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ABSTRACT: This study investigates thin films of hexagonal boron
nitride (h-BN), a promising material for the development of UV
optoelectronic and wide-band gap semiconductor applications. A
comprehensive analysis of the structural and optical properties of h-
BN films deposited by radio frequency sputtering, using both
stationary and Dynamic Glancing Angle Deposition (DGLAD)
techniques, demonstrates that the film nanostructure can be
effectively tailored by controlling key deposition parameters such as
substrate bias, deposition plasma composition, and substrate
oscillation. The introduction of hydrogen into the deposition
atmosphere promotes the formation of turbostratic polycrystalline
films with tunable crystallite sizes and significantly impacts the bonding environment, leading to a controlled shift of the optical band
gap from ~3.7 to ~4.2 eV. Substrate oscillation modulates the angle of precursor impinging on the substrate, influencing the nano-
and microstructure of the films and their optical properties. The physical characteristics introduced by the specific method of
preparation of h-BH, such as morphological and topographical features, were characterized via SEM and AFM. At the same time,
photoluminescence (PL) measurements revealed defect-related emission states, highlighting the influence of structural disorder on
radiative transitions. Importantly, the DGLAD approach emerges as a useful strategy to engineer the structural and optical features of
the h-BN films. The reported findings provide valuable insights into the correlation between growth dynamics, crystallographic
disorder, and optoelectronic properties, reinforcing the potential of h-BN for integration into UV photodetectors, light-emitting
devices, and other possible wide-bandgap electronic applications such as sensors.
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1. INTRODUCTION

Hexagonal boron nitride (h-BN) is a layered material
characterized by alternating nitrogen and boron atoms
arranged in a hexagonal lattice, with atoms bonded by covalent
bonds and multilayers linked by van der Waals (vdW)
interaction forces, which contribute to its unique properties.’
This material, when thinned down to a monolayer, has a
relatively high band gap energy (~6 eV)', while staked-
multilayer or bulk thin films present a band gap energy varying
between ~4.5 eV” up to ~5 eV. Due to these properties, i-BN

ments, generally at the grain boundaries, point defects such as
atomic vacancies, as well as changes in the edge nanocrystals
structure and the multilayer stacking building along the growth
direction of the film,® all together impacting their optical,
electrical, and magnetic properties.é’7’9 Despite their advan-
tages, the controlled synthesis of h-BN thin films with well-
defined structural and optical properties remains a significant
challenge. One of the primary difficulties lies in tailoring the
crystalline and morphological properties of the films, which
directly affects their optical band gap and emission character-

is proposed to be used in electronic and optical hetero-
structures such as UV-emitting devices and detectors.” As a
versatile material, h-BN is often employed as an interface for
charge fluctuation reduction, a passivation layer, a dielectric
layer, and a tunnel barrier, and it is considered the most
compatible interface to anchor graphene layers to sub-
strates.”” ™’ When doped, the material modifies its optical
properties.”” These modifications involve atomic rearrange-
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istics. Moreover, the presence of structural disorder and defects
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Table I. Typical Parameters for Deposited h-BN Films by the RF Magnetron Sputtering Technique.”

@ = Flow (sccm)

[H,%] =
Samples [Ar,] (+0.4) [N,] (£1) [H,]
Scontrol 4.0 10 0
s, 40 10 0.40 + 0.04
S, 4.0 10 0.8 + 0.1
S3 4.0 10 0.40 + 0.04
s, 40 10 0.40 + 0.04
Ss 4.0 10 0.40 + 0.04
Se 40 10 0.40 + 0.04
s, 40 10 0.40 + 0.04

_

[An] + [N] + [H,] Bias (V) (1) P (s) (substrate oscillation period)
0 0 Stationary

28 £ 0.5 0 Stationary

54 £07 0 Stationary

2.8 + 0.5 -20 Stationary

2.8 £0.5 —40 Stationary

2.8 £0.5 —60 Stationary

28 £ 0.5 =50 120

28 £ 0.5 0 120

“The parameters maintained constant in all depositions are: RF power and frequency (Ppz = 75 W), pressure (p = 2.0 + 0.2 Pa), substrate

temperature (T = 400 + S °C), and deposition time (t = 4 h)

often hinders the performance and reproducibility of potential
devices based on h-BN. In this context, strategies that enable
fine control over film nanostructure (such as dynamic
deposition techniques and plasma composition engineering)
open new opportunities for tuning the material’s functional
properties.

Plasma-based methods, including reactive magnetron
sputtering and plasma-enhanced chemical vapor deposition,
are used to produce h-BN thin films forming hexagon
nanowalls growing fairly perpendicular to the substrate
surface,"™"% in a turbostratic structure. The nanowall
formation results from the hydrogen addition in the gaseous
mixture constituting the plasma during deposition. Therefore,
the hydrogen role is 2-fold: occupying interstitial sites in the
atomic boron nitride arrangement by breaking weaker bonds
and inducing vertical columnar growth.lo’11 Moreover, due to
the turbostratic nanocrystalline structure,'* these films present
band gap energy values of ~4.5 eV. Furthermore, it has been
shown that the physical and mechanical properties of thin films
grown using physical vapor deposition techniques can be
improved by combining these standard techniques with the
DGLAD technique, allowing the formation of different
nanostructures and unique anisotropic properties.ls’16

Consequently, they have potential for application in
optoelectronic devices for energy storage and heterostructure
systems such as h-BN/graphene and h-BN/TiO,'”"® hetero-
structures. Merenkov et al. have shown that these films are very
stable and have bactericidal properties by direct contact of the
microorganism cell with the nanowalls, proving efficient
cytotoxicity.lg’20

In summary, this work presents a study of turbostratic-
nanocrystalline h-BN films deposited using magnetron
sputtering and the DGLAD technique. The latter technique
was employed to explore the influence of the precursor’s
incidence angle, substrate biasing, and hydrogen on peculiar
properties of the h-BN. This study explores the hitting variable
angle of the precursors, which transfer momentum to the
atoms forming the film, increasing their mobility, diffusion, and
coalescence, contributing to controlling the material proper-
ties. Indeed, the dynamically changing angle of the precursors
landing on the substrate due to the oscillation, combined with
the role of hydrogen, biasing substrate, adds a set of parameters
controlling the process, showing the viability of tailoring the
structure of the films (nanowalls), crystallite size, optical gap,
and luminescence properties.
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Allied with the spectroscopic analysis of the plasma (during
deposition), we present and discuss structural, vibrational,
optical, morphological, and topographical characterizations,
and compositional analysis of these films. Therefore, this study
provides a systematic, comprehensive evaluation of the
produced film’s properties and correlation with their structure
as a function of the deposition processes. Additionally, we
evaluated the influence of deposition conditions on the optical
photoluminescent emission. By temperature-dependent PL
spectroscopy, we have discussed the probable mechanisms
driving the observed emission characteristics, such as the
negative quenching temperature.

2. EXPERIMENTAL SECTION

2.1. Thin Film Deposition. Equipped with a sputtering
gun (ST20 AJA International), the deposition system operates
with a radio frequency (RF) power supply (13.56 MHz, Lesker
R301), a maximum 300 W generator, and a standard automatic
impedance adaptation controller. A negative bias voltage is
applied to the substrate by a DC power supply (JBM
MP1503D). A low-voltage halogen lamp controlled by a
standard proportional-integral-derivative (PID) heating system
maintained the substrate temperature constant. The PID setup
allows tuning the best matching of the proportional (adjusting
the temperature band), integral (adjusting the proportional
bandwidth), and derivative (to minimize overshoot or
undershoot) to keep the temperature desired. A molecular
turbopump (Edwards nEXT400) evacuated the reactor
chamber. Mass flow controllers (MKS 600 Series) are
employed to feed the reactor with the appropriate gaseous
mixtures. The boron target purity is 99.95%, 2 in. diameter,
and 0.25” thick. The reactor base pressure reaches (3.0 = 0.3)
X 107* Pa. All samples were cleaned before the deposition by
an argon (99.995% purity) plasma at ~1.1 X 102 Pa for S min
employing a current-controlled pulsed power supply (4 kW-
PlasmalLiits). The substrate is etched by applying a pulse of 50
us (on) and 120 ps (off), —350 V amplitude, and 60 mA
current for 10 min with the substrate properly masked.

The films were deposited (thickness of 670 + 30 nm) on
quartz and monocrystalline silicon (100) substrates (P type, B
doped, resistivity 0.1—1.0 ohm-cm). Study-selected films were
deposited by the DGLAD technique for comparison purposes
by adopting a triangular function (T = 2 min oscillation
period) motion of the substrate. Further details about this
technique can be found elsewhere.'® Table I displays the
deposition conditions used on this set of samples, with

https://doi.org/10.1021/acsanm.5c02214
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Figure 1. (a) Sketch of the h-BN film deposition system by plasma-assisted DGLAD and schematic atomic structure. Photoemitted electron
intensity vs binding energies spectra as obtained by XPS. Boron-related photoelectrons (1s orbital) of different films: (b) Sconeop (€) Sy, (d) S5, and
(e) S,. Photoelectron core levels associated with (f) oxygen (1s) and (g) nitrogen (1s) for samples grown in the presence of H, during deposition

(except for Scopntol)-

variations to the gas flow (@), bias, and period (T) oscillation
used for each deposition.

2.2, Sample Characterizations. 2.2.1. X-ray Photo-
electron Spectroscopy. X-ray photoelectron spectroscopy
(XPS) was employed for analysis of the relative atomic
composition. The chemical states of the elements that
constitute the samples and relative film composition were
obtained by XPS (Thermo Alpha 110 Hemispherical Analyzer
operated in constant pass energy mode at 20 eV, Al Ka
radiation, nonmonochromatic). The total system resolution is
~1.15 eV (~0.8S eV radiation line width plus ~0.3 eV analyzer
resolution). To determine the analyzer’s work function, the
binding energy associated with the 3d;,, electrons of silver (Ag,
368.2 + 0.1 eV) was used for binding energy calibration.”’ The
analyzer pressure is maintained at <1.10”° Pa during the
measurements. The samples were cleaned (~9 min) by argon
ions (Ar+) plasma by a broad ion beam-assisted cell attached
to the XPS system.”’ The ion beam system consists of a 1 in.
diameter Kaufman cell used with a 400 eV voltage and a
nominal current of 20 mA. Due to beam divergence, the ion
beam diameter on the substrate (located at ~20 cm from the
gun) presents a diameter of ~12 cm, i.e., a current density of
0.18 mA/cm® covering the sample and part of the substrate
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stainless steel holder. By employing the Thermo Scientific
Advantage software, a combined Gaussian and Lorentzian
function was used to deconvolute areas. The spectral band
associated with the different photoemitted electrons permits
the estimation of the atomic compositional percentages of the
studied films.*” Then, the relative atomic concentrations were
calculated by applying the appropriate sensitive correction
factors of each component given by the Wagner et al
method.”

2.2.2. X-ray Diffraction. X-ray diffraction (XRD) was
employed to evaluate the bulk crystalline structures of the
films identified by Shimadzu equipment (XRD-6000) operat-
ing in Bragg—Brentano 6-20 configuration with a Cu Ka
(1.5406 A) monochromatic radiation source produced at 40
kV and 30 mA. Crystallite size film was estimated by applying
the single-line analysis method of Keijser et.al.”* The Grazing
incidence X-ray diffraction technique (GIXRD) was employed
to investigate the surface crystalline structure. The analysis
angle range was from 20 to 70° with a 0.01°/s step, 1° grazing
incidence, and S s time/step. The equipment had a Rigaku
Ultima IV X-ray unit with a Cu Ka (1.5406 A) monochromatic
radiation source produced at 40 kV and 30 mA.

https://doi.org/10.1021/acsanm.5c02214
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2.2.3. Raman Scattering Spectroscopy and Fourier
Transform Infrared Spectroscopy. To investigate the vibra-
tional properties of the samples, Raman scattering spectrosco-
py and Fourier—transform infrared spectroscopy (FTIR) were
employed. The Raman spectra (Renishaw RM2000, back-
scattering geometry) were acquired in the 50—2500 cm™
range by exciting the samples at 632.8 nm (HeNe laser, S yW
power). The spectra were collected with an objective lens of
50x probing of a 1 um® area. The FTIR measurements
(PerkinElmer Spectrum, 32 scans, 4 cm™' resolution) were
made in the 400—4000 cm™' range with an attenuated total
reflection (ATR) module. All experiments were conducted
under room conditions.

2.2.4. Field Emission Scanning Electron Microscopy. Field
emission scanning electron microscopy (FE-SEM) was used to
study the morphological characteristics from images (Oxford
Instruments, Tescan Mira), 12 kV, working distance between
4.9 — 6.0 mm, and a secondary electron detector (SE). Top
and cross-sectional images were also made using a dual-beam
electron microscope, scanning electron microscope with a
focused ion beam (FIB, Thermo Fisher Scientific, Helios
NanoLab 660), voltage between 2 and S eV, working distance
to 1.9—2.2 mm, and secondary and backscattered electrons
(BSE) detectors.

2.2.5. Ultraviolet—Visible. Ultraviolet—visible (UV—vis)
spectroscopy was used to evaluate the reflectance and optical
transmittance spectra in the range of 215—1050 nm wave-
length (~5.7—1.2 €V energy range) by a spectrometer with
transparent UV—visible optical fibers (Ocean Optics HR
4000). The analyzed area and spectral resolution remained ~3
mm” (spot diameter of 2 mm) and <10 nm, respectively.

Additional information was gathered using photolumines-
cence (PL) measurements at various temperatures by exciting
films with 488.0 nm photons in the ~500—750 nm wavelength
range. Later, we shall discuss the relatively large line width of
the PL bands stemming from topological disorder.”®

3. RESULTS AND DISCUSSION

3.1. Chemical Environment and Composition. To
provide a comprehensive overview of the system, Figure la
presents a schematic illustration highlighting the structure and
fabrication route of the thin films. The sketch shows the
plasma-assisted deposition of h-BN films using the dynamic
glancing angle deposition (DGLAD) technique alongside a
simplified atomic-scale representation of the resulting nano-
structure. Considering this system, Figure 1b—g displays the
XPS spectra of the h-BN films after cleaning by argon ions,
highlighting clear contributions due to the boron-, nitrogen-,
and adventitious residual oxygen-related core levels, along with
their proposed deconvolution for samples growing in the
presence of H, during deposition. Figure 1b—e shows the
boron binding energy spectra (B 1s orbital) of selected
samples: S oo (Figure 1b), S, (Figure 1c), S, (Figure 1d),
and S, (Figure 1 e). XPS analysis was not carried out on
samples previouslg obtained by DGLAD since, based on
previous studies,"”*® it does not affect the films’ atomic
composition. Furthermore, all the samples deposited using
substrate bias (i.e., S3, S5, and Ss) exhibited similar spectra.

All the photoelectrons associated with the B 1s orbital in
boron—nitrogen bonds exhibit a main band at ~190.6 eV
The band located at ~191.7 eV refers to the nonstoichiometric
compound BN, O, commonly observed in the 191.6—192.1 eV
region of the spectra.””’' The contribution obtained by the

proposed deconvolution at ~189.2 eV represents the presence
of nonstoichiometric, nitrogen-deficient boron nitride, i.e.,
(BN,_,), which is reported in the 188.5—189.3 eV region.”
The origin of the nitrogen deficiency stems from the
preferential sputtering effect during the cleaning process.
Finally, within the experimental conditions, no bands
associated with atomic boron (~187.3 eV energy) and boron
oxide (B,0;) (~193.5 €V energy) were detected.’”*>*¥*°

Figure 1f shows the oxygen binding energy associated with
electrons in the O 1s orbital samples grown in the presence of
H, during deposition (except for Sconwor). There is a single
band at ~532.3 eV referring to BN,O, compounds in the
531.9—532.4 eV binding energy range.”’ There are no bands
related to B,O; compounds (binding energy expected at
~533.2 eV), which validates what was previously found for the
B 1s spectra.”””® Figure 1g represents the spectral band
associated with samples grown in the presence of H, during
deposition (except for Sconor), With electron binding energies
in the N 1s orbital (~398.2 €V, energy range reported 398—
398.7 eV) found in BN compounds. There are no
representative bands that can be associated with nitrogen
bonded to oxygen (NO) at the expected energy ~402 eV. The
FWHM values for all spectra were 2.1 + 0.2 eV. This suggests
the existence of disorder and/or small microcrystalline size
distribution.”" It is also important to consider that the presence
of oxygen forming BN,O,, C-N, and C—B compounds
prevents the stoichiometric formation of h-BN. This
experimental result is due to the affinity of oxygen, hydrogen,
and carbon elements present in the plasma during deposition,
as revealed by XPS. It is worth noting that oxygen atmospheric
contamination can be hosted in porous nanostructures present
in the h-BN nanowalls and that ex-situ XPS analysis has
intrinsic limitations in this context. However, the comparative
analysis between samples remains valid and informative under
the consistent treatment conditions applied.

These results are in accord with the structural properties of
the turbostratic samples, as obtained from the photo-
luminescence and Raman experiments, in which the broad
spectra indicate the presence of disorder. Moreover, this
consideration will be revisited with regard to X-ray diffracto-
gram analysis. The emission of chemical species observed by
XPS spectra agree with the emission spectroscopy obtained
during the deposition of the films (Figure S1). Regarding the
estimated films’ relative atomic composition after cleaning the
surfaces of the samples as a function of the hydrogen gas
mixture during the deposition, they are shown in the Figure
S2a. From this plot, two pieces of information can be obtained.
First, boron (~45%) and nitrogen (~35%) relative atomic
concentrations, within the experimental errors, remained
constant in the studied films.

Second, the oxygen presence as a contaminant is visible,
reducing from ~12% to ~5% after hydrogen feeding in the
chamber during plasma depositions. This suggests that
hydrogen atoms promote etching and/or passivation of
reactive sites, as well as oxygen atoms’ preferential removal
by chemical affinity in the H,O formation and elimination via
pumping.

InFigure S2b, the results of an analysis of the concentrations
relative to the BN band analysis based on deconvolution of the
spectra represented by Figure la—d are shown above. This
estimated bond percentage decreased after the hydrogen
presence in the plasma, ranging from ~18% to ~9% (~50%
reduction of oxygen atomic concentration). The sample

https://doi.org/10.1021/acsanm.5c02214
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deposited applying substrate bias (S;) (not present in Figure
S2) shows results similar to those of sample S;. So, biasing the
substrate did not affect the composition.

3.2. Crystallographic Properties. Figure 2a presents the
X-ray diffractograms of the S., ..o, S;, and S, samples. The
general features of diffractograms are similar. The relatively
more intense diffraction band around 26° corresponds to
(002) planes (a fingerprint of the BN hexagonal structure),

12384

and the wider bands indicate the nanocrystalline material.****

Moreover, the relatively less intense and broader band at
~42.5° corresponds to the superposition of diffractions at
~41.6° and ~43.9° associated planes (100) and (101). This
has already been observed in 4-BN nanocrystals due to (100)
and (101) stacking fault planes, characteristic of a turbostratic
structure."* Figure 2b shows the grazing incident angle
diffractograms obtained from the S, sample and the samples

https://doi.org/10.1021/acsanm.5c02214
ACS Appl. Nano Mater. 2025, 8, 12380—12392
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deposited by the DGLAD technique, with (Ss) and without
biased substrate (S,). These results are qualitatively similar to
those observed by regular XRD, except that the underneath
diffractions at (100) and (101) are well resolved.*

As remarked previously, crystallites with turbostratic
structure exhibit the h-BN local hexagonal-like structure, ie.,
without long-range order between layers, similar to an
amorphous network.”***® Furthermore, the diffraction band
referring to the (002) plane shifts to smaller diffraction angles
compared to the reported angle ~26.7°, corresponding to
turbostratic, i.e., disorder.>>*”*® As discussed before, the wide
bands observed in the XPS spectra were ascribed to
inhomogeneous disorder, a consistent hypothesis with the
XRD results, as well as, we shall see later on, in the
photoluminescence results.

Calculated crystallite size values are presented in Figure 2c.
As commented above, they were estimated by applying the
single-line analysis method of Keijser et.al,”* considering the
main peak of the XRD diffractograms associated with the
(002). The peaks were fitted by a Voigt function, assuming
that the Lorentzian and Gaussian components of the line
profile are due to both the crystallite size and strain,
respectively. Hydrogen, added to the gaseous mixture during
the depositions, resulted in a crystallite size increase relative to
the S ,neo Sample. This is expected since hydrogen is saturating
dangling bonds and defects, allowing the growth of crystallites
and increasing the order of the material. As confirmed by XPS
results, hydrogen is prompting h-BN formation by removing
residual contaminant oxygen. On the other hand, sample bias
increases the ion bombardment, which might prevent the
crystallite size from increasing due to the constant sputtering
by argon ion (Ar*) during the film’s growth.”

3.3. Vibrational Characterization of the Samples. The
samples’ structural properties were studied also by vibrational
spectroscopies such as Raman and Fourier-transform infrared
(FTIR). These spectra are presented in Figure 3a,b,
respectively. Crystalline h-BN belongs to the D% space
group, and the symmetry transformations (at the center of the
Brillouin zone) involving their optical phonons are given by
2EZg + 2BIg + A, + E,,. As a result, the E2g modes are

Raman active, the A, and E,, are FTIR active, and the By,

. 40,41
modes are optically inactive.*”*

The lowest frequency mode (~50 cm™") occurred when all
planes slide against each other, while the boron and nitrogen
atoms’ movement against each other in the plane characterizes
the highest frequency mode at ~1366 cm™' (Figure 3a).**~*
The Raman highest frequency mode is located at ~1373 cm™,
corresponding to the sp” type bond elongation vibration
between boron and nitrogen atoms in the hexagon plane
(Figure 3a). 7" Considering the Raman signal of monocrystal-
line h-BN (~1366 cm '), the upper-shifting and relative line-
broadening present in Figure 3a are indicative of a decrease in
crystallite size. For polycrystalline h-BN, the E,, vibrational
mode characteristic line occurs between 1367 and 1374

m~*%*' The sample deposited with a higher hydrogen
content in the gaseous mixture (S,) and the samples obtained
by the DGLAD technique (S; and ;) showed a ~2 cm™
decrease in wavenumber values, closer to the reference (1366
cm™!) value. In addition, compared to S,uo (~40 cm™) and
other samples (~38 cm™), samples (S,, S;, and S,) exhibit
smaller FWHM values (~36 cm™). The “lower-FWHM—
higher-crystallite” size relationship indicates defect reduc-

tion.*”**** Thus, the higher hydrogen content in the gaseous
mixture favors h-BN crystal growth, which agrees with the X-
ray diffractogram results. More information about Raman
spectroscopy is presented in Figures S8 and S9.

FTIR spectra of all samples are presented in Figure 3b.
There are two main bands associated with h-BN vibrational
modes located at ~800 cm™ and ~1350 cm™. The first one
corresponds to the out-of-plane vibration mode named R or
A,,, where boron and nitrogen atoms move into or out of the
hexagon plane (Figure 4b). The second one refers to an in-

S2

S7

S6

Figure 4. FIB-SEM images for the samples obtained with ~5.4% H,
in stationary mode (S, columnar vertical growth) and the samples
deposited by the DGLAD technique (Sz and S, columnar zigzag
growth). (a), (c), and (e) are top-view images. Scale bars in the
bottom left corner are 1 ym. Zoom images have 200 nm scale bars.
(b), (d), and (f) are cross-section images with 200 nm scale bars.

plane elongation and/or stretching in the hexagon plane (in-
plane), it is labeled the L mode or E,, referring to the
longitudinal vibration of the atoms (Figure 4b).*> As noted in
Figure 3b, S, presents a subtle band compared with the
other samples studied.

The band at ~1100 cm™!, present in all sample spectra,
except for the S, ..., according to the literature, refers to
boron, oxygen, and hydrogen bond (B—O—H), indicating that
the presence of hydrogen in the gaseous mixture during the
deposition results in important modifications in the structure
of the film.**® However, assigning this vibration to (B—O—H)
is challenged by the fact that bulk BN shows a mode around
this region of the spectra.””**

3.4. Microstructure of the Films. Figure 4a presents the
top-view SEM image of the S, sample. The verified
morphology of “twisted small wires” has been reported in
the literature as nanowalls of hexagonal structures preferen-
tially growing perpendicular to the substrate surface.'”'"***
The morphological growth of this formation is evidenced in
the SEM cross-sectional image, where columnar growth is
apparent (Figure 4b).

https://doi.org/10.1021/acsanm.5c02214
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The top and cross-section SEM images of the sample
obtained using the DGLAD technique and ~2.8% H, (S,) are
shown in Figure 4d, respectively, according to which the
“twisted profile” and substrate perpendicular growth are
observed. However, compared to Figure 4b, this sample
seems to have a more disordered profile. This may be
associated with the incident angle of the precursor species.
Previous studies have shown that it is possible to obtain wavy
columnar growth by the DGLAD technique.”® Finally, Figure
4f show the top and cross-section images of the sample
deposited by the DGLAD technique, ~2.8% H, and —50 V
substrate biasing (Ss). In this case, compared to Figure 4c, the
top-view image has a “granular” profile, and the cross-section
shows a more compacted film than those observed in Figure
4d. The bias use favors denser film formation since the Ar" ion
bombardment breaks weak bonds, resulting in a more compact
film without nanowall formation. Figure SS shows SEM top-
view images of samples S.,..op Si, S3 Sy and S5 Their
morphology indicates greater crystallinity character in all
samples compared to the control sample, as confirmed in the
enlarged images.

3.5. Optical Characterization of the Films’ Properties.
3.5.1. Band Gap Calculation. Supporting Information
presents both the transmittance and reflectance spectra of
the samples studied. Due to the turbostratic/nanocrystalline
characteristic structure of the studied h-BN films, their optical
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band gap values were calculated by fitting a sigmoid
(Boltzmann) function to the corresponding optical absorption
spectra.50

The optical absorption edges span from ~3.7 eV (lower
limit through the control sample (Sconyor)) to ~4.2 eV (upper
limit with the sample S deposited with 2.8% hydrogen content
by the DGLAD technique). The effect of the deposition
conditions on the absorption coeflicient can be seen in Figure
Sb.

The optical absorption spectra of Figure 6a present a
systematic shift toward higher energy values, i.e., opening the
band gap, starting with the S, sample and ending with the
DGLAD samples. The energy variation at the inflection point
of these spectra has an overall 100 meV increment. Several
factors modify the electronic structure of a material, affecting
the optical band gap. It includes chemical composition and
disorder, the presence of impurities or defects, lattice tensions,
changes in grain boundaries, and distance between planes,
influencing interatomic distances.> ™53 Figure 6b, Region I,
shows that the band gap energy increases (~0.3 eV) with
hydrogen addition to the gaseous mixture. As discussed
previously, hydrogen insertion results in a decrease in the
(nonintentional) oxygen content. The presence of oxygen, as
well as carbon, induces intragap state formation where
radiative electronic transitions are possible, as discussed later
on in the photoluminescence results.”* Another possible effect

https://doi.org/10.1021/acsanm.5c02214
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caused by hydrogen is due to its insertion into the material
structure, ie, B—O—H bonds, as suggested by FTIR,
controlling the states inside the gap, and modulating the
band gap.”*** However, as commented above (Section 3), this
vibration mode is close to the phonon associated with C-BN,
and it could be an overlap of both the B—O—H and TO
phonons of c-BN.

The substrate biasing resulted in a small band gap energy
variation (~0.1 eV). This may be related to possible lattice
strain that is generated bz the bias applied in the substrate
during the deposition.”>® Finally, the larger band gap value
(~4.2 eV) is reached with the sample obtained by the DGLAD
technique and 2.8% hydrogen in the gas mixture (S;). This
result indicates that there is a direct relationship between the
incidence angle of the precursor species with the material
structure changes, reaching a total band gap energy increase of
~0.5 eV.

3.5.2. Photoluminescence Properties. The PL spectra are
complementary to UV—vis spectroscopy results, contributing
to understanding the influence of the evolution and character-
istics of the band gap of the material and its dependence on
deposition conditions. The films were excited with a 488 nm
laser wavelength, and in all cases, a distinct emission at ~512.3
nm is attributed to a Raman peak originating from 2TO
phonons due to the c-Si substrate. Figure 7a shows the room-
temperature PL spectra of the h-BN samples deposited under
different conditions.

In Figure 6, the only deposition parameter varied was the
hydrogen concentration (H,% = 0, 2.8, and 5.4), which caused
the PL maximum to shift to a lower wavelength, compatible
with an increasing optical gap observed in Figure 7b.

In Figure 7b, the optical gap shifting to a lower wavelength is
due to the DC bias applied to the substrate while maintaining
invariant H, during the growth of the films, which is also
compatible with the small change of the optical gap (Figure
7b). The Raman and FTIR results previously discussed
regarding the broadened spectra bands (FWHM) are
consistent with the enlargement of the PL line shape.

To gain insight into the properties of the material, studies on
the influence of the temperature on PL emission were
conducted. It is noted that the shapes of the PL’s spectra of
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all the studied samples are similar; i.e., three broader fixtures
are present (see Supporting Information). Considering this
observation, we proceeded to discuss just one of the sample
representatives for the analysis of the experimental results of
PL as a function of temperature.

Figure 7a shows the PL spectra of the control sample, S .o
measured at the temperature of 150 K, properly transformed to
intensity vs energy’, ie., PL intensity versus E = hv. The
deconvolution shows a good fit considering the contribution of
a minimum of three components, as shown in Figure 7a. The
variety of PL emission bands found in the literature is a result
of the diverse microstructures, stoichiometry, and impurities
involved in the phenomenon, justifying applying “Occam’s
Razor” to minimize the number of components.’

Therefore, the deconvolution procedure was satisfactory
with three bands for all of the samples studied (see Figure S7
and Table S1). The bands Al and A2, located at ~2.00 eV
(~620 nm) and 2.32 €V (~535 nm) in Figure 9, are in
reasonable agreement with the article of Wang et al,>® though
they are prepared by different methods.

Although there are abundant articles discussing the photo-
luminescence of h-BN prepared by different techniques other
than sputtering, preventing a comparison with the results of
the present paper.”'”°>*°) 86,°° An exception is Prakash et
al,’" who reported luminescence emission in BCN films
deposited by dual target sputtering using B4C (DC gun) and
BN (RF gun) targets. These researchers found two sharp peaks
at ~597 and ~600 nm, near those reported in this paper,
though sharper. Moreover, as we shall discuss below, this
author also reported the interesting phenomenon of negative
temperature quenching (NTQ), also found in our samples,
suggesting similar structural characteristics of the material.

Figure 7b represents the ex situ XPS of a corresponding
Scontrol Sample showing the presence of carbon stemming from
the residual chambe’s pressure and atmospheric contamina-
tion. This result is similar to that of all the samples. The sample
was previously cleaned by an ion beam bombardment, as
explained in section 2, to guarantee the elimination of carbon
deposited outside of the deposition reactor stemming from
atmospheric contamination. The band associated with
electrons in orbitals C 1s was deconvoluted into three

https://doi.org/10.1021/acsanm.5c02214
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position of the peaks i = 1, 2, and 3 of the S, as a function of T.

components, such as C—B, C—C, and C—N bonds.®> From the
experimental data, the carbon incorporated in the material is
estimated to be ~2—3 at%. As previously noted, XPS and
FTIR (Figure 4b) showed oxygen contaminants in the samples
studied (Section 2), an element considered to be involved in
the emission photoluminescence. Figure 9 displays information
related to the PL emission of sample S_,.o as a function of
temperature.

Subplot (a) represents the normalized emission, where a
prominent shoulder at ~525 nm is evident. The broad PL
emission is linked to radiative transitions associated with states
near the top of the valence band of h-BN coatings doped with
carbon and oxygen atoms.”**® The samples studied contain
both elements, as shown in Figures 4 and 9. As commented in
Section 3, Figure 4b shows a band at ~1100 cm™’, which is
associated with a possible overlapping vibration mode due to
B—O—H and ¢-BN structures.

However, it is important to note that oxygen is present in
the material, as proven by XPS analysis (Figure 1), an element
necessary together with carbon in the luminescence emission.

The turbostratic structure of h-BN is, to some extent,
disordered, causing the enlargement of the PL bands (Figure
6) and also the absorption coefficient (Figure 5). Besides the
disorder of the broad PL spectra, the electron—phonon
interaction can contribute to the emission width.”>**

The deconvolution of individual curves from Figure 8a,
following the procedure described in Figure 9a, allowed us to
identify the bands Al, A2, and A3 in the space of energy hv
(eV) of the temperature dependence of this sample
(Supporting Information). The first conclusion that we draw
is that the main band Al, located at ~2.02 eV, does not
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due to phonon-assisted jumps causing the negative thermal quenching
(NTQ) observed in Figure 9.

present any characteristic features. Indeed, within the
experimental error, Al is approximately constant as a function
of 1/kT, as shown by the black square dots in (b1).

On the other hand, the sum of the A2 and A3 bands (red
dots) shows the interesting features of negative thermal
quenching (NTQ). It is interesting, as commented above, that
NTQ was also reported by Prakash et al,’’ a material also
prepared by sputtering. In a recent review paper, Yan®®
discusses a broad bibliography on the NTQ subject and the
debate about the physical explanation of the phenomenon.
Several materials doped with rare earth, transition metals, Bi,
and other elements presenting NTQ are discussed in the cited
paper. Reports of h-BN photoluminescence generally show a

https://doi.org/10.1021/acsanm.5c02214
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normal quenching effect with tem6perature, ie, decreasing
intensity on increasing temperature.”’ Regarding PL in the h-
BN material, Okashiro et al. reported NTQ in h-BN under
anti-Stokes (AS) studies. These researchers excited the
material with a 637 nm (~1.95 eV) laser, obtaining maximum
peak emission at ~616 nm (2,01 eV), ie. anti-Stokes PL
emission.”® However, normal Stokes PL in the same samples
was observed; i.e., with 532 nm excitation (~2.3 eV), the PL
emission occurs at ~610 nm (2.03 eV), and a normal
quenching on temperature is obtained (Stokes emission).
Differently, our study shows that a regular PL Stokes emission
presents a region of NTQ_effect, i.e., under subgap excitation,
the PL intensity of the Al + A2 band augments on increasing
temperature up to ~200 K. Further increasing temperature
quenches the emission (Figure 9b1,b2). The observation of
NTQ_effects under subgap excitation was also related and
modeled by Wang et al. in Si-doped GaN.®” These authors
assumed that hole acceptor states located near the valence
band are thermally populated for holes with increasing
temperature (i.e., phonon-assisted capture), enhancing the
electron radiative recombination, i.e., increasing photolumi-
nescence with increasing temperature, as is expected in the
NTQ phenomenon. A heuristic qualitative model for the NTQ_
effect, motivated by the one discussed by Wangand coworkers,
follows.”” Figure 9 represents a proposed band scheme and
density of states (DOS). This DOS is suggested by the
absorption coefficient (Figure 9), where there is a wider
absorption edge. Indeed, the h-BN turbostratic material owns
nanocrystallites and, to some extent, disorder, giving rise to a
wider absorption edge, as it occurs in hydrogenated
amorphous silicon (a-Si:H). In Figure 7, the absorption edge
presents three different regimes: (a) between 4.0 and 5.0 eV,
the absorption coefficient increases slowly; (b) between 4.5
and 5.0 eV, the growing of the absorption is steepest, called
Urbach tail; and (c) above 5.0 eV, the absorption coefficient
tendency is to saturate.”®

The decreasing slope of the Urbach tail in the turbostratic h-
BN on deposition parameters is a fingerprint of increasing
disorder (Figure 9), i.e., the origin of the tail states sketched in
Figure 9. In fact, the absorption coeflicient in disordered
materials is basically a profile of the convolution of the top of
the valence band and the bottom of the conduction band, i.e.,
basically, the tails of the DOS, since the conservation of the
momentum k in the electronic transition is not a require-
ment.*®

Weng et al. reported that states associated with C and O
bonds are located near the top of the valence band, as
schematically indicated in Figure 9.°* These states near the
Urbach tail can be populated through phonon-assisted hole
capture and subsequent radiative transitions (orange arrow),
causing the NTQ_observed in Figure 9. As commented above,
the sub-bandgap PL emissions in h-BN are associated with
point defects due to the intrusion of carbon (3—S at%) and
oxygen (~5%) impurities present in the studied samples, as
evidenced in Figure 8b. Moreover, the XPS spectra (section 2)
and the FTIR spectral results’”’® confirm the existence of
these impurities. The precise structural nature of these defects
remains a subject of ongoing debate, leaving room for the
possibility that alternative defects are responsible for the
observed emission. However, given the complexity of the
growth process and the available information, attributing the
observed emissions to any specific type of defect is beyond the
current scope of this work.

4. CONCLUSIONS

This work demonstrates a successful deposition of turbostratic/
nanocrystalline h-BN nanowalls via reactive magnetron
sputtering using the dynamic glancing angle deposition
(DGLAD) technique. Real-time optical emission spectroscopy
confirmed the presence of boron and nitrogen species in the
plasma, along with carbon and oxygen as contaminants. XPS
analysis indicated that hydrogen incorporation in the plasma
significantly reduces oxygen content in the films, from ~12%
to ~5%, likely by the formation of volatile compounds,
favoring B—N bond formation.

Structural characterization by XRD and Raman spectroscopy
confirmed the turbostratic/nanocrystalline nature of the films.
The presence of hydrogen increased the crystallite size by a
factor of ~25, while substrate bias induced its size reduction,
highlighting the opposing roles of hydrogen and ion bombard-
ment. SEM imaging showed vertically aligned nanowalls in
static substrates and zigzag morphologies in oscillating ones.
These structural variations are governed by the interplay
between the hydrogen content, substrate bias, and DGLAD
dynamics, which modulate the incidence of precursors
impinging on the substrate.

Photoluminescence (PL) measurements showed broad
emission bands consistent with some extent of structural
disorder, as is expected in turbostratic h-BN. Remarkably, an
anomalous NTQ_ effect was observed in Stokes PL: the
emission intensity increased with temperature up to ~200 K
before conventional thermal quenching occurred. This
behavior, typically absent in Stokes emission but previously
reported in anti-Stokes PL of h-BN, suggests a thermally
activated phonon-assisted recombination mechanism. More
insight into the origin of this effect remains an open question,
with potential implications for thermally light-emitting
applications.

Finally, the precise control of the structural and optical
properties of h-BN films is essential for several applications
ranging from (simple) dielectric layers to microoptoelectronic
devices, and the present work is expected to contribute to
further advances in the field.
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B ADDITIONAL NOTE

"The total integrated PL radiation intensity must be constant
in the A (nm) as well in the hv (eV) space, i.e.,
/(I(l)dﬂ = fI[(/l(hv)]. J. d(hv), where ] is the Jacobian of
the transformation 1 (nm) to hyv (eV). Then, as 4 =hc/hv,

_ _he _ hc __ 1240(nm-eV)
di = (hv)? d(hl/), J= )} (wr(ev)
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