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Abstract: Cubic boron nitride (c-BN) films were prepared via radio frequency (RF) magnetron
sputtering from a hexagonal boron nitride (h-BN) target in a pure N2 plasma. The composition
and microstructure morphology of the BN films with different deposition times under pure N2

plasma or mixed Ar/N2 plasma were investigated with respect to the nucleation and growth
processes. The pure-phase c-BN growth window was obtained using pure N2 gas. The effects
of pure N2 gas on the growth mechanism, structural morphology, and internal compressive stress of
the as-synthesized c-BN films were studied. Using pure N2 gas instead of additional Ar resulted in
improved microstructure quality and much reduced compressive stress, suggesting a fundamental
strategy for achieving high-quality c-BN films.
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1. Introduction

Cubic boron nitride (c-BN), an analog of diamond, exhibits many outstanding properties, such
as extreme hardness, wide band gap, negative electron affinity, and high thermal conductivity.
Furthermore, c-BN also has numerous properties, such as higher chemical stability, both p- and
n-type doping availability, surface smoothness, biocompatibility, and hydrophilicity, that make it
superior to diamond for applications in protection coatings and cutting tools, high-temperature
electronics, ultraviolet (UV) detectors, deep-UV light-emitting diodes, and bio-/chemi-sensors [1,2].
However, synthesizing device-quality large-area single crystals of c-BN has not been established
despite considerable progress [3–5] and single crystal wafers are not available yet.

So far, various techniques have been employed to grow c-BN films, including physical vapor
deposition [3,6] and plasma-enhanced chemical vapor deposition [7,8]. The energetic plasma surface
process is essential for the nucleation and growth of c-BN thin films regardless of growth technique.
The chemical routes usually use deleterious and corrosive gases, such as H, C, Na, F, Ar, and He,
unavoidably leaving contaminants in c-BN films. The uncontrolled presence of impurities involved in
the growth process leads to uncertainty of the electronic transport mechanism in intrinsic samples,
which is mirrored by the fact that numerous luminescence centers have been observed in c-BN crystals
prepared by high-pressure, high-temperature synthesis, and for many of those it is not clear whether
they can be attributed to an intrinsic defect or to a precursor impurity [9–12]. On the other hand,
most physical vapor deposition methods rely on either energetic ion bombardment with the substrate
being negatively biased or electron assistance with the substrate being positively biased, which is
generally assisted by massive ions of Ar [13,14]. Such involvement of Ar ions may cause resputter
of the deposited film, structural damage, and stress accumulation, especially under high ion energy
conditions [15,16]. Although introducing H2 into the working gases can effectively etch the sp2 phase,
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leaving an sp3 phase [17], the assistance of Ar for energetic ion bombardment is the major reason for
the poor adhesion that is usually found, which severely hinders the application of c-BN films.

Hofsass et al. [18] attempted to grow c-BN film by using only 11B+ and 14N+ ions on
heated Si substrates in ultra-high vacuum (UHV) environment using mass separated ion beam
deposition. For the first time, no additional ions, such as Ar+, were involved in the growth process.
Litvinov et al. [19] obtained thick c-BN films with reduced bias voltage in pure nitrogen gas using an
electron cyclotron resonance source. Later, Yap et al. [20] investigated c-BN films using plasma-assisted
pulsed-laser deposition in pure N2 radio frequency (RF) plasma. They found that all c-BN films
prepared in pure N2 plasma were significantly improved in stability versus those prepared in Ar-rich
plasma. These approaches, however, normally require a complex apparatus and are energy consuming.
Thus, it is critical to find a simple and effective way to synthesize high-quality c-BN films by using
growth species such as B+ and N+ ions exclusively.

Diamond has been reported as a perfect nucleation surface for epitaxial growth of c-BN due to
the small lattice mismatch of these two materials [3,4,21,22]. Epitaxy of c-BN/diamond is attracting
significant attention for both basic crystal engineering and optoelectronic applications. From this point
of view, imitating nucleation of c-BN on diamond surface is very interesting, as well as the growth
of high-quality c-BN films. As has been demonstrated previously [23], the deposition of a thin h-BN
interfacial layer followed by an intended c-BN film can provide a pure c-BN polycrystalline top layer
as a nucleation template for subsequent growth. Generally, elevated substrate temperatures combined
with significantly enhanced ion bombardment are needed in order to obtain the pure cubic phase
at the growth layer. Here, we report on the deposition of high-quality c-BN films on Si substrates
by the conventional RF magnetron sputter method without additional argon ion bombardment.
An important aspect previously overlooked in the deposition process of c-BN film is optimization
of the experimental parameters using pure N2 gas in nucleation and growth. We therefore focus on
characterization of the c-BN films prepared using pure N2 or mixed Ar/N2 plasma with different
deposition times, which enables investigation of the difference between these two parameters in
the initial nucleation stage of the films. The pure-phase c-BN growth window is obtained when
using pure N2 gas. Furthermore, using pure N2 gas instead of additional Ar results in improved
microstructure quality and much reduced compressive stress, suggesting a fundamental strategy for
achieving high-quality c-BN films.

2. Experiments

2.1. Deposition

c-BN films were deposited on silicon (100) substrates using the RF magnetron sputtering method.
All silicon wafers underwent ultrasonic pretreatment in a petroleum ether solution for 3 min, then
were washed by deionized (DI) H2O. Second, the silicon wafers were immersed in a boiled solution
of NH4·OH, H2O2, and DI H2O (1:2:5) for 2 min, then washed with DI H2O to remove the organic
contaminants. Later, the silicon wafers were immersed in a solution of HCl, H2O2, and DI H2O (1:2:8)
for 2 min at room temperature, then washed with DI H2O, to remove the inorganic contaminants.
Before being mounted in the deposition chamber, the wafers were immersed in a diluted 100% HF
solution and rinsed with DI H2O to remove the native SiO2, and finally blown dry with nitrogen gas.
The base pressure was maintained below 5 × 10−4 Pa. A hexagonal BN target (pure 99.9%, 3 mm
thick, 50 mm in diameter) was mounted on a water-cooled magnetron gun, which was coupled on
an RF (13.56 MHz) generator via a matching network (SKY, Chinese Academy of Sciences (CAS),
Shenyang, China). The substrate holder was 40 mm from the target. The target was sputter-cleaned
for 5 min before each deposition. The RF power applied to the target was 80 W in the present work.
In order to study the nucleation and growth stage, the films were prepared in two groups. In the first
group of experiments, c-BN films were deposited under −250 V substrate bias voltage at 470 ◦C for
different deposition times to investigate the influence of using pure N2 and 1:1 Ar/N2 in the initial
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nucleation stage. In the second group, the c-BN films were deposited at 800 ◦C for 40 min on top of a
template c-BN layer to explore the growth window of pure c-BN films using pure N2 and 1:1 Ar/N2.
The template c-BN layers were prepared in pure N2 plasma under −250 V substrate bias voltage at
470 ◦C for 30 min. The phase purity and structure of the films were analyzed.

2.2. Characterization

Fourier transform infrared spectroscopy (FTIR; Nicolet Avatar 370, Thermo Fisher Scientific,
Waltham, MA, USA) was used to provide information about phase composition and film stress in
transmission modes in the 400–4000 cm−1 range. The chemical states on the surfaces of the deposited
films were studied by monochromic X-ray photoelectron spectrometry (XPS; PREVAC XPS/UPS system
with Al Kα radiation, PreVac, Rogów, Poland). The surface morphology of the films was investigated
by atomic force microscopy (AFM; Digital Instruments Multimode AFM, Bruker, Karlsruhe, Germany)
and scanning electron microscopy (SEM; Quanta Magellan 400, Thermo Fisher Scientific, Waltham,
MA, USA) equipped with electron beam, working at 10 kV.

3. Results and Discussion

Figure 1a shows the FTIR spectra obtained from BN films using pure N2 plasma at 470 ◦C with
different deposition times. The absorption band at 1091 cm−1 is due to the transverse optical (TO)
mode of c-BN, while two absorption bands at 1400 and 770 cm−1 correspond to the h-BN phase
and result from the in-plane B–N stretching mode and the out-of-plane B–N–B bending vibration,
respectively [17]. It can be clearly observed that there is a continuous increase of the intensity of c-BN
peak, while the positions of the c-BN peaks have no obvious shift with increased deposition time.
The intensity of the h-BN absorption peaks exhibits no obvious change. The IR absorption spectra of
BN films using 1:1 Ar/N2 plasma at different deposition times are displayed in Figure 1b. In this case,
the absorption bands of all c-BN films stay at 1100 cm−1. With increased deposition time, the intensity
of c-BN peak also increases, whereas no obvious shift is observed for its position. Compared to the
film grown using pure N2, it is noticeable that at the deposition time of 10 min, the film grown using
Ar/N2 already exhibits trivial cubic phases, which suggests that involvement of Ar during the film
deposition causes the cubic phase to nucleate faster than the one using pure N2. The cubic volume
fraction can be estimated directly from relative intensities of the c-BN TO peak (Ic-BN) and the h-BN
peak at 1400 cm−1 (Ih-BN):

Qc−BN =
Ic−BN

Ic−BN + Ih−BN
(1)

Thus, we can estimate the cubic volume fraction of each film, which is 47%, 60%, and 70% for
the film using pure N2 and 50%, 71%, and 80% for the film using Ar/N2. The cubic phase content in
the c-BN films using Ar/N2 plasma is higher than that using pure N2 plasma at the same deposition
time, since the increased bombardment of the c-BN films by energetic Ar ions induces a higher growth
rate. The thickness of the film prepared using Ar/N2 for 40 min is about 50 nm, corresponding to a
growth rate of 1.25 nm/min, while the growth rate of the film prepared using pure N2 is slightly lower
(~1.12 nm/min).

In addition, the positions of c-BN TO mode peaks shift toward the lower wavenumber direction
for the films grown in pure N2 plasma compared to those using mixed Ar/N2 plasma. The compressive
stress for the film can be estimated from

σ =
ωC − 1065 cm−1

5 GPa/cm−1 (2)

This strongly indicates reduced compressive stress in the c-BN film without additional argon ion
bombardment [24]. Both c-BN films grown, regardless of additional Ar ion bombardment, reveal the
well-known layered structure of amorphous/hexagonal/cubic phases, which are confirmed by the
following surface characterizations. The thickness of the initial layer of hexagonal structure estimated
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from the sp2 absorbance and an absorbance coefficient (h-BN: 25,000 cm−1) was approximately 15 nm
for the film grown using pure N2 plasma and 10 nm for the film grown using Ar/N2 plasma [25].
It has also been observed that an increase in the N2 plasma concentration extends the thickness of the
interlayer [26].

Coatings 2018, 8, x FOR PEER REVIEW  4 of 10 

 

Ar/N2 plasma [25]. It has also been observed that an increase in the N2 plasma concentration extends 
the thickness of the interlayer [26]. 

 
Figure 1. FTIR spectra for cubic boron nitride (c-BN) films grown at different times under (a) pure N2 
plasma and (b) Ar:N2 = 1:1 plasma. The c-BN transverse optical (TO) peak stays at 1091 and 1100 cm−1 
in the two-gas system. 

It is well known that fluctuations in the near surface atomic structure of the studied films will 
lead to variations in the density and, consequently, the plasmon energies. Energy loss function 
delivers more information on the influence of the near surface structure. Figure 2a,b shows energy 
loss spectra based on N1s core level electron excitations of the BN films using pure N2 plasma and 
Ar/N2 plasma with different deposition times. For the films grown with deposition time from 10 to 
40 min, minor variations are detected from the bottom to the top curve as far as the plasmon energy 
and the general shape of the loss function are concerned. A prominent peak can be observed at 8 eV 
in films grown using either pure N2 or Ar/N2 with a deposition time of 10 min. In the BN system, the 
peak at 8 eV is due to a π–π* interband transition [27], which can only occur in h-BN, thus acts as a 
fingerprint for h-BN. The peak located at about 27 eV is attributed to the volume plasmon of h-BN as 
well. This indicates that the surface of the films is composed mainly of the h-BN phase at the initial 
nucleation stage. With longer deposition time, differences in the h-BN and c-BN loss functions are 
visible as increased plasmon energy in the cubic phase reflecting the higher density, accompanied by 
the absence of π–π* related features, attenuation of the volume plasmon of h-BN, and the 
appearance of additional structures at energies higher than 30 eV [28,29]. These results 
unambiguously reflect the layered structure of amorphous/hexagonal/cubic phases. Another 
important detail of the loss spectrum for the BN film grown using pure N2 gas for 10 min is that the 
small peak at about 4.6 eV is due to the N–N bonds [30], which is invisible for the film grown using 
Ar/N2. This strongly suggests the existence of N–N configurations in hexagonal BN layer supplied 
by pure N2 bombardment at the initial stage. 

Figure 1. FTIR spectra for cubic boron nitride (c-BN) films grown at different times under (a) pure N2

plasma and (b) Ar:N2 = 1:1 plasma. The c-BN transverse optical (TO) peak stays at 1091 and 1100 cm−1

in the two-gas system.

It is well known that fluctuations in the near surface atomic structure of the studied films will
lead to variations in the density and, consequently, the plasmon energies. Energy loss function
delivers more information on the influence of the near surface structure. Figure 2a,b shows energy
loss spectra based on N1s core level electron excitations of the BN films using pure N2 plasma and
Ar/N2 plasma with different deposition times. For the films grown with deposition time from 10 to
40 min, minor variations are detected from the bottom to the top curve as far as the plasmon energy
and the general shape of the loss function are concerned. A prominent peak can be observed at 8 eV in
films grown using either pure N2 or Ar/N2 with a deposition time of 10 min. In the BN system, the
peak at 8 eV is due to a π–π* interband transition [27], which can only occur in h-BN, thus acts as a
fingerprint for h-BN. The peak located at about 27 eV is attributed to the volume plasmon of h-BN as
well. This indicates that the surface of the films is composed mainly of the h-BN phase at the initial
nucleation stage. With longer deposition time, differences in the h-BN and c-BN loss functions are
visible as increased plasmon energy in the cubic phase reflecting the higher density, accompanied by
the absence of π–π* related features, attenuation of the volume plasmon of h-BN, and the appearance
of additional structures at energies higher than 30 eV [28,29]. These results unambiguously reflect
the layered structure of amorphous/hexagonal/cubic phases. Another important detail of the loss
spectrum for the BN film grown using pure N2 gas for 10 min is that the small peak at about 4.6 eV is
due to the N–N bonds [30], which is invisible for the film grown using Ar/N2. This strongly suggests
the existence of N–N configurations in hexagonal BN layer supplied by pure N2 bombardment at the
initial stage.
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To gain further insight into the differences in the nucleation process of c-BN films using pure
N2 plasma and mixed Ar/N2 plasma, a nucleation sequence was studied in detail by means of AFM
measurements. Figure 3 presents root mean squared (RMS) roughness as a function of deposition
time. Typical AFM images recorded as surface morphology for these films are shown in Figure S5.
Several AFM images were taken at different positions for each film surface for the RMS estimation.
Thus it was expected that the errors involved were random and could be cancelled out when statistical
results were averaged. After 10 min of growth, the RMS roughness of the films was estimated as
0.74 ± 0.04 nm and 1.20 ± 0.07 nm for pure N2 plasma and mixed Ar/N2 plasma, respectively. It is
known from FTIR measurements and energy loss functions that the film for pure N2 growth consists
mainly of h-BN after 10 min; however, the cubic phase already starts to nucleate for the film grown
with Ar/N2. It was previously reported that bombardment of Ar ions can penetrate into the growing
h-BN film during deposition and induce accumulation of compressive stress, consequently influencing
the microstructure of the h-BN layer [31]. As a result, the initial h-BN layer becomes rougher, since a
randomly oriented laminate structure forms under the ion bombardment. Such bombardment leads
to high enough compressive stresses to favor c-BN thermodynamically. It is believed that the higher
roughness of h-BN film grown with argon ion bombardment is caused by Ar+ ion penetration into the
film during deposition. In order to confirm this speculation, the XPS spectra of survey and Ar 2p core
level (Figure 4) for the BN films deposited for 10 min were measured. This clearly shows that the Ar
ions reside in the BN film prepared in Ar/N2 plasma. However, there is no contaminant of Ar in h-BN
film grown without Ar ion bombardment. It has been reported that residual stress of h-BN is reduced
after annealing at high temperature, which also explains how the buried Ar atoms could diffuse out
during annealing [24].

As the deposition time increases more than 10 min and the subsequent cubic structure accumulates
continuously, the surface of the c-BN films prepared in Ar/N2 plasma becomes very smooth. The RMS
roughness of these films with deposition times of 20, 30, and 40 min was 0.81 ± 0.06 nm, 0.68 ± 0.04 nm,
and 0.79 ± 0.05 nm, respectively. Contrarily, the RMS roughness of the pure N2 prepared films
with deposition times of 20, 30, and 40 min was estimated as 2.23 ± 0.10 nm, 2.75 ± 0.11 nm, and
1.26 ± 0.11 nm, respectively. Thus, the films prepared without argon ion bombardment were much
rougher. After 40 min, the surface became smooth again. This was probably due to the fine crystallites
of c-BN films with mixed Ar/N2 plasma, considering higher energetic ion bombardment with the
assistance of Ar during film growth. Furthermore, Ar ion bombardment has been found to prevent the
growth of larger crystallites [32]. Therefore, the film surface obtained was composed of fine crystallites
of several to tens of nanometers in size. Nevertheless, both systems of the c-BN films showed rather
smooth surface over a large area regardless of Ar (see Supplementary Materials). The results of
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roughness estimation indicate that moderate ion bombardment without the use of Ar ions is expected
to improve the crystalline quality.Coatings 2018, 8, x FOR PEER REVIEW  6 of 10 
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To further study the differences in growth conditions using pure N2 and Ar/N2 plasma, we
focused on the c-BN layers grown on c-BN template nucleate layer in a two-step manner, in which
the top layer of c-BN was expected to provide pure growth information. In the first step, template
c-BN films were prepared in pure N2 plasma under −250 V substrate bias voltage at 470 ◦C for 30 min.
The template c-BN film has been characterized as shown in the Supplementary Materials. In the second
step, the substrate temperature was increased up to 800 ◦C and depositions were performed for 40 min
at substrate bias voltages of −125, −150, −200, −250, and −275 V. Figure 5a,b show a series of FTIR
absorption spectra of the second BN films at different bias voltages with pure N2 plasma and Ar/N.
The relative height of IR peak is related to the thickness of the film under investigation. For the bias
voltage in this range, further growth of the film was observed. The thickness of the film grown at
−150 V for both gas compositions was roughly measured to be 50 nm by Taly step. It can be observed
that the growth rate at −150 V was higher than that at the other bias voltages. When the bias voltage
was changed from −150 to −275 V, the etching rate was enhanced as well, resulting in a monotonously
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reduced growth rate. No further growth of films occurred after the second growth when the bias
voltage was beyond −300 V, implying that the resputtering regime was reached.Coatings 2018, 8, x FOR PEER REVIEW  7 of 10 
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Figure 5. FTIR spectra of a series of c-BN films deposited at various substrate biases from −125 to
−275 V with (a) pure N2 and (b) Ar:N2 = 1:1 in the working gas after the second step.

In addition, the critical bias voltage was explored and compared when using pure N2 and Ar/N2

plasma. This critical value is considered to be necessary for incubation of c-BN nucleation. For the films
at bias voltages of −150, −200, −250, and −275 V, it is clear that the FTIR spectra are dominated by only
one peak, which is characteristic for the TO mode of the cubic phase. The absence of characteristic h-BN
peaks strongly indicates 100% cubic phase without any h-BN. On the other hand, the cubic content
of c-BN film at bias voltage of −125 V with Ar/N2 plasma was estimated to be 87%, significantly
higher than that with pure N2 (30% of cubic phase after second growth). This shows the critical bias
voltage for growth of the pure cubic phase of BN films and the dependence of the critical voltage on
the working gas. Deposition of pure c-BN films using Ar/N2 was obtained at lower bias voltage than
when using pure N2 gas in the present experiments. Nevertheless, in both cases, the pure cubic phase
of BN films was obtained within the bias voltage window from −150 to −275 V.

Besides, one may notice that for both cases, c-BN TO peaks in the FTIR spectra shift toward
lower frequencies with reduced bias voltage during growth. This shift is consistent with the reduced
compressive stress in the films grown at lower bias [33]. In order to better compare the differences,
the c-BN TO peak positions of the pure cubic phase films at bias voltages of −150, −200, −250, and
−275 V displayed in Figure 5 were plotted as a function of substrate bias voltage in Figure 6. For both
working gas systems, the c-BN TO peak slightly shifts toward higher frequencies at the bias voltage of
−250 V and further shifts toward lower frequencies gradually. Since only phase-pure cubic BN films
were compared in the present case, the subsequent shifting of the c-BN peak position as bias voltage
decreased is predominantly residual compressive stress due to ion bombardment because of their
comparative film thickness. Another important aspect is that the c-BN TO peak frequencies of the films
grown using pure N2 ion bombardment were rather low compared with those of c-BN films grown
using Ar/N2 plasma at the same bias voltage, indicating lower residual compressive stress. This was
confirmed by the observation that the high cubic content containing BN films using Ar as reactive gas
often delaminated in air, whereas those using pure N2 gas were much more stable after several months
in air. This suggests that the moderate ion bombardment using pure N2 gas is propitious to grow less
stressed c-BN films, favoring the growth of highly stable and robust pure c-BN films.
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Figure 6. c-BN TO peak position vs. substrate bias voltage. For unambiguous understanding, all these
films are 100% cubic.

4. Conclusions

In conclusion, we have demonstrated that high-quality c-BN films can be grown on silicon wafers
by the RF magnetron sputtering method with pure N2 as working gas. A comprehensive study of
c-BN films prepared with pure N2 or mixed Ar/N2 plasma for nucleation and further growth was
systematically carried out by FTIR, XPS, and AFM. The incubated Ar in the interfacial h-BN layer
grown with Ar/N2 gas led to a randomly oriented structure, and therefore built up compressive stress,
which could be improved by exclusively using pure N2 as sputtering and reactive gas. A two-step
process was utilized to investigate the nucleation and growth of c-BN separately. A growth window
of substrate bias voltage for c-BN growth after nucleation was obtained. When the bias voltage was
higher than the upper limit, the film was etched away, and when it was lower than the lower limit,
the cubic phase did not nucleate. Despite the relatively narrower growth window of predominantly
cubic content BN films as a function of substrate bias voltage when using pure N2 ion bombardment
than that using pure N2 plasma, it was possible to obtain pure cubic phase of BN films at certain
voltage values. Although the current study is based on nucleation of c-BN on silicon substrate by
using only growth species B and N, it opens up a pathway toward understanding the fundamental
nucleation of c-BN and future epitaxial growth of c-BN on an appropriate substrate with small lattice
mismatch, e.g., diamond single crystal and CVD diamond films using the magnetron sputtering
method. Furthermore, using pure N2 gas during the growth process will rule out the possibility of
Ar or other precursor impurities residing in the film, and consequently improve the film’s purity and
quality with little damage from ion bombardment.

Supplementary Materials: The following are available online at www.mdpi.com/2079-6412/8/2/82/s1.
Figure S1: Typical SEM images of c-BN films grown using (a,b) Ar/N2 and (c,d) pure N2; Figure S2: Typical
confocal microscopy image of c-BN film grown using pure N2; Figure S3: Typical Taly step profilographs of
different positions (a–c) on a 200 nm thick c-BN film grown using pure N2; Figure S4: Typical SEM image of c-BN
film grown using pure N2; Figure S5: Typical AFM images of c-BN films grown using (a–d) pure N2 plasma and
(e–h) Ar/N2 plasma: (a,e), (b,f), (c,g), and (d,h) for the c-BN films with deposition times of 10, 20, 30, and 40 min,
respectively; Figure S6: FTIR spectrum of a typical c-BN template film used in the present work; Figure S7: (a)
XPS survey spectrum and core level spectra of (b) B 1s and (c) N 1s of a typical c-BN template film used in the
present work; Figure S8: (a) AFM and (b) SEM images of a typical c-BN template film used in the present work.
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