the selective growth of certain growth surfaces. This grow
selectivity was attributed to the suppression of the growth
the non-@001# grains due to the electron emission und
bias19 and reactive ion etching due to ion bombardmen20

Furthermore, it was shown that the orientation of a diamo
layer grown under ion bombardment depends not only on
orientation of the underlying crystals~epitaxy!, but also on
the direction of the ion flow towards the substrates. Seco
ary nucleation of@001# oriented crystallites on non-~001!
crystallographic planes of diamond crystals has be
observed.21

While the substrate biasing during diamond CVD h
made successes for the heteroepitaxial nucleation and
ented growth, the investigation of the effects of ion bo
7064 © 1998 The American Physical Society
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TABLE I. Preparation conditions of the specimens.

Process
H2 concentration

~vol.%!
CH4 concentration

~vol.%!
Gas pressure

~mbar!
Substrate temp.

~°C!
Bias voltage

~V!
Power
~W!

Plasma etchinga 100 0 25 850 2150 900
Nucleationa 98 2 20 850 2150 900

Bias-assisted growthb 99.6 0.4 25–30 780 2150–1150 900

Bias-assisted H1 etching 100 0 30 780 2150 1000

aPlasma etching for cleaning the substrates lasts 20 min; the nucleation times for different samples are 0, 2.5, 5, 7.5, 10, 12
respectively.

b^100&-textured,^111&-textured, and randomly oriented films were used as substrates.
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bardment is not only of great scientific importance but a
of significant technological value for further improving th
textured growth of diamond films. The purpose of this pa
is to study the effects and mechanism of ion bombardme
enhanced nucleation and growth during microwave plas
CVD of diamond. Due to the fact that diamond nucleati
and growth take place on surfaces of largely different en
gies @6 J/cm2 for diamond, 1.5 J/cm2 for the silicon ~111!
plane#22,23 and conductivities, the growth modes are the
fore different. In this paper the effect of ion bombardment
nucleation will be discussed first and the experimental res
on the effect on growth will be presented. Finally, the resu
on the H1 ion etching effect will be shown.

II. EXPERIMENT

The nucleation and growth of diamond films were p
formed in a microwave plasma CVD system. Heterogene
nucleation of diamond crystallites was achievedin situ on
2-in. n-type ~001! silicon wafers by applying a negative bia
potential to the substrate.

The wafers were chemically cleaned with acetone in
ultrasonic bath for 10 min and then loaded into a stainle
steel ASTeX reactor. After evacuating the chamber to a p
sure of about 1023 mbar, the substrate was etchedin situ in
a hydrogen microwave plasma for 20 min to remove
native surface oxide layer. Diamond nuclei were then form
in a 2% methane-in-hydrogen microwave plasma. To st
the nucleation kinetics, samples were prepared under var
negative substrate bias voltages and different nuclea
times. The deposition parameters are given in Table I.

To investigate the effects of ion bombardment during
growth stage, differently oriented diamond films biased
various voltages were used as substrates and the growth
nomena were observed. Experiments using only the hy
gen as a reactant gas were also performed to distinguish
tween the ion etching mechanism and a textured gro
mechanism. The substrates were dc biased at2150 V rela-
tive to the vacuum chamber, which was electrica
grounded. The experimental details for this process are
given in Table I.

III. EFFECTS OF ION BOMBARDMENT DURING
NUCLEATION STAGE

A. General description of the diamond nucleation

The formation mechanism of diamond crystallites und
the effect of a substrate bias voltage is presently still un
o
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controversial discussion.15 This is due to the difficulties of
distinguishing the aspects of plasma–chemical vapor dep
tion ~the presence of a reactive gas species of thermal en
at the substrate! and physical vapor deposition~PVD, hyper-
thermal ionic species bombarding the substrate!. As already
mentioned in the Introduction, different models have be
presented.

Nucleation is the first step of a film growth. Generally, t
nucleation of a new phase requires the formation of a nuc
exceeding a critical size and becoming thermodynamic
stable. According to the kinetic theory, the nucleation m
be described by the following sequence:~a! vapor species
arrive on the substrate surface~atoms, molecules, and/o
radicals! and are adsorbed;~b! the species diffuse over th
substrate surface and part of the adatoms desorbs from
surface into the vacuum;~c! the adatoms combine and form
clusters due to fluctuations of the local species concentrat
~d! nuclei grow by capturing the adatoms or by direct im
pingement of the atoms from the vapor phase. The crit
size of the nuclei depends on the total free enthalpy of f
mation related to the free energies of the surfaces of nu
and substrate. Because of the strong bonding and an e
getic advantage, the nuclei form preferentially on surfa
defects, such as steps, dislocations, or surface impuri
Such surface defects were often called ‘‘active’’ sites
film nucleation.

The diamond nucleation in a CVD process via a substr
bias voltage should also follow the recognized sequence
comparison with this sequence, the models mentioned in
Introduction have only considered the possible key factors
the processes critically influencing the nucleation. For
ample, the subplantation of hyperthermal ions leads to
formation of sp3-bonded amorphous carbon. This foreig
phase~with respect to the diamond phase!, in addition to a
possible variation of plasma chemistry, may reduce the
mation enthalpy of diamond nuclei. The surface kinetics
hanced by the ion bombardment can accelerate the nu
ation. In the following section we would like to prese
results demonstrating the important role of substrate bias
for diamond nucleation and the effects of the bias-induc
ion bombardment. The results support the above-descr
nucleation sequence.

B. The decisive role of ion bombardment
for the bias-enhanced diamond nucleation

Heteroepitaxial nucleation of diamond on Si or SiC is
date limited to microwave plasma CVD~Refs. 7, 8, 24, and
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25! and hot-filament CVD processes26,27 owing to the suc-
cess of nucleation by biasing the substrate without any o
ex situpretreatment. Without substrate pretreatment, epi
ial CVD diamond has only been reproducibly grown on d
mond and onc-BN, which is lattice matched and chemical
compatible to diamond.28

To identify the effect of substrate biasing, different e
periments have been carried out using the grooved~001! ori-
ented silicon substrate obtained using reactive
etching17,29 as well as SiO2-masked silicon substrates.30,31

Using reactive ion etching, a grooved~001! oriented silicon
substrate, containing surfaces both parallel and perpendic
to the silicon wafer, was prepared~Fig. 1!. When a negative
electrical potential was applied to the substrate, the p
tively charged ions in the plasma were accelerated towa
the wafer. The surfaces that are parallel to the wafer will
bombarded while the perpendicular surfaces will not~please
see the schematic diagram of Fig. 1!. As a result, diamond
was only nucleated on surfaces parallel to the wafer, w
the perpendicular surfaces were completely ‘‘clean.’’ T
decisive contribution of the ion bombardment to the diamo
nucleation was therefore clearly demonstrated.

The nucleation of diamond on silicon depends sensitiv
on the substrate bias potential.32 A critical bias voltage ex-
ists, beyond which the energy barrier for the formation
stable nuclei can be overcome. The attraction of positiv
charged energetic ions due to the negative bias increase
bombardment of the substrate surface, which has two
fects: Creation of surface defects of the substrate, wh
will serve as active nucleation sites, and enhancement o
surface diffusion of adatoms~see Sec. III D!.

C. Agreement of the bias-enhanced nucleation
with kinetic modeling

In Ref. 14 the dependencies of island density and s
distribution on the deposition time were analyzed by me

FIG. 1. Selective growth of diamond crystals on a grooved s
con wafer containing both faces perpendicular and parallel to
substrate. The different nucleation densities on the faces confirm
decisive role of ion bombardment for the diamond nucleation.
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of scanning electron microscopy. By a model established
Tomellini et al.,16 a kinetic approach to the nucleation da
was made providing a definite framework on a molecu
scale. The proposed model predicts the time evolution
active sites, germs, and nuclei of the substrate surface
includes the capture of germs and active sites at the bor
of the growing diamond phase. By solving three different
equations, written in terms of the surface densities of ac
sites, germs, and nuclei, the nucleation densityN(t) of well-
separated islands on solid surfaces can be obtained.
problem appearing in this approach is that only five expe
mental points were compared with the simulation resu
leading to a relatively large uncertainty. To solve this pro
lem, simulations were performed using experimentally m
sured size distribution data~see the inset of Fig. 2!. The time
dependence of nucleation density was calculated by es
lishing a relationship between the particle radius distribut
function and the nucleation rate through the knowledge
the nucleus growth law.33

Figure 2 shows the nucleation density as a function of
nucleation time compared with simulated results by a thr
step kinetic model. The data directly measured by part
counting are also shown for comparison~full circles in the
plots!. The three steps were modified by Polini an
Tomellini33 by introducing an extra step for the generation
nucleation sites, i.e., the kinetic scheme is now

R→N1↔m→N, ~1!

whereR, N1, m, andN are densities of the surface cente
that can be transformed into a nucleation site, the nuclea
sites, the unstable clusters, and the stable nu
~5nucleation density!. The modification is reasonable be
cause only unscratched silicon wafers were used as subs
and the nucleation sites were formed during the bi
enhanced nucleation stage.

The nucleation densityN ~islands/cm2! is plotted in Fig. 2
as a function of nucleation timet, which is counted from the
induction timet ind . The t ind is generally defined as a tim
when the aggregates formed initially have grown to a dia

-
e
he

FIG. 2. Nucleation density~islands/mm2! vs deposition time. In
the abscissa an induction time of 6.5 min is subtracted. The curv
obtained by computer modeling usingthree-step kineticmodels
proposed by Tomellini and Polini. The open and full circles in t
plots represent data calculated from crystal size distribution~inset!
and obtained by direct particle counting, respectively.
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FIG. 3. Comparisons of measured nearest-neighbor distance distributions and the distributions predicted from a random nuclea
for samples prepared under different substrate bias voltages.~a! Vb52150 V; ~b! Vb52180 V; ~c! Vb52250 V; ~d! depletion distance vs
Vb .
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eter that is detectable in the electron microscope. As
resolution of modern scanning electron microscopy is in
order of a nanometer, which can be reached by the nu
within one minute after nucleation, thet ind can also be un-
derstood as the period for production of the nucleation si
According to the results obtained by AFM and RHEED, t
induction time in this study is about 6.5 min. From Fig. 2
is evident that, once the nucleation begins, the nuclea
density increases rapidly to 4.331010 cm22 within 8.5 min.
The main part of the substrate surface is then covered by
nuclei and the increase of the density, i.e., the nucleation
is lowered with increasing coverage. It was found that, un
the conditions applied in this study, the whole substrate s
face is covered by the diamond nuclei to form a continuo
film after about 25 min deposition.

From Fig. 2 it can be noticed that the nucleation kinet
derived from the size distribution function~open circles in
the plot, deposition time512 min! is close to the result di-
rectly measured by particle counting at different times~full
circles! and the diamond nucleation agrees very well w
kinetics of the established surface process.

D. First nearest-neighbor distance distribution: A measure
of surface diffusion

The morphology and the position distribution of nuclei
a biased silicon~001! surface were also investigated by SE
and AFM. It was noticed that the established nuclei tend
e
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stay more away from each other than expected from a
dom distribution and that a depletion zone around e
nucleus was observed. From these results, a model on
growth kinetics as determined by the adatom diffusion eff
was suggested: The formation of depletion zones around
islands is due to the surface diffusion leading to a drop of
concentration of the adsorbed precursors in the immed
neighborhood of the islands. The islands can be conside
as sinks for the surface precursors.

If the suggested surface diffusion is truly responsible
the observed depletion and furthermore for the diamo
nucleation, one should expect that the dimension of
depletion will depend on the substrate bias potential, beca
the mobility of adatoms is expected to increase due to
increasing energy of bombarding ions. To study this effe
new samples were prepared under various bias voltages
the nearest-neighbor distance distributions were investiga

When the nuclei are dispersed randomly on the supp
the theoretical distributions of first nearest neighborsW(r )
can be derived from the calculations established~solid lines
in Fig. 3!.14 The nearest neighbor is defined such that ther
no crystallite within a distancer from a crystallite taken as
an origin, and that at a distance betweenr and r 1dr one
notes the presence of a crystallite that is the first nea
neighbor,

dWrandom~r ,dr !52prr exp~2rpr 2!dr5Wrandom~r !dr,
~2!
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wherer is the number density of crystallites dispersed ra
domly. From the SEM images, we can measure the distr
tions,

Wmeasured~r !5r~r ,dr !/N, ~3!

where r(r ,dr) is the number of islands with neares
neighbor distance betweenr and r 1dr and N is the total
number of islands counted. Such measurements have
performed by Schmeisseret al.34,35 for the evaporated Au
NaCl system and by Yanget al.36 for the evaporated Ge
GaAs system.

Figure 3 compares the measured distributionsWmeasured(r )
with calculated distributions of the first nearest neighb
corresponding to a random distributionWrandom(r ) for dia-
mond nuclei deposited under2150, 2180, and2250 V,
respectively. The nucleation densities of different samp
were kept at a similar range and were 1.131010/cm2, 0.68
31010/cm2, and 0.6531010/cm2, respectively.

All the measured distributions in Figs. 3~a!–3~c! are
shifted to larger distances in comparison to the random
tributions Wrandom(r ) and depletion zones of different size
around each cluster were observed. The depletion zone o
nuclei increases from 12 nm forVb52150 V to 35 nm for
Vb52250 V @Fig. 3~d!#.

These results imply that the diamond nucleation
strongly influenced by the existing nuclei—an effective ‘‘r
pulsive interaction’’ among the clusters exists and the cl
ters tend to separate. Two effects should be considere
interpret the results. First, the lattice strain field in the vic
ity of an island that leads to a repulsive ‘‘force’’ for th
formation of another nucleus due to an increase in the en
barrier for the formation of an island. Ascarelli, Cappe
and Pinzari37 studied the origin of a nucleation density dep
tion around each diamond nucleus found in Ref. 14 and ca
to the conclusion that the depletion is related to a deform
tion zone induced by the diamond-silicon lattice misfit. T
second possible interpretation is the above-mentioned
face diffusion of the adsorbed precursors. Due to a decre
of the precursor concentration to zero on the border of
island, the nucleation frequency drops down to zero. The
that the depletion is a function of substrate bias voltage@Fig.
3~d!# confirms the contribution of surface diffusion to th
depletion. Due to the bias-induced ion bombardment,
mobility and the diffusion of adsorbed species on the s
strate surface will be increased and the spatial extensio
the surface diffusion–caused depletion zone decrease wi
increased. The depletion zone size should correspond to
minimum distance from a nucleus where the precursor c
centration is influenced by the existing nucleus. The role
the surface diffusion of the species for CVD diamond grow
has recently been investigated by Flanklachet al.38

To summarize the results obtained for the nucleat
stage, the decisive role of ion bombardment for the diam
nucleation and the surface diffusion of the species form
diamond has been confirmed. The diamond nucleation
agrees with the calculated value by a kinetic model of s
face processes. Based on these results, the nucleatio
quence can be given as follows.

~i! Formation of nucleation sites.The nucleation sites ca
be considered as sites having high local surface energy,
as defects and surface impurities. According to the class
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thermodynamic theory, the critical size of the nuclei, whi
determines the nucleation frequency, depends on the sur
energies of substrate and deposit. The nucleation would
easier on the high-energy sites to minimize the energy ba
and to stabilize the system. Due to an increased ion b
bardment, a shallow subplantation of carbon ions can oc
if the ion energy is large enough~.20 eV!.10 The implanted
atoms occupy sites in the host lattice resulting in localiz
stress and increase the surface energy. One important fa
of applying a substrate bias for accelerating the nucleatio
the interruption of the Si-H bonding~abstraction of the ad-
sorbed hydrogen!. This leads to an increase of the stickin
coefficient of hydrocarbon radicals to form high-ener
nucleation sites.39

~ii ! Formation of carbon clusters due to the enhanc
surface diffusion.Applying a negative substrate potenti
will increase the bombardment by positively charged en
getic ions and thus increase the mobility of surface prec
sors and hence the probability of forming clusters. The
largement of the first-nearest-neighbor distance provi
strong evidence for the adatom diffusion.

~iii ! Formation of stable diamond nuclei.Once the clus-
ters reach the critical size~corresponding to the energy ba
rier of diamond nucleation, the critical dimension depends
the experimental conditions and is still unknown!, the growth
stage begins. The attraction of the positively charged hyd
carbon species, which leads to a carbon supersaturation a
substrate surface, and the increasing generation of ato
hydrogen may make a contribution to the nucleation rate

After the formation of nuclei, the substrate bias should
turned off to avoid the formation of defects and amorph
zation of the nuclei leading to a secondary nucleation onto
established island. This renucleation negatively influen
the epitaxial film growth due to the interruption of the Va
der Drift growth. Recently, however, a new effect of io
bombardment was found that a proper substrate bias vol
could affect the film orientation and could be helpful for
@001#-oriented diamond growth. The kinetic energy of th
arriving particles seems to be critical for the observ
effect.19,20 To utilize the potential of ion bombardment fo
oriented film growth, a detailed investigation of the effects
ion bombardment in the growth stage was performed.

IV. EFFECTS OF ION BOMBARDMENT
IN THE GROWTH STAGE

A. †001‡-textured growth on randomly oriented
and †111‡-textured diamond film substrates

Diamond films have been grown onto large-grained, p
tially @001#-oriented diamond films at biased voltages fro
2150 to 1150 V. The process parameters are shown
Table I. The electrical potential was kept at the substr
throughout the experiments so that, in case of a nega
potential, the substrate surface would be continuously bo
barded by energetic ions. According to the axis-symme
experimental geometry, the ions flow in a direction perpe
dicular to the substrate as confirmed by the selective nu
ation via biasing the substrate.17

Figure 4 shows the SEM images of the diamond film
prepared under different bias voltages. The gas pressure
25 mbar. The films that were prepared with positive b
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voltage do not provide any change of the surface morph
ogy in comparison with the films prepared without bias@Fig.
4~a!#. A morphology variation occurred first at a negati
voltage of2100 V. Figure 4~b! shows a SEM image of a
film after 20 h growth under bias-induced ion bombardm
~substrate bias voltageVb52125 V!. A significant variation
of the film morphology was achieved: The top film was co
ered by diamond crystals of@001# orientation. The epitaxia
@001# grains protrude from the film surface and the non-@001#
top grains keep lower positions. With a bias voltage of2150
V, the surface becomes fine crystalline as shown in Fig. 4~c!,
although the square contour of the original~001! facets is
still visible.

Further experiments showed that the bias-induced
tured growth depends mainly on the parameters that in
ence the particle energy~e.g., substrate bias voltage and pr
cess pressure! and occurs within a very small paramet
window. If one works at a higher pressure, the ion ene
will decrease due to the increasing probability of ion-neu
collisions. Correspondingly, the bias voltage for the textu
growth should increase. Figure 5 shows SEM surface ima
of a 10-mm-thick diamond film substrate prepared witho
bias~a! and a film after 20 h growth under bias-induced i

FIG. 4. SEM morphologies of the films prepared under differ
substrate bias voltages.~a! Vb50 V; ~b! Vb52125 V; ~c! Vb

52150 V.
l-

t

-

x-
-

-

y
l
d
es

bombardment~b!. The gas pressure was increased to 30 m
and the bias voltage must be increased to a value ofVb
52150 V in order to obtain optimal film morphology. A
significant variation of film morphology was achieved: th
top layer of the film changes from a randomly oriented fi
to completely@001# textured. The@001#-oriented crystallites
shown in Fig. 5~b! have a lateral size of about 0.5mm,
smaller than the underlying crystallites shown in Fig. 5~a!.
Domains containing parallel-oriented crystallites are clea
seen in Fig. 5~b!.

To study the development of the orientation and the o
entation relationship between crystallites of the top layer a
the underlying grains, diamond films were grown, under b
condition, onto a specially prepared^111& textured polycrys-
talline diamond film. Figure 6 shows the SEM surface im
ages of films prior to and after bias-assisted deposition
different deposition times. Prior to bias-assisted deposit
the triangular~111! face of the large diamond grain is esse
tially smooth except some triangular growth hillocks wi
edges along thê110& direction @Fig. 6~a!#. After growth for
3 h @Fig. 6~b!#, the hillocks became steep and a few sm
triangular islands were formed on the substrate~111! surface.
These top islands have their~111! crystal facets parallel to
the ~111! substrate surface and their^110& edges aligned par
allel to each other and to the corresponding substrate^110&
directions. The~111! face of the large underlying crystal i
clearly rougher than that before bias-assisted deposition
the growth time increases, the amount of the top islands
creases and a few grains of the@001# direction are formed
among these triangular islands after bias-assisted depos
for 5 h, as indicated by the arrows in Fig. 6~c!.

A surprising phenomenon was observed after bi
assisted deposition for 10 h. As shown in Fig. 6~d!, the sub-

t

FIG. 5. Scanning electron micrographs of~a! a randomly ori-
ented diamond film~used as a substrate!; ~b! the top layer grown
under bias voltage ofVb52150 V for 20 h.
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FIG. 6. Scanning electron microscopic images of the~111! facets for different deposition time under2150 V bias voltage.~a! Prior to
bias-assisted deposition;~b!, ~c!, ~d! after bias-assisted deposition for 3, 5, and 10 h, respectively.
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strate~111! face is now mainly covered by a top layer
@001#-textured crystallites, i.e., their~001! facets are paralle
to the substrate~111! facet. These top@001# crystallites are
even in-plane oriented with their^110& edges aligned paralle
to each other and parallel to one of the^110& axes of the
underlying crystals. The observed phenomenon is obviou
a result of crystal renucleation producing crystallites with
certain orientation relationship to the substrate, but are no
an identical crystal direction. The growth orientation of t
top crystallites is clearly determined not only by the substr
orientation (̂ 110& top crystallitesi^110&underlying crystal) but also by
the ion flux direction, i.e., the@001# axis is parallel to the ion
flux. If only the effect of ion bombardment were considere
an ^001&-textured top layer would grow, i.e., the in-plan
orientation of the top layer should be random. In contras
only the effect of the substrate crystal direction were cons
ered, the homoepitaxial growth should continue.

To further reveal the nature of the observed@001#-
textured growth, investigation of bias-assisted growth w
done by SEM on faces that are tilted with respect to
silicon substrate. Figure 7 shows SEM images of two la
crystals after 6 h bias-assisted growth. Schematic repres
tations of the large crystals are also shown in the figure
lustrating the facets of the crystals before bias-assisted d
sition. The surface of the@001#-oriented crystal~a! consists
of four $111% facets and the surface of the@110#-oriented
crystal ~b! consists of two$111% and two $100% facets ex-
posed to the gas phase during deposition. In this case
faces are clearly not oriented parallel to the substrate. On
large crystals, small crystallites of sizes of 0.5mm were
grown. Interestingly, it was seen that even on the fa
whose normal is not parallel to the substrate normal, para
oriented small crystals were grown. These@001#-oriented
crystallites are marked by small arrows.

To study the relationship between the grain orientat
and the ion flux direction, atomic force microscopy~AFM!
ly
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was performed. Figure 8~a! shows an AFM image of a dia
mond top layer formed on a~001! face of a large diamond
grain of a 10-mm-thick film. The ~001! face in Fig. 8~a! is
tilted by 10° around the@110# axis and by23° around the
@1̄10# axis, respectively, with respect to the silicon substr
as measured by the quantitative picture analysis. The
layer after deposition consists of completely@001# ~also in-
plane! oriented crystallites with a lateral size of about 0
mm. The @001# crystallites are not in identical orientatio
with the underlying large crystal. The tilt angle distribution
of the @001#-textured crystallites were measured along t
@110# and @1̄10# axes and are shown in Fig. 8~b!. The tilt
angle distributions obtained are similar to those observe
films epitaxially grown on~001! silicon. Tilt misorientations
follow the statistical Gaussan distribution with a full width
half maximum~FWHM! of 8°. Oriented crystallites grown
with in-plan misorientation to the diamond substrate ha
been observed previously20 and will be discussed in detail in
the following section. As expected, the maximum of the o
entation distributions shifted to 10° about the@110# axis and
23° about the@1̄10# axis. Because the crystal tilting of th
analyzed~001! face of the underlying crystal was correcte
for the tilt measurements, giving the~001! face in Fig. 8~a!
of an exact horizontal orientation, the measured distribut
shifts in Fig. 8~b! resulted due to the parallel orientatio
relationship between the@001# axes of the small crystallites
and the ion flux direction. From this quantitative confirm
tion, the following conclusions can be made: even for t
$100% crystal faces, if they are not in identical orientatio
with the substrate~silicon!, the on-top homoepitaxial growth
will be interrupted and a renucleation of the diamond grow
occurs. The@001# axis of the grown diamond grains is a
ways along the ion flow direction, perpendicular to the su
strate and independent of the crystal orientation of unde
ing crystals.
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It is also interesting to note that, as already shown in F
6~d!, the newly grown diamond crystals shown in Fig. 7 a
aligned parallel with each other and have one of their^110&
axes parallel to one of thê110& axes of the large substrat
crystal. This occurs when thê110& axes are lying in the
~001! plane and demonstrates the influence of the subs
crystal on the orientation of on-top grown crystallites.

It is a complicated task to interpret the effects of ion bo
bardment on diamond film growth. The observed@001#-
textured film growth is, obviously, not a result of ‘‘evolu
tionary selection,’’ which ascribes the film texture to th
different growth rates for$111% and $100% faces, dominantly
governed by the substrate temperature and the hydroca
gas concentration used for deposition. Under the used ex
mental conditions of the film growth, the$100% surfaces
grow more slowly than other surfaces if a negative subst

FIG. 7. SEM images of two large crystals after 10 h bia
assisted growth together with schematic representations.
.

te

-

on
ri-
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bias is not applied. A possible mechanism for the growth
~100! faceted crystals is the crystal twinning. It is known th
multiple twinning may lead to~100! faceted crystals even o
~111! substrates.40 However, no multiple crystal twinning
was identifiable from our studies of the temporal evolution
crystal morphology of the~111! diamond face under bia
condition.21 From the cross-sectional SEM observations,
was found that for the deposition on the~111! diamond sur-

-

FIG. 8. Atomic force microscopic topography of the tilt~001!
face after bias-assisted deposition~a! and tilt angle distributions
along @110# and @1̄10# axes measured by a quantitative pictu
analysis ~b!, confirming the parallel orientation relationship b
tween the top layer crystals and the ion flux as schematically sh
in ~c!.
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face there exists a sharp transition of crystal orientation fr
@111# to @001#. The ion-flow-direction dependent film growt
can therefore only be a result of the ion impact, a phys
factor in diamond CVD.

It was found for PVD~physical vapor deposition! thin-
film deposition assisted by ion bombardment that the deg
of orientation order was a function of the intensity of the i
flux, i.e., ion/atom flux ratio, and the incident angle of t
ion flow.41 The orientation of the films was due to the spu
tering yield, which is dependent on the relative orientation
the film crystal to the ion flux. To explain the phenomen
that a~001! textured layer was deposited on a diamond fi
of random crystal direction, the role of the substrate b
voltage must be considered. The diamond growth is ge
ally a combined process of deposition and reetching tak
place concurrently. A film grows if the deposition rate
larger than the reetching rate. During the deposition proc
of diamond film by CVD, atomic H and H1 ions in the
plasma are known to cause etching, H1 ions etching much
faster than atomic H. For the deposition under bias condit
H1 ions are accelerated towards the substrate, and the
tive ion etching caused by H1 ions is expected to play a
dominant role. The etching yield of H1 is probably depen-
dent on the relative orientations between the ion flow and
growing grain. It can therefore be argued that the selec
mechanism for grain orientation is due to the difference
etching yields between grains that are oriented~in our case
the @001# textured! and those that are not. The different etc
ing yields on different faces, which can be as high as a fa
of 5 in some PVD processes, combined with renucleat
leads to a film growth for aligned grains, and hence to
overall orientation order. The selective etching by H1 ions
and its effects on the oriented growth of diamond films w
studied by using pure hydrogen as reactant gas and are
cussed in a separate section.

The ion impact damages the surface of the substrate
introduces a large amount of active sites for secondary nu
ation ~renucleation! interrupting the homoepitaxial growth
This leads to a decrease in the efficient free path~diffusion
length! of the adsorbed surface precursors and furtherm
the average lateral size of the top@001#-textured crystallites
decreased to only about 0.5mm, much smaller than that o
the underlying substrate crystals.

From the threefold symmetry of the~111! diamond face,
it is expected that a@001#-textured growth should involve
crystallites of three possible in-plane orientations. It w
however, observed in Fig. 6~d! that all the crystallites are
parallel to only one of the threê110& edges. This could be a
result of the slight crystal tilt that is visible in the figure. Th
threefold symmetry was destroyed by tilting the crystal.
fact, the parallel oriented growth of the crystallites occurr
only on a part of the~111! faces that are tilted to the sub
strate. On the~111! faces with no tilting, three groups o
crystallites were grown with their̂110& edges parallel to the
three^110& edges of the underlying crystals.21

B. Ion bombardment–induced misorientation on „001…
heteroepitaxial growth

If the underlying diamond crystals have their@001# axes
parallel to the ion flow direction, the homoepitaxial proce
m
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on the ~001! top faces continues. Then~001! oriented top
layers were grown, consisting of crystallites with sizes of t
order of 0.530.5mm2. Figure 9 is a SEM image showing th
small parallel-oriented crystallites with the crystal edg
aligned to one another on a 434 mm2 ~001! square underly-
ing face. It is interesting to note that, in contrast to a co
ventional homoepitaxial growth~without biasing the sub-
strate!, the on-top grown crystallites were observed to hav
small misorientation to the underlying single crystal. T
arrows in Fig. 9 labeled several such crystallites. The im
shown in Fig. 9 is very similar to the film morphology ob
tained from a heteroepitaxial film grown directly on th
~001! silicon substrate by the bias-enhanced nucleation:
film has an identical overall orientation to the~001! silicon,
however with a statistical misorientation of a couple of d
grees to the substrates.8

To confirm the ion bombardment–induced misorientatio
transmission electron microscopy~TEM! was employed. The
TEM image of the top layer is shown in Fig. 10 together w
the selective-area electron diffraction pattern. The misori
tation was clearly demonstrated by the diffraction. Detai
information about the TEM investigation will be describe
elsewhere.42

The observed slight misorientation may provide us with
valuable hint about the origin of the previously observ
misorientation of the heteroepitaxial diamond films on s
con and on other kinds of substrates. This misorientation
often been attributed to the lattice mismatch between d
mond and the substrate used.26,43 After the observation tha
diamond on silicon has a 3-to-2 multiple lattice match, it w
claimed that the misorientation should be due to the defe
formed at the interface.17,44 From Fig. 9 it is clear that, even
for a homoepitaxial diamond growth that has the perfect
tice match, a misorientation of the on-top grown crystallit
occurs, if the substrate is biased. High-resolution transm
sion electron microscopy~HREM! interfacial investigations
revealed45 that, in the region of diamond nucleation, po
crystallinity of the interface was often observed between
silicon substrate and the diamond crystallites with crys
misorientation to the substrate. These results sup
strongly the explanation of the defect formation within t
crystals at the growth interface. Further detailed investi

FIG. 9. Morphology of the top layer grown under bias conditi
on a large~001! oriented crystal.
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tion of the interface between the diamond substrate cry
and the top layer grown by bias-assisted deposition is
importance to confirm this prediction.

C. Investigation of the selective etching of H1 ions
as the origin of the oriented bias-assisted film growth

and its use for textured film growth

As is demonstrated in Sec. III A, the@001#-textured top
layer can be prepared on differently oriented diamond fil
by applying a negative substrate bias potential during d
mond growth. The selective etching caused by H1 ions dur-
ing deposition is supposed to play a decisive role. Due to
facts that the growth process is a combined process of d
sition and etching and the presence of methane in the
phase, the hypothesis, however, cannot be confirmed ex
mentally. It is difficult to distinguish the contributions of th
selective H1 etching and@001# preferential growth.

To prove the reported selection mechanism due to
orientation-dependent etching yields, the selective etch
effect of H1 ions on the differently oriented diamond fac
using pure hydrogen as reactant gas was investigated.
thermore, this selective etching was used for the prepara
of oriented diamond films.

The experiment was divided into three steps:~i! @001#-
oriented diamond films were deposited on mirror-polish
~001! silicon wafers after bias-enhanced nucleation;~ii ! the
samples deposited in the first step were etchedin situ in

FIG. 10. Transmission electron microscopic image~a! and the
electron diffraction pattern~b! of the bias-assisted top layer.
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hydrogen plasma by setting an electrical potential at2150 V
to the substrate relative to the reactant chamber;~iii ! the
samples were deposited once again under the deposition
ditions as in step~i!. The process parameters for the bia
assisted plasma etching in step~ii ! are given in Table I.

The surface morphologies and the cross-sections of
film were observed by SEM before and after the bias-assi
hydrogen etching process@step~ii !#. The average etching rat
of the films was about 0.05mm/h, which was calculated by
the thickness difference of the film cross sections. Fig
11~a! shows the SEM surface image before etching. La
@001# grains and some grains with undefined crystal direct
were observed. The average size of the~001! faces of the
large grains is about 1mm. After 20 h bias-assisted H1 etch-
ing, the surface morphology changes strongly, as show
Fig. 11~b!. The @001#-oriented crystals become more dom
nant in the image. The~001! faces are rougher. The averag
size of the~001! facets of the large@001# grains increases up
to nearly 2mm.

The results demonstrate the effect of the selective etch
of diamond grains by H1 ions to the morphology of the
films. The contribution of the etching by atomic hydrogen
the selectivity can be ruled out because it causes only
improvement in the film quality but not the film
orientation.46,47

When hydrogen ions in the plasma are accelerated
wards the substrate during the bias-assisted etching, the
ergy and the amount of H1 ions bombarding the substrat
increase in comparison with that without bias. Due to t
lower atom density of the$100% face relative to the$111%
face, more H1 ions can channel through the lattice of or
ented~001! faces with their normal along the@001# direction.
In contrast, the$111% faces have the highest atom density a
the impact probability of hydrogen ions with atoms on t
$111% plane should be high. The etching efficiency of H1

ions is therefore lower for~001! faces than for$111% faces.
To explain the phenomenon that the~001! faces that are par
allel with the substrate become larger after H1 ions etching,
a redeposition should be taken into account during the1

ions etching process. The H1 ions will etch off the carbon
atoms from the diamond face forming hydrocarbon spec
~such as CH, CH2, and CH3! that could be neutral or charge
positively. The hydrocarbon clusters charged positively w
be accelerated towards the substrate due to the negative
potential and then neutralized by capturing electrons fr
the substrate, so the carbon partial pressure near the sub
surface is higher than the etching process without subst
bias. The redeposition process can occur during the etc
procedure. The etching efficiency of H1 ions on the non-
@001# oriented grains is higher than that on@001# grains with
their @001# normal parallel to the ion flux. Hence, the~001!
faces will survive and become larger due to the local che
cal transport reaction while the non-@001# grains will be
etched off.

It was found experimentally in our laboratory that th
renucleation of diamond crystallites and the etching rate
hydrogen ions due to the substrate biasing depend critic
on the bias voltage applied. The variation of the ion ene
enables therefore a control of not only the textured but a
the epitaxial diamond growth. As a logical consequence,
selective etching effect is utilized to improve the epitax
growth of @001#-oriented films.
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FIG. 11. SEM morphologies of a diamond film before~a! and after~b! a bias-assisted hydrogen etching for 20 h.~c! shows the SEM
surface image of a diamond film deposited by a three-step process: 20 h deposition with bias-enhanced nucleation, 20 h H1 ions etching and
20 h deposition.~d! is from the sample deposited without bias-assisted H1 ion etching but for the same deposition time~40 h! and under the
identical deposition conditions.
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Figure 11~c! shows an SEM image of a diamond film
deposited by a three-step process: 20 h deposition with b
enhanced nucleation, 20 h H1 ion etching, and 20 h depos
tion. It can be seen that the film consists of completely@001#-
oriented grains. The surface of the film is smooth and cle
For the sample deposited without bias-assisted H1 ion etch-
ing but for the same deposition time~40 h! and under the
identical deposition conditions as for the sample in F
11~c!, the surface morphology differs considerably@Fig.
11~d!#. Non-@001# grains still exist among the large@001#
grains.

Raman investigations showed a minor change of the c
tal quality of the on-top grown films. A too-long etchin
process~e.g.,.60 h! can, however, lead to a fine crystallin
structure. The grain boundaries and thesp2 component of
the film increase.

The selectivity of H1 ion etching on differently oriented
diamond grains and its assistance in improving the orie
tion accuracy of diamond film are clearly shown, which
different from the methods reported in previous papers
preparing textured films.48,49 For previously reported meth
ods the oriented diamond films were prepared by a two-s
process that varies the ratio of growth rate V~001! /V~111! by
changing the substrate temperature and gas compositio
the plasma. The diamond grains of non-@001# direction were
covered up by@001# grains, and the orientation grade of film
increases with the film thickness. In the etching process,
s-

r.

.

s-

a-

r

p

in

e

orientation grade of the film was increased by etching
grains with the other direction away. In other words, th
effect is possibly helpful for obtaining an@001#-oriented dia-
mond film with small film thickness.

V. SUMMARIES AND CONCLUSIONS

The effects of ion bombardment on both stages of nuc
ation and growth in microwave plasma assisted diamo
CVD have been investigated. It has been shown that
increased ion bombardment modifies the nucleation
growth behavior of CVD diamond films enormously. By b
asing the substrate, oriented diamond nuclei can be gene
with very high density up to 531010/cm2. During the depo-
sition stage, ion bombardment leads to a renucleation of
mond on randomly oriented crystals and a selectivity of
diamond growth. Both effects observed in this work can
effectively employed for improving epitaxial and texture
diamond film growth. For example, a texture of the diamo
film is achievable right at the beginning of the deposition
the application of a proper bias voltage to the substrates

Disadvantages of the ion bombardment were also
served. These include the formation of amorphous car
phase and the creation of crystal defects. It was demonstr
that even on the single crystalline diamond, polycrystall
top layers with crystal misorientation will be obtained wh
substrate biasing was used. This identifies, at least, the
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tribution of ion bombardment induced crystal defects to
observed misorientation. To improve the heteroepitaxy
diamond films, these disadvantages of ion bombardm
must be overcome.
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