JOURNAL OF MATERIALS SCIENCE 31 (1996) 713-720

Preparation of BN films by r.f. thermal plasma
chemical vapour deposition
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Boron nitride films were prepared at 1 atm by r.f. thermal plasma chemical vapour

deposition from the gas systems of Ar—BF;—N, (or NH;, NF3)-H,, Ar-BCI3—N, (or NH,, NF3)—H,,
and Ar-B,Hg—N, (or NH;)-H,. The appearance and the deposition rate of the films changed
drastically with the composition of the feed gas. Only from the Ar-BF;-N,(-NF;) gas, were

transparent and smooth films obtained, while from other gas systems, white fiaky or
powder-like deposits formed. The structure of these films was basically sp?*-bonded
turbostratic BN, and the formation of cubic BN was not confirmed.

1. Introduction

Preparation of cBN from low-pressure gas phase has
been tried mainly by two methods, namely physical
vapour deposition (PVD), which utilizes bombard-
ment of energetic particles on the substrate [1-6],
and chemical vapour deposition (CVD) [7,8]. Both
methods have had partial success, i.e. BN films with
small crystallites which show an infrared absorption
in the range of 1020 [9]-1110[10] cm ~* and electron
diffraction corresponding to ¢cBN. The infrared ab-
sorption which was attributed to ¢cBN has been re-
ported to change its peak position within the above
region according to the synthesis conditions due to
residual stresses and crystal impetfections in the film.
This region (1020-1110 cm ™) is termed region A in
this paper. In these methods, relatively low gas
pressures were used for synthesis, i.e. 107°-1073 torr
(1 torr =133.322 Pa) in PVD and 10 '-100 torr
in CVD.

In this paper, we report the results of an attempt
to prepare ¢BN at atmospheric pressure by r.f. thermal
plasma CVD using various feed-gas systems, espe-
cially fluorine-containing gases; fluorine was expected
to react with BN and to play such a role as atomic
hydrogen does in diamond synthesis, as suggested
by the large formation energy of BF; and the avail-
ability NF; gas. The formation of ¢cBN by using BF;
in electron cyclotron resonance (ECR) [10] and paral-
lel plate [11] plasma CVD has been reported so far.
BCl; and B,H, are also used instead of BF;. The
details of these results will be described.

2. Experimental procedure

The apparatus used is almost the same as used pre-
viously [12]. The torch, which is shown schematically
in Fig. 1, is made of a double-walled quartz tube and
a metal nozzle through which three kinds of gas were
injected, i.e. tangential sheath, axial plasma and axial
central gas (carrier and reactant gas). This torch was
set on a metal chamber which was evacuated by
an oil-rotary pump and a mechanical booster pump.
The background pressure before the deposition was
1x107 % torr. The gas systems used were mainly
BF;-N,-Ar, BF;—NF;-Ar, BF;—N,-NF;-Ar, and
those including hydrogen as NH; and/or H,.
As an example, experimental conditions for the
BF;—N,—NF;~Ar system are summarized in Table 1.
For comparison, B,Hg or BCl; was also used instead
of BF;. BF;, B,H, BCls, and NF; were purchased
as diluted by argon: the concentrations were 3.76%,
4.68%, 4.9%, and 10.5%, respectively. BF4(B,Hs,
BCl;) was introduced with a carrier argon gas, while
hydrogen and ammonia were with a sheath argon,
and nitrogen and NF; were introduced with a carrier
or with a sheath gas. The deposition pressure used
was 1 atm. Molybdenum plates of 20 mm diameter
and 1mm thickness, or a silicon (100) wafer of
14 mm x 14 mm x 0.5 mm was used as a substrate.
The former was scratched on a glass plate with dia-
mond paste and the latter was treated ultrasonically
with diamond powders in ethanol. The particle size of
both diamonds was 5-10 um. The substrate was set on
a water-cooled substrate holder and heated in the
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Figyre 1 Schematic illustration of the r.f. induction plasma torch
used for the deposition.

TABLE I Deposition conditions for the BF; system

Gas flow rate

Ar sheath 15251 min~*
Axial 11 min~*
Carrier 04-11min~*

H, 5-1000 ml min~*

BF, 2.5-25 ml min~*

N, 5-1000 m! min~?

NH; 5-20 ml min ™!

NF; 1-60 ml min !

Pressure 760, 50 torr
Substrate temperature 430-1100°C
Plate power 10-45kW

plasma without any external heating. The substrate
temperature was measured from the back side by an
optical pyrometer using a sapphire rod sensor and
a glass fibre transmitting system (Accufiber Model
100). The deposition time was 5 or 10 min for each run.

Prepared films were observed by secondary electron
microscopy (SEM, Akashi-Topcon ISI-DS130) and

TABLE II Summary of the appearances of the deposits

characterized by X-ray diffraction (XRD, Rigaku
RINT 2500), Fourier transform-infrared (FT-IR)
spectroscopy (BIO-RAD FTS-65), electron spectro-
scopy (XPS, Vacuum Generators MICRO LAB
320-D) and electron probe microanalysis (EPMA,
Shimadzu EMX SM?7). In infrared absorption
measurement, the deposits on molybdenum plates
were scratched off by rubbing with KBr powders and
measured by diffuse reflectance spectroscopy (IRDRS)
and the films on silicon wafers were measured by
transmission through the substrates. XPS and
EPMA measurements were done without any surface
treatment.

3. Results

The appearance of the deposits obtained in all the
experiments is summarized in Table I1. The structure
of all the deposits is basically sp>-bonded turbostratic
BN (tBN). As noted in the table, some of the deposits
showed an infrared absorption(s) in region A. How-
ever, some of them are due to the presence of Si0; and
others are not yet assigned. The details of these results
will be described below.

3.1. B-N-F-Ar system

In this system, the deposition behaviour is classified
into three cases according to the gas composition and
substrate temperature: (a) deposition of smooth and
transparent films, (b) deposition of smooth but brown
films, (c) no deposition or etching of the substrate.
Fig. 2 summarizes the relations between the appear-
ances of the deposits and the composition of the feed
gas.

3.1.1. BF;—N,—Ar system

In this system, transparent and smooth films were
obtained in a wide range of substrate temperature, i.e.
500-1100 °C, if the ratio of N, to BF5 was higher than
about 2. Film thickness was measured only for a few
samples. An example of the deposition rate was about
1 um min~! at 700°C (for the film shown later in
Fig. 5b). A typical SEM image of these films is shown

Gas system?

Appearance of the deposit

Corresponding SEM image

1. (a) BF3 + Nz
BF, + NF;
BF, + NF; + N,
(b) BF;+N;+H,
BF; + NH;({ + H,)
2. BCL+N,

BCl, + NH, + H,
BCl, + NF,

3 B,H, + N,
B,Hs + NH;( + H;)

White film*®

Transparent smooth film®
Transparent or brown film®
Transparent or brown film®

White film or flaky deposits®

White powder-like deposits
White flaky deposits
Grey, matt deposits (Mo,N + MoN)

Fig. 3

Fig. 8 (the former)
Fig. 11

White powder-like deposits
White flaky deposits®

Fig. 12

2 All the gas systems include argon.

® Usually show an infrared absorption(s) in region A(1020-1110 cm™").

° Some of the specimens show an infrared absorption(s) in region A.

714



Black Etching

550

‘940

720
950

BF, NF,

820

@300

0820

980
!790 A
860

905

[ 4

Deposition

830
& 960

Figure 2 Summary of the appearance of the depositions in a
B-N-F diagram by using various compositions of the feed gas of
BF; + N, + NF;. The substrate temperatures during deposition
are shown. (O, @) Deposition at high rate, (A, A) slow deposition,
(x) no deposition or etching of the substrate, (@, A) brown depos-
its, (O, A) transparent deposits, (@) partly brown deposits.
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Figure 3 SEM image of the film. obtained by feeding 5 standard
cm®min~ ! BF; and 100 standard cm®min~* N, at 995° C substra-
te temperature.

in Fig 3, which reveals that the surface is fairly
smooth and the grain size of the film is ~30-50 nm.

Fig. 4 shows a glancing-angle XRD pattern of the
film deposited from this gas system on a silicon sub-

strate. A broad peak at ~20 =25.5° can be at-
tributed to the 002 reflection of hBN. The shift of the
hBN peak (28 = 26.8°) to the lower angle indicates
that stacking of the layers is not in good order, but
has some expansion. The second strongest reflection
is seen with its peak position at 20 = 42.5° This
value is in between those of 100 and 101 reflections
of hBN (26 = 41.6° and 43.9°, respectively) and wBN
and cBN also have reflections at around this angle as
indicated in Fig. 4. Although the possibility of the
presence of wBN and ¢BN in this film cannot be
excluded completely, it is most probable that this
broad peak is the 10 reflection of turbostratic BN
(tBN) which appears owing to irregular stacking of
hexagonal network layers of boron and nitrogen in
the ¢ crystallographic axis [13]. These results suggest
that the structure of the films from BF;-N, gas is
mainly tBN. In addition to these broad peaks, the
formation of Mo,B and MoB was observed on mol-
ybdenum substrates when the deposition temper-
ature was higher than ~ 1000°C, and Mo,N was
observed when the temperature was lower. The
formation of crystalline SiB, (x =4, 6) on silicon
substrates (even at T, = 953°C) was not detected
by XRD.

Examples of infrared spectra of the films on molyb-
denum and on silicon are shown in Fig. 5. IRDRS
are not transformed into the Kubelka-Munk form in
this report. Major absorptions are at ~1400 and
800 cm™ !, which can be assigned to in-plane and
out-of-plane TO modes of hBN, respectively. In addi-
tion to these peaks, a small absorption is seen at
~1100 cm ™' in Fig. 5a, and a shoulder absorption at
1080 cm ™! in Fig. 5b. These wave numbers are within
region A of ¢cBN. However, it cannot be concluded
to be from cBN, because we could not find a pattern
of cBN in the electron diffraction of these films from
BF;-N, gas. There are many other candidates for
these absorptions, as will be described below (Section
4). The film on silicon shows additional absorptions at
3200-3600 cm ~!. These absorptions appeared even
when the substrate temperature was as high as 953 °C.
Incorporation of NH, is the most probable origin of
these absorptions, but the coexistence of —OH struc-
tures cannot be excluded, as will also be discussed in
Section 4.
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Figure 4 Glancing-angle X-ray diffraction profile of the film from BF;—N,-Ar gas (the same specimen as in Fig. 5b). Incident angle: 0.5°.
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Figure 5 (a) Infrared diffuse reflectance spectrum (IRDRS) of the
film deposited on molybdenum by feeding 5 standard cm® min ™!
BF; and 100 standard cm®min~! N, at 840 °C. (b) Infrared trans-
mission spectrum of the film deposited on silicon by feeding 5 stan-
dard cm® min~! BF; and 700 standard cm®min ™! N, at 690 °C.
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Figure 6 {(a) XPS spectrum of the film obtained on silicon at 950 °C
from 5 standard cm®min~! BF; + 200 standard cm®min™*
N, + 27 standard Imin~! Ar gas. (b) XPS spectrum of a pyrolytic
boron nitride plate (Shin-etu Kagaku Co.).

The XPS spectrum of the film on silicon is shown
in Fig 6 together with that of pyrolitic BN (pBN,
Shin-etsu Kagaku Co.). B;, and Ny, peaks are seen in
both spectra and Cj and O, peaks are also scen,
which have been popularly observed in BN films from
the gas phase (e.g. [14]). The intensities of the By, and
Ny, peaks relative to those of C; and Oy, are very close
for the two samples, and the B, /Ny ratios are also
similar (0.32 for the film in Fig. 6a and 0.28 for the
pBN).

716

62 C T I T | T I T
< 50
Py
Q
o
s
‘€
(7]
<
g
I—

25 |

L | L 1 1 1
4000 3000 2000 1000 400

Wave number (cm™)

Figure 7 Infrared spectra of the films obtained on silicon, from
5 standard cm®min~? BF, + 10 standard ¢cm® min~' NF; + 27
standard 1min~* Ar at 940°C.

3.1.2. BF+NFAr system
In this system, the appearance of the deposits changed
in three ways according to the NF3/BF; ratio. When
the NF;/BF; ratio was lower than ~ 2, brown de-
posits were obtained on molybdenum substrates, and
when the ratio was higher than ~ 6, the substrate was
partly etched and partly covered with dark brown
deposits. Infrared spectroscopy suggested the depos-
ition of boron (amorphous) for the former and XRD
revealed the formation of Mo,N for the latter. When
the ratio was between ~ 2 and ~ 4, the films showed
absorptions at ~ 1380, 800 cm ™! and region A in the
infrared spectra, and By, and Ny, peaks in XPS. How-
ever, Oy (and F),) peaks were higher than those in the
films from the BF3;—N, system. The brown colour is
probably due to excess boron in the films. The depos-
ition rate was lower than the BF;—N,—Ar system.
Examples of infrared spectra are shown in Fig. 7 for
the films prepared on silicon under the conditions of
NF3/BF; = 2. As compared with the deposits from
the BF;—N, system, absorptions due to hBN are weak
and the absorptions in region A, whose peaks are at
1081 and 1017 cm ™%, are well separated from the peak
of hBN. However, an absorption at ~ 450 cm ™ sug-
gests the possibility of the incorporation of some sili-
con oxide, which also shows an absorption(s) in region
A [15]. Oxygen and fluorine peaks in the XPS spectra
were stronger than those of the film from BF;—N, gas.
This supports the idea that at least one of the infrared
absorption(s) in region A is due to the presence of
Si0,. An increased amount of fluorine in the gas
phase may promote the formation of SiO, owing to
the oxidizing power of fluorine, or it may be only
because slow deposition of BN makes the presence of
SiO, clear. Because these IR peaks are all very weak
and the amount of the deposits is very small, the
identification of their structure was not possible.

3.1.3. BF+NNF;-Ar system

As described above, in the BF;—N, system, transpar-
ent tBN deposited with a high growth rate when the
ratio N,/BF; was high, and excess boron was in-
cluded when the ratio was low (below ~ 2). On the
contrary, in the BF;-NF; system, when the ratio
NF;/BF; was high, the substrate was etched and BN



was not obtained and when the ratio was low, the
deposition rate of tBN was low and excess boron was
included. Therefore, in this BF;—N,~NF; system, we
expected to obtain colourless BN with a slow depos-
ition rate for selective deposition of cBN. According to
the composition of the feed gas, the deposition rate
and tendency to include excess boron changed as
illustrated qualitatively in Fig. 2. This means that we
could control the etching effect of fluorine by changing
the N,/NF; ratio. For example, a transparent flat film
was obtained by feeding 10 standard cm® min~! BF,,
5 standard cm® min~! NF; and 7 standard cm?
min~* N,. In these flow rates, without either NI,
or N,, a dark brown film was deposited. Although the
above film showed an infrared absorption at
1088 cm ™, it seemed also to be due to the incorpora-
tion of Si0, as in the BF;—NF; system.

3.2. B-N-F-H-Ar system

Because the compositions in this system are very com-
plicated, a qualitative description on the effects of
hydrogen which was added as NH; or H, will be
noted. Not so much NH; was added, i.e. < 10 stan-
dard cm® min ™! (NH3/BF; < 2), while up to 1 stan-
dard 1 min~* H, was added at maximum.

When only NH; was used as a source for nitrogen
or a small amount (1 < H/F < 20) of hydrogen was
added to BF3—N,, surface brightness decreased even
when transparent, and the film became white by in-
creasing the amount of hydrogen further. As an
example of the former, Fig. 8 shows a scanning elec-
tron micrograph of the film deposited by using 5
standard cm® min~! BF;, 10 standard cm® min ™!
NH; and 100 standard cm® min~* H, at 800 °C. The
grain size appears to be ~ 500 nm at low magnifica-
tion, which is about ten times larger than that of the
film obtained in BF;-N, gas (Fig. 3), but a flake-like
structure is seen at high magnification. The flaky
structure is very common in the white films obtained
by using BCl; or B,Hy gas instead of BF; (see Fig. 12
below). »

Features of IR absorption spectra in region A did
not change so much when the amount of hydrogen
added was small, i.e. an absorption(s) in region A ap-
peared as a shoulder or as small peaks. For example,
a spectrum of the film in Fig. 8 is shown in Fig. 9a.
The infrared spectrum of the film obtained by adding
10 standard cm® min ! NF, was also similar to this.
A strong and broad absorption whose peak is at
~3260 cm ™! is seen in Fig. 9a. A similar absorption
was observed in Fig. 5b. When the amount of hydro-
gen was increased up to 1 standard 1 min~?, the
absorption in region A was very weak and that at
~3260 cm ™! disappeared (Fig. 9b). Fig. 10 shows the
XRD pattern of this film. The respective shifts of the
002 and 10 peaks to higher (28 = 25.8°) and lower
(26 = 42.1°) angles and the separation of the 11 peak
to 110 and 112 suggest that stacking of BN layers of
this tBN is more hBN-like than that of the film from
BF;—N, gas (Fig. 3).

The deposition rate apparently increased and the
brown colour of the film decreased slightly when hy-
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Figure 8 SEM image of the film from 5 standard cm3min™?

BF; + 10 standard cm?® min~* NH, + 100 standard cm®min™*
H, + 27 standard Imin~* Ar on silicon at 810°C.
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Figure 9 Infrared spectra of the films from BF;—NH;-H,~Ar gas.
(a) The same specimen as in Fig. 8. (b) Specimen obtained from
5 standard cm®min~' BF; + 10 standard cm®min~! NH; + 1
standard Imin~! H, + 27 standard 1min~?! Ar on silicon at 850 °C.

drogen was added to the BF;—NF; system, where the
etching effect of fluorine is large. These effects of hy-
drogen addition are probably due to the formation of
HF, which releases boron from BF; to deposit BN, as
will be discussed in Section 4.

3.3. BCl3—N,—(H;)-Ar, BCl;-NHs—(H,)-Ar,
BCl;-NF;-Ar system

From the first and the second gas systems of the above,
white deposits were obtained, by using either N, or
NH;. However, the appearance of the deposits from gas
systems with H, is a little different to those from sys-
tems without H,. The deposits from the former were
flaky while from the latter they were powder-like. These
deposits did not show infrared absorption in region A.

~ An example of an SEM image of the powder-like de-

posits on molybdenum from a BCl;—N, gas is shown in
Fig. 11. From the BCl3—NF3—Ar gas system, matt, grey
deposits were obtained on molybdenum, which were
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Figure 10 Glancing-angle X-ray diffraction profile of the film from BF;-NH;—H,-Ar gas (the same specimen as in Fig. 9b).

Figure 11 SEM image of the deposit from‘2.5 standard ¢cm® min !

BCl; + 1 standard Imin~* N, + 27 standard 1min~* Ar at 760°C.

Figure 12 SEM image of the film obtained from 2.5 standard
cm®min~! B,Hg + 10 standard cm®min~! NH; + [ standard
Imin~! H, + 27 standard Imin~! Ar at 845 °C on molybdenum.

identified to be a mixture of Mo,N and MoN by
XRD.

3.4. B,HgN,(—H,)-Ar, B;Hg—NHz(—H,)-Ar
system ’

In this system also, white deposits were obtained. As

in Section 3.3, when the amount of hydrogen in the gas
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system was small, i.e. from B,HN,~Ar gas, powder-
like deposits were obtained, while in other cases (by
using NH; or a large amount of hydrogen) flaky
deposits were formed. A typical scanning electron
micrograph of the latter is shown in Fig. 12. However,
IRDRS of the films obtained on molybdenum by
using NH; often showed an infrared absorption in
region A, without accompanying an absorption at
~450 cm ™!, where silicon oxides have an absorption,
but it was weak, as was usual in the BF;-N,(—H,)-Ar
system described in Section 3.1. The results of this
system will be summarized in detail in another paper.

4. Discussion

From the results of XRD and infrared absorption
measurements, it can be concluded that tBN is ob-
tained in all the gas systems used if the gas composi-
tion is appropriate. If the amount of hydrogen
used is small, BN films from the B-N-F-H-Ar system
usually show an infrared absorption(s) in region
A (1020-1110 cm ™ ') where the absorption of ¢cBN
appears. The following origins of these peaks can be
proposed, in addition to ¢cBN. (1) Incorporation of
Si0,. In this case, another absorption is observed in
the range 464—450 cm™*. This seems to occur when
the amount of fluorine in the gas system increases.
(2) Some structure related to metal borides. Infrared
spectra of many borides show an absorption at
~ 1080 cm ! [15]. No survey has been made to as-
sign this boride’s peak, but there is a possibility that
the peaks at region A are also related to the presence
of silicon borides or molybdenum borides. (3} Some
metal fluoroborates also have an absorption in this
range [15]. (4) The presence of boron oxides or boric
acids. (5) Some complexes or compounds from ammo-
nia and boron fluoride.

Absorptions at 3200-3700 cm™* suggest the pres-
ence of NH, and/or OH structures. Possible candi-
dates for these are: (1) residual NH,, in the BN films,
{2) hydrated boron oxides or boric acids, (3) hydrated
silicon oxides or silicic acids, (4) some fluoreborates
and their water crystallization, (5} some complexes or
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compounds from ammonia and boron fluoride. Many
of these compounds have an infrared absorption in
region A. Thus, the formation of ¢cBN was not con-
firmed in the deposits from any gas system used by
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Figure 13 Equilibrium compositions at 1atm calculated by the
VCS method for (a) BF 3-N,—Ar, (b) BF3~NH;-Ar, (c) BCl;-N,—Ar,
(d) BCl;-NH;-Ar, (e) B,Hs—N,—Ar systems. The verticals show
mole numbers produced per minute by feeding 5 standard
em®min~! BF; (or BCl;, 1/2B,Hg) + 10 standard cm?®min™?
N,(2 NH3) + 27 standard 1 min~* Ar.

this thermal plasma CVD method. To make the as-
signment. of the IR absorptions in region A clearer,
deposition experiments, using an apparatus with less
leakage or contamination, are necessary.

As described above, only from the BF;—N,(-NF3)
system, were transparent and smooth films obtained.
When a large amount of hydrogen was added to this
system, or B,He or BCl; was used instead of BF;,
white flaky or powder-like. deposits were obtained.
It is natural that flaky or powder-like products are
deposited at 1atm, because molecular collision in
the gas phase is very frequent. The reason why only
transparent and smooth films are deposited in
BF;-N,—-(NF3) system is speculated as follows by
considering the results of the calculation of the equi-
librium composition of the systems used. The calcu-
lation was done by using the VCS method [16] and
JANAF thermochemical data [17]. Fig. 13 shows the

719



results for BF;-N,, BF;—NH;, BCl3;-N,, BCI,-NH,,
and B,Hs—N, systems. We can understand from these
figures that only in the BFs—N, system (Fig. 13a), is
BF; stable up to ~ 2000 K, and solid BN does not
appear, while BCl; and B,Hs decompose partly or
almost completely even at low temperatures, forming
solid BN (Fig. 13c—e). This means that fluorine has an
ability to dissolve solid BN into the gas phase. How-
ever, when hydrogen is added to the B-F-N system,
HF appears as a stable species and BF; partly de-
composes at low temperatures, forming solid BN
(Fig. 13b). Tt should be noted here even in thermal
plasma processes, thermochemical equilibrium is not
achieved completely in the actual experimental appar-
atus, and this may be the reason why solid BN depos-
ited from the BF;—IN, system, even though it does not
appear in Fig. 14a. This uniqueness of BF;—N, system
seems to be correlated with the reason why smooth
and transparent films were obtained from this system
only. However, this ability of fluorine to dissolve
much BN into the gas phase does not seem to con-
tribute to the selective deposition of ¢cBN.

5. Conclusions

BN films were prepared at 1atm by r.f induction
thermal plasma CVD on silicon and molybdenum
substrates.

1. From BF; + N,, BF; + NF;, BF; + N, + NF;
systems, transparent and smooth films were obtained
and when much hydrogen was added to this system,
white and flaky films were deposited.

2. White powder-like and white flaky deposits were
obtained from BCl; + N, and B,H¢ + N5, and from
BCl; + NH; + H, and B,H4 + NH; + H,, respec-
tively. :

3. The structure of all the BN films obtained was
basically of tBN. Films from BF; + N,, BF; + NF3,
BF; + N, + NF; and some of those from
BF; +N, +H,, BF;+NH;+H,, B,Hs + NH; + H,
showed an infrared absorption(s) in the range of
1020-1110 cm ™!, but some of these are due to silicon
oxides, and the formation of cBN was not confirmed.

4. Compared to hydrogen, fluorine suppressed the
deposition of solid BN. This fact and conclusions
1 and 2 can be correlated with the results of the
calculation of thermochemical equilibrium composi-
tions, but fluorine does not seem to assist the selective
deposition of ¢cBN.
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