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Cubic boron nitride (c-BN) was deposited on silicon substrates using electron cyclotron resonance microwave
plasma chemical vapor deposition (ECR MPCVD) employing Ar–He–N2–H2–BF3 gas precursors at 780 °C. In
situ X-ray photoelectron spectroscopy (XPS), Fourier transform infrared (FTIR) spectroscopy, and transmission
electronmicroscopy (TEM)measurements indicated that c-BN nucleated and grew on a hexagonal boron nitride
(h-BN) layer that initially formed on the substrate. The minimum and maximum bias applied to the sample that
yielded c-BN growthwas investigated by in situ XPS. Rutherford backscattering spectrometry (RBS), elastic recoil
detection (ERD), and XPS were employed to determine the chemical composition of the produced films, while
XPS and in situ ultraviolet photoelectron spectroscopy (UPS) were employed to investigate the electronic struc-
ture of film surfaces. The bandgap of the c-BN films was estimated to be 6.2± 0.2 eV fromXPSmeasurements. In
situ UPS measurements indicated that as-deposited c-BN films exhibited a negative electron affinity (NEA). The
surface continued to exhibit anNEA afterH2 plasma treatment performed at 650 °C and annealing at 780 °C. Anal-
ysis of surface bonding using a surface dipole model suggests that H-terminated N surface sites could be respon-
sible for the observed NEA character.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Cubic boron nitride (c-BN), which is isoelectronic with diamond, is
an sp3 hybridized zinc-blende structure andhas a reported band gap be-
tween 6.1 and 6.4 eV [1,2]. It has been reported that c-BN crystals can
exhibit p-type character with Be doping and n-type character with Si
doping [3]. The activation energies reported for Be-doped and Si-
doped c-BN are 0.23 eV and 0.24 eV, respectively [4]. Also, it has been
shown that H-terminated c-BN exhibits a negative electron affinity
(NEA) surface [5–7]. A surface has an NEA when the vacuum energy
level lies below the conduction band minimum (CBM). Consequently,
electrons excited to the conduction band may be emitted into vacuum
without overcoming an energy barrier. Creating an NEA surface on an
n-type material can effectively reduce the work function, as shown in
recent studies of n-type diamond films with NEA surfaces. The low
work function of these films (1.3 eV and 0.9 eV for N and P doping, re-
spectively) has enabled thermionic electron emission at temperatures
below 500 °C [8,9]. These doped diamond films may be considered for
electron emitters and collectors in thermionic energy conversion
(TEC) devices [10,11]. Considering the isoelectronic structure with dia-
mond, the ability to exhibit an NEA surface, and the shallow donor level
nich).
of Si impurities, c-BN may be considered as a candidate for electron
emission applications, specifically in TEC devices.

Some of the earliest studies of c-BN utilized high pressure high tem-
perature (HPHT)methods to synthesize c-BN crystals [3,4,12–15]. How-
ever, the limited size of produced c-BN crystals and the extreme nature
of HPHT methods have prevented the full realization of the potential of
c-BN in electronic applications. As a result, thin film synthesis has
gained interest to produce c-BN suitable for electronic applications. Syn-
thesis of c-BN films has been achieved through physical vapor deposi-
tion (PVD) or chemical vapor deposition (CVD) techniques, which
apparently employ different deposition mechanisms.

Physical vapor deposition methods typically involve an ion beam
process that leads to subsurface nucleation and growth of c-BN
[16–18]. Drawbacks of PVD produced films include the presence of an
h-BN surface layer [19,20] and high internal stress (5–20 GPa [21]),
which can lead to delamination.

Chemical vapor deposition refers to techniques that rely on surface
reactions of gas phase precursors to form the desired material. Among
CVDmethods, Zhang et al. [22] showed the effectiveness of plasma en-
hanced CVD (PECVD) employing fluorine chemistry to deposit c-BN
films. Films produced through electron cyclotron resonance microwave
plasma CVD (ECR MPCVD) have shown resistance to delamination for
thicknesses up to 3 μm [23], indicating relatively low internal stress. In
addition, produced films were largely composed of c-BN [24].
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Fig. 1. Diagram of the ECRMPCVD deposition chamber used to deposit c-BN films. Micro-
waves and a gasmixture are delivered into the bottom of the chamber.With the ECRmag-
nets, an ECR plasma is generated in the lower part of the chamber and extends to the
sample in the upper part of the chamber.

Table 1
Experimental parameters for sample cleaning and deposition.

Cleaning Deposition

He flow rate (sccm) 35 35
Ar flow rate (sccm) 2.5 2.5
N2 flow rate (sccm) 12.5 12.5
H2 flow rate (sccm) – 4
BF3 flow rate (sccm) – 1
Sample temperature (°C) 780 780
Pressure (Torr) 1 × 10−4 Torr 1 × 10−4 Torr
Input microwave power (W) 1400 1400
Applied bias (V) −60 −60
Duration 15 min 1, 2.5, 4 h
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A key factor contributing to the effectiveness of PECVD methods is
employing fluorine chemistry. Theoretical calculations indicated that
F-termination of B sites can improve the stability of the surface [25]. Ad-
ditionally, employing F chemistry has been predicted theoretically and
observed experimentally to cause preferential etching of sp2 bonded
BN over sp3 bonded BN, consequently enhancing the c-BN content in
thefilm [26,27]. It has also been shown that the gas phase ratio between
H and F affects the sp2 BN etching rate and the c-BNdeposition rate [28].
A growth model for plasma CVD employing fluorine chemistry to de-
posit c-BN films has been proposed by Zhang et al. [20]. They reported
a N-rich surface after deposition and concluded that B surface sites
were terminated with F atoms, while N surface sites were terminated
with H atoms. The terminating F and H atoms are apparently abstracted
to continue growth. By comparing experimental findings with theoret-
ical calculations [25,29], NHx and BFx species were identified as the pri-
mary species that contribute to c-BN growth.

Investigating the electronic properties of c-BN films will provide a
better understanding of its potential for electronic applications. In this
work we investigate and characterize c-BN films produced via ECR
MPCVD with fluorine chemistry by varying growth time and growth
conditions. Additionally, the surfaces of as-deposited c-BN films were
subjected to an H2 plasma and then annealing. In situ photoelectron
spectroscopy was performed to study the chemical composition and
electronic structure of the film surface, while other associated ex situ
techniques were employed to determine the physical structure, compo-
sition, and chemical bonding of the films.

2. Experiment

2.1. Deposition of c-BN films

An integrated ultrahigh vacuum (UHV) system maintained at
~5 × 10−10 Torr connects multiple chambers through a ~20 m linear
transfer line, allowing for in situ growth, processing, and characteriza-
tion. An ECR-MPCVD chamber was used to deposit c-BN films, perform
H2 plasma treatment, and anneal films. An XPS system was utilized to
provide core level analysis of the surface offilms, and an ultraviolet pho-
toemission spectroscopy (UPS) system was employed to analyze the
electronic structure of the films. Once the in situ experiments andmea-
surements were completed, the samples were removed and analyzed
with ex situ Fourier transform infrared (FTIR) spectroscopy, Rutherford
backscattering spectrometry (RBS), and transmission electron micros-
copy (TEM) measurements.

The c-BN films were synthesized in the ECR MPCVD chamber, sche-
matically depicted in Fig. 1. The chamber was kept at a base pressure of
1 × 10−8 Torr monitored by a cold cathode gauge. Electron cyclotron
resonance occurred by combining 2.45 GHz microwaves from a
1.5 kW ASTeX microwave source and an ~875 G magnetic field applied
by two ASTeX ECR magnets. The ECR zone was in the lower part of the
chamber, and the plasma extended to the upper part of the chamber
where the manipulator holding the sample was positioned. A toroidal
tungsten coil beneath the substrate radiatively heated the sample. The
temperature was calibrated with a Mikron M90Q optical pyrometer. A
negative DC bias was applied to the sample holder to enable nucleation
and growth of the c-BN film.

The c-BN filmswere deposited on 25mmdiameter silicon (100) sin-
gle side polished wafers with two different doping levels. Undopedwa-
fers with a resistivity≥ 20Ω-cmwere used for FTIRmeasurements, but
were not suitable for UPS measurements due to photo-induced charg-
ing effects. Phosphorous-doped wafers with a resistivity ≤ 0.01 Ω-cm
were used to reduce photo-induced charging effects observed during
XPS and UPSmeasurements. Thewafers weremounted onto aMo sam-
ple holder and fastenedwith Ta wires. After loading the sample into the
ECR MPCVD chamber and heating to 780 °C, the sample underwent an
in situ plasma cleaning process for 15 min. The cleaning process used
a He–Ar–N2 gas mixture at a pressure of ~1 × 10−4 Torr, a microwave
power of 1.4 kW, and an applied bias of−60 V. The deposition process
was initiated by introducing H2 and BF3 gasses into the He–Ar–N2 gas
mixture while the microwave power, temperature, and bias were held
constant. The cleaning and deposition parameters are summarized in
Table 1.

Deposition of BN was performed for 1 h, 2.5 h, and 4 h to examine
the c-BN nucleation and the film structure as the thickness increased.
The FTIR measurements were performed on separate samples to avoid
surface contamination that may impact further growth.

The bias applied to the sample was varied to determine the mini-
mumandmaximumcritical biaswhich defines the c-BNgrowth regime.
The experiments were initiated with samples with c-BN surfaces and
then the bias was systematically varied during the subsequent deposi-
tion steps. The minimum critical bias was investigated by reducing the
applied bias for each deposition. The process was repeated for H2 flow
rates of 4 sccm and 2 sccm. Deposition lasted for 1 h and 2 h when the
H2 flow rates were 4 sccm and 2 sccm, respectively. The maximum crit-
ical bias was investigated by subsequent depositions at −100 V,
−125 V, and −150 V. Additionally, a He–Ar–N2 plasma treatment
was performed on c-BN samples at−150 V. The deposition and plasma
treatment parameters are listed in Table 2.

Measurements addressed the formation and stability of H-
terminated surfaces. As-deposited c-BNfilms obtained after 4 h of depo-
sition were heated to 650 °C and exposed to an H2 plasma for 20 min.
The plasma was maintained with 20 sccm of H2 and 2.5 sccm of Ar at



Table 2
Deposition parameters used to investigate the low bias and high bias limits for c-BN growth.

Low bias w/4 sccm H2 Low bias w/2 sccm H2 High bias growth High bias He–Ar–N2 plasma

He flow rate (sccm) 35 35 35 35
Ar flow rate (sccm) 2.5 2.5 2.5 2.5
N2 flow rate (sccm) 12.5 12.5 12.5 12.5
H2 flow rate (sccm) 4 2 4 –

BF3 flow rate (sccm) 1 1 1 –

Sample temperature (°C) 780 780 780 780
Pressure (Torr) 1 × 10−4 Torr 1 × 10−4 Torr 1 × 10−4 Torr 1 × 10−4 Torr
Microwave power (W) 1400 1400 1400 1400
Applied bias (V) −50, −45, −43.5 −38, −36.5 −100, −125, −150 −150
Duration 1 h 2 h 1 h, 1 h & 2 h, 1 h 1 h
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a pressure of 1 × 10−4 Torr with 300W of input microwave power, and
a ~−10 V bias relative to ground was observed (not applied). The sam-
plewas then cooled in the plasma to 400 °C over 5minwhen themicro-
wave power was turned off. The sample was transferred for in situ XPS
and UPSmeasurements to characterize the surface. Then, the H2 plasma
treated films were annealed in the ECR chamber for 30 min at 780 °C.

2.2. Sample characterization

Upon completion of each deposition and processing step, the sam-
ples were transferred into separate XPS and UPS chambers for in situ
characterization. The XPS measurements were performed with a
nonmonochromatic Al X-ray source (hν = 1486.6 eV) using a VG
Clam II spectrometer with a resolution of ~1.0 eV. The core level peak
positions can be resolved to ~0.1 eV through curve fitting. The UPSmea-
surements were performed using a He discharge lamp, which was opti-
mized for He I photons (hν=21.2 eV) or He II photons (hν=40.8 eV).
A bias of −8 V was applied to the sample to overcome the analyzer
work function and maximize the collection of low energy electrons. A
VSW-HA50 hemispherical electron analyzer positioned normal to the
surfacewas employed to acquire the photoelectron spectra. The analyz-
er resolution was 0.1 eV or 0.25 eV when operating the source opti-
mized for He I or He II photons, respectively. Additionally, photo-
induced charging effects were observed at room temperature, but ap-
peared to be reduced by heating the samples above 200 °C during the
UPS measurements.

After completing in situ measurements, the samples were removed
for ex situ FTIR measurements to identify c-BN and h-BN components.
Transmission FTIR was performed using a Bruker IFS 66V/S FTIR system
at a pressure of 3.75 Torr with a Globar mid-IR source and a KBr beam
splitter. The infrared light was collected with a DTGS detector operating
at a resolution of 4 cm−1.

To identify the chemical composition of the film, Rutherford back-
scattering spectrometry (RBS) was performed using 2 MeV He++ ions
generated from a 1.7 MeV General Ionex Tandetron accelerator. The
samples were oriented 8° from theHe++ beam to avoid ion channeling.
Elastic recoil detection (ERD) was also performed to determine the rel-
ative H content in the films. Analysis of RBS and ERD spectra to identify
elements and determine H content was performed using RUMP soft-
ware. Also, resonant nuclear reaction analysis was performed using
3.93 MeV He++ ions to measure the B content and thus calculate the
N:B ratio with RUMP.

Finally, transmission electron microscopy (TEM) was performed
using a JEOL ARM200F aberration correct electron microscope.

3. Results

3.1. Results after 1 h, 2.5 h, and 4 h depositions

In situ XPS measurements performed following BN deposition for
1 h, 2.5 h, and 4 h are shown in Fig. 2. The B and N 1s core levels ob-
served after a 1 h deposition displayed a π-plasmon peak at ~10 eV on
the higher binding energy side of the B and N 1s peaks. Curve fitting in-
dicated the B 1s and N 1s peaks to be centered at 190.9 ± 0.1 eV and
398.4 ± 0.1 eV, respectively. Also, a small amount of F was detected in
the F 1s XPS spectra, centered at 687.3 ± 0.1 eV. After 2.5 h of deposi-
tion, the π-plasmon peaks were not evident in the B and N XPS spectra.
The B 1s peak was centered at 191.9 ± 0.1 eV, and the N 1s peak was
centered at 399.5 ± 0.1 eV. The F 1s peak was positioned at 687.3 ±
0.1 eV (Fig. 2) with similar intensity to that after 1 h of deposition.
Upon completing a 4 h deposition, the π-plasmon peaks were not evi-
dent in the B and N 1s spectra. The B 1s peak was centered at 192.4 ±
0.1 eV, and the N 1s was centered at 399.9 ± 0.1 eV. The F 1s peak
was centered at 687.4± 0.1 eV, and the intensitywasmaintained at ap-
proximately the same level as that after depositing for 1 h or 2.5 h. The
position of the F 1s peak throughout the XPSmeasurements, ~878 eV, is
consistent with XPS spectra of F bonded to B [30].

The amount of F bonded to the surfacewas estimated fromXPS spec-
tra by using a modified equation from [31]:

Θ ¼ I F
SF

=
IB
SB

þ IN
SN

� �
�
X∞

n¼0
exp

−n � dBN

λBN � cos φ½ �
� �

; ð1Þ

where Θ, the coverage in monolayers (ML), is the number of absorbed F
atoms per unit area (atoms/cm2) divided by the number of surface B
and N atoms per unit area (atoms/cm2). The IF, IB, and IN are the inte-
grated intensities of the F, B, andN1s peaks; SF, SB, and SN are the atomic
sensitivity factors for each peak; d is the average spacing between c-BN
planes, which we assume was a polycrystalline surface comprised of
b100N, b110N, and b111N planes; and, φ is the angle between the nor-
mal of the surface and XPS energy analyzer, which was 0° for the
setup. Finally, λ is the inelasticmean free path of B 1s or N 1s photoelec-
trons. The values of λ were calculated using the TPP-2M equation [32],
using the density of c-BN as 3.45 g/cm3, Eg =6.4 eV, B 1s kinetic energy
of ~1293 eV, and N 1s kinetic energy of ~1086 eV. The calculated results
are: λB = 31.1 Å, λN = 32.1 Å, and the average is λBN ≈ 31.6 Å. The es-
timated surface coveragewas calculated by averaging the surface cover-
age for b100N, b110N, and b111N planes. Using this approach, ~0.4ML of
Fwas detected on the surface after 1 h of deposition. Since the XPSmea-
surements probe ~5 nm into the film, the specific stoichiometry of the
surface (i.e. the topmost BN layer) may differ from the XPS concentra-
tion. If F was exclusively bonded to B surface sites (assuming a 1:1 N:B
surface), the coverage is estimated to be ~0.8 ML. After 2.5 h and 4 h
of deposition, a similar relative F content was observed.

Transmission FTIR measurements after 1 h of deposition (Fig. 2)
showed a response at 1380 cm−1 and 775 cm−1 which can be attribut-
ed to the in-plane and out-of-plane optic modes of h-BN, respectively
[33]. Following 2.5 h of deposition, a response at 1070 cm−1, which cor-
responds to the opticmode of c-BN [33], was observed alongwith the h-
BN response at 1380 cm−1 and 775 cm−1 (Fig. 2). Following a 4 h depo-
sition, FTIR measurements (Fig. 2) indicated a response from h-BN at
1384 cm−1 and 780 cm−1, while the c-BN mode was observed at
1085 cm−1. Note that the signal intensity decreasedwith increasing de-
position time. The decreasing intensity was attributed to increased



Fig. 2. B, N, and F 1s XPS and transmission FTIR spectra following (a) 1 h, (b) 2.5 h, and (c) 4 h of ECR MPCVD growth.
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scattering that occurredwith increasingfilm thickness. Thus, estimating
the h-BN and c-BN phase content from FTIR measurements may not be
accurate for these layered structures.

The energy loss spectrum from the B 1s peak following a 4 h deposi-
tion, shown in Fig. 3, was used to estimate the onset of the bulk
Fig. 3.B 1sXPS spectra focused on the bulk plasmon edge to determine the band gap of the
c-BN surface.
plasmon relative to the center of the 1s peak. Previous studies have
demonstrated that the bandgap of a material can be deduced by deter-
mining the position of the bulk plasmon onset relative to the core level
peak [34,35]. This analysis indicated a bandgap of 6.2 ± 0.2 eV. It is
worth noting that theN 1s bulk plasmon edgewas not as clearly evident
as the B 1s bulk plasmon edge, making it difficult to obtain an accurate
estimation of the onset energy.

Fig. 4 shows the RBS spectrum obtained from a 4 h deposition. The
analysis using RUMP identified the presence of B, N, Si (from the sub-
strate), and a small response attributed to the presence of Ti and/or V.
The measured Ti/V was estimated using RUMP to be 0.5 at.% of the
film. This concentration was apparently below the XPS detection limit.
This contamination likely originates from the sample holderwhen heat-
ed. From resonant nuclear reaction analysis measurements (not
shown), RUMP analysis determined a N:B ratio of 1:1± 0.1. Additional-
ly, ERD analysis with RUMP indicated that the H content in the filmwas
~3 ± 0.5 at.%.

Cross section TEM of a 4 h deposition, shown in Fig. 5, reveals ap-
proximately 40 nm of what appears to be h-BN with the c-axis parallel
to the silicon surface. Evidently, this h-BN layer grows on silicon before
nucleation of c-BN. The c-BN layer was approximately 20 nm thick.

3.2. Minimum and maximum critical bias

The B 1s XPS spectra shown in Fig. 6 were obtained following each
deposition in the investigation of the minimum bias for c-BN growth
using 4 sccm of H2. When depositing with an applied bias of -50 V,



Fig. 4. RBS spectrum of a c-BN film (4 h of deposition) using 2MeVHe++ ions. By analysis
with RUMP, it was determined that B, N, and Si (from the substrate) are detected in the
spectrum. Also, RUMP analysis indicated a trace amount of Ti and/or V at the surface of
the film but these elements were not detected in XPS measurements.

Fig. 6. B 1s XPS spectra of (a) deposition at−50 V, (b) deposition at−45 V, (c) deposition
at−43 V, and (d)−41 V for 1 h using 4 sccm of H2 during deposition.
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-45 V, and -43 V, π-plasmon peaks were not evident in either B or N 1s
XPS spectra. However, a π-plasmon peak was evident in the B 1s spec-
trumwhen depositing at –41V.When 2 sccmof H2was used during de-
position, a π-plasmon peak was not evident when depositing at−38 V
but it was evident when depositing at−36.5 V (data not shown).

After depositing for 1 h at−100 V, XPS results (Fig. 7) showed B and
N 1s peaks without evident π-plasmon peaks. Similar XPS spectra,
shown in Fig. 4, were obtained when depositing for 1 h with a bias of
−125 V. After a 2 h deposition at −125 V, the resulting XPS spectra
(Fig. 7) showed a reduced B 1s intensity while the N 1s intensity
remained similar to the growth at−100 V. Additionally, XPS measure-
ments detected Si, evident by the Si 2s and 2p core level peaks shown in
Fig. 7. When depositing at -150 V, XPS measurements showed a further
reduction of the B 1s intensity and an increase of the Si 2s and 2p
Fig. 5. Transmission electronmicroscopy image of a c-BN film after 4 h of deposition. First,
an h-BN layer grows on the top of the silicon substrate. After the h-BN layer reached ap-
proximately 40 nm in thickness, polycrystalline c-BN nucleated and grew on top of the
h-BN layer. The polycrystalline c-BN layer was approximately 20 nm thick.
intensities while the N 1s intensity remained similar to other deposi-
tions. Following the 1 hHe–Ar–N2 plasma treatment at−150 V, XPS de-
tected the Si 2s and 2p core levels and aN 1s peak, while a B 1s peakwas
not evident (Fig. 7). For XPS measurements in which Si was evident, a
doublet peak is observed in the spectra (Fig. 7) that we assign to Si–Si
bonds at ~99.5 eV and Si–N bonds at ~102 eV binding energy.

3.3. c-BN surface treatments

The XPS and FTIR spectra of c-BN films after a 4 h deposition are
shown in Fig. 8. The B and N 1s peaks were centered at 192.2 ± 0.1 eV
and 399.6 ± 0.1 eV respectively. In these spectra, the π-plasmon was
not evident. The F 1s peak was positioned at 687.3 ± 0.1 eV. Transmis-
sion FTIRmeasurements showed a response for h-BN at 1384 cm−1 and
780 cm−1 while a response for c-BN was observed at 1085 cm−1. Note
that the FTIR measurements are from separately prepared samples
which may have variations that preclude quantitative comparisons.
The amount of F on the surface was estimated to be ~0.4 ML and ~8.0
ML if only B atoms are considered.

The electronic structure of c-BN films after a 4 h deposition was in-
vestigated by in situ UPS. The He I UPS spectrum is shown in Fig. 9.
The low energy cut-off was found at 17.1 ± 0.1 eV, through linear ex-
trapolation, corresponding to a 4.1±0.1 eVwork function. A strong sec-
ondary peak near the low energy cut-off was observed in the spectrum.
Analysis of the He II spectrum (Fig. 9) indicated the valence band max-
imum (VBM) edge, at ~1.9 ± 0.25 eV below the Fermi level.

Following H2 plasma treatment, XPS measurements shown in Fig. 8
detected B, N, and F. The B and N 1s peaks continued to exhibit strong
intensities, without evident π-plasmon peaks, and were observed at
191.4 ± 0.1 eV and 399.9 ± 0.1 eV, respectively. In contrast, the F 1s
peak showed a decrease in signal intensity and was positioned at
687.6 ± 0.1 eV. The B, N, and F 1s XPS spectra for annealed films are
shown in Fig. 8. The B and N 1s peaks shifted to 191.9 ± 0.1 eV and
399.4 ± 0.1 eV, respectively, and π-plasmon peaks were not evident.
The F 1s peak intensity remained at a similar level and was centered
at 686.9 ± 0.1 eV.

A notable amount of F was removed after H2 plasma exposure, and
the F contentwas unchanged after annealing. The amount of F following
H2 plasma treatmentwas estimated to be 0.2ML considering both B and
N atoms and 0.4 ML if F was bonded only to B atoms.

After H2 plasma exposure, the FTIR spectrum shown in Fig. 8 is es-
sentially unchanged when compared to the initial c-BN FTIR spectrum.
The FTIR spectra after annealing also remain unchanged (Fig. 8).



Fig. 7. B 1s, Si 2p, andwide survey XPS spectra following (a) deposition at−100 V for 1 h, (b) deposition at−125 V for 1 h, (c) deposition at−125 V for 2 h, (d) deposition at−150 V for
1 h, and (e) He–Ar–N2 plasma performed with an applied bias of −150 V for 1 h. The B 1s spectra are shifted horizontally to align the B 1s peaks.
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The UPS spectra of H2 plasma treated c-BN shown in Fig. 9 displayed
a work function of ~3.4 ± 0.1 eV, and the VBM was ~2.8 ± 0.25 eV
below the Fermi level. After annealing the H2 plasma treated c-BN, the
work function shifted to ~4.2 ± 0.1 eV while the VBM edge was
~2.1 ± 0.25 eV below the Fermi level (Fig. 9). A strong secondary
peak above the low energy cut-off was observed after H2 plasma treat-
ment and annealing.

3.4. XPS stoichiometry

The N:B ratio estimated fromXPSmeasurements after 1 h, 2.5 h, and
4 h depositions as well as after H2 plasma exposure and annealing is
shown in Fig. 10. The N:B ratio is estimated by dividing the area of
each 1s peak (using a Gaussian fit) by the respective atomic sensitivity
factor (ASF), such that N:B = (N 1s area / N ASF) / (B 1s area / B ASF).
After 1 h deposition, the N:B ratio was ~1.4 ± 0.1, while after the
2.5 h and 4 h depositions the N:B ratios were 1.3 ± 0.1 and 1.4 ± 0.1,
respectively. The estimated N:B ratio decreased to 1.2 ± 0.1 after H2

plasma treatment and remained at 1.2 ± 0.1 following annealing.
Note that after H2 plasma treatment the B 1s intensity increased and
the N 1s intensity decreased, and the intensities remained similar after
annealing. While investigating the bias limits that yielded c-BN growth,
estimations from XPS spectra indicated the N:B ratio ranged from 1.2 to
1.4 ± 0.1.
4. Discussion

4.1. Physical characterization

4.1.1. Deposition of c-BN films
The physical structure of deposited films was determined by exam-

ining XPS, FTIR, and TEM results. The π-plasmon peaks observed in XPS
spectra, associated with sp2 bonded BN, along with the vibrational
modes associated with h-BN that are observed in FTIR measurements
indicated that the initial surfacewasmainly composed of h-BN. Howev-
er, a c-BN response was observed in FTIR measurements when π-
plasmon peaks were not evident in the XPS spectra. These results indi-
cated that the surface was mainly composed of c-BN when π-plasmon
peaks were not evident in the B and N 1s spectra. The growth transition
is consistent with results from cross section TEM reported here (Fig. 5)
and with cross section TEM performed in prior research [36]. Our anal-
ysis from XPS measurements indicated that the c-BN surface was char-
acterized as having a bandgap of 6.2 ± 0.2 eV, which is consistent with
the range of values reported for c-BN (6.1–6.4 eV).

The B and N 1s core level positions shifted at various deposition
stages, while the F 1s core level position remained essentially un-
changed. The B 1s andN1s core levels shifted to higher binding energies
when π-plasmon peaks were not evident. Similar shifts have been re-
ported in other studies (~0.8 eV), which were attributed to chemical



Fig. 8. B, N, and F 1s XPS and transmission FTIR spectra of (a) as-deposited c-BN, (b) H2 plasma treated c-BN, and (c) H2 plasma treated c-BN annealed at 780 °C.
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shifts due to the difference in electronic structure between h-BN and
c-BN [37,38]. Ourmeasurements suggest that themajority of the detect-
ed F was bonded to B surface sites. The F-terminated B surface sites are
Fig. 9.He I (hν=21.2 eV) UPS spectra of as-deposited c-BN (4 h of deposition), H2 plasma
treated c-BN, and annealed plasma treatedfilms. Inset: He II (hν=40.8 eV) UPS spectra of
as deposited c-BN films, H2 plasma treated c-BN films, and annealed H2 plasma treated
films.
thought to be sp3 bonded regardless of an h-BN or c-BN surface. This
may explain why the position of the F 1s peak remained unchanged
while the B and N peak positions varied for the different deposition
durations.
Fig. 10. The N:B ratio detected from XPS measurements after 1 h, 2.5 h, 4 h of deposition,
H2 plasma treatment and annealing the plasma treated films.
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4.1.2. Film composition
The N:B ratio of the film was ~1:1, as indicated by RBS measure-

ments, while XPS indicated the presence of F at the surface and ERD
measurements indicated the presence of H in the film. With regard to
the presence of F, RBS measurements did not detect F but the presence
of F in XPS spectra, the F 1s peak position, and the surface coverage es-
timations indicated that F was bonded to B surface sites.

The presence of H and F can be understood from the c-BN growth
model proposed by Zhang et al. [20] and by several theoretical works
[25,29] which predicted H-terminated N surface sites and F-
terminated B surface sites during growth. The theoretical studies pre-
dicted H-termination effectively stabilizes the N surface sites, while
the same was predicted for F-terminated B surface sites. The observa-
tions by Zhang et al. indicated that NHx and BFx species contribute to
BN growth. The presence of F and H determined by XPS and ERD mea-
surements is consistent with these studies.
4.1.3. Bias limits
The minimum critical bias is ascribed to the bias value below which

growth on c-BN surfaces results in surfaces composed mainly of h-BN.
Growth of c-BN is sustained above the minimum critical bias value
and up to the maximum critical bias. When depositing above the max-
imum critical bias, etching processes begin to dominate growth. Thus,
the critical biases define the transition between 3 regimes of growth:
growth of h-BN, growth of c-BN, and etching.

Measurements indicated theminimumbias decreased from ~−42 V
to ~−37 V as the H2 flow rate was decreased from 4 sccm to 2 sccm.
This observed behavior is similar to that reported by Zhang and
Matsumoto [28], where the minimum bias decreased from −75 V to
−40 V when decreasing the H2 flow rate from 5 sccm to 1.5 sccm
(using plasma jet CVD). This behavior was similar to the role of bias re-
quired to grow c-BNusing a PVD technique reported by Kester andMes-
sier [39]. Kester and Messier noted that the applied bias facilitated
momentum/energy transfer to the surface via ion bombardment
which was required to nucleate and sustain c-BN growth. The
momentum-per-atom, which describes the momentum transferred to
the surface, is proportional to themomentum of impinging ions and in-
versely proportional to the growth rate. Formation of c-BN is apparently
achieved by meeting a threshold momentum-per-atom value. There-
fore, by decreasing the growth rate, the bias can be accordingly de-
creased to meet the same momentum-per-atom threshold required
for growth. It is worth noting that the PVD method used by Kester and
Messier may be based on a densification mechanism, which is thought
to be different from CVDmechanisms. Further study is needed to better
understand the role of bias in the CVD deposition process.

When investigating the maximum bias limit that yielded c-BN
growth, XPS measurements indicated that etching occurred when de-
positing at−125 V and −150 V. Comparing the XPS spectra following
deposition and He–Ar–N2 plasma treatment at −150 V indicated that
ion bombardment could be responsible for the etching that occurred
when depositing at−125 V and −150 V. Silicon was observed in XPS
spectra after a 2 h deposition at −125 V and after a 1 h deposition
and plasma treatment at −150 V, indicating that the etching rate in-
creased with increasing bias. However, it seems likely that the specific
applied bias where etching begins to dominate growth depends on
the deposition system properties.

Hirama et al. [40] usedmolecular beam epitaxy (MBE), a PVDmeth-
od, to grow c-BN films and reported similar deposition regimes as the
bias increased: sp2 BN growth, c-BN growth, and etching. However,
the reported lower critical bias was 220 V and the upper critical bias
was 450 V. These values are different from those presented in this
study presumably due to differences between PVD and CVD methods.
The similar deposition regimes suggest that common processes occur
during the preferential growth of c-BN in both MBE and PECVD using
F chemistry techniques. While both techniques have different ways of
enhancing preferential etching of sp2 BN over c-BN, it is evident that a
bias is necessary to sustain the c-BN growth regime.

4.1.4. F removal
Following H2 plasma treatment, XPS measurements indicated that F

was partially removed from the surface. One possibility is that H atoms
adsorb onto the surface and bondwith F atoms to formHF. The resulting
HFwould then desorb from the surface. This surface chemical process is
similar to a process reported by Zhang et al. [20], where F removes H
from H-terminated N sites to form HF during growth. This creates acti-
vated N sites appropriate for bondingwith B species. The indication of H
removing F from the surface differs somewhat from Zhang et al. [20],
whoproposed that Fwas removed fromB surface sites via ion bombard-
ment with a minimum bias of 20 V. For the case of the H2 plasma, a bias
of ~−10 V relative to groundwas observed (not applied). Our observa-
tions suggest another mechanism, namely that H atoms can abstract F
from surface sites by forming HF which desorb from the surface. It is
not clear if this chemical pathway is an important or dominant process
during deposition, but further study may provide a better understand-
ing of F abstraction mechanisms during deposition.

4.1.5. XPS stoichiometry
The surface stoichiometry of BN films varied after each deposition

and processing step. The XPS measurements indicated that the surface
had a N:B N 1 throughout all experimental steps, while RBS analysis in-
dicated that the films had a 1:1 N:B ratio. Zhang et al. [20] reported a N-
rich surface that was attributed to a higher gas phase concentration of
the N growth species versus the B growth species. However, a specific
N:B ratio was not reported. Following H2 plasma treatment, the XPS
N:B ratio decreased, which we suggest is because the N 1s intensity de-
creased. One possibility is that H atoms could form NHX radicals that
desorbed from the surface, demonstrating another function of H in
c-BN growth.

4.2. Electronic states' characterization

4.2.1. NEA surface
UPS measurements of the c-BN films were employed to determine

the work function (ϕ) from the He I spectra and the position of the
VBM relative to the Fermi level (EVBM) from the He II spectra. The quan-
tities can be related to the UPS spectral width using the following:

W ¼ hν− Eg þ χ
� �

¼ hv− ϕþ EVBMð Þ; ð2Þ

whereW is the spectral width, hv is the photon energy (21.2 eV for He I
and 40.8 eV for He II), Eg is the bandgap, and χ is the electron affinity.
However, if the semiconductor has an NEA surface, the spectral width
equation becomesW = hν − Eg = hν − (ϕ − EVBM).

For as-deposited c-BN, the sum of the measured ϕ and EVBM is 6.0 ±
0.3 eV. This value is within the reported range of the bandgap of c-BN
and is close to the bandgap estimated from the B 1s energy loss analysis.
Additionally, the He I spectrum shows a distinctive peak near the low
energy cut-off which is a feature that has been associatedwith NEA sur-
faces on diamond [41,42], and is attributed to electrons thermalized to
the CBM. These observations indicated that the surface of as-deposited
c-BN exhibited an NEA surface.

After treating as-deposited c-BN films with an H2 plasma, the same
observations were made to determine the electron affinity. The extrap-
olated ϕ and EVBM summed to 6.2±0.3 eV from Eq. (2). The UPS spectra
obtained after annealing yielded a sum of ϕ and EVBM to be 6.3± 0.3 eV.
These results are consistent with the reported bandgap of c-BN and the
bandgap estimated from analysis of the B 1s energy loss spectrum. Ad-
ditionally, the distinctive peak present near the low energy cut-off
was evident in the spectra after each step. These results indicated that



Table 3
B 1s and N 1s peak positions, and VBM positions relative to the Fermi level and work functions of c-BN films extrapolated from UPS measurements.

N 1s binding energy (eV) B 1s binding energy (eV) F 1s binding energy (eV) VBM (eV below EF) Work function (eV)

As-deposited c-BN 399.6 ± 0.1 192.2 ± 0.1 687.3 ± 0.1 eV 1.9 ± 0.25 4.1 ± 0.1
After H2 plasma 399.9 ± 0.1 192.4 ± 0.1 687.6 ± 0.1 eV 2.8 ± 0.25 3.4 ± 0.1
After annealing 399.4 ± 0.1 191.9 ± 0.1 686.9 ± 0.1 eV 2.1 ± 0.25 4.2 ± 0.1
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the NEA surfacewas stable through H2 plasma treatment and annealing
at the deposition temperature.

4.2.2. Surface treatments
The B, N, and F 1s peak positions, along with the estimated VBM po-

sition and surface work function, for as-deposited, H2 plasma treated,
and annealed c-BN are listed in Table 3. The results indicated that the
core levels and VBM shift to higher binding energies following H2 plas-
ma treatment and then shift to lower binding energies after annealing;
close to themeasured position for as-deposited c-BN. Thework function
decreased 0.7 ± 0.2 eV after H2 plasma treatment and then increased
0.8 ± 0.2 eV after annealing. The changes observed in XPS and UPS
are consistent with each other and UPS measurements indicated that
the surface had an NEA after each step. These shifts appear consistent
with a change in band bending.

4.2.3. Negative electron affinity mechanism
The role of surface termination for the observed NEA character was

assessed with a point charge dipole model. A surface termination layer
can lead to a surface dipole, due to charge transfer that occurs at the sur-
face, which consequently impacts the electron affinity of the surface.
The dipole results in a potential step perpendicular to the surface,
which influences the position of the vacuum level relative to the CBM,
and thus influences the electron affinity. In principle, the dipole mo-
ment of specific surface terminations and the resulting impact on the
electron affinity can be estimated to identify which surface bonding
configuration could be responsible for the observed NEA. The following
analysis is similar to that presented elsewhere [43].

The dipolemoments for surface bondswere estimated by employing
a point charge approximation for a diatomic molecule such that p = d
Δq where d is the bond length and Δq is the charge transfer between
the atoms. The charge transfer between two atoms in a diatomic mole-
cule is determined by [44]:

Δq ¼ 0:16 XA−XBj j þ 0:035jXA−XBj2 ; ð3Þ

where XA and XB are the electronegativities of the two atoms, and the
more electronegative atom gains −Δq charge. Using the Pauling elec-
tronegativities for H (2.2), B (2.04), N (3.04), and F (3.98) [45], the
charge transfer is estimated to be 0.03e for the B–H bond, 0.44e for the
B–F bond, 0.16e for N–H bond, and 0.18e for the N–F bond. The bond
length for B–H is 1.19 Å and for B–F is 1.31 Å, while theN–Hbond length
is 1.02 Å and 1.37 Å for N–F [45]. The dipole is directed towards the
more electronegative atom. By considering a dipole moment to be pos-
itive if it is directed away from the surface, the surface dipole moments
are estimated to be +0.04e Å for the B–H bond, +0.58e Å for B–F,
−0.16e Å for N–H, and +0.25e Å for N–F.

The surface dipole decreases the electron affinity if the dipole mo-
ment is directed towards the surface while it increases the electron af-
finity if it is directed away from the surface. Thus, the N–H surface
bond contributes to decreasing the electron affinity while B–H, B–F,
and N–F surface bonds contribute to increasing the electron affinity.

In the case of c-BN films deposited employing F chemistry, N–H and
B–F bonds are the predominant surface termination. A N-rich surface
(N:B ratio N 1) would allow for more H-terminated N surface sites
than F-terminated B surface sites, promoting an NEA surface. Treating
samples with an H2 plasma removed F from the surface, and could
create an H-terminated surface. In that case, an NEA surface could be
achieved.

5. Conclusion

In summary, c-BN films were deposited on Si wafers using ECR
MPCVD with fluorine chemistry. FTIR, XPS, and TEMmeasurements in-
dicated that c-BN nucleated and grew on top of an h-BN layer. The pres-
ence of π-plasmon features and the position of B and N 1s peaks during
in situ XPS measurements were used to determine if the surface was
mainly composed of c-BN or h-BN. By varying the applied bias during
a sequence of growth steps, the results indicated that the lower critical
bias for c-BN growth was−45 V while etching was observed when the
bias was≥−125 V. Our results indicated that ion bombardment is crit-
ical for the deposition of c-BN. In situ XPS measurements indicated that
H abstracts F from the surface. In situ UPS results showed that as-
deposited c-BN films exhibited anNEA surface and retained an NEA sur-
face following H2 plasma treatment and annealing at 780 °C. By
employing a surface dipole model, the observed NEA is attributed to
the presence of N–H surface bonds.

These results warrant further study of c-BN, specifically studying
doping of c-BN films. Achieving controlled n-type doping to lower the
work function could provide a very low effective work function that en-
ables new energy and electronic applications of c-BN.

Prime novelty statement

Cubic BN (c-BN) films were deposited via plasma-enhanced CVD
employing fluorine chemistry, and in situ ultraviolet photoelectron
spectroscopy (UPS) indicated that the surface exhibited NEA character.
In addition, in situ x-ray photoelectron spectroscopy (XPS) was used to
determine the upper and lower limits of the applied bias that sustains
c-BN growth, once nucleated.
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