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Abstract 

A hot filament activated plasma-assisted chemical vapour deposition (PACVD) technique was developed to deposit 
BN films under a wide range of conditions. Using this technique, mixed-phase boron nitride (BN) films, containing 
crystallites of the cubic phase embedded in a hexagonal matrix, were deposited from a non-toxic source material, 
borane-ammonia (BH3-NH3) at a substrate temperature of up to 350 °C. These films showed good thermal and 
chemical stability, with smooth surface topography. It was found that the increased ion bombardment at higher r.f. 
power contributed to increasing the volume fraction of the cubic phase in the film. The film properties, e.g. refractive 
index and stress, are directly correlated with the increasing cBN content of the film produced by higher activation 
energy. Hardness of the film measured by ultra-low load indentation showed an improvement over the silicon 
substrate. The electronic properties of these films were measured, and exhibited high resistivity and breakdown field 
strength, and a low level interface state density. 

1. Introduction 

Boron nitride (BN) shows unique structural, mechan- 
ical, optical and electronic properties that make it ideal 
for a variety of industrial applications. Interest in dia- 
mond deposition and subsequent constraints has di- 
verted curiosity to growing cubic boron nitride (cBN) 
films: cBN is a sister-material to diamond. With respect 
to diamond, cBN is a favourable superhard material 
that resists oxidation even at elevated temperatures up 
to about 1400 °C. BN.exhibits an excellent inertness to 
hot steel surfaces under conditions where diamond is 
dissolved violently and therefore cannot be used. As 
well as having superior mechanical properties to those 
of diamond, cBN could be useful for electronic and 
optical coatings. The low atomic number combined 
with transparency and mechanical strength give BN 
potential as an optical coating; the high resistivity, high 
dielectric strength and thermal conductivity, along with 
the possibility of doping the semiconducting cBN with 
both n and p type impurities, make cBN a strong 
competitor to diamond-based electronics. 

The promise cBN holds, and the success in growing 
diamond or diamond-like films, have revitalized the 
interest in cBN films worldwide for the past few years. 
After extensive research worldwide in the past three 
years, numerous experimental and theoretical problems 
remain, and successful synthesis of well-crystallized 
cBN films has been very difficult compared with that of 

diamond films. Most of the reported films are highly 
defective, with many experiments showing the presence 
of nanocrystalline and pyrolytic (hexagonal) material. 
In particular, researchers are facing considerable 
difficulties and different views in characterizing cBN 
films. This was discussed recently by the present au- 
thors [1]. Notwithstanding the high number of works 
motivated by the realization of some properties of cBN 
thin films that are superior to those of diamond, there 
has been no report, since the pioneering work by 
Sokolowski [2], on the growth from vapour of cBN 
whose crystallinity is comparable to CVD diamond 
films. 

We have deposited thin films of mixed-phase BN 
using the non-toxic material borane-ammonia (BH3- 
NH3) by the PACVD technique incorporating a hot 
filament activation. The structural and physical proper- 
ties of these films are described using various character- 
ization techniques. 

2. Experimental details 

The experimental system has been described else- 
where [1, 3]. As was reported previously, a non-toxic 
crystalline solid, BH 3-NH 3, was used to produce BN 
films. The evaporation procedure of BH 3-NH 3 is also 
described in ref. 1, and procedures for cleaning and 
etching the substrates immediately prior to the deposi- 
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TABLE 1. Deposition conditions 

Reactant Borane-ammonia (BH3-NH3) 
Carrier gas Nitrogen (N2) 
N 2 flow rate (sccm) 18-100 
Working pressure (mbar) 0.26-0.9 
R.f. power (W) 50-400 
Substrate temperature (°C) 350 
Filament temperature (°C) ~ 1300-1600 
Deposition time (min) 45-90 
Film thickness (nm) ~ 100-300 

tion have been reported [ 1, 3]. Table 1 lists the deposi- 
tion conditions. 

3. Characterization techniques 

The N2 plasma was studied by using an optical 
emission spectrometer (DIGITWlN from Sofie Instru- 
ment). The detector has two changeable grids with 
200-600 nm (UV) and 500-900 nm (VIS) range. The 
light emitted from the plasma was guided to the 
monochromator through the quartz wall by means of 
an optical quartz fibre which was located just above the 
substrate holder. 

The thermal stability of the films was determined by 
thermogravimetric analysis (TGA), which was carried 
out in a Stanton Redcroft TG 750/770 instrument. The 
morphology and topography were studied using a 
Leica-Cambridge $360 SEM. 

The films on Si or KBr were studied using IR spec- 
troscopy which was carried out on a Perkin-Elmer 
983G spectrometer in the transmittance mode in the 
range 600-4000 cm -~, using a bare silicon wafer as a 
reference where necessary. The silicon wafer was etched 
just before introducing it in the deposition chamber and 
the reference silicon was also etched just before the IR 
study, which was conducted immediately after each 
deposition. 

The relative content of cubic to hexagonal phase was 
obtained by the intensity ratio of the IR absorption 
bands at about 1065 cm -j and about 1365 cm -~ respec- 
tively, since the absorption intensity is a function of 
film thickness. The intensity was evaluated by the peak 
height common tangent base line method [4]. The in- 
tensity ratio of cBN and hBN, AcBN/AhBN, is indepen- 
dent of the film thickness. A Rudolph ellipsometer with 
an He-Ne laser (633 nm) beam incident at 70 ° was 
used to determine the thickness and refractive index of 
the films on silicon substrates. 

The stress in the BN films was measured by the 
curvature method, which is most commonly used. The 
deflection was measured by optical microscopy on a 
5 mm long path in the middle of the substrate. A 4 in 

optically fiat microscope slide was used to calibrate the 
system, and initially an uncoated silicon wafer was 
evaluated to establish the initial curvature before depo- 
sition. 

The hardness of the films was measured using a 
Nanotest instrument manufactured by Micro Materials 
Ltd. The principle of this instrument has been discussed 
by Pollock et al. [ 5]. The Nanotest, unlike conventional 
hardness testers, produces continuous curves of load vs. 

indentation depth. For each run, the load was increased 
to a predetermined level and then automatically re- 
versed. The loading and unloading curves were ob- 
tained and the resulting hysteresis curve was produced. 
The depth values therefore contain both plastic and 
elastic contributions. In order to eliminate the elastic 
contributions, the elastic recovery parameter (ERP) [5] 
was determined for each run. This was found from the 
unloading branch of the hysteresis curve, with the 
intercept at zero load representing the plastic depth. 
The load was varied for each sample from 20 to 
0.2 mN, and at each load a hysteresis plot of load vs. 

depth was obtained. The resulting hardness values for 
each run were plotted against plastic depth. 

In order to examine the insulating properties and 
stabilities of BN films, A1/BN/Si metal-insulator-semi- 
conductor (MIS) structures were fabricated on (100) Si 
substrates. The experimental procedure of capacitance 
vs. voltage (C-V)  and current vs. voltage ( I -V)  mea- 
surements are described in ref. 3. 

4. General properties of the films 

BN films up to 300 nm thick were deposited directly 
onto silicon, KBr and steel substrates with controlled 
evaporation of the borane-ammonia adduct. Films 
were grown with various combinations of pressure, 
substrate temperature, filament temperature and r.f. 
power. 

As the evaporation of the borane-ammonia adduct 
was not even, the deposition rate was difficult to deter- 
mine, but was about 20/~ min "~. The density of the 
films measured by gravimetric techniques was in the 
range of 1.8-2.7 g cm -3. 

The films consisted of a mixture of the hexagonal and 
cubic phases, whose ratio depended on the deposition 
parameters. Most of the films were not attacked by 
water. There were no visible changes in the appearance 
of the films after exposing them to 40% dilute HCI acid. 
No weight loss or gain was observed for the BN 
samples in the TGA curve. The temperature range was 
100-1000°C; the rate was 15°Cmin -~. The samples 
were cooled down in an N2 dominant atmosphere. 
Their thermal stability was excellent. However, a colour 
change was observed in the case of hBN films. 



98 D. C. Cameron et al. / Mixed-phase BN films deposited by r.f. PACVD 

2 w  w 

)- 

Fig. 1. SEM image of mixed-phase BN thin film showing smooth 
surface topography. 

SEM images of  most of  the mixed-phase films ,*** 
showed a smooth and essentially featureless surface 
with an occasional nodule projecting above the surface. (a) 
These nodules may have been initiated when the r.f. ~,, 
power was momentarily turned off during the deposi- 
tion to check substrate temperature and/or  reactant " *  

temperature. When the r.f. power was momentarily ~ .  
turned off, it is likely that the evaporated reactant was ~ 
deposited on the film as a nodular form. Such a film 
grown at 400 W r.f. power, a substrate temperature of  ,~ *-'* 
350 °C and filament temperature of  1600 °C (pressure ,~, 
0.3 torr) is shown in Fig. 1. Most of  the boron nitride 
films grown with a substrate temperature of  350 °C and o.,, 
at higher r.f. power ( > 2 0 0  W) on properly cleaned Si 
substrates adhered well to the substrates. 

5. Structural properties of the films 

The cBN content of  the films depended strongly on 
the deposition temperature, filament temperature and 
capacitively coupled r.f. power. Without substrate heat- 
ing (the lowest substrate temperature was about  150 °C 
with 400 W r.f. power on) and filament activation, the 
cBN peak was very small. As the substrate temperature 
was increased, an absorption band at nearly 1054 cm -~ 
was normally obtained after 250 °C, though no func- 
tional relation could be determined between increasing 
substrate temperature and cBN content of  the films. 
Moreover, the adhesion of  the films to the substrate 
was good and the peak at 3220 cm -1 attributed to 
N - H  stretchirag vibrations disappeared in most of  the 
cases after 300 °C. For  this reason, we kept our sub- 
strate temperature always at 350 °C, which is suitable 
for most substrates, including high speed steel and 
GaAs. A filament temperature of  greater than 1400 °C 

WAVE NUMBER IN era" 

SubeVate tern~mturl 350"C 
~klment temml~lture 1100"C 

J 
100 /~0 300 ~ 

( h )  RF POWER. WA'I'rS 

Fig. 2. (a) IR absorption spectra of BN films prepared by varying the 
r.f. power at a substrate temperature of 350 °C and filament tempera- 
ture of 1600 °C; (b) intensity ratio of cubic to hexagonal phases in 
BN films as a function of r.f. power coupled to the substrate. 

had a considerable effect on the cBN peak shape and 
height. A value of  1600 °C of  the filament was therefore 
adopted in our experiments. 

Radiofrequency power has an important effect on the 
cBN content of  the films. With less than 100 W r.f. 
power, and at a substrate temperature of  350 °C, virtu- 
ally no cBN peak could be detected. At 100 W, maxima 
in absorption appear near both the hexagonal and 
cubic vibrational frequencies, but the hexagonal in- 
plane peak is stronger and wider than the tiny cBN 
peak. The hexagonal in-plane peak position varies 
widely from film to film, ranging from 1265 to 
1350 cm -1. After 160 W, there is a sharp increase in the 
cBN reststrahlen band. Figure 2(a) shows the IR spec- 
tra of  the deposited films at 200, 300 and 400 W respec- 
tively, at a substrate temperature of  350 °C and a 
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Fig. 3. The effect of r.f. power on the refractive index of the BN films 
grown at a substrate temperature of 350 °C and filament temperature 
of 1600 °C. 

filament temperature of  1600 °C; Fig. 2(b) shows the 
intensity ratio of  the cBN and hBN peaks with respect 
to the r.f. power. In addition to the peak-height change, 
there was a change of  the peak position of  the rest- 
strahlen band. The reststrahlen band related to sp a BN 
bonds shifts from 1096 cm -1 at 100 W to 1054 cm -~ at 
400 W. For  films grown at > 300 °C and > 200 W, no 
peaks exist at around 3220 cm-1 (which would be desig- 
nated as N - H  peaks) or at around 2400 cm -l  (which 
would be designated as B - H  peaks), confirming the film 
as hydrogen free. 

The refractive index of  the films grown at 400 W and 
at a deposition temperature of  350 °C and a filament 
temperature of  1600 °C was 2.29. The value of  refractive 
index with a good cBN reststrahlen peak in the IR 
spectrum did not show any value lower than 1.93. Values 
for the refractive index for cBN-containing films are 
usually 1.8-2.3, whereas the refractive index for the 
hBN films grown show values in the range 1.55-1.77. 
Run-to-run variations in the refractive index are usually 
within +0.05. 

The variation of  refractive index with plasma power 
is shown in Fig. 3. After 200 W, the refractive index 
showed a sharp increase with r.f. power. This correlates 
with the increasing cBN content of  the films as measured 
by the IR absorption peak. It should be noted that the 
indices of  the films with cBN content are substantially 
higher than those for hBN (1.7-1.8) [6] and are close to 
the reported values of  2.0-2.3 for cBN [6]. 

Structural characterization was also conducted by 
Siemens D-500 X-ray diffractometry. Other than a large 
peak due to the Si substrate, no peaks due to BN phases 
were found. 

........ ;~ ....... ~ ....... ~ ....... ~ ....... 

RF POWER. WATTS 

Fig. 4. The effect of r.f. power on the stress of BN films. 

stress for five films at 100W and 350°C is 
1.6 x 1011 dynes cm -2. However, films grown at higher 
r.f. power are under compressive stress and this stress is 
seen to be increasing with r.f. power. The stress at 400 W 
r.f. power and 350 °C was about 8.6 x 11 ~2 dynes cm -2. 
The uncertainty in the stress measurement is _ 10%. The 
data also show large scatter at lower r.f. power. The 
scatter is thought to be due to thinness of the films. 

With increasing r.f. power, the stress crosses over from 
tensile to compressive between 100 and 200W and 
remains compressive up to 400 W, the maximum power 
investigated. Figure 4 shows the variation of  the film 
stress with r.f. power at a deposition temperature of  
350 °C. The annealing of  the film at 400 °C at 10 mtorr  
for 15 min did not produce significant stress variation. 

Figure 5(a) shows the hardness vs. depth curve for 
sample 1 grown at 400 W r.f. power with a substrate tem- 
perature of  350 °C and filament temperature of 1600 °C. 
Figure 5(a) also shows the curve for uncoated and etched 
silicon for a comparison of  composite hardness and sub- 
strate hardness. For  higher indentation loads, the films 
begin to display a trend in hardness values which ap- 
proaches that of  the underlying material (Si), as expected. 
There is an increase in the hardness of  the coated 
substrate. All the films are approximately 300 nm thick. 

It is often most practical simply to compare specimens 
by normalizing one set of  data to another. This approach 
effectively eliminates questions of  the diamond geometry. 
Figure 5(b) shows the hardness data from sample 1 
normalized to the hardness data obtained from the 
substrate material. An improvement by a factor of 
approximately 1.5 is apparent from the figure. The 
hexagonal film coated substrate did not show an improve- 
ment in the hardness as compared with silicon substrate. 

6. Mechanical properties of the films 

The stress of  the hBN films grown at lower r.f. power 
(~< 100 W) was seen to be tensile. The average of  this 

7. Electronic properties of the films 

The MIS structure was used as the vehicle by which 
the electronic and interfacial properties could be 
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TABLE 2. Electro-physical parameters for MI'S structure 

Property AI/BN/nSi 

Refractive index n 
Dielectric constant E i 
Flat-band voltage Vfb 
Surface-state density Nss (states cm -2 eV -1) 
Resistivity p (f~ cm) 
Fixed charge density Qrc 
Breakdown field (V cm-i)  

1.55-2.3 
2.2-4.41 
26 V (for E i = 4.41) 
(1.75-7) x 1012 
(3.24-33) x 1012 
7 x 1012 
(8-40) x 105 
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Fig. 5. (a) Apparent hardness vs. depth curves for sample 1 
and substrate Si (sample 1: mixed-phase BN films grown at r.f. 
power of 400 W, substrate temperature T s = 350 °C and fila- 
ment temperature TF= 1600°C); (b) normalized hardness data 
(sample 1, H~:substrate Si, H2) vs. depth curve derived from 
Fig. 5(a). 

analysed. These included the dielectric constant Ei of 
the BN insulator, the flat band voltage Vrb, the sur- 
face-state density Nss and its distribution and the fixed 
charge density Qrc in the insulator. The C -  V and I -  V 
curves are described in ref. 3. 

As determined from the C - V  curves [3], the dielec- 
tric constant of mixed-phase BN films was in the range 
2.2-4.41. These values are close to the reported values 
for BN films in ref. 7, where they have a value greater 
than 4.2 for cBN films. 

The approximate surface state density and flat-band 
capacitance was determined using Terman's method 
[8]. The surface state density was approximated by a 
U-shaped curve with a minimum interface state density 
of 1.8 x 1012 states ClT1-2 eV-L 

From the measured I - V  characteristics [3], the re- 
sistivity of the films was measured and varied from 
3.24 x 1012 to 3.3 × 10~3f~cm. The dielectric break- 
down strength of our films ranged from 8 × 105 to 
4 × 106Vcm -1. 

Table 2 lists some of the electro-physical properties 
of mixed-phase BN films. 

8. Discussion 

The increase in the cBN peak at higher r.f. power is 
due to the increased ion bombardment on the growing 
film. The nitrogen ion concentration, as determined by 
optical emission spectroscopy (OES), increased in the 
plasma with increasing r.f. power. At 160W, the 
plasma colour changed and peaks attributed to N2 + 
ions in the OES study appeared which then increased 
further with r.f. power. This increased ion bombard- 
ment is responsible for selective etching of the hexago- 
nal phase and the supply of sufficient energy for the 
conversion to the metastable cBN phase. The shift of 
the cBN peak to lower frequency was also observed by 
other authors [9, 10], and explained as an effect of 
internal stress, with the lower frequency signifying 
lower stress. At higher r.f. power, our film showed 
higher stress, which does not comply with this stress 
reduction hypothesis. Moreover, no shift was observed 
between the film just after deposition and the same 
film which had debonded from the substrate after at- 
mospheric exposure. Kessler e t  al. [11] published an 
IR spectrum of a wurtzite BN (wBN) thin film with an 
absorption centred at l l00cm -I. This leads to the 
suggestion that under conditions not appropriate for 
cBN growth, the wBN is formed by a similar mecha- 
nism with high temperature and high pressure growth. 
The formation of cBN occurs when we supply just 
enough energy to convert the wBN to cBN, i.e. at 
temperatures greater than 300 °C and an r,f. power of 
160 W. This phenomenon will be explained in a later 
publication. 

The determination of the characteristic bonds using 
IR data is an important tool to characterize BN films, 
but on Si, the cBN reststrahlen band is very close to 
the Si-O bond at l l03cm -~, which is typical for 
silicon dioxide film IR spectra. However, this peak is 
very sharp compared with the broad peak due to the 
cBN reststrahlen band. To identify the peak unam- 
biguously, we deposited BN films on KBr substrates. 
In addition to the hexagonal peaks, the cBN peak at 
1100 cm -1 can be seen in the IR study. 



D. C. Cameron et al. / Mixed-phase BN films deposited by r.f. PACVD 101 

As the refractive index showed very little increase 
with substrate temperature, the increase in refractive 
index with r.f. power is directly related to the cBN 
content of the films. From the X-ray diffraction, it 
cannot be concluded that the films are totally amor- 
phous; as B and N are poor X-ray scatterers and the 
films are thin (100-300nm), getting no diffraction 
peaks from the BN films was not unexpected. 

High stress and poor adhesion of cBN thin films are 
common and widely reported [9, 10]. Films are gener- 
ally under compressive stress. Therefore, the origin of 
tensile stress of our films needs to be explained. It has 
been found that films deposited under conditions of low 
adatom mobility (low deposition temperature relative 
to the melting point) or in the absence of energetic 
particle bombardment generally develop a porous zone 
1 microstructure [12]. These films are usually under 
tensile stress due to attractive atomic forces acting 
across grain boundaries or the voids pulling the film 
columns together. The tensile stress in the hBN films 
grown at lower r.f. powers can be understood from the 
above explanation. The origin of the intrinsic compres- 
sive stress is more or less established. The compressive 
stresses are produced by energetic particles striking the 
film. The good adhesion of the mixed phase BN films 
may be due to the support the hexagonal region gives 
to the cubic region for stress relaxation. 

No absolute value of hardness was estimated from 
the nano-indenter measurements. Several effects tend to 
complicate the interpretation of submicroscopic test 
results in addition to experimental limitations such as 
vibrations, surface roughness, contamination, and im- 
perfect indenter geometry. First, the value of hardness 
depends on the strain rate at the time when the mea- 
surement is made: even at ambient temperature, time- 
dependent effects can be significant at submicron depths 
and at low loads. Also, surface roughness affects the 
measurements. The quantity of scatter associated with 
each set of data was noticeable at low loads; this may 
be due to the result of slightly poorer surface roughness 
of the BN films. Films were also too thin to have a 
reliable absolute hardness. In addition, vibration effects 
were significant during the measurement, sometimes 
giving spurious results. However, most of the measure- 
ments were consistent. 

Fast interface state density values are compar- 
able with the value for plasma deposited SiN 
(2 × 1011--7 × 1012 states cm -2 eV -1) and Si O  2 (2 x 
1011 states cm -2 eV-t). It is likely that the exposure to 
the plasma in the BN process, in common with other 
plasma processes, has a disruptive effect on the silicon 
surface, giving rise to a rather higher interface state 
density not achievable with thermal oxide on silicon. 
The precision of Terman's method is rather poor; it 
gives information only on a restricted part of the gap. 

9. Conclusions 

The deposition of hydrogen-free BN films contain- 
ing cubic phases was achieved by a filament acti- 
vated PACVD system using the non-toxic material 
borane-ammonia. An excellent correlation between 
the plasma diagnostics and deposition parameters with 
the properties of the cubic phase containing film was 
obtained. 

It was found that ion-bombardment plays an impor- 
tant role in forming the spa-microstructure of BN films. 
In addition to bombardment, substrate and filament 
temperatures are important factors in film growth. A 
substrate temperature of more than 300 °C and a 
filament temperature of more than 1400 °C were neces- 
sary for enhancement of the growth of the cubic phase 
in the films. 

The stress of the films crossed over from tensile 
to compressive between 100W and 200W, and re- 
mained compressive up to 400 W. There is a very 
close parallel between the film containing a higher 
amount of the cubic phase and the higher level of 
compressive stress. Hardness of the mixed-phase film 
measured by near-surface ultra-low load indentation 
testing showed an improvement as compared with the 
substrate. 

These mixed-phase BN films showed potential for use 
in electronic circuits. However, pure cubic boron nitride 
films were not achieved; the growth region derived 
suggests the possibility of depositing cBN films with 
additional activation energy into the system, e.g. by 
increasing the substrate temperature, and/or higher 
plasma ionization. It was difficult to evaporate the 
reactant material evenly and with good control, since 
borane-ammonia tends to polymerize and does not 
have a definite vaporization temperature. Precursors 
with better defined vaporization properties may im- 
prove the deposition process. 
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