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Abstract

This paper reports the surface morphology and structural imperfection of boron-doped diamond films prepared by microwave
plasma enhanced chemical vapor deposition. It was found that boron dopants improved the structural quality of diamond films. The
surface morphology consisted mainly of the {111} facets. A significant enhancement of nucleation density and consequent decrease of
grain size was observed with the addition of diborane in the gas phase. Raman spectroscopy indicated that, with the introduction of

boron dopants, the integrated intensity of the diamond peak at 1332 cm

~! increased relative to the intensity of the non-diamond

peak at about 1500 cm ™!, and the full-width at half maximum of the 1332 cm ™! peak decreased. In addition, the 1.681 eV (738 nm)
photoluminescence peak related to point defects was effectively reduced, or even eliminated by the boron dopants. Finally, transmis-
sion electron microscopy studies found that the densities of planar defects (mainly stacking faults and microtwins) also decreased

with the boron addition.

1. Introduction

There are extensive research activities in the growth
of p-type semiconducting diamond films by boron dop-
ing in chemical vapor deposition (CVD) processes [1-6].
The electrical characteristics of boron-doped diamond
films have been widely reported. However, little is known
about the effects of boron doping on the microstructure
of such p-type diamond films. Various microstructural
features can be either directly responsible for or related
to the desired film properties. It has been shown that
vapor deposited diamond films contain extensive crystal-
line defects (stacking faults, microtwins and dislocations)
and other structural imperfections (secondary phases,
grain boundaries, surface roughness, impurities, etc.)
[7-11]. These structural defects degrade many physical
properties of CVD diamond including optical transpar-
ency, electrical resistivity and thermal conductivity
[12, 13]. A comprehensive characterization and under-
standing of the microstructure of CVD diamond films
and its correlations with the process parameters (in
this study, the boron dopant) is thus of great import-
ance in an attempt to eventually control and tailor the
microstructure of diamond films for specific applica-
tions. This will, in turn, lead to improved electrical
properties of such boron-doped, p-type diamond films

and enhance their applications in the semiconductor
industry.

In 1988, Kobashi et al. [3] observed that the film
morphology was sensitive to the diborane concentration
in the CH,/H, gas phase. With the increase of the
diborane concentrations, the surface morphology
changed from the randomly oriented, triangular {111}
facets to the pyramidal {111} facets and then to a
needle-like graphitic structure. Fujimori et al. [1, 5]
reported that the crystallinity of homoepitaxial diamond
films was affected by boron doping. With electron
energy loss spectroscopy (EELS) they showed that
boron dopants (10%° atom cm %) effectively eliminated
the characteristic peak of graphite in the boron-doped
diamond film. Nishimura et al. [6] and Yacobi et al.
[14] also reported that the structural perfection of
boron-doped diamond films was higher than undoped
films. In this study, we report in detail on the effects
of boron doping on the microstructure of diamond films.
Electron microscopies, Raman spectroscopy and photo-
luminescence spectroscopy were used to reveal the
various aspects of the microstructural features of
diamond films. The results were related to the reported
electrical measurements of boron-doped diamond
films. Possible mechanisms responsible for the boron
effects on the microstructure of diamond films were
discussed.
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2. Experimental details

Boron dopants were introduced into diamond films
by mixing diborane (B,Hg) with methane (CH,) and
hydrogen (H,) gases in a microwave plasma-enhanced
CVD process. The details of the deposition apparatus
and experimental procedures have been given previously
[15]. A series of films were prepared with different
doping levels by varying the diborane concentration in
the gas phase from 0 to 1 ppm (0, 0.005, 0.01, 0.1, 0.5
and 1 ppm; corresponding B/C ratios were 0, 2, 4, 40,
200 and 400 ppm respectively). The substrates were p-
type (111> oriented single-crystalline silicon wafers
(resistivity of less than 1 Q cm). They were pretreated by
polishing with 0.25 um diamond paste for 1 h followed
by ultrasonic cleaning in distilled water, alcohol and
acetone. The major process parameters for the growth
of these films were: substrate temperature, 800 °C; pres-
sure, 35 Torr; methane-to-hydrogen volumetric ratio,
0.5%; total gas flow rate, 100 cm® min™?; deposition
time, 7 h. The thicknesses of these films were approxi-
mately 1.1 um, corresponding to an average growth rate
of about 0.15 um h ™1,

Secondary ion mass spectrometry (SIMS) was used to
quantitatively determine the boron concentration in the
films, with a boron ion-implanted type Ila diamond
single crystal as standard (with a dose of 10!* atom cm ~*
implanted at 150 keV). Scanning electron microscopy
(SEM) and scanning tunneling microscopy (STM) were
used to examine the surface morphology of the films.
Transmission electron microscopy (TEM) with parallel
detection electron energy-loss spectroscopy (EELS) was
employved to investigate the internal structural imperfec-
tions and the segregation of boron dopants in the films.
Finally, Raman spectroscopy and photoluminescence
spectroscopy were used to study the diamond crystall-
inity and optically active point defects within the films.
The spectra from both the Raman region (1000
1800 cm ') and the photoluminescence region (1000—
7000 cm ™ ') of diamond were excited using a 514.53 nm
argon 1on laser light. The laser beam had a spot size of
about 2 pm which sampled about 2-5 grains in the
current diamond films.

3. Results

3.1. Boron concentrations in the diamond films

Three diamond films deposited with B/C ratios of 0,
40 and 400 ppm in the CH,/H, gas phase were measured
by SIMS. The SIMS measurements were performed with
a 15 keV O, beam. The sputtered area was 250 x 250 um?
and the sampling diameter was about 60 pm. The mea-
sured boron concentrations in these three films were 0,
049 and 33.6x10'"® atomcm * respectively. These

values correspond to B/C ratios in the diamond films
of 0, 3 and 190 ppm respectively. The data suggest that
the boron atoms effectively incorporated into the dia-
mond films increased with the B,Hg concentration in
the gas phase. The chemical mapping image of boron
atoms in the film grown with a B/C ratio equal to
400 ppm showed that boron atoms were dispersed uni-
formly throughout the diamond film. However, con-
sidering the spatial resolution of the SIMS chemical
mapping technique, which was about 1 ym and larger
than the grain sizes of the current diamond films, possible
aggregations of boron atoms near the grain boundaries
might simply not be resolved. Consequently, EELS in
TEM was used to detect the boron distribution in the
diamond grains and to check if boron segregation along
grain boundaries occurred. No boron was detected in
all the EELS spectra collected either inside the diamond
grains or along the grain boundaries. Thus, it is believed
that any boron segregation which may be present in the
current diamond films was below the minimum detecta-
ble concentration of boron in a carbon matrix by EELS
which is about 0.2 at.% over the probed region (about
50 A diameter spot size) [16]. In addition, electron
diffraction patterns taken in TEM also revealed no
evidence of the formation of any boron carbide. This is
not surprising since the incorporated boron concen-
tration was apparently too low to form a second phase.

It should be noted that the boron concentrations in
the films were lower than the boron concentrations in
the gas phase, indicating that the incorporation rate of
boron species was smaller than that of the carbon
species. This is opposite to what was reported for boron
doping of diamond films grown on alumina (Al,O,)
substrates [6] in which the boron concentrations in the
films were greater than the boron concentrations in
the precursor gases. This can possibly be attributed to
the use of different substrate materials (silicon vs. Al,O;)
which have differing effects on the nucleation and growth
rates of diamond. Other minor impurities found in the
films included hydrogen, nitrogen and silicon. They were
present in both doped and undoped films, and their
concentrations did not change with the addition of
boron dopants except for the hydrogen concentrations
which slightly decreased. The accurate values of the
concentrations of these impurities were not available
because of the lack of standard sampiles.

3.2. Surface morphology

The surface morphology of undoped diamond films
consisted mainly of the triangular {111} facets plus a few
{100} facets as shown in Fig. 1(a). As boron concentration
increased, the number of {100} facets dispersed in this
{111} morphology decreased. Thus, it appears that boron
atoms promote or stabilize the {111} faces as the domi-
nant surface morphology (compare Fig. 1(a) with Figs.
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(a)

(b)

Fig. 1.

1(e) and 1(f)). However, since the low methane concen-
tration employed in the deposition process (0.5%) also
tends to favor the formation of the {111} faces on the
surface [15], further experiments under higher methane
concentration (e.g. 2.0%) conditions are necessary to
verify this. It will also be helpful to determine if the
concentration and distribution of boron atoms are
different between the {111} faces and the {100} faces.
Such results would be useful in establishing the role of
boron in controlling the crystallographic development
of diamond.

The grains of heavily doped films (Figs. 1(e) and 1(f))
had a more regular shape and smoother surface than
the undoped or slightly doped films which exhibited
various growth features on the surface (see Figs. 1(a)
and 1(b)). This is believed to be related to an enhanced
surface mobility of carbon species with the introduction
of boron as discussed in section 4.1. The boron dopants

(d)

also greatly enhanced the nucleation density of diamond
films as shown in Fig. 1, in which a significant decrease
of grain sizes can be observed with the increase of the
B,H¢ concentrations in the gas phase. The grain sizes
changed from about 1 pm for undoped or lightly doped
(B/C ratios at 2-40 ppm) films (Figs. 1(a), 1(b) and 1(c))
to about 0.5 pm for heavily doped films (greater than
40 ppm) (Figs. 1(d), 1(e) and 1(f)).

Scanning tunneling microscopy (STM) was success-
fully performed on the diamond films grown with ratio
B/C>4 ppm, and it provided information on the surface
topography on a smaller scale than the SEM results.
The tunneling current and the biasing voltage used for
imaging were about 1.0 nA and —1.0 to —2.1 V respec-
tively. The STM topographic data correlated with the
corresponding SEM results. Figure 2 exhibits STM
topographs of the surfaces of diamond films grown at
the B/C ratios of 4 and 400 ppm. The average surface
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Fig. I. SEM images of the growth surfaces of diamond films grown
at different B/C ratios: (a) 0 ppm. (b) 2 ppm, (c) 4 ppm. (d) 40 ppm,
{e) 200 ppm, (f) 400 ppm. It appears that boron atoms promote or
stabilize the {111} faces as the dominant surface morphology. A
significant decrease of grain sizes can be observed with the increase
of the B.H,, concentration in the gas phase.

roughness (about 0.5 um for the ratio of 4 ppm and
about 0.3 pm for the ratio of 400 ppm) was comparable
with that observed from SEM. However, individual
grains had much smoother surfaces than the overall film
(about 28 A for the ratio of 4 ppm and about 18 A for
the ratio of 400 ppm). In addition, ridges and steps
oriented parallel to each other were observed which
represent features of twinning bands within the grains
intersecting with the surface. The limitation of imaging
by the STM technique for diamond films deposited at
B/C less than 4 ppm was due to their poor electrical
conductivities. These low electrical conductivities made
it more difficult to define the spatial positions of carbon
atoms on diamond surfaces because of the degraded

(b)

Fig. 2. STM topographs of the surfaces of the diamond films grown
at B/C ratios of (a) 4 ppm, and (b) 400 ppm. The surface average
roughness was comparable with that observed from SEM.

resolution resulting from both large fluctuations in the
tunneling current during scans and frequent tip crashes
into insulating regions [17. 18].

3.3. Structural imperfections

The Raman spectra shown in Fig. 3 indicated that,
with the introduction of boron dopants, the integrated
intensity of the diamond peak at 1332 cm ™! increased
relative to the intensity of the non-diamond feature at
1500cm "', and the full-width at half maximum
(FWHM) of the 1332 cm ™! peak decreased. It has been
reported previously [19] that the microcrystalline
domain sizes of diamond films can be calculated based
on the phonon dispersion curves by utilizing the line-
width of the diamond peak at 1332 cm !, although the
existence of non-uniform stress may complicate the
matter. The decreasing FWHM of the diamond peak
reveals an increasing domain size of diamond, which
indicates an improvement of the diamond structural
perfection. In addition, the Raman spectral background
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Fig. 3. Raman spectra of diamond films grown at different B/C ratios.
It shows that with the introduction of boron dopants, the diamond
peak at 1332 cm™! increased relative to the non-diamond feature at
1500 cm ™!, and the FWHM of the 1332 cm ™! peak decreased.

arising from the luminescence also decreased with the
boron addition. Therefore, the films doped with boron
atoms contained a decreasing amount of non-diamond
phases and possessed an increasing degree of structural
perfection of diamond, despite the increased grain
boundary area caused by the decreasing grain size. It is
interesting to note that apparently this increased grain
boundary area had no significant contributions to the
spectral background. Therefore it can be surmised that
lattice defects rather than grain boundaries are primarily
responsible for the luminescent background.

The improvement of structural perfection by the boron
addition has also been supported by the TEM results
as shown in Fig. 4. It can be seen that the densities of
planar defects (mainly stacking fauits and microtwins)
decreased when boron was doped into the films. Some
diamond grains in the heavily doped films contained
very few microtwins and stacking faults and were almost
defect-free. The reduction of these planar defects is even
more significant when one considers that the {111}
faceting increased with the boron addition, because the
{111} faces are well known to contain higher densities
of planar defects than other crystallographic faces [20,
21]. Similar phenomena of defect reduction were
observed in TEM sampling of other doped films with
different dopant concentrations. Therefore it is believed
that the defect density was globally reduced in the boron-
doped films. The results are rare in undoped diamond
films grown under similar process conditions, especially
in those {111} faceted diamond grains which normally
contain extensive planar defects [7-11, 20, 21].

The effects of boron atoms on the luminescence fea-
tures of CVD diamond films were particularly interest-
ing. The photoluminescence (PL) spectra in Fig. 5

(a)

(c)

Fig. 4. TEM images of diamond films grown at different B/C ratios:
(a) 0 ppm, (b) 2 ppm, (c) 400 ppm. It can be seen that the densities of
planar defects decreased with the introduction of boron dopants.
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Fig. 5. Photoluminescence spectra of diamond films grown at different
B/C ratios. The PL peak at 1.681 eV (738 nm) decreased and essentially
disappeared in the boron-doped film.

indicated that the prominent PL peak at 1.681eV
(738 nm) which is common for undoped CVD diamond
films on silicon substrates decreased with the addition
of boron atoms. This peak essentially disappeared in the
heavily doped film (e.g. by B/C ratio at 400 ppm). The
PL feature at 1.681 eV from CVD diamond is very close
to the GR1 line at 1.674 eV common in natural diamond
and associated with neutral vacancies [22]. Thus, it has
been speculated in the literature that it is related to
similar point defects (vacancies) in CVD diamond films
as the GR1 center in natural diamond [ 14, 23, 24].

4. Discussions

4.1. Nucleation enhancement

It is obvious that boron doping enhanced the nucle-
ation density and decreased the grain size of diamond
films, as shown in Fig. 1. There are similar reports
[25-27] on the effects of boron doping on the growth
of silicon films. Numerous attempts have been made to
explain this behavior, The catalytic influence of adsorbed
boron atoms on the growth kinetics (gas phase decompo-
sition and adsorption rates) are considered to be the
main reason for such favorable effects on the surface of
silicon. Similar ideas on the catalytic effects of boron
have also been put forward for the nucleation and
growth of CVD diamond films [28] but the detailed
mechanisms remain unknown. Most probably, the effect
of nucleation enhancement with the boron addition is
due to a number of possible mechanisms: (1) The boron
atoms catalytically promote the dissociation of carbon-
containing molecules and enhance the creation of the
correct diamond nucleation species. (2) The positive
potential which adsorbed boron acceptors bring to the

surface induces electron bombardment from the plasma.
The electron bombardment has long been known for its
favorable effects of enhancing adatom mobility and
chemical reactions on the surface [23, 29]. (3) Boron
reacts with other species (such as hydrogen, nitrogen
and silicon. all of which were identified by SIMS). These
side reactions disrupt the normal diamond growth and
consequently increase the diamond nucleation. (4) Along
the same line, since boron was found to enter the
diamond lattice at a lower rate than carbon, the boron
atoms reduce the growth rate of existing diamond grains
on the silicon substrate and thus enhance the nucleation
probability of new diamond grains. However, more
theoretical modeling and carefully planned experiments
are needed to examine these possible mechanisms and
reach a conclusion as to the mechanism(s) responsible
for the nucleation enhancement by boron doping.

4.2. Line and planar defect density decrease

Bernholc et al. [30] have indicated that carbon self-
diffusion and vacancy-assisted impurity diffusion in dia-
mond are Fermi level dependent and can be enhanced
by dopants because of the lowering of the activation
barrier for charged vacancy diffusion. At the diamond
growth temperatures (700-900°C), such an enhanced
diffusion with boron incorporation could lead to a higher
surface mobility and improved incorporation of the
carbon atoms at the growing surface into their proper
lattice positions, thereby minimizing the formation of
structural defects in the films. Such phenomena of
enhanced surface diffusion leading to minimized struc-
tural defects have been well documented in the literature.
For example, Ma et al. [31] found better structural
quality of diamond films grown at higher substrate
temperatures. Based on the results, they indicated that
the enhanced surface mobility of carbon atoms, which
occurred at higher substrate temperatures, allowed
atoms to arrange themselves into their equilibrium sur-
face state prior to overgrowth without the 60" bond
rotation (this rotation creates a {111} twin boundary or
stacking fault) and thus resulted in improved quality.
This is also similar to the reported effect of boron on
the densification of «-SiC through the sintering process
[32]. The presence of boron enhances both the lattice
and grain-boundary diffusion rates to the extent that
they allow full densification in the %-SiC which densifies
only slightly in the pure state. Thus, one reasonable
explanation for the boron-doping effects here involves
enhanced surface diffusion during growth, thereby ena-
bling an improvement in the structural quality. The
reduced growth rate of diamond films upon boron
additions may also play a role in allowing sufficient
diffusion and reducing defects.

In addition, recent semi-empirical molecular orbital
calculations by Mainwood [33] showed that the total
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energy change upon boron substitution into diamond is
minimal. This suggests that the boron substitution into
the diamond carbon lattice is a very favorable and stable
process. Furthermore, the kinetics of the classical hydro-
boration reaction in organic chemistry (a reaction
involves the addition of borane to carbon-carbon double
bonds) [34, 35] suggests that boron is an effective
catalyst in breaking the carbon-carbon double bonds
and polymerizing the molecules. Therefore any carbon—
carbon double bonds on the growing diamond surface
may be eliminated by the presence of borane species
(containing hydrogen and boron atoms) in the plasma.
It has also been reported that the bonding probability
of boron atoms with sp® hybridized carbon atoms is
negligible at the deposition temperature [36]. As a result,
the adsorbed boron atoms are expected to have a similar
effect to atomic hydrogen in stabilizing the sp* hybridiza-
tion of carbon atoms on the growing surface and ensur-
ing the growth of good quality diamond films, although
the number of boron atoms was much smaller than the
number of hydrogen-terminated bonds.

4.3. Point defect density decrease

The population of point defects (vacancies) was
decreased with the introduction of the boron dopant
(Fig. 5). For CVD diamond films grown on silicon
substrates, these vacancy centers have been speculated
to be introduced by the incorporation of silicon atoms
during the growth [14, 23, 24]. If this is the case, the
boron atoms can occupy either the vacant sites created
by the large silicon atoms or the normal diamond lattice
adjacent to the vacancy. With these atomic configura-
tions, the optically active defects are effectively passiv-
ated or quenched by the boron atoms. Consequently,
the extra energy level responsible for the PL feature is
altered or eliminated. Similar phenomena have been
observed by Dyer and Ferdinando [37] in semiconduct-
ing natural diamond. These indicated that all acceptors
in p-type diamond have to be compensated before
absorption or luminescence spectra can be measured. In
addition, the increase in carbon self-diffusion discussed
in the preceding section may also lower the point defect
density by allowing the vacancies to migrate to surfaces
during growth. The determination of which of the pre-
ceding speculations is dominant remains an interesting
topic of investigation.

5. Summary

Boron dopants were effectively introduced into dia-
mond films by mixing diborane with hydrocarbon/
hydrogen gases in a microwave plasma enhanced CVD
process. The diamond grain sizes were significantly
reduced with addition of boron. Furthermore, an increas-

ing degree of structural perfection of diamond was
achieved by the boron dopant. Graphitic components
and planar defects were reduced, and optically active
point defects were eliminated. These improvements in
quality occurred despite the fact that grain sizes
decreased (and thus grain boundary area increased) and
{111} faceting increased with boron additions (the {111}
faces are known to contain higher defect density). Fur-
ther work is needed to study in detail the gas phase and
surface chemistry in the boron-containing environment
and to clarify the responsible mechanisms for the boron
effects.
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