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ABSTRACT

In this study, the direct and transfer-free synthesis of ultrathin hexagonal Boron Nitride 
(h-BN) films on non-catalytic quartz substrates was investigated using the Low-Pressure 
Chemical Vapor Deposition (LPCVD) method. The effects of key growth parameters, 
including growth duration (15-90 min), precursor amount (50-200 mg), and precursor 
decomposition temperature (80-100°C), were systematically investigated to achieve high-
quality film growth. Spectroscopic characterization confirmed the formation of the h-BN 
phase, with Raman spectra exhibiting the characteristic E2g vibrational mode and FT-IR 
analysis showing the distinct B-N stretching and B-N-B bending bonds at 1370 and 800 
cm-1, respectively. UV-Vis spectroscopy revealed high optical transparency (>95%) in the 
visible region, and Tauc plot analysis yielded an optical bandgap of 5.68 eV. This widening 
of the bandgap relative to bulk h-BN (~5.2 eV) provides quantitative evidence of the few-
layer nature of the films due to the quantum confinement effect. The results demonstrate 
that the optimized LPCVD process allows for the precise control of h-BN synthesis on 
dielectric surfaces, eliminating the need for metal catalysts and complex transfer processes 
for optoelectronic applications.

1. Introduction

The development of optoelectronic devices operating 
in the deep ultraviolet (DUV) region [1] (~200-280 
nm) is a crucial technological frontier with significant 
applications ranging from military surveillance and 
missile warning systems (MWS) to flame detection [2], 
non-line-of-sight (NLOS) optical communications [3], 
and biological agent sensing [4]. Devices targeting this 
range-known as the "solar-blind" region-offer a superior 
signal-to-noise ratio since natural solar radiation 
at these wavelengths is efficiently absorbed by the 
Earth's atmosphere's ozone layer [5]. Conventional 
wide bandgap semiconductors like gallium nitride 
(GaN) [6], silicon carbide (SiC) [7], and gallium oxide 
(Ga2O3) [8] have long been the primary materials for 
DUV photodetector fabrication [6-8]. However, the 
emergence of two-dimensional (2D) materials offers 
opportunities to address limitations such as high defect 
density, high processing costs, and the complexity 
associated with conventional bulk semiconductor 
fabrication [8, 9]. Among the 2D materials, hexagonal 
boron nitride (h-BN) stands out as an exceptional 
candidate for next-generation DUV applications [9, 10]. 
h-BN is a structural analog of graphene, possessing 
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an ultra-wide bandgap (UWBG) typically around 6.0-
6.4 eV [11], which naturally positions it to operate 
precisely within the DUV spectral window [12, 13]. 
Furthermore, h-BN exhibits outstanding physical and 
chemical properties, including superior mechanical 
strength, high thermal stability and conductivity, and a 
high absorption coefficient at the band edge (7,5x105 

cm-1) [14]. These combined attributes make h-BN 
highly desirable for creating robust, highly sensitive, 
and thermally stable photodetectors [15, 16]. For 
large-scale and high-quality synthesis, the Chemical 
Vapor Deposition (CVD) method remains the most 
scalable and controllable technique for h-BN [17]. 
However, traditional CVD processes necessitate the 
use of catalytic metal substrates, such as Cu [18] or Ni 
[19], to facilitate the growth. This approach inevitably 
introduces a critical technological hurdle: the resulting 
h-BN film must be transferred from the metallic catalyst 
onto the final target substrate (e.g., SiO2 or quartz) for 
device integration [20, 21].

The transfer process is highly detrimental to the 
material’s integrity [21]. It often leads to the incorporation 
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of significant defects, including tears, folds, cracks, and 
chemical residues from the wet etching or polymer-
assisted removal steps [21, 22]. These structural 
and chemical contaminations dramatically impair the 
material's crystalline quality and electronic properties, 
resulting in low reproducibility and compromised device 
performance-a major barrier to the commercialization 
of h-BN-based optoelectronics [23]. To circumvent 
the inherent drawbacks of the transfer process, the 
scientific community has been actively pursuing the 
direct synthesis of h-BN thin films onto dielectric or 
optically transparent substrates (Si, SiO2, sapphire, 
quartz) where devices can be fabricated directly 
[23-26]. Despite the significant advantages, direct 
synthesis is challenging. The absence of a strong 
catalytic effect makes it difficult to achieve large-area 
uniformity, high crystallinity, and precise control over 
the film thickness, particularly in the ultra-thin regime 
necessary for high-performance 2D devices [27, 28].

This study addresses this critical challenge by focusing 
on the parameter optimization of the Low-Pressure 
Chemical Vapor Deposition (LPCVD) method for 
the direct synthesis of ultrathin h-BN films on non-
catalytic quartz substrates. Quartz was selected due 
to its high thermal stability and excellent transparency 
in the ultraviolet region, which is essential for DUV 
photodetector applications. The primary objective of 
this work is to systematically investigate the correlation 
between key LPCVD growth parameters-specifically 
growth temperature, duration, and precursor 
concentration-and the resulting structural and optical 
quality of the h-BN films. The growth temperature 
was strategically limited to 1050°C to maintain the 
structural integrity of the quartz substrates while 
providing sufficient energy for the decomposition 
of ammonia borane (AB). This paper is organized 
as follows: Section 2 details the experimental 
methodology and the LPCVD setup. Section 3 
presents the comprehensive characterization results 
and discusses the effects of the optimized parameters. 
Finally, Section 4 provides the main conclusions of the 
study. Through this systematic approach, the optimal 
synthesis conditions were determined to be 1050°C 
for 60 min with 150 mg of precursor decomposed at 
80°C, providing a scalable and transfer-free pathway 
for high-performance h-BN-based optoelectronics.

2. Materials and Methods

2.1. Materials

The materials used for the synthesis and 
characterization of h-BN films were carefully selected 
and sourced. AB (97%, Boron Research Institute, 
Turkish Energy, Nuclear and Mineral Research 
Agency, Türkiye) is used as the precursor for boron 
and nitrogen. An ultrasonic bath (Bandelin, Germany) 
is used for cleaning the substrates. Additionally, the 
quartz substrates (1x1.5 cm2, Süber Cam, Türkiye), 
a split furnace (Protherm Furnaces, Türkiye) and 
a vacuum pump (Value, China) were used for film 

growth.

2.2. Methods

The CVD method is widely used for the synthesis of 
ultra-thin h-BN films due to its environmentally friendly 
nature, suitability for large-scale production, tunability, 
and relatively low cost [17]. The setup used for the 
LPCVD system is shown schematically in Figure 1.

First, 1×1.5 cm² quartz substrates were cleaned in an 
ultrasonic bath sequentially with acetone, isopropyl 
alcohol (IPA), and deionized water (DIW) for 15 
minutes each. The cleaned substrates were dried with 
compressed air and swiftly loaded into a 120 cm long 
quartz tube with a 20 mm inner diameter. Subsequently, 
the AB precursor, contained in an alumina boat, was 
placed 50 cm away from the substrates, outside the 
main furnace, and heated using a heating belt. Prior 
to initiating the furnace, the system was subjected 
to two cycles of Ar purging to ensure the removal of 
residual oxygen. The furnace was then ramped up to 
the growth temperature at a rate of 10°C/min under a 
flow of 300 sccm of 10% Ar/H2 (Argohid).

The selection of the growth temperature range (1000-
1050°C) was based on literature indicating that high 
temperatures provide the necessary activation energy 
for the decomposition and nucleation of h-BN on non-
catalytic surfaces. While temperatures up to 1100°C 
were initially considered, no stable film formation was 
observed at this level, likely due to the proximity to the 
softening point of the quartz substrate and potential 
desorption effects. Consequently, the optimization was 
focused between 1000°C and 1050°C [20, 23, 41]. The 
ranges for growth duration (15-90 min) and precursor 
amount (50-200 mg) were determined following an 
extensive literature review of transfer-free LPCVD 
processes to identify the thresholds for continuous film 
growth [21, 23].

As soon as the furnace reached the target temperature, 
the decomposition of the AB precursor was initiated 
via the heating belt. The system pressure prior to 
AB precursor decomposition was 6.5×10-2 mbar. A 
corresponding increase in partial pressure occurred 
during decomposition, depending on the amount of AB 
used. The specific synthesis parameters investigated 

Figure 1. LPCVD system used for the h-BN growth.
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in this study are summarized in Table 1. Following 
the growth, the system was allowed to cool under a 
continuous flow of 500 sccm of 10% Ar/H2 gas.

The chemical composition and bonding state of 
the h-BN films as a function of growth time were 
systematically investigated using X-ray Photoelectron 
Spectroscopy (XPS, K-Alpha, Thermo Fisher Scientific, 
US) and Fourier Transform Infrared Spectroscopy (FT-
IR, Varian 660-IR, USA). The B1s and N1s core-level 
spectra consistently confirm the synthesis of the h-BN 
phase, with dominant peaks centered at approximately 
191.02 eV and 398.52 eV, respectively. These values 
are characteristic of sp²-bonded boron and nitrogen 
atoms [29]. Quantitative analysis of the optimal 60 min 

Table 1. Recipe of h-BN thin film synthesis.
Temperature 1000-1050ºC
Heating rate 10ºC/min.
Substrate used Quartz
Type of carrier gas %10 H2 Argohid 
Amount of carrier gas 300 sccm (270 sccm Ar; 30 sccm H2)
Type and quantity of 
precursors Ammonia Borane 50-200 mg
Precursor decomposition 
temperature 80-100 ºC

Pressure 6.5x10-1 mbar
Growth time 15-90 min.

3. Results and Discussion

To evaluate the success of the direct synthesis 
process, the structural, morphological, and optical 
properties of the h-BN films were first characterized 
using Raman spectroscopy (Renishaw, Wotton-
under-Edge, UK), optical microscopy (Renishaw, 
Wotton-under-Edge, UK), and UV-Vis spectroscopy 
(UV-2700i Plus, Shimadzu, Kyoto, Japan). Raman 
spectroscopy was employed to confirm the structural 
quality and sp² phase of the h-BN film grown at 
1050°C. The spectrum (Figure 2a) exhibits a sharp, 
intense characteristic peak at 1371 cm-¹, which is the 
definitive signature of the in-plane E2g phonon mode, 
validating the formation of the layered sp²-bonded 
h-BN lattice [39]. However, secondary features were 
also observed, including a peak at 1031 cm-¹ attributed 
to B-O stretching vibrations, reflecting minor oxygen 
incorporation or residual B2O3 byproducts [40]. This 
structural characterization is complemented by the 
optical microscopy image (Figure 2b), which confirms 
the film's excellent, near-complete coverage and 
highly uniform surface morphology across the large 
area of the quartz substrate. The successful formation 
of a large-area, morphologically uniform film without 
visible cracking on a dielectric substrate confirms the 
efficacy of the optimized LPCVD process.

The electronic structure of the synthesized h-BN films 
was further investigated using UV-Vis spectroscopy 
(Figure 3). The optical bandgap (Eg) was determined to 
be 5.68 eV through Tauc plot analysis (Figure 3inset). 
This value represents a significant blue-shift compared 
to the typical bandgap of bulk hexagonal boron nitride 
(5.2-5.4 eV). This widening of the bandgap is a direct 
consequence of the quantum confinement effect, 
which occurs as the film thickness is reduced to the 
few-layer regime [11, 13]. This quantitative finding, 
combined with the high optical transparency, provides 
solid evidence for the successful growth of ultrathin, 
few-layer h-BN films on non-catalytic quartz substrates.

(b)

Figure 2. a) Raman Spectra of grown h-BN thin film b) 
Optic microscopy image of grown h-BN thin film on quartz 
substrate.
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film (Table 2) revealed a near-ideal B:N ratio of 1.02, 
while the narrow Full Width at Half Maximum (FWHM) 
values further validated a highly uniform bonding 
environment.

and N1s peaks further suggest that the h-BN lattice 
itself remains largely free of significant oxidation, 
maintaining its structural integrity on the dielectric 
surface [30].

Name Start
BE

Peak
BE

End
BE

FWHM
eV

Atomic
%

Si2p 109.98 107.03 103.28 2.4 11.47
C1s 290.58 285 281.88 2.54 11.21
B1s 199.98 191.02 187.78 2.98 16.62
N1s 403.08 398.52 394.88 2.28 16.27
O1s 537.48 532.91 528.88 2.29 22.21

Table 2. XPS peak reasults of grown sample at 60 min.

Crucially, both XPS and FT-IR data demonstrate a 
synchronized evolution with increasing growth duration. 
As the deposition time extends from 15 min to 90 min, 
the intensity of the B1s and N1s XPS peaks increases 
significantly. This observation is corroborated by the 
FT-IR spectra, where the characteristic absorption 
bands at 1373 cm-¹ (in-plane B-N stretching) and 784 
cm-¹ (out-of-plane B-N-B bending) exhibit a visible 
enhancement in signal strength (Figure 4). Given 
that the synthesis occurs on an inert quartz substrate 
via a non-catalytic mechanism, this consistent trend 
across both spectroscopic techniques provides direct 
evidence that the film thickness is precisely controllable 
by the deposition time.

Furthermore, the Si2p XPS core-level spectra show 
a notable attenuation in intensity as growth time 
increases, while the FT-IR spectra display a dominant 
Si-O-Si stretching band around 1000-1100 cm-¹ 
originating from the substrate [14, 15]. The attenuation 
of the Si2p signal alongside the strengthening of h-BN 
vibrational modes confirms that the growing h-BN film 
acts as an effective overlayer, gradually covering the 
dielectric surface. The absence of significant shifts in 
the h-BN peak positions between 15 and 60 minutes 
suggests that the chemical environment and sp² 
hybridization remain stable throughout the growth 
process, supporting the high structural integrity of the 
optimized ultrathin films.

Regarding the presence of oxygen in the chemical 
analysis, the high O1s atomic percentage (22.21%) 
observed in the XPS data is primarily attributed to 
the underlying quartz (SiO2) substrate rather than 
intrinsic film contamination. This is corroborated 
by the simultaneous detection of a significant Si2p 
signal (11.47%) and the broad Si-O-Si stretching 
bands observed in the FT-IR spectra between 1000 
and 1100 cm-¹. Given that the XPS sampling depth 
exceeds the thickness of the ultrathin h-BN overlayer, 
the photoelectrons from the substrate contribute 
substantially to the total signal. However, a minor 
contribution from surface-adsorbed oxygen or hydroxyl 
groups due to ambient exposure cannot be entirely 
ruled out. The absence of a distinct B-O vibration in 
the FT-IR spectra and the symmetric nature of the B1s 

Figure 4. XPS analysis of samples grown at 1050°C for 
90-60-30-15 min. a) B1s b)N1s c) Si2p d) FT-IR spectra of 
grown sample at different AB precursor amount 60 min and 
15 min.
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The influence of the AB precursor mass on the 
synthesized h-BN films was investigated while keeping 
the growth temperature and duration constant at 
1050°C and 60 minutes. The B1s and N1s core-level 
spectra (Figures 5a and 5b) consistently demonstrate 
that the characteristic sp² bonding energy remains 
stable, indicating that the AB amount does not alter 
the chemical phase of the product.

the precursor mass is increased from 50 mg to 150 
mg. This relationship confirms that the h-BN synthesis 
operates under a precursor-limited kinetic regime [21]. 
In this regime, increasing the solid AB mass leads to 
a higher concentration of active boron and nitrogen 
species in the gas phase, directly translating to a 
higher growth rate and a thicker h-BN film yield within 
the fixed growth duration.

However, further investigation via FT-IR spectroscopy 
revealed a critical threshold for structural purity. While 
the characteristic h-BN peaks remained dominant 
for the 150 mg sample, the FT-IR spectrum of the 
200 mg sample exhibited an additional shoulder 
near 1132 cm-¹ (Figure 6). This peak is attributed 
to C-B stretching or the formation of amorphous 
boron phases, indicating that excessive precursor 
amounts initiate the incorporation of undesirable bond 
configurations. Consequently, 150 mg was established 
as the optimal precursor mass for achieving precise 
control over thickness while maintaining the high-
purity sp² hybridization required for high-performance 
h-BN-based optoelectronics.

Figure 5. XPS analysis of samples grown at 1050°C for 200-
150-100-50 mg AB precursor a) B1s b) N1s.
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Table 3. XPS peak reasults of grown sample with 150 mg 
AB.

Name Start BE 
(eV)

Peak BE 
(eV)

End BE 
(eV)

FWHM 
(eV)

Atomic 
Ratio (%)

Si2p 107.18 103.17 98.78 2.36 11.3
C1s 195.48 190.58 185.88 2.49 32.36
B1s 290.78 284.75 280.58 2.66 8.94
N1s 402.88 398.26 394.08 2.27 31.37
O1s 537.98 532.67 528.18 2.23 16.03

Figure 6. FT-IR spectra of grown sample with AB precursor 
amounts 200 and 150 mg.
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Quantitative analysis of the optimized 150 mg film 
(Table 3) confirmed high chemical purity and ideal 
stoichiometry, with a resulting B:N ratio of 1.03. The 
narrow FWHM values (2.49 eV for B1s and 2.27 eV 
for N1s) are highly desirable for high-quality h-BN 
films and demonstrate that the 150 mg mass provides 
sufficient precursor without promoting excessive 
boron-rich defects.

A significant observation is the proportional increase 
in the intensity of both the B1s and N1s signals as 

Finally, the ultrathin nature of the films produced 
under these optimized conditions was quantitatively 
confirmed by the optical bandgap (Eg) of 5.68 eV 
obtained from Tauc plot analysis. This significant blue-
shift relative to the bulk h-BN value (~5.2 eV) is a direct 
consequence of the quantum confinement effect, 
providing conclusive evidence that the optimized 
LPCVD process yields high-quality, few-layer h-BN 
structures directly on dielectric quartz substrates.

The influence of the AB precursor decomposition 
temperature (Tdec) on the resulting h-BN film was 
investigated while fixing the synthesis temperature and 
duration at 1050°C for 60 min. The B1s and N1s core-
level spectra (Figures 7a and 7b) consistently show that 
the sp² bonding energy remains unchanged, validating 
that the chemical phase of the product is stable h-BN. 
Quantitative analysis of the film synthesized at the 
optimal 80°C Tdec confirmed outstanding stoichiometry 
and chemical homogeneity (Table 4). The B1s and 
N1s atomic percentages, recorded at 33.83% and 
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33.34% respectively, yielded a near-perfect B:N ratio 
of 1.01, affirming high film purity. Furthermore, the 
exceptionally narrow and identical FWHM values 
for both B1s and N1s peaks (1.88 eV) demonstrate 
a highly uniform bonding environment, suggesting 
superior crystalline quality under these controlled 
thermal conditions.

A notable difference is observed in the peak intensities, 
where the film synthesized with a Tdec of 80°C exhibits 
a higher signal intensity compared to the film grown at 
100°C. The precursor decomposition temperature is a 
critical factor that controls the flux of active B-N species 
delivered to the reactor. In the non-catalytic LPCVD 
growth regime, the lower decomposition temperature 
of 80°C facilitates a slower, more controlled, and 
sustained release of the precursor. This controlled 
flux promotes more efficient surface adsorption and 
lateral growth, resulting in a more uniform h-BN film 
coverage than the rapid and potentially inefficient 
delivery achieved at 100°C.

Consistent with the previously discussed oxygen 
analysis, the observed O1s (13.77%) and Si2p 
(8.89%) signals at this optimized Tdec further confirm 
that the h-BN film is in the ultrathin regime, allowing 
the XPS signals from the underlying SiO2 substrate 
to be detected. The high quality of the sp² lattice at 
80°C Tdec, combined with the earlier confirmed optical 
bandgap of 5.68 eV, demonstrates that managing the 
precursor flux is essential for maintaining the quantum 
confinement effect while achieving high-quality crystal 
growth on dielectric surfaces.

The optical quality and presence of deep-level 
defects in the h-BN films synthesized at 1000°C and 
1050°C were investigated using photoluminescence 
spectroscopy (PL, FS5 Spectrofluorometer, Edinburgh 
Instruments,UK). Both spectra (Figure 8) display 
prominent, broad-band emission peaks in the visible 
region, specifically centered around 480 nm, 570 nm, 
and 610 nm. These features are highly characteristic 
of deep-level defect emissions frequently observed 
in h-BN materials grown via CVD. While the intrinsic 
bandgap emission of bulk h-BN is in the deep ultraviolet 
region, these visible emissions are generally attributed 
to structural defects such as boron vacancies (VB), 
nitrogen vacancies (VN), or oxygen-related complexes, 
which form radiative defect states within the bandgap.Figure 7. XPS analysis of samples grown at 1050°C for 

100°C and 80°C AB decomposition temperature a) B1s b) 
N1s.
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Table 4. XPS peak reasults of grown sample at  80°C.

Name Start BE 
(eV)

Peak BE 
(eV)

End BE 
(eV)

FWHM 
(eV)

Atomic % 
(eV)

Si2p 107.38 103.43 99.48 2.18 8.89
C1s 195.58 190.65 186.28 1.88 33.83
B1s 291.68 284.89 280.98 2.13 10.16
N1s 403.18 398.19 394.08 1.88 33.34
O1s 538.08 532.67 527.78 2.1 13.77

Figure 8. PL spectra of grown samples at 1050°C and 
1000°C.
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This optical behavior is further elucidated by the FT-IR 
analysis (Figure 9), which provides a direct comparison 
of the structural evolution at different temperatures. For 
the film grown at 1050°C, the characteristic absorption 
bands at 1373 cm-¹ (in-plane B-N stretching) and 786 
cm-¹ (out-of-plane B-N-B bending) are significantly more 
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intense and well-defined compared to those grown at 
1000°C. The enhancement in these vibrational modes 
indicates that the higher growth temperature facilitates 
better nucleation and a higher deposition rate on the 
non-catalytic quartz surface, leading to improved 
structural order and increased film thickness.

Comparing the two synthesis temperatures, the film 
grown at 1050°C exhibits a higher overall PL intensity 
across all observed defect peaks. This enhancement 
is consistent with the FT-IR results, suggesting that 
the higher temperature results in a higher volume 
of emitting material (thicker film) and potentially a 
higher concentration of the specific radiative defects 
associated with improved crystalline domains. Given 
that the synthesis goal is to maximize film yield on 
dielectric substrates, the correlated enhancement in 
both PL and FT-IR signals confirms that 1050°C is the 
more effective temperature for establishing the desired 
h-BN structure and thickness.

The comparative quantitative XPS analysis across the 
three optimized parameter conditions reveals a critical 
kinetic effect on film growth, thickness, and purity. 
While all films maintained excellent stoichiometry 
(B: N ratios between 1.01 and 1.03), the total h-BN 
signal varied dramatically, with the 80°C Tdec and 150 
mg AB films showing nearly double the combined B 
and N signal (approximately 67.17% and 63.73%, 
respectively) compared to the 60 min growth time 
sample (approximately 32.89%).

This significant increase in the h-BN signal confirms 
that the 80°C Tdec and 150 mg AB parameters effectively 
break the bottleneck of the non-catalytic growth 
regime. The kinetic advantage is fully demonstrated 
by the substrate signal attenuation: the 80°C Tdec film 
minimizes the Si2p signal from the underlying quartz 
to its lowest level (8.89%), validating that this condition 
yields the highest film thickness and most complete 
coverage.

Furthermore, this optimal kinetic control simultaneously 
resulted in the highest film quality: the 80°C Tdec 
sample registered the lowest O impurity signal 
(13.77% O1s atomic percentage) and the narrowest 

FWHM (1.88 eV) for both B1s and N1s peaks. This 
suggests that the slow, controlled precursor flux at 
80°C not only maximizes the growth rate but also 
minimizes the incorporation of oxygen-related defects 
(as corroborated by the FT-IR analysis), yielding the 
most uniform and chemically pure h-BN film across all 
tested parameters.

4. Conclusions

This study successfully demonstrated the direct 
synthesis of high-quality, few-layer h-BN thin films on 
non-catalytic quartz substrates via the LPCVD method, 
effectively eliminating the need for the defect-inducing 
transfer processes. Comprehensive spectroscopic 
analyses confirmed the formation of the desired sp²-
bonded h-BN phase, validated by the characteristic 
E2g Raman mode (1371 cm-¹), h-BN vibrational modes 
in FT-IR (1373 cm-¹ and 784 cm-¹), and consistent B1s/
N1s XPS binding energies.

The growth kinetics were established to be precursor-
limited, allowing for precise control over film thickness 
through growth duration and precursor mass. A 
significant finding was the blue-shift of the optical 
bandgap to 5.68 eV, as determined by Tauc plot 
analysis. This widening, compared to the bulk h-BN 
value, provides conclusive evidence of the quantum 
confinement effect, confirming the ultrathin nature 
of the synthesized films. Optimization of the thermal 
parameters showed that a growth temperature of 
1050°C and a precursor decomposition temperature 
of 80°C provided the ideal activation energy and 
controlled flux for maximizing film yield and crystalline 
quality. While FT-IR and Raman analyses identified 
minor oxygen-related signals, XPS depth-sensitive 
data confirmed these originated primarily from the 
underlying SiO2 substrate, rather than intrinsic film 
contamination.

Morphological characterization revealed excellent 
large-area coverage and high uniformity, confirming the 
efficacy of the direct growth strategy. By successfully 
determining the optimal conditions-1050°C for 60 
min with 150 mg of precursor-this work establishes a 
robust, scalable, and contamination-free pathway for 
producing high-performance h-BN films, paving the 
way for advanced DUV optoelectronic applications.
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