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The excellent physical and chemical properties of cubic boron nitride (c-BN) film make it a promising candidate for
various industry applications. However, the c-BN film thickness restricts its practical applications in many cases. Thus, it
is indispensable to develop an economic, simple and environment-friend way to synthesize high-quality thick, stable c-BN
films. High-cubic-content BN films are prepared on silicon (100) substrates by radio frequency (RF) magnetron sputtering
from an h-BN target at low substrate temperature. Adhesions of the c-BN films are greatly improved by adding hydrogen to
the argon/nitrogen gas mixture, allowing the deposition of a film up to 5-pum thick. The compositions and the microstructure
morphologies of the c-BN films grown at different substrate temperatures are systematically investigated with respect to
the ratio of H, gas content to total working gas. In addition, a primary mechanism for the deposition of thick c-BN film is

proposed.
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1. Introduction

As an analog of diamond, cubic boron nitride (c-BN) ex-
hibits many similar outstanding properties such as extreme
hardness, wide band gap, negative electron affinity, high ther-

U-12] Fyrthermore, c-BN also holds nu-

mal conductivity, etc.
merous physical properties and chemical inertness, making it
more superior to diamond for future technical applications.
However, the nucleation and growth of c-BN film require the
high-energy ion bombardment on the growing surface no mat-
ter whether physical vapor deposition (PVD) or chemical va-
por deposition (CVD) method is used, resulting in accumu-
lation of the compressive stress.!'>!7] The film thickness is
usually limited up to 200 nm with poor adhesion, and this
thickness is certainly not sufficient for industry applications.
Thus, it is indispensable to develop an economic, simple and
environment-friend method to synthesize high quality thick,
stable c-BN films.

So far only a few groups have reported the synthe-
sis of c-BN films thicker than 1 pum by using sputter and
CVD methods.!"8-211 Especially, with recent CVD techniques
through utilizing fluorine chemistry, 20-um-thick c-BN coat-
ings have been achieved, which is a record thickness. In ad-
dition, heteroepitaxial c-BN films with very low compressive

stress can be prepared on (001)-oriented diamond films by us-
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ing ion-beam-assisted deposition.*?! However, very high tem-
peratures up to 1000 °C are necessary for these deposition
methods,?>%3] which is hence incompatible with many sub-
strate materials. Thick c-BN coatings with drastically reduced
compressive stress have been synthesized when adding oxy-
gen gas into the sputtering gases following a gradient B-C—
N layer on the substrates.!?*2%1 Adding a small amount of
Si into ¢c-BN films has been observed to be effective to re-

27,28 Recently, it was

duce the stress as well as the resistance. !
suggested that adding 25% hydrogen into the reactive gases
would reduce the compressive stress.[?*=3?1 Combining with
a nanocrystalline diamond (NCD) as the gradient layer from
Si substrate, 3-um-thick c-BN films have been deposited by
an unbalanced magnetron sputtering method.*3 Theoretical
and experimental studies demonstrated that the incorporation
of hydrogen into the reactive working plasma is known to pref-
erentially stabilize the cubic structure of BN on the edges of
h-BN in the CVD process.**3¢ The involvement of hydro-
gen is believed to inhibit the penetration of Ar into the space
of (0002) h-BN planes, which is considered to be one of the
major reasons for the existence of compressive stress in the
magnetron sputtering procedure.3”!

Here, we will report on the deposition of high-quality c-
BN thick films on Si substrates without any gradient layers

by using the RF magnetron sputter method through adding
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hydrogen gas into reactive gases. In the deposition process,
a negative bias voltage is usually utilized to enforce the ion
bombardment needed for nucleation of the cubic phase. The
threshold of bias voltage ranges differently according to the
growth technique, but in general it is over a hundred volts.
Presently, it is expected to lower the threshold of bias voltage
by the addition of hydrogen gas. An important aspect, previ-
ously overlooked in the deposition process of c-BN film, is the
optimization of the experimental parameters using hydrogen
gas. In this paper, firstly, we focus on the characterizations of
the c-BN films prepared using Hyo/Ar/N; mixture gases under
different conditions. In addition, the parameter space is in-
volved with samples prepared in pure Ar/N, mixture plasma.
The high cubic content c-BN growth window is obtained in
the case of using Hp gas. The utilization of H, in addition
to Ar/N; reactive gases results in much reduced compressive

stress, and hence far improved adhesion.

2. Experimental details

The c-BN films were deposited on silicon substrates
using the RF magnetron sputtering method. Double-side
polished, (100)-oriented single-crystalline silicon (phosphor-
doped, 4.5 Q-cm, 300-um thick) was used as the substrate
material. A hexagonal BN target (pure 99.999%, 5-mm thick,
50 mm in diameter) was mounted on a water-cooled mag-
netron gun that was coupled with an RF (13.56 MHz) gen-
erator via a matching network. The target was sputter-cleaned
for 5 min before each deposition. The substrate holder, distant
50 mm away from target, could be heated by a resistive heater
and biased with a direct current (DC) power supply. The RF
power applied to the target was kept constant (at 80 W) in all
cases. The substrate temperatures were varied from room tem-
perature to 500 °C. The background pressure was maintained
below 1x10~* Pa before introducing the working gases. The
working pressure is kept at 1.0 Pa during depositing. Ar/N»
with a ratio 2:1 was the working gas before the c-BN growth
stage, and then was mixed with hydrogen ranging from 0 to
15% of working gases. These films were grown for 40 min—
15 h respectively.

Fourier transform infrared spectroscopy (FTIR, Nicolet
Avatar 370) was used to provide information about phase
composition and film stress in transmission modes in the
400 cm~'—4000 cm~! range with a resolution of 4 cm~!. The
cubic content fraction was estimated by

L1080 em~!

cBN% =
11380 em—1 T 11080 cm-!

x 100%,

where is the peak intensity of cubic phase at 1080 cm™!, and
is the peak intensity of the hexagonal phase at 1380 cm™!. All

the films used to demonstrate the phase diagram of boron ni-
tride were grown for 1 h, thus the influence of film thickness
can be eliminated. These films were also analyzed by x-ray
diffraction (XRD, LabX XRD-6000) measurements. The sur-
face morphologies of the deposited films were studied by scan-
ning electron microscopy (SEM, MAGELLAN 400) equipped
with an electron beam, working at 10 kV.

3. Results and discussion

The parameters of BN films with varying hydrogen frac-
tion and the substrate temperature are present in Fig. 1(a). The
pure hexagonal phase exists in a low temperature region in
spite of the hydrogen content varying. As the substrate tem-
perature increases, the cubic phase forms gradually in the me-
diate region, beyond which a re-sputter region can be defined.
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Fig. 1. Phase diagram of BN films, showing the variations of hydro-
gen content with substrate temperature (a), and bias voltage (b), respec-
tively.

The threshold values of negative bias voltage can be de-
termined for c-BN formation, h-BN formation, and re-sputter
region, respectively. Generally a certain value of negative bias
voltage is needed to enhance the ion bombardment for the nu-
cleation of the cubic phase. Adding hydrogen is believed to
etch sp” species more effectively than sp> ones.*¥! Herein it
is observed from Fig. 1(b) that the c-BN films form at lower
bias voltage with the addition of hydrogen than those with-
out the addition of hydrogen. Moreover, the c-BN content of
the film deposited with additional H in the working gasses
is effectively increased. Furthermore, it is suggested that the

introduction of hydrogen into reactive gases will diminish the
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compressive stress induced by Ar ion bombardment, thereby
being able to stabilize the films.!

In order to investigate the effect of growth parameters
on the growth rate of c-BN films, the deposition rate is plot-
ted versus the hydrogen content and the substrate tempera-
ture in Fig. 2. The hydrogen content is increased from 0 to
5.4% when keeping Ar:N, constant. While the substrate tem-
perature is gradually varied from room temperature, 100 °C,
200 °C, 300 °C, 400 °C to 500 °C at each value of hydrogen
content. Thus, a three-dimensional (3D) relationship between
the deposition rate and the growth parameters is presented for
the ease of direct understanding. It is observed that the film de-
position rate increases as the substrate temperature increases,
after reaching a maximum at about 300 °C, it reduces. From
the discussion in the phase diagram of Fig. 1, it is known that
the cubic phase nucleates only above 300 °C when the H, con-
tent is around 2%. When the substrate temperature is below
300 °C and the H, content is below 2%, the film consists of
only hexagonal phases, which suggestes that the deposition
rate of the h-BN film is greatly influenced by the substrate
temperature in this region. The substrate temperature induced
oriented ¢ axis of h-BN plays a critical role for the deposi-

tion rate of the film. When adding hydrogen, the etching-off
of h-BN can balance the deposition process. In the region of
c-BN film consisting of mixture phases, the film deposition
rate is co-determined by the interrelation of the formation of
sp? and/or sp* phases and etching behavior induced by hydro-
gen. The maximum of deposition rate strongly depends on
the equilibrium within these factors. While at each substrate

temperature, the film deposition rate slowly decreases as the
hydrogen gas increases. According to the phase diagram, the
cubic phase increases in this region. Thus, it is probably due
to the fact that the introduction of hydrogen will etch the de-
posited film partially while stabilizing the cubic phase. 3!
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Fig. 2. (color online) Deposition rate as a function of deposition tem-
perature and H; content.
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Fig. 3. Deposition rate as a function of H; content at 400 °C.

Fig. 4. SEM images of as-deposited c-BN films with thickness of 200 nm (a), 250 nm (b), 300 nm (c), 2.3 um (d), 4.5 um (e),

respectively. Scale bar: 100 nm.
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The deposition rate of a high c-BN content film grown
at 400 °C is studied with hydrogen content increasing as dis-
played in Fig. 3. The hydrogen content gradually increases
from O to 5.4%, while the bias voltage was maintained at
—100 V for each deposition respectively. As the hydrogen
content increases, the deposition rate significantly drops from
0.19 pum/h down to 0.14 um/h. The involvement of hydro-
gen into reactive gas namely slows down the deposition rate.
Meanwhile, it prefers to etch out the sp>-bonded h-BN phase
other than sp>-bonded c-BN phase. The former is in favor of
nucleating the cubic phase, while the latter can help to accu-
mulate the cubic content in the context in the deposition time.

Figure 4 shows the surface morphologies of c-BN films
with different thickness (thin films and thick films). The sur-
face morphologies of all the c-BN films are smooth, contin-
uous and dense without observable cracks nor pores in large-
area scale no matter what the film thickness is. It is worth
mentioning that several positions randomly localized on the
surface are measured, and the results are similar. Statistically
obtained average grain sizes of the films in Figs. 4(a)-4(e) are
8.9nm, 11.1 nm, 12.8 nm, 13.3 nm, and 14.3 nm, respectively.
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Fig. 5. FTIR spectra of the BN film deposited for 15 h. The insert shows
the corresponding cross-section SEM image.

Figure 5 shows the FTIR spectrum for a typical c-BN
thick film grown for 15 hours, and its cross-sectional SEM pic-
ture, showing that the c-BN film is ~ 4.5 um thick as indicated
by the insert cross-section SEM image. A very strong FTIR
absorption peak at about 1100 cm™' is associated with the
transverse optical (TO) mode of the sp3—b0nded BN structure
(c-BN). The two minor peaks at 1380 cm~! and 780 cm~! are
corresponding to the in-plane B—N stretching and out-of-plane
B-N-B bending vibration in the sp>-bonded h-BN phase. Be-
sides, the peak located at 1505 cm™! is probably attributed to
the double phonon vibration in the c-BN phase. This is due to
the fact that the IR beam is incident at 45° with respect to the
sample surface, resulting in the enhancement of the LO mode.
More than 95% of the cubic content can be estimated for this
thick c-BN film by the equation previously mentioned.

Given the study above, a possible mechanism for the de-
position of c-BN film in the gas atmosphere with additional
H; is proposed. Figure 6 displays a surface parallel to the
substrate in the c-BN growth region during the deposition, il-
lustrating the etching effect of hydrogen. Hydrogen ions to-
gether with B™ and N in the reactive plasma form N-H™, H™
and/or B-H™. Consider the fact that the bond energy of B-H™
(340 kJ-mol~!) is similar to that of N-H* (340 kJ-mol~!),
the possibilities of bond breaking for B-H' and N-H™ are
approximately the same. The etching of h-BN and/or c-BN
surfaces by H' depends on the optimal window of the H gas
content.[31 At the high substrate temperatures at which the
cubic phase is more likely to form, the H, content in the total
working gas is a key to the equilibrium between the film for-
mation and etching. According to previous reports,!’-3!1 the
soft sp>-bonded h-BN is more likely to be etched off than the
hard sp3-bonded cubic phase by H ions. The decline of de-
position rate due to the etching effect of additional hydrogen
results in the accumulation of a cubic phase during the film
growth at the equilibrium point.
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Fig. 6. (color online) Simplified diagram illustrating the etching effect
of hydrogen during the growth of c-BN films.

4. Conclusions

In this work, we systematically investigate the growth
conditions for thick c-BN films by adding additional hydro-
gen into Ar/N; mixture gases. Especially, the deposition rates
versus hydrogen gas fraction for high-cubic-content BN films
are investigated. The intentional involvement of hydrogen gas
in the deposition process results in the decrease of the depo-
sition rate by suppressing the growth of h-BN. By increasing
the deposition time, 4.5 pm-thick c-BN films with over 95%
cubic content can be achieved at a bias voltage of —80 V and
substrate temperature of 400 °C. The present study offers a
practical way to synthesize c-BN thick films for industry ap-
plications.
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