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Limiting processes for diamond epitaxial alignment on silicon
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For the heteroepitaxial deposition of diamond on silicon using the bias-enhanced nucleation procedure,
several different processes contributing to the final misalignment of the layers can be idefitifi€de
interface of Si/diamond or Si/SiC and SiC/diamond, respectiv@lyThe growth of individual grains during
the biasing procesgiii) The growth competition between differently oriented grains and their coalescence
during the growth of thick films. X-ray-diffraction texture studies revealed that the azimuthal alignment is
essentially determined by the nucleation step. Oriented nucleation is only possible within a defined time
window. Within this time window the azimuthal misalignment shows a characteristic variation depending on
the absolute value of the bias voltage. The alignment of the SiC interlayer as measured by synchrotron
radiation cannot explain the observed variation. In contrast, texture measurements of thick oriented films after
exposure to the bias conditions suggest that the limitation of the process time window for oriented nucleation
as well as the variation of misorientation with biasing time can be traced back to the detrimental effect of
bias-assisted growth. Based on this mechanism, a model is proposed which allo® tmelescribe the
temporal development of the azimuthal misorientation within the process time windowh)atiodestimate the
contribution of bias-assisted growth on the misorientation. Finally, some epitaxial diamond films have been
deposited on high-qualit-SiC layers. A minimum value of 2.9° for the width of the azimuthal distribution
has been found.S0163-182808)04923-4

I. INTRODUCTION mond grains with g3-SiC interlayer and amorphous carbon
as well as oxide have also been observed at the interface. In
Introduction of the bias-enhanced nucleation processther studies, the diamond grains were always found on top
(BEN) provided a powerful method fdn situ nucleation in  of a g-SiC interlayer which developed during the biasing
diamond chemical vapor depositié8VD).* The method at-  Step. As shown in item 2, the quality of the two interfaces of
tracted further attention when highly oriented diamond filmsSi/SIC and SiC/diamond as well as the crystalline quality of
were realized onB-SiC(001) (Ref. 2 and S{100 (Ref. 3 the SiC layer will then contribute to the finGhis)alignment
more than four years ago. In order to clarify the mechanism&f the diamond grains. The samples characterized by TEM
for the BEN process, numerous experimental methods havePntain mostly interfaces which had developed after the real

been usedRaman spectroscopy, Fourier transform infrarednucleation gven(i.e., during lateral growth of the grains
spectroscopy, x-ray photoemission spectrosdpyand Since the SiC layer and the carbon phases may change dur-

transmission electron microscoVEM) (Refs. 6—8]. Most ing the duration of the nucleation proceddigpically 10-30

of the studies concentrated on the pumesitu nucleation min), and during the subsequent growth, these TEM results
: . . : P have to be discussed very carefully with respect to the role of
without consideration of the epitaxy aspect.

With h ! giff dificati the different phases for the oriented nucleation. Thus the
ith respect to heteroepitaxy, ditferent modifications o 5ning of the SiC interlayer for the oriented nucleation is
have been tried to improve the alignment, e.g., precarburiz

. bl » 3itill open.

tion of the substratduse of the AC bias? and deposition on ltem 3 shows the growth of diamond grains during the
thin B-SiC layers prepared in a separate CVD p_méégﬂ"e biasing step. First indications that slight misorientation may
latter resulted in films with a polar misorientation of 0.6°.

Furthermore, a large number of studies have been performed ©
to characterize the texture and especially the interface of het @
eroepitaxial diamond films on Si. ©) te 1

Evaluation of the nucleation mechanisms and systematic
studies toward an optimization of the epitaxial alignment are
hampered by(a) the variety of the interfacial structures
found in TEM, (b) the complexity of the processes occurring
during the nucleation step, afd the difficulty in evaluating |
quantitative texture data which allow a correlation with the =~ 7 Piemerd®= sic © sitican

nucleation process parameters. In Fig. 1, the most important g 1. phenomena experimentally found in diamond films het-
phenomena which have been identified experimentally argroepitaxially nucleated on ®01) substrates(a) Diamond grains
represented schematically. in direct contact with silicon without a SiC interlay€g) Diamond

Item 1 shows diamond grains in direct contact with thegrains on top of a thin epitaxig-SiC interlayer.(3) The growth of
silicon substrate as it has been found by high-resolutionhe diamond grains under bias conditiof®). Growth competition
TEM.* This suggests that a direct nucleation of diamond orbetween and coalescence of individual diamond grains modifying
silicon may be possible. However, in the same study, diathe texture with increasing film thickness.
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develop during homoepitaxial growth of individual grains  TABLE I. Parameters for bias-enhanced nucleation and the sub-
under biasing conditions have been reported in Ref. 13sequent growth step.
Changes in the growth mode on individual facets have beer _
further studied by scanning electron microscdEM) and Bias step  Textured growth step

14 . . . -
TEM. Blas-e_nhance_d nucleatlon_ e_xperlme_nts on s_|I|c0 ias voltage(V) 180 to —300 ]
suggest that bias-assisted growth limits the time for oriente . . :

. . o I . rocess time 15 s—-30 min 1200 min

nucleation, and in addition may significantly contribute to o

o - - . 1516  Temperaturg°C) 790 790
the misorientation measured by x-ray diffractiotRD).™ Microwave power(W) 1300 1300
However, its contribution could not be separated from nuclebI wav t? W 45 45
ation effects up to now. resilure(m an

After the nucleation step even the growth without bias®as flow rate H (sccm 180 180

modifies the initial texture of the film&tem 4). When the  Gas flow rate C(sccm  17.5, 1.8 15
wrong growth conditions are chosen, the epitaxy is rapidlycas flow rate C@(sccm 0 2.5
lost, favored by the twinning tendency of diamoHdThe

appropriate growth conditions depend on the orientation oL . o . .
. : older via a biasing electrode, as described in Ref. 23. After
the substraté(100- or {111-textured growth A first simple the BEN procedure, the films were grown to similar thick-

geometrical model describing this texture development is N ; )
based on the growth competition between differently Ori_nesses{ 10 pm) in a{100-textured growth process.

ented graing®'®However, in contrast to pure fiber textures, In order to quantify the contribution of the SIC interlayer

additional effects may contribute to the texture developmenLoa\t/Zebr;onreemg:g) dnvs;:grf tﬂ'eawﬁgli f”rnc:?essg\\j\z?irsl; rrrﬂletz d
in epitaxially nucleated fim& e.g., the coalescence of prep ¥ P

. . . . ; ; t different stages of the nucleation stdpg(,c= —200 V,
grains with slightly different orientations has been proposeua o S
as a mechanism which could help to improve the film3Substrate temperature 790 °C, 180-sccpard 17.5-sccm
texture?! CH,, and pressure 45 mbaiThe structure of these films has

XRD texture measurements always require a certain fiInPeen analyzed using synchrotron radiation.
thickness, which means that the initial orientation has al-
ready been modified. Monitoring the development of the po- B. Bias-assisted growth experiments
lar and azimuthal components of the misorientation with film The influence of bias-assisted growth on the texture was
thickness revealed that the first could easily be improved b¥tudied by applying the biasing conditions typical for the
appropriate growth conditions, while the latter was onlyoriented nucleation on Ssubstrate temperature of 790 °C,
weakly dependent on film thickness, thus reflecting the mis180-sccm H, and 17.5-sccm CH to ~10-um-thick het-
alignment introduced during the nucleation stéfrom this  eroepitaxially oriented diamond films. The bias exposure
observation we deduced the concept to quantify the influencgme was varied between 20 and 7000 s using bias voltages
of the nucleation process on the misalignment by restrictingyetween—50 and—200 V. The bias step was then followed
the evaluation on the pure in-plane component. by a textured growth stefsee Table )l for several hours.

In this paper we present experiments which aim at a sepasEM was then used to decide whether the biasing resulted in
ration of the different effects described above, and try tog complete loss of epitaxial alignment. A quantitative inves-
quantify their contributions to the final misalignment. It is tigation of the texture modification was performed by X-ray-
organized as follows: After a description of the experimentalgiffraction measurements of the azimuthal width of {820

arrangements in Sec. II, the results of texture measuremenfple density maxima in the plane of the substrate surface, as
on diamond films nucleated on(801) using the BEN pro-  explained in Sec. Il D.

cess are presented in Sec. Il A. In Sec. Il B, the results
from synchrotron radiation measurements on the structure of
the SiC interlayer are discussed. In Sec. Ill C, experiments
with bias-assisted growth are described. Based on these re- Some deposition experiments have been done using high-
sults, a simulation is presented in Sec. Ill D which describegluality (001) 8-SiC films as substrates. Their misorientation

the temporal development of the azimuthal misorientatiorvas <0.2° polar and azimuthally. They had been deposited
within the process time window for oriented nucleation. Fi-On S{001) by low-pressure chemical vapor deposition, as

na”y, epitaxia| diamond films deposited on h|gh_qualﬂy described in Ref24 The alignment of the dlamond fl|mS
SiC layers are shown in Sec. Il E. grown on thep-SiC substrates was characterized by azi-

muthal scans of th¢l13 B-SiC reflections.

C. Bias-enhanced nucleation orB-SiC

Il. EXPERIMENTS
D. Texture measurements

A. Bias-enhanced nucleation on $001) XRD texture measurements on diamond layers with a

The diamond films were prepared in a microwave plasmahickness of severghm were done by a laboratory x-ray
chemical vapor depositioMPCVD) setup as described in diffractometer equipped with an open Eulerian cradle using
Ref. 23. The substrates were mounted on an inductivel{Cu K, radiation from a conventional x-ray tufé0 kv, 30
heated graphite holder. The substrate temperature was meaA). The pure azimuthal misorientation was evaluated di-
sured by a pyrometer. The process conditions are summaectly from the azimuthal width of th¢220; pole density
rized in Table I. During the BEN process, a negative dc biaglistribution at a polar anglg=90°. This scattering vector
voltage was applied between the plasma and the substralgng in the substrate plane is easily accessible in transmis-
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sion measurements. The angular resolution for the used con-
figuration was about 1.0°. The transmission measurements
required preparation of the samples by etching a 5-mm-
diameter hole into the silicon substrates. Ta&0-um dia-
mond films were easily transmitted by the x rays.

Due to the low thickness of the SiC interlayers formed
during BEN on silicon, the bright synchrotron radiation
source at the German electron synchrotron DESY was used
for their structural characterization. The samples have been
analyzed at the HASYLAB beamline B2. Using the transla-
tion diffractometer equipped with an Eulerian cradle20,

k and ¢ scans were measured. The experiments have been
performed atA=0.154 nm by using a Si double-crystal
monochromator in the primary beam.

IIl. RESULTS AND DISCUSSION
A. Bias-enhanced nucleation on Si

While in situ nucleation by the BEN procedure is easy to
accomplish, the oriented nucleation resulting in epitaxial
films requires a very careful control of the nucleation condi-
tions. As shown in former work, the duration of the biasing
process essentially decides whether epitaxial or purely fiber-
textured films are depositél Figure 2a) shows the tempo-
ral development of the azimuthal distributions of the dia-
mond {220} reflections for a bias voltage o200 V. The
curves can be fitted by Gaussian distributions, with the maxi-
mum corresponding to the preferred orientation coinciding
with the orientation of the substrate. Below 4 min, a negli-
gible nucleation density was observed, and above 12 min no
epitaxy was observed, thus defining a process time window
of epitaxial nucleation. Due to the low nucleation density the
4-min sample did not allow sample preparation for the trans-
mission measurements. The values of the full width at half
maximum (FWHM) first slightly decrease down to a mini-
mum at 10 min followed by a rapid increase, as shown in
Fig. 2(b). Simultaneously the absolute intensities behave
contrarily, passing through a maximum. Though the absolute
intensities cannot be linearly correlated with nucleation den-
sities of epitaxial grains, they qualitatively reflect the de-
crease in signal from epitaxial crystallites accompanied by
the increase of the fiber texture component. Below 4 min,
only a vanishing nucleation density was found. In contrast,
above 12 min the films were purely fiber textured though the
nucleation density was very high. This latter loss of orienta-
tion coincides with the rise in biasing currdsee the inset of
Fig. 2(a)], resulting from the increasing coverage of the sub-
strate with diamond.

The changes in the film texture for long biasing times
indicate two paths for the loss of orientation: a continuous
broadening of the orientation distribution, and a rapid com-
plete loss of orientation. Possible mechanisms refer to inter-
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face and _nucleatlon or gr_O\_Nth phenomena. The_ﬂr;t have FIG. 2. (8) Azimuthal distributions of the diamon{220} pole
been studied by characterizing the changes of@#&C in-  gensities for films nucleated blg,,<= — 200 V varying the duration
terlayer at the upper border of the time window. The resultsf the biasing procedure. Hatched areas correspond to the signal
will be described in Sec. Ill B. In addition, experiments on from nonepitaxial crystallites. Inset: Temporal development of the
the texture modification by bias-assisted growth will be dis-biasing current(b) FWHM'’s and peak heights of thg220 pole
cussed in Sec. lll C. density maxima shown ifg).
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BIAS TIME (S) FIG. 4. FWHM of the azimutha]220; pole density distributions
FIG. 3. Full width at half maximum values of th@20 azi- for 1% and 9% CHin H, measured for a large number of samples.
muthal pole density distribution vs the biasing time for 1%,GiHd The straight lines indicate a linear correlation between bias voltage
9% CH, at U= — 210 V. and the minimum values for the azimuthal misorientation.

epetween—lso and—300 V, and at CH concentrations of
% and 9% a map of experimental values as shown in Fig. 4
s been derived.

The results of Fig. 2 demonstrate that evaluation of th
influence of a single nucleation process parameter on thé
epitaxial alignment always requires a scan across this proce & L .
time window. In order to study the influence of the carbon The minimum value at constant bias voltage and carbon

concentration on the azimuthal misalignment, this procedurgoncentration is taken as repre_zsentative of thi_s set of Process
has been applied for 1% and 9% CH H A,s shown in Parameters. For both gas mixtures a deterioration in the
2.

Fig. 3, the width of the time window for oriented nucleation alignment is found with increasing bias voltage. At low car-

narrows with the methane concentration. This reflects th(—?on concentrations this effect is even more pronounced, thus

accelerated nucleation and growth at higher carbon Conce;?_upporting the conclusion that higher carbon concentrations

tration. With respect to the absolute values for the width of V" the epitaxial alignment.
the profiles, deposition at higher carbon concentration yields
a slightly better alignment. B. Structural properties of SiC interlayers formed

From elementary nucleation theory it is known that the during BEN on silicon

deposition rate has a fundamental influence on the film |5 former TEM investigations, it has been shown tigat
quality*® Increasing the methane content results in highesic develops under conditions similar to the present one.
deposition and nucleation rates. This should reduce the avairne predominantly epitaxia-SiC was very rough with pro-
able time for the adatoms to reach their equilibrium posi-nounced misorientation, and it changed with biasing time.
tions, and also limit the time for clusters to align at the sur-gpjtaxial diamond crystallites with oriented SiC interlayers
face. The latter process is especially important wheRyere found(Fig. 5.

epitaxial alignment is supposed to be a postnucleation phe- since TEM can only provide local information, the
nomenon. In the present experiments higher carbon conceresent synchrotron radiation XRD study was perforrted
trations in the gas phase did not cause a deterioration ify optain quantitative data about structural properties and the

epitaxy. In contrast, they yielded lower values of misalign-orientation of thes-SiC layer, andb) to separate its contri-
ment. We conclude that the epitaxial quality is not limited by

postnucleation rearrangement processefation, migration

of diamond clusters. Similar conclusions have recently been
drawn from the observation of a negligible influence of the
substrate temperature on the epitaxial alignntent.

The bias voltage has a strong influence on the nucleation
rate and the alignmenf. Below some threshold values,
nucleation enhancement by the bias voltage is negligible. For
the process parameters of Table | in our experimental setup
this value is about-150 V. In contrast, at-300 V nucle-
ation densities>10° cm2 can be achieved within 1 min.
The time window for epitaxial nucleation narrows accord-
ingly, showing systematic deterioration in the alignment with  FIG. 5. High-resolution image of a diamond crystal at the sili-
increasing biasing time. Evaluating the misorientation withincon surface. Thé111} layers of Si,3-SiC, and diamond) are
the time window of oriented nucleation for bias voltagesmarked(Ref. 7).
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FIG. 6. 6-26 scans for the Si(111) reflection measured at the 4500 SC 111
position of the Si112) reflection(y=54.739 for samples biased for 4000 - I ( )
6, 10, and 13 min. — HM BEN
% 3500 FWHM(Ay) PROCESS
bution to the misalignment of the diamond layers. Samples = 3000 1 TIME:
were processed for 6, 10, and 13 min under BEN conditions .8 ., 7.0°
without subsequent growth, corresponding to short, optimal, & 13 min
and delayed nucleation times according to Fig. 2. S 2000
Figure 6 shows®-20 scans of the three samples mea- £ 1500 | 7 8°
sured in off-specular direction at a polar angle-54.73° (£ .
corresponding to the orientation of the{Bi1} poles. The L 1000 - 10 min
B-SiC(111) reflections are clearly visible with strongly in- E 500 |
creasing intensity after 13-min nucleation time. For the long- — 7.3° 6 min
est process time, some signal from diamond was also detect- 07
able. . . -500 T T T T T T
For the further characterizatiof®-20, y, and ¢ scans at 70 65 -80 55 -50 -45  -40  -35
the specular directioly=0°), at y=54.73° and 72.45° cor-
responding to the orientation of the substrate reflections % - ANGLE (deg)
(002, (111), and(311), respectively, were measured. Figure b)

7 showsy and ¢ scans for the3-SiC(111) reflections, which
confirm the epitaxial alignment with a cube-on-cube orienta- FIG. 7. (a) ¢ scans andb) x scans of the Si(111) reflection for
tion relative to the substrate. The data for the FWHM'’s of allsamples biased for 6, 10, and 13 min.
scans are summarized in Table II. Due to the low diffraction
intensity the B-SiC(002) profiles for the 6- and 10-min distributionsA¢ andAy. Af of this analysis for thg-SiC
samples could not be evaluated. From the FWHRB, the (311 reflections andA %, for the 8-SiC(111) are given in
coherently scattering crystal domain size was deduced usingable II.
the Scherrer formul& In the last column of Table Il, one As shown in Ref. 22, the broadenidg contributes to the
can see that for all the measured directions the size is bavidth A¢. Assuming an isotropic tilt, a method has been
tween about 4 and 6 nm. According to this nearly isotropicproposed to deduce the width of the pure azimuthal orienta-
shape, we assume a spherical broadening of the reflectionsfional spread. Applying this analysis to the present data
the reciprocal space for the further analysis of the data.  yieldsA ¢, andA ¢ (tsc stands for tilt and size correcied
Two items contribute to the linewidth of the and x  Both sets of data for the width of the in-plane orientational
scans: the angular spread of the orientation and the crystallitgistribution show a reasonable good agreement.
size contributiomw with Aw=A20/(2 sin®). According to The present data confirm the formation of epitaydebiC
Ref. 27, the pure orientational component for a scan axisinder our BEN conditions on @i01) substrates. The domain
perpendicular to the direction of the reciprocal lattice vectorsize vertical to the surface as deduced from the linewidth of
can be deduced by(A x)?— (Aw)? provided that the mea- the Bragg reflections is about 4 nm for the 13-min sample. In
sured profiles can be described by Gaussian profiles, which TEM cross-section study of this sampleg-8iC layer with
applies very well for the present measurements. This siza varying thickness of up to 7 nm has been observed. The
correction(index s¢ has been performed for all measured strong limitation of the scattering length parallel to the sur-
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TABLE II. Linewidth of the 6-26, ¢, and y scans measured at the orientation of (862, (111), and
(311 poles of the SD01) substrate for three samples with nucleation process times of 6, 10, and 13 min. The
procedures for the calculation of the crystal domain size and the FWHM df e, Apis , andA g are
described in the text.

SiC(002
Crystal
Nucleation domain size
time (min) A26 (°) Ap (°) Ay (°) - - R)
6 - - - - - -
10 - - - - - -
13 2.6 - - - - 36
SiC(11))
Crystal
domain size
A26 (°) Ag (°) Api. (°) Ax (°) Axs () A)
6 1.9 7.7 4.5 7.3 6.5 46
10 1.6 8.2 5.6 7.8 7.1 54
13 1.5 7.6 5.2 7.0 6.6 58
SiC(31))
Crystal
domain size
A26 (%) Ae (%) ApE () Apig () - A)
6 2.7 5.9 5.4 5.0 - 38
10 25 6.4 6.0 55 - 41
13 2.1 5.8 55 51 - 49

face, which is of the same magnitude as the vertical lengthprocess where SiC of varying crystalline quality and epitax-
indicates the presence of a high density of crystal defectsal alignment, amorphous carbon and even oxide have been
The crystal domain size slightly increases between 6 and 18ported. Thus the probability for nucleation of oriented dia-
min. In contrast, the pure azimuthal misorientation, given bymond depending on all these parameters prevents this evalu-
A and Agp,, scatters between 4.5° and 5.6° without ation procedure.
clear correlation with biasing time. Finally, the present values shall be briefly compared with
Our main interest in the structural properties of ;&iC  results from synchrotron x-ray diffraction measurements by
layer was to clarify its role in the misalignment of the dia- Je and Noff on the microstructure of thg-SiC layer that
mond films. As given in Fig. 3, the in-plane orientational developed after ultrasonic treatment of the silicon substrate
spread for the diamond films shows a characteristic variatiowith diamond powder. The authors found that the ultrasonic
with process time. Especially at the upper border of the protreatment with diamond powder strongly enhanced the
cess time window, the distribution broadens rapidige also  growth of the SiC layer. Up to 2 h, the thickness of the layer
Ref. 16. From the negligible variation of the values in Table continuously increased, reaching values of 9 nm daG8).
I, we conclude that thgs-SiC layers do not provide an ex- For the orientational spred@WHM), values of about 3° for
planation for the texture modification with biasing time. An deposition on §001) have been reported. As compared to
alternative explanation is discussed in Sec. Il C. the present study, the thickness of B&iC layers is signifi-
With respect to absolute valuespis for the 5-SiC lay- cantly higher, which may be traced back to the process time,
ers and the width of the azimuthal distributions for the dia-longer by one order of magnitude. In addition, the epitaxial
mond layers prepared under comparable conditions are of tidignment is significantly better than for tieSiC layers of
same magnitude. This suggests that for the present procetis work. Since a lower Cliconcentration in our experi-
conditions the major fraction of the misorientation arisesments did not yield an improvement, we see the main differ-
from the poor quality of the SiC interlayer. On the one hand.gnces in(@ the biasing procedure which may cause defects
the present result motivates the deposition on high-qualitglue to the ion bombardment, aritl) the duration of the
B-SiC as the preferable substraigee Sec. Il E On the processes. Further systematic studies would be necessary to
other hand, a quantitative deconvolution of the contributiorclarify whether the orientational spread simply improves
to the misalignment of the diamond film originating from the with the thickness of th-SiC layer.
B-SiC layer would require an ideal layer structure Si/SiC,
which provides identical nucleation conditions for diamond
over the whole surface. However, lateral inhomogeneities on
a subum scale are typically observed by TEM in this work,  For the explanation of the rapid broadening of the distri-
in accordance with many other TEM studies on the BENbutions in Fig. 2 after surpassing the optimal biasing time of

C. Texture modification by bias-assisted growth
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FIG. 8. Scanning electron micrographs of A6+-thick diamond = 1200
films after 15-min exposure to the biasing conditigase Table)l %
at () Ugjue= — 100 V and(b) Ugj,e= —200 V. L 1000+
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10 min and the simultaneous loss of orientation, bias-assisted E 600 4
growth phenomena are one possible explanation. In order to
separate the growth phenomena from nucleation phenomena, w “*
we applied the biasing conditions to thi¢ks10 um) het- @ o0 °
eroepitaxially oriented diamond films, and investigated the 0

loss of azimuthal orientation with biasing time and increas- ! . ' ! ’ ' !
. . -300 -280 -260 -240 -220 -200 -180
ing bias voltage.

The morphological changes after 15-min growth under BIAS VOLTAGE (V)
biasing conditions are shown in Fig. 8 f@@ Upgj,s=— 100 b)
V and (b) —200 V. At —100 V, the{100 facets have split

into crystalline domains, with the orientation of the underly- muthal alignment as a function of the applied bias voltage. Filled

ing diamond grain, which are bordered [00], [010], and ircl gk il th h itaxial PP hg ot

[110], [1-10] edges At —200 V the centers of the former circles mark films with heteroepitaxial grains present at the surface,
' : while empty triangles correspond to samples for which the azi-

1001 facets are covered by a flat layer of nanocrystalllnemuthal alignment was completely destroyed by growth under bias

diamond, while bulblike .struc'tures consisting of ?morphou%onditions.(b) Variation of the process time window for oriented
carbon and nanocrystalline diamond grew at their edges. cleation of diamond on @01 with the bias voltagéRef. 16.
Whether or not the information about the orientation ofgjjied circles mark heteroepitaxial films, while empty triangles cor-
the underlying diamond lattice was still transferred duringrespond to samples without preferential azimuthal alignment.
the biasing procedure was deduced from the texture at the
film surface after subsequent unbiased growth for several For a direct comparison, the process time window for
hours under conditions stabilizing(a00 texture. Discrimi-  oriented nucleation of diamond on(801) is depicted in Fig.
nation between pure fiber textures and partial epitaxial align9(b). This time window narrows from 22 min to 70 s when
ment was done by scanning electron microscopy. increasing the bias voltage from180 to —300 V. Simulta-
Figure 9a) shows the exposure time necessary for a comneously, the bias process timg, for the narrowest azi-
plete loss of the azimuthal alignment vs the applied biasnuthal pole density distributions decreases from about 17
voltage. At—50 V the epitaxial orientation is preserved evenmin to 20 s.
after 5 h of bias treatment. In contrast, at100 V a pure Loss of orientation during bias-assisted growth and the
fiber texture was observed after an exposure time of 60 mirlimitation of the time window for BEN of heteroepitaxial
This time interval reduces drastically when further increasingdiamond films on silicon show a similar temporal dynamics.
the absolute value of the bias voltage. AR0O V, a 20-s However, they scale differently with the applied bias volt-
bias treatment suffices to destroy the azimuthal alignmerage: While 20 s at-200 V destroys the orientation in Fig.
completely. 9(a), the time window at—300 V in Fig. 9b) amounts to

FIG. 9. (a) Exposure time necessary for a complete loss of azi-
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\fﬁ %;;- for both sampleglower curves in Fig. 1L However, as in-
o ! dicated in Fig. 1{c), the diamond films constitute a system
- of three layers, i.e., the oriented diamond film which was
used as the substrate, the thin layer deposited under biasing
conditions, and the upper layer grown at the end under con-
ventional growth conditions. The latter contained the infor-
mation about the texture modification due to bias-assisted
growth. In order to avoid contributions of layers 1 and 2, the
samples were successively thinned by bias-assisted plasma
etching in a CQ/H, mixture of 2.5:200. The measured azi-
muthal pole density distributions after different etching times
FIG. 10. SEM image of a film after 15-min bias-assisted growthare also shown in Fig. 11. In agreement with the SEM ob-
at —150 V and subsequent 6<001)-textured growth. servation the upper layer of the 45-min sample is purely fiber
textured. In contrast, the width of the azimuthal distribution
about 1 min. This difference results from the enhanced curfor the 25-min sample increases from 7.7° to 11.3°. Taking
rent and electrical field strength above a diamond film asnto account that the first value contains the integral contri-
compared to a clean or partially diamond-coated siliconbutions of all three layers, i.e., the alignment of the initial
substraté® From the present results we conclude that biasdiamond film was better than 7.7°, a broadening due to bias-
assisted growth causes the rapid complete loss of the epitayssisted growth by more than 3.6° can be deduced. The
ial a'lignment at 'ghe upper border of the.BE.N time window. present conclusions are again based on the assumption that
_ Figure 10 indicates that_ the h(_)mo_ep|ta?<|al growth U_nderthe latter growth step without bias does not significantly
bias conditions leads to slight misorientations of the S'nglemodify the azimuthal orientation of the epitaxial grains, as

domains relative to the underlying crystallite. In order to has been observed for BEN nucleated layers on sifikon.
study whether these modifications of the local texture result

in measurable contributions to the global film texture, and
thus may explain the deterioration of the azimuthal orienta-
tion for the epitaxial grains observed in Fig. 2, the texture
modification caused by bias-assisted growth was determined
quantitatively by XRD. According to the results described in Sec. Il B, the dis-
Figures 11a) and 11b) show the results for two samples turbance of the homoepitaxial growth of diamond grains un-
after bias-assisted growth at150 V for 25 and 45 min, der biasing conditions can qualitatively explain the broaden-
respectively. SEM investigations revealed a pure fiber texing of the orientation distribution for long biasing times and
ture for the 45-min sample, while a preferential in-plane ori-the rapid complete loss of orientation which represent two
entation was still visible at the growth surface of the 25-mindifferent paths. On the other hand, up to now bias has been
sample. XRD transmission measurements after removing thef crucial importance in inducing nucleation, and can thus
silicon substrate showed maxima in the azimuthal profilesiot be avoided. It would therefore be highly interesting to

D. Modeling of the texture modification by growth under
biasing conditions during BEN on silicon

0 T T T T T T T 0 T T T
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a) b) c)

FIG. 11. Azimuthal diamongR220; pole density profiles measured in transmission of epitaxial diamond films after 2&naind 45-min
(b) bias-assisted growth at150 V and a subsequent conventional growth for 10 h. The lower profiles were measured after etching only the
silicon substrate. The middle and upper profiles were determined after successively thinning the diamond film. The schematic @tawing in
indicates the positions of the etching front.
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estimate the contribution of this detrimental effect on the
measured misorientation under optimum nucleation condi-
tions.

In the following we propose a model which describes the
influence of growth under bias on the texture development.
The basic elements of this model are the following.

(i) Growth under bias results in a rapid complete loss of
orientation. We assume that the probability for this process
to occur is constant for every individual grain, independently
of its size. Thus the number of oriented grains which popu-
late the substrate surface at a given titpelecays exponen-
tially with a characteristic time constant

FIG. 12. SEM photograph of a diamond film or(@2) after 10
min of BEN.
g(t—to)=exg —a(t—tg)]. 1) , _ ,
density measured by SEM after different durations of the
Simultaneously the number of epitaxial grains is increase(jjz,;EN process at a blas'voltage 600 V. For BEN'process.
times shorter than 5 min, only a very low nucleation density

by nucleation processes. S . ) ;
(ii) Bias-assisted growth continuously increases the mis?/aS found, which is usually correlated with an incubation

alignment for every individual grain by generating defects atime. Since an additional 60-min grovyth step did not change

the growing surface. The underlying microscopic processe%:e situation, we can exclude that this effect was caused by

still have to be clarified. Within the present simulation we e limited resoluyon of our SI.EM' .

assume that they are of a statistical character, and each defectm order to derive an analytlcal. expression for the_ nucle-

can change the orientation by s or — . ation rateq, the mea§ured n.ucleatlon densmgs were fitted by
(iii) The pure nucleation process without any modification®" ane}lythal function .Wh'Ch. could be differentiated as

by bias-assisted growth is already accompanied by a certaﬁhown in Fig. 13. The simulation started from the measured

(intrinsic) misalignment. An ensemble of diamond grainsInitial distribution _at ° min.with a FWHM of 5.7°. The
which have nucleated simultaneously is described by a(#:t) dependencies were fitted by varying the free param-

Gaussian distribution with an initial FWHM af o, and a  StersD. @, andA, in order to reproduce the experimental
constantr representing the fraction of oriented nucleation result for the temporal development of the misorientation as

events. This distribution broadens by the mechanisms des-hOWn in Fig. Zb). The result of the simulation foD

_ e § — a1 — o :
scribed in Eq(2). Due to its formal equivalency with a dif- =12 min" a=1.4 min ,_an(_j ¢0=3.9°, a_nd the experl-
fusion problem, we use the expression mental values, are plotted in Fig. 14 for a direct comparison.

The simulation in Fig. 14 reproduces the experimentally
observed minimum. The fit parametar=1.4 min ! corre-
Ag(t—tg)=AgoD(t—tg)+1 (2)  sponds to a half-life period of 0.5 min. The broadening of the

distribution given by the simulation for BEN process times
>11 min is slower than in the experiment. Additionally, in

to describe the temporal development of the width of thIScontrast to the simulation, the experiment indicates a com-

dls;r;bg;['%n.t' the distribution of grains nucleated & is plete loss of orientation far>12 min. Both effe.cts can eas-
given by ily be traced back to the feedback of the growing film on the
5x10°0 =
) 1 [4In(2) p( —41n(2) 2) G~ a0 E
(tto.0) rAﬁD(t_to) 7 A Re(t—12% | E 12x10° - 4x10° g
3 z i
L 10x10° d
In this context,D denotes a time constant describing the (—_') — 3x10° %
spreading of the distribution. D 8x10° =
Based on the knowledge of the nucleation density E g
n(ty) and the nucleation rate(t,), it is possible to simulate O 60 -0
the temporal development of the azimuthal distribution as E =
shown in Fig. 2a) by integrating the product (¢,t) R o
=rdn(te)/dtog(t—to)h(t—to) from ty=0 to tgey, the du- pd T A
ration of the BEN procedure, assuming constant values for '{'gJ 210° 1 'o_)
A gy andr during the whole nucleation process. This tempo- 0. 0 %
ral development was measured by terminating the BEN step 4
after different process times, and then analyzing the samples )
by SEM. Figure 12 shows a SEM image of a sample after 10 NUCLEATION TIME (min)
min of BEN at a bias voltage of-200 V. FIG. 13. Nucleation density and the nucleation rate vs BEN

The data points in Fig. 13 correspond to the nucleatiorprocess time at)gj;s= —200 V.
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FIG. 15. ¢ scans for thé€311) reflections of diamond and SiC of
4 : : . : a diamond/SiC/Si sample.
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) Investigations by Lannon, Gold, and Stinespfihg
BIAS TIME (m|n) showed that exposure to hydrogen ions modifies a silicon
carbide surface and near-surface layers. In surface observa-
tions of SiC substrates after negative bias treatment in dia-
mond deposition, pronounced etching has been fdfind.
Originally flat B-SiC substrate surfaces exhibited a notice-

biasing current, and especially the electrical field s'[rength"‘bIe stripe lg‘;"fpho'ogy immediately after the BEN
above the diamond-covered substrate, as discussed in S etreatment.*2It cannot be excluded that our present BEN

[Il C. Considering their contribution is beyond the scope Ofcor)dltlons' changg thes-SiC supstrgte §urface neggtwely,
the present simulation. which again deteriorates the epltax@ alignment of d|a_1mond.
The most important result of the present simulation refersTh_uS the present Fesu't Show? f{he Improvement of d'amond
to the minimum value of\¢. Comparing the best value of epitaxy ongB-SiC without a decision about its final potential.
Ag (4.6° with the “intrinsic” misorientationA ¢ (3.9° as
deduced from the simulation, we conclude that for the termi-
nation of the BEN process at the optimum time the contri- IV. SUMMARY
bution of a disturbed homoepitaxial growth due to the bias- | this work the different processes contributing to the
ing conditions amounts to less than 20% of the totalnisalignment of diamond films on silicon epitaxially nucle-
misorientation. ated by the BEN procedure have been studied. Oriented
nucleation is only possible within a defined process time
window. Restricting to the pure azimuthal spread of the ori-
entation, a characteristic variation with the biasing time has
In Sec. Il B it was shown that the in-plane alignment of been found. At the upper border of the process time window
the SiC interlayer, which forms under the described experithe distribution broadens rapidly. During the BEN process a
mental conditions during the BEN step, is of rather poorthin highly defectives-SiC layer develops. From XRD line
quality. Under the assumption that diamond predominanthproadening, a thickness of about 4 nm was deduced. The
nucleates on SiC, the azimuthal alignment of the diamonabsolute value of the orientational spread of this layer is
film is limited by that of the SiC interlayer. Therefore, high- about 5°—6°, indicating that the quality of the epitax$abiC
quality SiC layers with angular spreads of in-plane and outinterlayer strongly limits the diamond epitaxy on silicon.
of-plane crystal orientations below 0.2° have been tested d3eposition on high-quality3-SiC substrates confirm this re-
substrates. The BEN process conditions were comparable tlt. Due to the high values, a quantitative deconvolution of
those for which the best results on silicon had been obtainedhe interlayer contribution to the diamond misalignment is
As compared to silicon, the BEN process was acceleratedot possible. We attribute this to the strong lateral inhomo-
Rocking curves for an @am-thick diamond film showed a geneities of the interlayer, where areas of different crystal-
FWHM of 2.7°. The in-plane component was characterizedine quality are accompanied by different probabilities for
by ¢ scans for thg311} reflections, as given in Fig. 15 for the oriented nucleation of diamond.
the diamond film and the3-SiC substrate. The pure azi-  According to its negligible variation with bias process
muthal component was deduced as described in Sec. Il Bime, the alignment of thes-SiC interlayer cannot explain
For the diamond film the azimuthal misorientation could bethe observed variation of the epitaxial orientation of the dia-
reduced to 2.9° as compared to 3.9°, the optimum value remond films with biasing time. Instead, bias-assisted growth
alized on silicon up to now. experiments prove a texture modification during homoepi-
Despite this improvement there still exists a considerabldaxial growth of diamond under biasing conditions which can
misorientation. Due to the difficult availability of high- qualitatively explain this behavior.
quality B-SiC, systematic parameter studies to find the opti- A simple model was proposed which describes the influ-
mum conditions orB-SiC are still to be done. ence of growth under bias conditions on the texture develop-

FIG. 14. Experimental valuestaken from Fig. 2 for the
FWHM of the azimuthal22@ pole density distributions compared
with the values deduced from the simulation.

E. BEN on high-quality B-SiC layers
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