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Abstract: Cubic boron nitride (c-BN) films were prepared via radio freque
sputtering from a hexagonal boron nitride (h-BN) target in a pure Nj
and microstructure morphology of the BN films with different depo

strategy for achieving high-quality c-BN films.
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1. Introduction

ality large-area single crystals of c-BN has not been established
[3-5] and single crystal wafers are not available yet.

process 1 r the nucleation and growth of c-BN thin films regardless of growth technique.
tes usually use deleterious and corrosive gases, such as H, C, Na, F, Ar, and He,
ving 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 ¢-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

unavoidably

of the deposited film, structural damage, and stress accumulation, especially under high ion energy
conditions [15,16]. Although introducing H; into the working gases can effectively etch the sp? phase,
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.
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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 N; radio frequency (RF) plasma. They found that all c-BN films
prepared in pure N, 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 growtl

by the conventional RF magnetron sputter method
An important aspect previously overlooked in the
of the experimental parameters using pure N gas i
characterization of the c-BN films prepared using p
deposition times, which enables investigat
the initial nucleation stage of the films. Th
using pure N, gas. Furthermore, using pure
microstructure quality and much comptessive stress, suggesting a fundamental strategy for
achieving high-quality c¢-BN fil

f c-BN film is optimization
growth. We therefore focus on
ed Ar/N, plasma with different
e between these two parameters in
e,c-BN growth window is obtained when

2. Experiments

2.1. Deposition

osited onysilicon (100) substrates using the RF magnetron sputtering method.
et ultrasonic pretreatment in a petroleum ether solution for 3 min, then

solution and rinsed with DI H,O to remove the native SiO,, and finally blown dry with nitrogen gas.
The base pressure was maintained below 5 x 10~* 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 Nj and 1:1 Ar/N; in the initial
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 N and 1:1 Ar/Nj.
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The template c-BN layers were prepared in pure N, 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~! 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 Ko radiation, PreVac, Rogoéw, 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 Sci 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 0 °C with
different deposition times. The absorption band at 1091 cm™! is rse optical (TO)
mode of c-BN, while two absorption bands at 1400 and 770
and result from the in-plane B-N stretching mode and the bending vibration,
respectively [17]. It can be clearly observed that there is a rease of the intensity of c-BN
peak, while the positions of the c-BN peaks have no
The intensity of the h-BN absorption peaks exhibits
BN films using 1:1 Ar/N, plasma at different deposit
the absorption bands of all c-BN films stay at 1100 cm
of c-BN peak also increases, whereas no ob
film grown using pure N, it is noticeable thatfat the psition time of 10 min, the film grown using
Ar/Nj already exhibits trivial cubic

creased deposition time.
he IR absorption spectra of

I._BN
— _ BN (1)
I._sN + In—BN

%, and 80% for the film using Ar/Nj,. The cubic phase content in
the c-BN films us asma is higher than that using pure N; plasma at the same deposition

time, si ncrea ardment of the c-BN films by energetic Ar ions induces a higher growth

for the films grown in pure N, plasma compared to those using mixed Ar/N, plasma. The compressive
stress for the film can be estimated from

_ wc — 1065 cm ™!

o= 2
5GPa/cm ™! @

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
from the sp? absorbance and an absorbance coefficient (h-BN: 25,000 cm~!) was approximately 15 nm
for the film grown using pure N, plasma and 10 nm for the film grown using Ar/N, plasma [25].
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It has also been observed that an increase in the N; plasma concentration extends the thickness of the
interlayer [26].

~
o
N

cBN (b) cBN

Absorbance (a.u.)
Absorbance (a.u.)

500 1000 1500 2000 500 1000 1500 2000
Wavenumber (cm'1) Wavenumber (cm'1)

Figure 1. FTIR spectra for cubic boron nitride (c-BN) films grown
plasma and (b) Ar:Nj = 1:1 plasma. The c-BN transverse optica, 1 and 1100 cm ™1
in the two-gas system.

It is well known that fluctuations in the near suface atomic structure of the studied films will
lead to variations in the density and, consequentl
delivers more information on the influence

e films is composed mainly of the h-BN phase at the initial
ition time, differences in the h-BN and ¢-BN loss functions are

m grown using pure Nj gas for 10 min is that the small peak at about 4.6 eV is
bonds [30], which is invisible for the film grown using Ar/Nj. This strongly suggests
-N configurations in hexagonal BN layer supplied by pure N, bombardment at the

due to the
the existence
initial stage.
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Figure 2. Energy loss function based on N 1s plasmon for c-BN film depositi S\

plasma and (b) mixed Ar/N; plasma.

N, plasma and mixed Ar/N; plasma, a nucleation sequenc
measurements. Figure 3 presents root mean squared (

Several AFM images were taken at different positio
Thus it was expected that the errors involved were ra
results were averaged. After 10 min of growth, the
0.74 £ 0.04 nm and 1.20 £ 0.07 nm for pure
known from FTIR measurements and energy ;
mainly of h-BN after 10 min; howeye phase‘already starts to nucleate for the film grown

with Ar/Nj. It was previously reported dment of Ar ions can penetrate into the growing
h-BN film during deposition 1ldtion of compressive stress, consequently influencing
the microstructure of the ] 31]. As a result, the initial h-BN layer becomes rougher, since a

randomly oriented lamj pis under the ion bombardment. Such bombardment leads
to high enough compressi esses tofavor c-BN thermodynamically. It is believed that the higher

n bombardment. It has been reported that residual stress of h-BN is reduced
temperature, which also explains how the buried Ar atoms could diffuse out

continuously, the surface of the c-BN films prepared in Ar/N, 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 Nj 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 ¢-BN films with mixed Ar/N, 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.

3.0+ —s—Pure N,
* —o— ArN,=1:1
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Figure 3. Root mean squared (RMS) roughness as a function of
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Figure 4. hy ctron sgectrometry (XPS) survey spectra for c-BN films with (A) pure plasma
2> plasmia after 10 min deposition. The inset shows Ar 2p core level spectra for the

the differences in growth conditions using pure N, and Ar/N, plasma, we
focused on N layers grown on c-BN template nucleate layer in a two-step manner, in which
the top layer 6f c-BN was expected to provide pure growth information. In the first step, template
¢-BN films were prepared in pure N, 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 N 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 —275V, 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.

(@) hiBN ciBN hiBN (b)L  hiBN ciBN hiBN
275V 275V
-250 v \. -250 V

TTY T TP T i 1
MELEMELEMELY ML LML

-200 V| -200 V

:: \ 150 V
;____/\J : \4 125V

. . . T . . : . ; .
500 1000 1500 2000 500 1000 1500 2000
Wavenumber (cm™') Wavenumber (cm™")

Absorbance (a.u.)
Absorbance (a.u.)

peaks strongly indicates 100% cubic phase
of c-BN film at bias voltage of —125 V with A
higher than that with pure N; (30%0fje

the c-BN TO peak¥ésiti f the pure cubic phase films at bias voltages of —150, —200, —250, and
—-275V i ¢’> were plotted as a function of substrate bias voltage in Figure 6. For both

—250V ifts toward lower frequencies gradually. Since only phase-pure cubic BN films
were comp 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 N; ion bombardment were rather low compared with those of c-BN films grown
using Ar/N, 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 N, gas were much more stable after several months
in air. This suggests that the moderate ion bombardment using pure N, 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
films are 100% cubic.

4. Conclusions

n on silicon wafers
prehensive study of
and further growth was
the interfacial h-BN layer
ture, and therefore built up compressive stress,

In conclusion, we have demonstrated that high-quality c-

systematically carried out by FTIR, XPS, and AFM.
grown with Ar/Nj gas led to a randomly oriented str
which could be improved by exclusively using pure
process was utilized to investigate the nucle@tion and g c-BN separately. A growth window
of substrate bias voltage for c-BN growth aft ion was obtained. When the bias voltage was

e to obtain pure cubic phase of BN films at certain
y is based on nucleation of c-BN on silicon substrate by

als: The following are available online at www.mdpi.com/2079-6412/8/2/82/s1.
ical SEM images of c-BN films grown using (a,b) Ar/N; and (c,d) pure Ny; Figure S2: Typical
y image of c-BN film grown using pure Nj; Figure S3: Typical Taly step profilographs of
s (a—c) on a 200 nm thick c-BN film grown using pure Ny; Figure S4: Typical SEM image of c-BN
film grown using pure Np; Figure S5: Typical AFM images of c-BN films grown using (a—d) pure N, plasma and
(e-h) Ar/Nj; plasma: (ase), (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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