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Abstract

1t was first time that low frequency R. F. derived plasma enhanced MOCVD with trimethylborate precursor was
used to fabricate a new ternary compound BO.N,. The formation of BON molecule was resulted from nitrogen ni-
trifying B-0, and forming the angular molecule structure proved by XPS and FT-IR results. The relationship be-
tween hardness and film thickness was studied. An thickness-independent hardness was fond about 10 GPa. The
empirical calculation of band-gap and UV test result showed that our deposited BO.N, thin film was semiconduc-
tor material with 3.4 eV of wide band gap. The electrical conductivity, 48X 1072(Q -cm) ~! also confirmed that
BO,N, has a semiconductor property. The roughness detected from the as-grown films showed that there was no
serious bombarding effect due to anion in the plasma occurring in the RF frequency derived plasma.

1. Introduction

The materials, composed of boron (B) with
other light elements such as nitrogen (N), carbon
(C), oxygen (Q), ete, are interesting, because of
their excellent properties for superhardness”,
insulation® and nonlinear optical behavior®. Thus,
they are attractive for wear protection®, electronic
device® and wide band-gap optoelectrical device®
and laser device®. Recently, the possibility on the
existence of boron oxynitrogen (BON) compound
has been proposed”. However, there has no report
on fabrication and property of this materials in
detail yet. Radio frequency (R.F.) plasma enha-

nced metaloganic chemical vapor deposition

(MOCVD) has been successfully applied into the
fabrication of oxide®, nitride® and boron-contai-
ning materials'®. The frequency was usually 13.56
MHz in these cases. High ratio of gas-phase mole-
cule dissociation was expected'” by using such a
high frequency that may be resulted in the multi-
dep-osit fabrication of multi-elements compou-
nds. To avoid this disadvantage, a deposition
process with low frequency is highly desirable. In
this paper, therefore, we reported the fabrication
of BON thin films by low frequency (100 kHz)
derived plasma enhanced MOCVD using an orga-
noborate precursor. The composition and surface
morphology of BON films were determined by x-
ray photoelectron spectroscopy (XPS), SEM, and
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Fourier transform infrared (FT-IR) spectroscopy.
The hardness, surface roughness and optical ba-

ndedge absorption property were also presented.

2. Experimental

The procedure of BON fabrication was done in
a set of parallel plate electrode discharge deposi-
tion system. The plasma was derived by R.F. with
100 kHz frequency and 500 W power. The plasma
source gases were Ar/N,/H, in which the flux
was 200 scem, 20 scem, respectively. The trime-
thlyb-orate, (OCH,) B (TMB), was used as boron
and oxygen source. It was introduced into the
reactive zone of deposition chamber by a gas
distribution ring which had pine-holes on it. The
flux was 2.2 sccrm without carrier gas. The work-

ing pressure 2 Torr in the chamber. The substra-
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tes applied in this study were one-side polished
single crystalline silicon wafer with (001) crystal
surface and micro cover glass. Before they were
installed on the substrate heater in the deposition
chamber, they underwent degreasing and drying
in vacuum. The substrate temperature measured
by thermocouple an controlled by a commercial
temperature controlling system was kept at 500 C
during deposition. The longest deposition time

was b hours.

3. Results and Discussion

Figure 1 is the binding energies of Bi(a), O
{b), Ni{c) and Ci(d) of an as-grown BON film
obtained by high resolution XPS. The values are
as similar as those in ref.7, where B(O,N) was

declared. Since the binding energy of Ny is higher
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Fig 1 High resolution x-ray photoelectron spectra of a BON thin film grown on Si (100)

substrate at 500 °C for 4hrs
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than 398.1 eV, attributing to direct bond between
B and N atoms'®, N is more closely bonded to O
rather than to B. On the other hand, the binding
energy of Oy and B are also smaller than 533.24
eV and 193.70 eV respectively. That means there
is no B;0s structure in the films'¥. Therefore, the
molecule of B(O,N) seems to be reasonable as
BON. The XP survey spectrum (not shown) also
shows that the content of carbon is reduced obvi-
ously after the Ar ion sputtering. As the sputter-
ing depth is less than 3 nm, the carbon is the
absorptance of the BON surface. The atomic com-
position of as-grown films after sputtering were
determined as: 30.6% B, 42.1% 0, 27.2% N. The
stoichiometric formula were thus determined as
BO, No.s The compositions of all as-grown films
are also confirmed with RBS.

Fig. 2a is the FT-IR result obtained from the
BON film grown on Si (100) substrate at 500 °C
for 4hrs. It shows that there is abroad and strong
peak at 1580-1270 cm™'. The peak occurring at
this range was regarded as graphite carbon struc-
ture'®, B-0' and B-N'®, respectively. Based on
the analysis of binding energies in Figs. 1{a) ~ 1
(c), our film can have the B~O-N bond. So, this
peak can be regarded as B-O-N feature vibration
in IR spectra. Then the bond type in the films is
very similar to B-O-N. Notice the peak at 1351
cm . It is well known that h-BN has two vibration
frequencies at 1390 and 750 ca™' '®. In our case,
B may not directly be bonded with N as mentioned
above. One can imagine that the interaction bet-
ween B and N is weaker than that in BN. That

means the smaller k value in the formula of

u:% % (v is vibration frequency in IR, A is

proportional constant, k is force constant, g is

reduced mass) . So, the vibration due to this inter-
action will occur at lower energy range than that
in the BN for IR spectra. thus, we regard that the
peak at 1351 cm™' shows the interaction between
B and N with weak force constant compared to
h-BN. If BON is linear structure, the distance will
be 385 A (Roxween=0.61 A) which is about 3
times as long as the BN bond length according the
data in ref.17. Such a long distance is impossible
for B and N to form an enough strong interaction,
and can not be detected by IR. So, we concluded
that the atoms of B, O, N in the films prefer to
angular structure rather than linear one. The
peaks occurring at the range of 1100-600 cm™! in
Fig. 2a are thus due to B-O-8i bridge at (930-915,
675-600 cm™!) and Si-0 (1100, 840-790 cm ™) *®.
From the XPS and IR results, it can be seen that
the bond between B and O in BON is "inherited"
from the precursor. The formation of BON bond is
therefore the result of activated nitrogen nitrify-
ing the B-O radical. The maintaining of B-O bond
in the BON, films can be ascribed to the low
frequency derived plasma deposition condition.
This indicates that low frequency derived plasma
is one of the available methods for material fabri-
cation to utilize the former bond existence in the
precursor.

The band-edge absorption of the film grown on
a glass substrate was detected by ultraviolet (UV)
/visible absorption spectra, shown in the Fig. 2b.
The film has not high transmittance (about 50%)
in the infrared, through the visible and into the
UV, where it drops sharply due to the band edge
of the material. With the almost the straight-line
interception at about 360 nim wavelength, a band-
gap of 3.4 eV is deduced. The electrical conducti-
vity of the film was also measured by 4-points
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Fig. 2 Typical FT-IR (a) and UV-visible (b) spectra of BON, thin films grown on Si
(a) and glass (b) substrates at 500 C for 4hrs.

probe method. The conductivity was 4.8 X 107*(Q
- cm)

These results show the wide band gap feature
of the gained films, suggesting a semiconductor
property. If assuming the full p shell for both O
and N in O\N, radical, the electronegativity of

radical O,.«Ng s is 2.6 according to the calculation
of group electronegativity X =?(% (N, is the

number of atoms in group formula; 7 is the num-
ber of a particular element in the group, X is the
electronegativity of the particular element.)'. In
terms of the empirical relationship?® between the
band gap and the electronegativity, the band gap
of BO.N, is very close to 3.6 eV. Qur result is little
small than the calculated one. This may be ascri-
bed to carbon contents in the deposited films.
Usually, carbon can reduce the transmittance of
UV. In our case, the UV detection was done in the
open air. The film was not clean by ion sputter,
signifying that some parts of carbon was incorpo-
rated by precursor itself during deposition. The
carbon in/on the film surfaces made low transmi-
ttance rear the band-edge. So, the measurement

value tends to become small. This result suggests

that the band gap of BO.N, can b tailored from in-
sulation to semiconductor by the changes of the
nitrogen and/or oxygen of BON, in UV protec-
tion®”,

The microhardness test for the as-grown films
on Si substrate was carried out by using Knoop
indentor under the following condition, 25 g load,
10 sec load time, 5 sec held time, 5 sec unload
tirne. The dependence of hardness and thickness
is shown in Fig. 3. When the thickness of films are
less than 1 micron (in zone I ), the hardness de-
creases with the increase of thickness. More than

1 micron, the hardness firstly increases with the
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Fig 8 Dependence of microhardness and film thick
ness.
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thickness (in zone II), then arrives at a thickness
-independent value, which is about 10 GPa (in
zone Iif). This value is comparable with the one
obtained from low carbon content BNCO film re-
ported previcusly’. As the hardness of BON film
is not high, the change of hardness in zone 1
may be ascribed to the reducement of substrate
effect™.

The characteristic of SEM morphologies (see
Fig. 4) at different thickness zones are also inves-
tigated. The surfaces of the films show very
smooth feature for the thickness less than 1 mi-
cron (zone I). In the region between 1 and 3 mi~
cron (zone II), the films are non-continuous.
Thicker than 3 microns (zone 1), the films be-
come successive. So, the minimum hardness in the
zone II may lie in the non-perfect film structure.
As the film structure is stable in the zone I, the
hardness value is no-charged. That is why the no
-continuous film morphology observed by SEM.
As the plasma condition were the same in these
three zones, the change of roughness is due to the
film structure rather than the plasma condition. In
fact, the roughness, except zone. II, is small com-
pared to the result gained by ECR method in AIN

Axy tputder  De WU bt 0
WOt i SE Rl Ll

Zone 1

Zone II

film surface'”. This means that there is little ion
bombarding effect in our experimental condition.
It indicate that low frequency derived plasma can
also be used in semiconductor material fabrica-
tion by properly designing the reactive chamber.
On the other hand, the change of roughness is in
the range of nanometer scale. This means that the
roughness changes can not influence to the hard-
ness very much under our measurement condi-
tion. So, the change of harness is strongly or
mainly related to the film structure rather than

roughness.
4. Conclusions

A new ternary elements compound BON, was
fabricated by 100 kHz frequency derived plasma
enhanced MOCVD method with trimethylborate
precursor. The formation of BO.N, was the resuit
of activated nitrogen nitrifying B~O radicals, and
formed angular molecular structure. The stoichi-
ometry of this material was determined as BO, 4
No.o. The experimental results showed that it was
a semiconductor with 3.4 eV band gap and 4.8 X

1072(Q « cm) ! electrical conductivity as well as

Zonelll

Fig 4. SEM images of the BON films in different thickness zones shown in figure 3
(@) inzone1; (b) inzonell; (c) in zonelll.
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10 GPa hardness. The fabrication of BON, also
showed that low frequency derived plasma depo-
sition condition was suit for material fabrication

to utilize the bond occurring in precursor.
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