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Effects of ion bombardment on the nucleation and growth of diamond films
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The influence of ion bombardment on the nucleation and growth of diamond films by microwave plasma
chemical vapor depositiofCVD) has been investigated. The following findings were obtaifigdviodifica-
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 mechanigiin. A dependence of growth direction of diamond grains upon the
orientation of ion bombardment was observed using an atomic force microscopic anéiysislsing a
combination of scanning electron microscopy and transmission electron microscopy, slight misorientations of
crystallites, homoepitaxially grown di®01) 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 Hion etching selectivity was performed in order to obtain insight into the basic
mechanism of the observed effedtS0163-182608)04135-9

. INTRODUCTION et al,'?>13 on the other hand, suggested that the change in
plasma chemistry, such as the increase in atomic hydrogen
It is well known' that the kinetic energy of vapor particles concentration due to the substrate biasing and the formation
strongly influences the physical vapor depositi®VD) of  of a carbide surface layer, should play the decisive role.
thin films. Physical processes on or near the growth surfacgianget al**°found that the overall temporal evolution of
can be modified by the bombardment by energetic particlesiucleation density agrees well with a surface kinetic model
As the extent of bombardment increases, the sticking probinvolving immobile active nucleation sites, germs, and nuclei
ability of the vapor atoms on the surface increases due to thestablished by Tomellirét al1® They have further suggested
formation of active sites; the mobility and the diffusion of that ion bombardment can increase the density of surface
adatoms/adsorbed species will be enhanced. With a higtiefects(point defects, steps, ansip®-bonded carbon clus-
enough kinetic energye.g., >30 eV), surface penetration ters, which can serve as the nucleation sites and also en-
(subplantatiop of the particles and even backsputtering of hance surface diffusion and sticking probability of carbon on
the deposited atoms can occur. These surface processes gilicon. The enhancement of surface diffusion of carbon spe-
fluence the morphology, the crystallinity, and the propertiexies was identified in an investigation of the first-nearest-
of the deposited films. For plasma-assisted chemical vapareighbor distance distributior8.
deposition(PACVD), ion bombardment also plays an impor- A complete explanation of the mechanism of bias-
tant role. A typical example is the deposition of amorphousenhanced epitaxial nucleation is still a theme being studied
hydrocarbon filmg:® With increasing substrate bias voltage, intensively. Nevertheless, more experimental results have
the film structure changes from polymerlike through dia-been reported to show the decisive role of ion
mondlike to graphitelike due to the increased extent of iorbombardment’+8
bombardment. Modification of diamond CVD by ion bom-  Recently it was observéd?’that (001)-textured diamond
bardment has also been observed since 99®revious films can be prepared by application of a suitable negative
investigations revealed different effects of the negative subsubstrate bias potential during diamond growth, resulting in
strate bias voltage. In the early studfesa negative influ- the selective growth of certain growth surfaces. This growth
ence of ion bombardment on diamond growth, namely theselectivity was attributed to the suppression of the growth of
amorphitization of the diamond surface to an amorphoushe nonf001] grains due to the electron emission under
phase, was observed. On the other hand, enhanced diamobids® and reactive ion etching due to ion bombardnfént.
nucleation by application of ion bombardment was first re-Furthermore, it was shown that the orientation of a diamond
ported by Yugoet al® This bias-enhanced nucleation has layer grown under ion bombardment depends not only on the
then attracted considerable interest after the heteroepitaxy ofientation of the underlying crystalgpitaxy), but also on
diamond on silicon carbide and silicon substrates washe direction of the ion flow towards the substrates. Second-
achieved using this methdd. The mechanism of this en- ary nucleation of[001] oriented crystallites on no(©01)
hanced nucleation has been studied by different groups andystallographic planes of diamond crystals has been
very different models have been reported. Yuga@l® and  observed?
Gerber et al!®! suggested a shallow ion implantation  While the substrate biasing during diamond CVD has
model, in which thesp®-bonded carbon clusters, formed by made successes for the heteroepitaxial nucleation and ori-
ion implantation, serve as nucleation precursors. Stoneented growth, the investigation of the effects of ion bom-
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TABLE |. Preparation conditions of the specimens.

H, concentration ~ CH, concentration = Gas pressure Substrate temp. Bias voltage Power

Process (vol.%) (vol.%) (mbayp (°C) V) (W)

Plasma etchirfy 100 0 25 850 —150 900
Nucleatio! 98 2 20 850 —150 900
Bias-assisted growth 99.6 0.4 25-30 780 —150—+150 900
Bias-assisted H etching 100 0 30 780 —-150 1000

8Plasma etching for cleaning the substrates lasts 20 min; the nucleation times for different samples are 0, 2.5, 5, 7.5, 10, 12, 15 min.
respectively.
©(100)-textured,(111)-textured, and randomly oriented films were used as substrates.

bardment is not only of great scientific importance but alsccontroversial discussiof?. This is due to the difficulties of

of significant technological value for further improving the distinguishing the aspects of plasma—chemical vapor deposi-
textured growth of diamond films. The purpose of this papetion (the presence of a reactive gas species of thermal energy
is to study the effects and mechanism of ion bombardment-at the substrajeand physical vapor depositia®VD, hyper-
enhanced nucleation and growth during microwave plasméermal ionic species bombarding the subsjrates already
CVD of diamond. Due to the fact that diamond nucleationmentioned in the Introduction, different models have been
and growth take place on surfaces of largely different enerpresented.

gies[6 Jicnt for diamond, 1.5 J/ckfor the silicon (111) Nucleation is the first step of a film growth. Generally, the
plang??? and conductivities, the growth modes are there-nucleation of a new phase requires the formation of a nucleus
fore different. In this paper the effect of ion bombardment onexceeding a critical size and becoming thermodynamically
nucleation will be discussed first and the experimental resultstable. According to the kinetic theory, the nucleation may
on the effect on growth will be presented. Finally, the resultsbe described by the following sequencda) vapor species

on the H" ion etching effect will be shown. arrive on the substrate surfagatoms, molecules, and/or
radicalg and are adsorbedb) the species diffuse over the
Il. EXPERIMENT substrate surface and part of the adatoms desorbs from the

surface into the vacuungig) the adatoms combine and form
clusters due to fluctuations of the local species concentration;
Fd) nuclei grow by capturing the adatoms or by direct im-
pingement of the atoms from the vapor phase. The critical
size of the nuclei depends on the total free enthalpy of for-
mation related to the free energies of the surfaces of nuclei

: . . : ind substrate. Because of the strong bonding and an ener-
ultrasonic bath for 10 min and then loaded into a stainless: etic advantage, the nuclei form preferentially on surface

steel A}S'Lextri%cs:torbAftetrhevactl)J attlntg the Ch?mbi.iofapre%efects, such as steps, dislocations, or surface impurities.
sure ot about U™ mbar, the substrate was etchadsitu in Such surface defects were often called “active” sites for
a hydrogen microwave plasma for 20 min to remove th ilm nucleation

native surface oxidp layer. Diamo.nd nuclei were then forme The diamond nucleation in a CVD process via a substrate
in a 2% methane-in-hydrogen microwave plasma. To study,;, voltage should also follow the recognized sequence. In
the nqcleatlon klnetlcg, samples were prep.ared under Var'pl{:%mparison with this sequence, the models mentioned in the
hegative substrat_e_ bias voltages and_ d'ﬁe_fe”t nuCIea'['Oﬂuroduction have only considered the possible key factors of
tlmes._The o_leposmon parameters are given in Table_l. the processes critically influencing the nucleation. For ex-
To investigate the effects of ion bombardment during theample, the subplantation of hyperthermal ions leads to the
formation of sp*>-bonded amorphous carbon. This foreign
1ase(with respect to the diamond phase addition to a
possible variation of plasma chemistry, may reduce the for-
1ation enthalpy of diamond nuclei. The surface kinetics en-

The nucleation and growth of diamond films were per-
formed in a microwave plasma CVD system. Heterogeneou
nucleation of diamond crystallites was achieviadsitu on
2-in. n-type (001) silicon wafers by applying a negative bias
potential to the substrate.

The wafers were chemically cleaned with acetone in a

various voltages were used as substrates and the growth p
nomena were observed. Experiments using only the hydr
gen as a reactant gas were also performed to distinguish b

tweer:] the 'O_PhetCh't?% rr;echamsrr(; atr:_d adtggu:?d ?romrﬁanced by the ion bombardment can accelerate the nucle-
mechanism. The substrates were dc biase rela- ation. In the following section we would like to present

tive to the vacuum chamber,_ which _was electrically results demonstrating the important role of substrate biasing
grounded. The experimental details for this process are alsI%r diamond nucleation and the effects of the bias-induced
given in Table I. ion bombardment. The results support the above-described

lll. EFFECTS OF ION BOMBARDMENT DURING nucleation sequence.

NUCLEATION STAGE B. The decisive role of ion bombardment

A. General description of the diamond nucleation for the bias-enhanced diamond nucleation

The formation mechanism of diamond crystallites under Heteroepitaxial nucleation of diamond on Si or SiC is to
the effect of a substrate bias voltage is presently still undedate limited to microwave plasma CV{Refs. 7, 8, 24, and
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3 um obtained by computer modeling usirigree-step kinetionodels

proposed by Tomellini and Polini. The open and full circles in the
plots represent data calculated from crystal size distribuiitse)
FIG. 1. Selective growth of diamond crystals on a grooved sili-and obtained by direct particle counting, respectively.

con wafer containing both faces perpendicular and parallel to the

substrate. The different nucleation densities on the faces confirm tHef Scanning e|el%tr0n_mi9r05COPY- By a model eStapHShed by
decisive role of ion bombardment for the diamond nucleation. ~ Tomellini et al,™ a kinetic approach to the nucleation data

was made providing a definite framework on a molecular
25) and hot-filament CVD process&$’ owing to the suc- scale. The proposed model predicts the time evolution of
cess of nucleation by biasing the substrate without any otheictive sites, germs, and nuclei of the substrate surface and
ex situpretreatment. Without substrate pretreatment, epitaxincludes the capture of germs and active sites at the borders
ial CVD diamond has only been reproducibly grown on dia-of the growing diamond phase. By solving three differential
mond and orc-BN, which is lattice matched and chemically equations, written in terms of the surface densities of active

Si Substrate

compatible to diamoné® o _ sites, germs, and nuclei, the nucleation denNiy) of well-
To identify the effect of substrate biasing, different ex- separated islands on solid surfaces can be obtained. One
periments have been carried out using the grod@ed) ori-  problem appearing in this approach is that only five experi-

ented silicon substrate obtained using reactive iormmental points were compared with the simulation results
etching”* as well as Si@masked silicon substraté$®  |eading to a relatively large uncertainty. To solve this prob-
Using reactive ion etching, a groovéd0l) oriented silicon  |em, simulations were performed using experimentally mea-
substrate, containing surfaces both parallel and perpendiculgured size distribution dataee the inset of Fig.)2The time
to the silicon wafer, was prepargBig. 1). When a negative dependence of nucleation density was calculated by estab-
electrical potential was applied to the substrate, the positishing a relationship between the particle radius distribution
tively charged ions in the plasma were accelerated towardginction and the nucleation rate through the knowledge of
the wafer. The surfaces that are parallel to the wafer will behe nucleus growth law?
bombarded while the perpendicular surfaces will (péase Figure 2 shows the nucleation density as a function of the
see the schematic diagram of Fig. As a result, diamond nucleation time compared with simulated results by a three-
was only nucleated on surfaces parallel to the wafer, whilgtep kinetic model. The data directly measured by particle
the perpendicular surfaces were completely “clean.” Thecounting are also shown for comparis¢fll circles in the
decisive contribution of the ion bombardment to the diamondlots). The three steps were modified by Polini and
nucleation was therefore clearly demonstrated. Tomellini*® by introducing an extra step for the generation of
The nucleation of diamond on silicon depends sensitivelyhucleation sites, i.e., the kinetic scheme is now
on the substrate bias potentfalA critical bias voltage ex-
ists, beyond which the energy barrier for the formation of R—N"—m—N, (1)
stable nuclei can t.)e overcome. The att.ractic.)n C.)f positivel hereR, N*, m, andN are densities of the surface centers
charged energetic ions due to the negative b_|as Increases ey can be transformed into a nucleation site, the nucleation
bombardmen_t of the substrate surface, which has two ElSites, the unstable clusters, and the stable nuclei
fects: Creation of surface defects of the substrate, Whlclg

i " leai i d enh tof th =nucleation density The modification is reasonable be-
will serve as aclive nucleation sites, and enhancement of NG, s only unscratched silicon wafers were used as substrate
surface diffusion of adatomsee Sec. Il D.

and the nucleation sites were formed during the bias-
enhanced nucleation stage.

The nucleation density (islands/crf) is plotted in Fig. 2
as a function of nucleation timeg which is counted from the

In Ref. 14 the dependencies of island density and sizénduction timet;,q. Thet;,q is generally defined as a time
distribution on the deposition time were analyzed by meansvhen the aggregates formed initially have grown to a diam-

C. Agreement of the bias-enhanced nucleation
with kinetic modeling
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FIG. 3. Comparisons of measured nearest-neighbor distance distributions and the distributions predicted from a random nucleation model
for samples prepared under different substrate bias volté@es,= — 150 V; (b) V,= —180 V; (c) V,= — 250 V; (d) depletion distance vs
V.

eter that is detectable in the electron microscope. As thetay more away from each other than expected from a ran-
resolution of modern scanning electron microscopy is in thedlom distribution and that a depletion zone around each
order of a nanometer, which can be reached by the nucleiucleus was observed. From these results, a model on the
within one minute after nucleation, thgy can also be un- growth kinetics as determined by the adatom diffusion effect
derstood as the period for production of the nucleation siteswas suggested: The formation of depletion zones around the
According to the results obtained by AFM and RHEED, theislands is due to the surface diffusion leading to a drop of the
induction time in this study is about 6.5 min. From Fig. 2 it concentration of the adsorbed precursors in the immediate
is evident that, once the nucleation begins, the nucleationeighborhood of the islands. The islands can be considered
density increases rapidly to 4<3.0'° cm™2 within 8.5 min.  as sinks for the surface precursors.
The main part of the substrate surface is then covered by the If the suggested surface diffusion is truly responsible for
nuclei and the increase of the density, i.e., the nucleation ratine observed depletion and furthermore for the diamond
is lowered with increasing coverage. It was found that, undenucleation, one should expect that the dimension of the
the conditions applied in this study, the whole substrate surdepletion will depend on the substrate bias potential, because
face is covered by the diamond nuclei to form a continuoughe mobility of adatoms is expected to increase due to the
film after about 25 min deposition. increasing energy of bombarding ions. To study this effect,
From Fig. 2 it can be noticed that the nucleation kineticsnew samples were prepared under various bias voltages and
derived from the size distribution functiopen circles in the nearest-neighbor distance distributions were investigated.
the plot, deposition time12 min) is close to the result di- When the nuclei are dispersed randomly on the support
rectly measured by particle counting at different tinfgs| the theoretical distributions of first nearest neighbdfg)
circles and the diamond nucleation agrees very well withcan be derived from the calculations establiskealid lines
kinetics of the established surface process. in Fig. 3.2* The nearest neighbor is defined such that there is
no crystallite within a distance from a crystallite taken as
an origin, and that at a distance betweeandr+dr one
notes the presence of a crystallite that is the first nearest
neighbor,

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

The morphology and the position distribution of nuclei on
a biased silicorf001) surface were also investigated by SEM  dW,angon(f.dr) =271 p exp(— parr2)dr=W,angor( F)dT,
and AFM. It was noticed that the established nuclei tend to (2
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wherep is the number density of crystallites dispersed ranthermodynamic theory, the critical size of the nuclei, which
domly. From the SEM images, we can measure the distribudetermines the nucleation frequency, depends on the surface
tions, energies of substrate and deposit. The nucleation would be
easier on the high-energy sites to minimize the energy barrier
Wineasurebl) = p(r,dr)/N, (3 and to stabilize the system. Due to an increased ion bom-
where p(r,dr) is the number of islands with nearest- Pardment, a shallow subplantation of carbon ions can occur
neighbor distance betweanand r+dr and N is the total if the ion energy is large enough-20 eV)." The implanted
number of islands counted. Such measurements have be8fPMS occupy sites in the host lattice resulting in localized
performed by Schmeissat al343 for the evaporated Au/ stress a_nd increase the §urface energy. .One |mportant'fac.tor
NaCl system and by Yangt al®® for the evaporated Ge/ Of applying a substrate bias for accelerating the nucleation is
GaAs system. the interruption of th_e Si-H bondlngibstractlon of the_ ao_l-
Figure 3 compares the measured distributidhs.as.rebr ) sorbgd_ hydrogen This leads to an increase of the sticking
with calculated distributions of the first nearest neighborscoefficient of r;ydrocarbon radicals to form high-energy
corresponding to a random distributio,,,oq(r) for dia-  nucleation S't‘?g-
mond nuclei deposited under150, —180, and—250 V, (i) For_matl_on of ca_rbon clusters due to the enhan(_:ed
respectively. The nucleation densities of different sampleSurface diffusion.Applying a negative substrate potential
were kept at a similar range and were X 10'%cn?, 0.68 W|II_ increase the bombardment by po_slltlvely charged ener-
X 10'%cn, and 0.65 10'%cn, respectively. getic ions and thus increase the mob|I|_ty of surface precur-
All the measured distributions in Figs.(@-3(c) are  SO'S and hence the_probabmty of formmg qlusters. The en-
shifted to larger distances in comparison to the random dig@rgement of the first-nearest-neighbor distance provides
tributions W,oq0(r) and depletion zones of different sizes Strong evidence for the adatom diffusion.

around each cluster were observed. The depletion zone of the (i) Formation_ .Of sta_LbIe diamond _nucIance the clus-
nuclei increases from 12 nm fa#,= — 150 V to 35 nm for ters reach the critical size€orresponding to the energy bar-
V= — 250 V [Fig. 3(d)] rier of diamond nucleation, the critical dimension depends on
These results imply that the diamond nucleation isthe expermental °°”d'“°US and is stil gnkndwlhe growth
strongly influenced by the existing nuclei—an effective “re- stage beglns_. The attraction of the positively chargeo! hydro-
pulsive interaction” among the clusters exists and the clusa/00n species, which leads to a carbon supersaturation at the
ters tend to separate. Two effects should be considered bstrate surface, and the increasing generation of atomic
interpret the results. First, the lattice strain field in the vicin- ydrogen may ma!<e a contr|b_ut|on to the nuclgatlon rate.
ity of an island that leads to a repulsive “force” for the After the forma}tlon of nucle!, the substrate bias should_pe
formation of another nucleus due to an increase in the energymed off to av0|d_ the formatlon of defects and amorphltl-
ation of the nuclei leading to a secondary nucleation onto an

barrier for the formation of an island. Ascarelli, Cappelli, . , . ) . :
and Pinzaft” studied the origin of a nucleation density deple- established island. This renucleation negatively influences
e epitaxial film growth due to the interruption of the Van

tion around each diamond nucleus found in Ref. 14 and cam ) :
er Drift growth. Recently, however, a new effect of ion

to the conclusion that the depletion is related to a deformab bard found th b bi |
tion zone induced by the diamond-silicon lattice misfit. The ombardment was Toun t a.t a proper substrate bias voltage
ould affect the film orientation and could be helpful for a

second possible interpretation is the above-mentioned su 0Tl-ori d di q h. The Kineti ¢ th
face diffusion of the adsorbed precursors. Due to a decrea 8 . ]—orlente_ lamond growth. e Inetic energy of the
arriving particles seems to be critical for the observed

of the precursor concentration to zero on the border of on 19.20 o . ;
island, the nucleation frequency drops down to zero. The fac‘?ﬁfec'[' ’ .To utilize the po'tentllal of lon 'bombardment for
that the depletion is a function of substrate bias volf@ge. prlented film grovvth, a detailed investigation of the effects of
3(d)] confirms the contribution of surface diffusion to the ion bombardment in the growth stage was performed.
depletion. Due to the bias-induced ion bombardment, the
mobility and the diffusion of adsorbed species on the sub- IV. EFFECTS OF ION BOMBARDMENT
strate surface will be increased and the spatial extension of IN THE GROWTH STAGE
the surface diffusion—caused depletion zone decrease will be
increased. The depletion zone size should correspond to the
minimum distance from a nucleus where the precursor con-
centration is influenced by the existing nucleus. The role of Diamond films have been grown onto large-grained, par-
the surface diffusion of the species for CVD diamond growthtially [001]-oriented diamond films at biased voltages from
has recently been investigated by Flanklattal 3 —150 to +150 V. The process parameters are shown in

To summarize the results obtained for the nucleatiorilable |. The electrical potential was kept at the substrate
stage, the decisive role of ion bombardment for the diamondhroughout the experiments so that, in case of a negative
nucleation and the surface diffusion of the species formingotential, the substrate surface would be continuously bom-
diamond has been confirmed. The diamond nucleation ratearded by energetic ions. According to the axis-symmetric
agrees with the calculated value by a kinetic model of surexperimental geometry, the ions flow in a direction perpen-
face processes. Based on these results, the nucleation skeular to the substrate as confirmed by the selective nucle-
quence can be given as follows. ation via biasing the substraté.

(i) Formation of nucleation site.he nucleation sites can Figure 4 shows the SEM images of the diamond films
be considered as sites having high local surface energy, sughepared under different bias voltages. The gas pressure was
as defects and surface impurities. According to the classic&5 mbar. The films that were prepared with positive bias

A. [001]-textured growth on randomly oriented
and [111]-textured diamond film substrates
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FIG. 5. Scanning electron micrographs @ a randomly ori-
ented diamond filmused as a substratgb) the top layer grown
under bias voltage 0¥,= —150 V for 20 h.

bombardmentb). The gas pressure was increased to 30 mbar
and the bias voltage must be increased to a valu®/pf
=—150V in order to obtain optimal film morphology. A
] , j significant variation of film morphology was achieved: the
(©V,=-150V —5 m top layer of the film changes from a randomly oriented film
to completely{001] textured. Thg001]-oriented crystallites
FIG. 4. SEM morphologies of the films prepared under differentshown in Fig. %b) have a lateral size of about 0,5m,
substrate bias voltagesa) V,=0V; (b) V,=-125V; (¢) Vy,  smaller than the underlying crystallites shown in Figa)5
=-150V. Domains containing parallel-oriented crystallites are clearly
seen in Fig. B).
voltage do not provide any change of the surface morphol- To study the development of the orientation and the ori-
ogy in comparison with the films prepared without biggy.  entation relationship between crystallites of the top layer and
4(a)]. A morphology variation occurred first at a negative the underlying grains, diamond films were grown, under bias
voltage of —100 V. Figure 4b) shows a SEM image of a condition, onto a specially prepar€till) textured polycrys-
film after 20 h growth under bias-induced ion bombardmentalline diamond film. Figure 6 shows the SEM surface im-
(substrate bias voltagé,= — 125 V). A significant variation ages of films prior to and after bias-assisted deposition of
of the film morphology was achieved: The top film was cov-different deposition times. Prior to bias-assisted deposition,
ered by diamond crystals ¢001] orientation. The epitaxial the triangular11l) face of the large diamond grain is essen-
[001] grains protrude from the film surface and the n664] tially smooth except some triangular growth hillocks with
top grains keep lower positions. With a bias voltage-d50  edges along thé€l10 direction[Fig. 6(a)]. After growth for
V, the surface becomes fine crystalline as shown in Fig, 4 3 h[Fig. 60b)], the hillocks became steep and a few small
although the square contour of the origirf@D1) facets is triangular islands were formed on the subst(atel) surface.
still visible. These top islands have thdit11) crystal facets parallel to
Further experiments showed that the bias-induced texthe (111) substrate surface and th¢irl0) edges aligned par-
tured growth depends mainly on the parameters that influallel to each other and to the corresponding substtkté€)
ence the particle enerdg.g., substrate bias voltage and pro-directions. The(111) face of the large underlying crystal is
cess pressuyeand occurs within a very small parameter clearly rougher than that before bias-assisted deposition. As
window. If one works at a higher pressure, the ion energythe growth time increases, the amount of the top islands in-
will decrease due to the increasing probability of ion-neutralcreases and a few grains of th@01] direction are formed
collisions. Correspondingly, the bias voltage for the texturedamong these triangular islands after bias-assisted deposition
growth should increase. Figure 5 shows SEM surface image®r 5 h, as indicated by the arrows in Figich
of a 10um-thick diamond film substrate prepared without A surprising phenomenon was observed after bias-
bias(a) and a film after 20 h growth under bias-induced ionassisted deposition for 10 h. As shown in Figd)6 the sub-
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FIG. 6. Scanning electron microscopic images of ¢h&l) facets for different deposition time underl50 V bias voltage(a) Prior to
bias-assisted depositiofh), (c), (d) after bias-assisted deposition for 3, 5, and 10 h, respectively.

strate (111) face is now mainly covered by a top layer of was performed. Figure(8 shows an AFM image of a dia-
[001]-textured crystallites, i.e., the{f01) facets are parallel mond top layer formed on €01) face of a large diamond

to the substrat€¢l111) facet. These top001] crystallites are  grain of a 10um-thick film. The (001) face in Fig. &a) is
even in-plane oriented with thejt 10) edges aligned parallel tited by 10° around th¢110] axis and by—3° around the

to each other and parallel to one of t(El0) axes of the [110] axis, respectively, with respect to the silicon substrate
underlying crystals. The observed phenomenon is obviouslys measured by the quantitative picture analysis. The top
a result of crystal renucleation producing crystallites with ajayer after deposition consists of completédp1] (also in-
certain orientation relationship to the substrate, but are not iBjang oriented crystallites with a lateral size of about 0.5
an identical crystal direction. The growth orientation of the . The [001] crystallites are not in identical orientation
top crystallites is clearly determined not only by the substratqiw, yhe underlying large crystal. The tilt angle distributions

orientation (u%p ny.sta"“eg(110)“”"8.”3'".‘9 cysid but also by ¢y [001]-textured crystallites were measured along the

the ion flux direction, i.e., thE001] axis is parallel to the ion [110] and [110] axes and are shown in Fig(i8. The tilt

gﬂxgdgg?tlgﬁﬁ?e%ﬁfgt Oll;'oer]r t\),:,)(;r;lla;rdrrgsvntiv(\;er?[hceo?ﬁldlearﬁg,angle distributions obtained are similar to those observed in
pay grow, 1.€., b 1ﬁlms epitaxially grown on001) silicon. Tilt misorientations

orientation of the top layer should be random. In contrast, if I h istical G distributi ith a full width
only the effect of the substrate crystal direction were consid:° ow the statistical Gaussan distribution with a full width at

ered, the homoepitaxial growth should continue. half maximum(FWHM) of 8°. Oriented crystallites grown
To further reveal the nature of the observga1]- with in-plan misorientation to the diamond substrate have

textured growth, investigation of bias-assisted growth wad€en observed pr_ewou%ﬂ@nd will be discussed in detail in-
done by SEM on faces that are tilted with respect to thdhe following section. As expected, the maximum of the ori-
silicon substrate. Figure 7 shows SEM images of two largeééntation distributions shifted to 10° about te10] axis and
crystals afte 6 h bias-assisted growth. Schematic represen—3° about the[110] axis. Because the crystal tilting of the
tations of the large crystals are also shown in the figure ilanalyzed(001) face of the underlying crystal was corrected
lustrating the facets of the crystals before bias-assisted depter the tilt measurements, giving ti@01) face in Fig. §a)
sition. The surface of thf001]-oriented crystala) consists  of an exact horizontal orientation, the measured distribution
of four {111} facets and the surface of tHé10]-oriented shifts in Fig. &b) resulted due to the parallel orientation
crystal (b) consists of two{111} and two {100 facets ex- relationship between th&01] axes of the small crystallites
posed to the gas phase during deposition. In this case thand the ion flux direction. From this quantitative confirma-
faces are clearly not oriented parallel to the substrate. On thigon, the following conclusions can be made: even for the
large crystals, small crystallites of sizes of Quin were {10Q crystal faces, if they are not in identical orientation
grown. Interestingly, it was seen that even on the facesvith the substratésilicon), the on-top homoepitaxial growth
whose normal is not parallel to the substrate normal, paralledill be interrupted and a renucleation of the diamond growth
oriented small crystals were grown. The#1]-oriented occurs. The[001] axis of the grown diamond grains is al-
crystallites are marked by small arrows. ways along the ion flow direction, perpendicular to the sub-

To study the relationship between the grain orientatiorstrate and independent of the crystal orientation of underly-
and the ion flux direction, atomic force microscofd+M) ing crystals.
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FIG. 7. SEM images of two large crystals after 10 h bias-
assisted growth together with schematic representations.

(©

It is also interesting to note that, as already shown in Fig.
6(d), the newly grown diamond crystals shown in Fig. 7 are  FIG. 8. Atomic force microscopic topography of the 1@01)
aligned parallel with each other and have one of th&i0 face after bias-assisted depositit® and tilt angle distributions
axes parallel to one of the10) axes of the large substrate along [110] and [110] axes measured by a quantitative picture
crystal. This occurs when thél10) axes are lying in the analysis(b), confirming the parallel orientation relationship be-
(001 plane and demonstrates the influence of the substrateeen the top layer crystals and the ion flux as schematically shown
crystal on the orientation of on-top grown crystallites. in (c).

It is a complicated task to interpret the effects of ion bom-
bardment on diamond film growth. The observgaD1]- bias is not applied. A possible mechanism for the growth of
textured film growth is, obviously, not a result of “evolu- (100 faceted crystals is the crystal twinning. It is known that
tionary selection,” which ascribes the film texture to the multiple twinning may lead t§100) faceted crystals even on
different growth rates fof111} and{100 faces, dominantly (111) substrate§® However, no multiple crystal twinning
governed by the substrate temperature and the hydrocarbevas identifiable from our studies of the temporal evolution of
gas concentration used for deposition. Under the used expeigrystal morphology of th€111) diamond face under bias
mental conditions of the film growth, thgl00 surfaces condition?* From the cross-sectional SEM observations, it
grow more slowly than other surfaces if a negative substratevas found that for the deposition on tfEL1) diamond sur-
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face there exists a sharp transition of crystal orientation from
[111] to [001]. The ion-flow-direction dependent film growth
can therefore only be a result of the ion impact, a physical
factor in diamond CVD.

It was found for PVD(physical vapor depositiorthin-
film deposition assisted by ion bombardment that the degree
of orientation order was a function of the intensity of the ion
flux, i.e., ion/atom flux ratio, and the incident angle of the
ion flow.*! The orientation of the films was due to the sput-
tering yield, which is dependent on the relative orientation of
the film crystal to the ion flux. To explain the phenomenon :
that a(001) textured layer was deposited on a diamond film . Y
of random crystal direction, the role of the substrate bias £ %,
voltage must be considered. The diamond growth is gener-
ally a combined process of deposition and reetching taking
place concurrently. A film grows if the deposition rate is
larger than the reetching rate. During the deposition process g, 9. Morphology of the top layer grown under bias condition
of diamond film by CVD, atomic H and Hions in the ¢na large(001) oriented crystal.
plasma are known to cause etching’ kbns etching much
faster than atomic H. For the deposition under bias conditiony, the (001 top faces continues. Thei®01) oriented top
'f'+ ions are accelerated towards the substrate, and the reagyers were grown, consisting of crystallites with sizes of the
tive ion etching caused by Hions is expected to play a qrger of 0.5¢0.5 um? Figure 9 is a SEM image showing the
dominant role. The et_chlng_ yield of His prOb_ab|y depen-  gmall parallel-oriented crystallites with the crystal edges
dent on the relative orientations between the ion flow and th%‘lligned to one another on a4 um? (001) square underly-
growing grain. It can therefore be argued that the selectiori}1g face. It is interesting to note that, in contrast to a con-
mechanism for grain orientation is due to the difference in,antional homoepitaxial growtfwithout biasing the sub-
etching yields between grains that are orientiedour case  giratg. the on-top grown crystallites were observed to have a
the[001] textured and those that are not. The different etch- 54| misorientation to the underlying single crystal. The
ing yields on different faces, which can be as high as a factogqys in Fig. 9 labeled several such crystallites. The image
of 5 in some PVD processes, combm_ed with renucleationgpown in Fig. 9 is very similar to the film morphology ob-
leads to a film growth for aligned grains, and he+nce 10 aRzined from a heteroepitaxial film grown directly on the
overall orientation order. The selective etching by téns (o) sjlicon substrate by the bias-enhanced nucleation: The
and _|ts effects_ on the oriented growth of diamond films Wereim has an identical overall orientation to t@01) silicon,
studied by using pure hydrogen as reactant gas and are diggwever with a statistical misorientation of a couple of de-
cussed.ln a separate section. grees to the substratBs.
~ The ion impact damages the surface of the substrate and 14 confirm the ion bombardment—induced misorientation,
introduces a large amount of active sites for secondary nuclgs;,smission electron microscopyEM) was employed. The
ati(_)n (renucleation interrupting the _h_omoepitaxial grt_)wth. TEM image of the top layer is shown in Fig. 10 together with
This leads to a decrease in the efficient free pdiffusion  he selective-area electron diffraction pattern. The misorien-
length of the adsorbed surface precursors and furthermorgyiion was clearly demonstrated by the diffraction. Detailed
the average lateral size of the tfR01]-textured crystallites htormation about the TEM investigation will be described
decreased to only about 0&m, much smaller than that of 5|se\wherd?
the underlying substrate crystals. _ The observed slight misorientation may provide us with a
_ From the threefold symmetry of thf@11) diamond face, ygjyable hint about the origin of the previously observed
it is expected that 4001]-textured growth should involve misorientation of the heteroepitaxial diamond films on sili-
crystallites of three possible in-plane orientations. It wasgon and on other kinds of substrates. This misorientation has
however, observed in Fig.(@) that all the crystallites are oftan peen attributed to the lattice mismatch between dia-
parallel to only one of the thre@ 10) edges. This could be a ong and the substrate us@d?® After the observation that
result of the slight crystal tilt that is visibl_e _in the figure. The 4iamond on silicon has a 3-to-2 multiple lattice match, it was
threefold symmetry was destroyed by tilting the crystal. Incjaimed that the misorientation should be due to the defects
fact, the parallel oriented growth of the crystallites occurredigymed at the interfac¥.*4 From Fig. 9 it is clear that, even
only on a part of the111) faces that are tilted to the sub- ¢4 5 homoepitaxial diamond growth that has the perfect lat-
strate. On the(111) faces with no tilting, three groups of tica match, a misorientation of the on-top grown crystallites
crystallites were grown with theit1 10 edges parallel to the  occyrs if the substrate is biased. High-resolution transmis-
three(110) edges of the underlying crystds. sion electron microscopfHREM) interfacial investigations
reveale®® that, in the region of diamond nucleation, poor
crystallinity of the interface was often observed between the
silicon substrate and the diamond crystallites with crystal
misorientation to the substrate. These results support

If the underlying diamond crystals have thg@01] axes strongly the explanation of the defect formation within the
parallel to the ion flow direction, the homoepitaxial processcrystals at the growth interface. Further detailed investiga-

B. lon bombardment—induced misorientation on (001)
heteroepitaxial growth
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hydrogen plasma by setting an electrical potentiat 4650 V

to the substrate relative to the reactant chamki@n; the
samples were deposited once again under the deposition con-
ditions as in stefdi). The process parameters for the bias-
assisted plasma etching in stép are given in Table I.

The surface morphologies and the cross-sections of the
film were observed by SEM before and after the bias-assisted
hydrogen etching procesgstep(ii)]. The average etching rate
of the films was about 0.0@m/h, which was calculated by
the thickness difference of the film cross sections. Figure
11(a) shows the SEM surface image before etching. Large
[001] grains and some grains with undefined crystal direction
were observed. The average size of {B81) faces of the
large grains is aboutdm. After 20 h bias-assisted Hetch-
ing, the surface morphology changes strongly, as shown in
Fig. 11(b). The [001]-oriented crystals become more domi-
nant in the image. Thé01) faces are rougher. The average
size of the(001) facets of the largg001] grains increases up
to nearly 2um.

The results demonstrate the effect of the selective etching
of diamond grains by H ions to the morphology of the
films. The contribution of the etching by atomic hydrogen to
the selectivity can be ruled out because it causes only an
improvement in the film quality but not the film
orientation?6:47

When hydrogen ions in the plasma are accelerated to-
wards the substrate during the bias-assisted etching, the en-
ergy and the amount of Hions bombarding the substrate
increase in comparison with that without bias. Due to the
lower atom density of thg100; face relative to thg111
face, more H ions can channel through the lattice of ori-
ented(001) faces with their normal along tHe01] direction.

In contrast, thd111} faces have the highest atom density and
the impact probability of hydrogen ions with atoms on the

tion of the interface between the diamond substrate crysta{lllj} plane should be high. The etching efficiency of H

: : e is therefore lower fo001) faces than fo{111} faces.
and the top layer grown by bias-assisted deposition is o ns 1s th
importance to confirm this prediction. ‘\?o explain the phenomenon that tt@01) faces that are par-

allel with the substrate become larger aftet ldns etching,
a redeposition should be taken into account during the H
ions etching process. The™Hons will etch off the carbon
atoms from the diamond face forming hydrocarbon species
(such as CH, CkK and CH) that could be neutral or charged
As is demonstrated in Sec. lll A, tH®01]-textured top  positively. The hydrocarbon clusters charged positively will
layer can be prepared on differently oriented diamond filmse accelerated towards the substrate due to the negative bias
by applying a negative substrate bias potential during diapotential and then neutralized by capturing electrons from
mond growth. The selective etching caused byibins dur-  the substrate, so the carbon partial pressure near the substrate
ing deposition is supposed to play a decisive role. Due to theurface is higher than the etching process without substrate
facts that the growth process is a combined process of deptyias. The redeposition process can occur during the etching
sition and etching and the presence of methane in the ggwocedure. The etching efficiency of'Hons on the non-
phase, the hypothesis, however, cannot be confirmed expe{B01] oriented grains is higher than that f01] grains with
mentally. It is difficult to distinguish the contributions of the their [001] normal parallel to the ion flux. Hence, tt@02)
selective H etching and001] preferential growth. faces will survive and become larger due to the local chemi-
To prove the reported selection mechanism due to theal transport reaction while the n¢@o1] grains will be
orientation-dependent etching vyields, the selective etchingtched off.
effect of H" ions on the differently oriented diamond faces It was found experimentally in our laboratory that the
using pure hydrogen as reactant gas was investigated. Fuenucleation of diamond crystallites and the etching rate of
thermore, this selective etching was used for the preparatiohydrogen ions due to the substrate biasing depend critically
of oriented diamond films. on the bias voltage applied. The variation of the ion energy
The experiment was divided into three stefi$:[001]-  enables therefore a control of not only the textured but also
oriented diamond films were deposited on mirror-polishedhe epitaxial diamond growth. As a logical consequence, the
(00 silicon wafers after bias-enhanced nucleatiti; the  selective etching effect is utilized to improve the epitaxial
samples deposited in the first step were etchreditu in  growth of[001]-oriented films.

FIG. 10. Transmission electron microscopic imdgeand the
electron diffraction patterib) of the bias-assisted top layer.

C. Investigation of the selective etching of H ions
as the origin of the oriented bias-assisted film growth
and its use for textured film growth
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FIG. 11. SEM morphologies of a diamond film befde and after(b) a bias-assisted hydrogen etching for 20d).shows the SEM
surface image of a diamond film deposited by a three-step process: 20 h deposition with bias-enhanced nucleativipr2ddidiing and
20 h deposition(d) is from the sample deposited without bias-assistéddt etching but for the same deposition tit#9 h) and under the
identical deposition conditions.

Figure 11c) shows an SEM image of a diamond film orientation grade of the film was increased by etching the
deposited by a three-step process: 20 h deposition with biagrains with the other direction away. In other words, this
enhanced nucleation, 20 h"Hon etching, and 20 h deposi- effect is possibly helpful for obtaining d001]-oriented dia-
tion. It can be seen that the film consists of compleféfi]- mond film with small film thickness.
oriented grains. The surface of the film is smooth and clear.
For the sample deposited without bias-assistédidh etch-
ing but for the same deposition tin{d0 h) and under the
identical deposition conditions as for the sample in Fig. The effects of ion bombardment on both stages of nucle-
11(c), the surface morphology differs consideralliyig.  ation and growth in microwave plasma assisted diamond
11(d)]. Non{001] grains still exist among the larg@01] CVD have been investigated. It has been shown that the
grains. increased ion bombardment modifies the nucleation and

Raman investigations showed a minor change of the crysgrowth behavior of CVD diamond films enormously. By bi-
tal quality of the on-top grown films. A too-long etching asing the substrate, oriented diamond nuclei can be generated
procesde.g.,>60 h) can, however, lead to a fine crystalline with very high density up to % 10'%cn?. During the depo-
structure. The grain boundaries and #® component of sition stage, ion bombardment leads to a renucleation of dia-
the film increase. mond on randomly oriented crystals and a selectivity of the

The selectivity of H ion etching on differently oriented diamond growth. Both effects observed in this work can be
diamond grains and its assistance in improving the orientaeffectively employed for improving epitaxial and textured
tion accuracy of diamond film are clearly shown, which isdiamond film growth. For example, a texture of the diamond
different from the methods reported in previous papers foffilm is achievable right at the beginning of the deposition by
preparing textured film&“° For previously reported meth- the application of a proper bias voltage to the substrates.
ods the oriented diamond films were prepared by a two-step Disadvantages of the ion bombardment were also ob-
process that varies the ratio of growth ratggy/V 117 by  served. These include the formation of amorphous carbon
changing the substrate temperature and gas composition phase and the creation of crystal defects. It was demonstrated
the plasma. The diamond grains of nd@®1] direction were that even on the single crystalline diamond, polycrystalline
covered up by001] grains, and the orientation grade of films top layers with crystal misorientation will be obtained when
increases with the film thickness. In the etching process, theubstrate biasing was used. This identifies, at least, the con-

V. SUMMARIES AND CONCLUSIONS
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tribution of ion bombardment induced crystal defects to theassistance in film preparation and film characterizations with
observed misorientation. To improve the heteroepitaxy ofAFM and TEM, respectively. We acknowledge R. Polini and
diamond films, these disadvantages of ion bombardmerl. Tomellini (University of Roma for their help and discus-

must be overcome.
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