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This study presented a novel synthesis of oxygenated graphitic carbon nitride thin films via DC magnetron sputtering,
achieved without any intended oxygen supply from outside. Oxygen incorporation was occurred through residual gases i.e.,
atomic oxygen, hydroxyl radicals, water vapor, and CO:, trapped in the deposition chamber. The synthesis environment was
carefully analyzed using a Quadrupole Residual Gas Analyzer (QRGA). This approach minimized defect formation
typically associated with external oxygen supply. The resulting films were characterized using X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy, and UV-Vis spectroscopy to confirm successful oxygen integration.
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1 Introduction

Graphitic carbon nitride (g-CsN4) has become a
popular photocatalyst because it is cheap, stable in
chemicals, and has a good visible-light bandgap
(~2.7 eV)'. But relatively low visible-light utilization
efficiency” was observed in pure g-C3N,. Doping with
elements, especially oxygen, was widely used because
of its highly electronegativity has the capability of
lowering the bandgap to improve its optical and
photocatalytic efficiency™®. The term, oxygenated
graphitic carbon nitride used here, specifically
implied the oxygen induced g-C;N; and the term
oxygen doping implied oxygen addition by external
oxygen supply. There were some research works
reported the common ways to develop oxygenated g-
C;Ny by adding oxygen intentionally, like acid
oxidation’, heat treatment with oxalic acid,
hydrothermal ~ synthesis’,  co-precipitation®, ion
exchange’, chemical vapour deposition'®™'" and cold
plasma'? etc. In these aforementioned techniques,
there were some limitations like often usage of harsh
chemicals, poor homogeneity and high costings. It
was also observed from the study, the adding oxygen
intentionally from the outside induced defect in the
structure.

The motivation of this work was to develop
oxygenated g-C3N4 thin films without using any
oxygen sources on purpose and utilize it for
photocatalytic application. The magnetron sputtering
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has been considered so far as low cost, uniform
deposition technique”®. In this work, oxygen
incorporation into g-C;N, was attributed to the
residual gas present in the sputtering chamber. This
has been a new and cleaner way to make oxygenated
g-C3N4.

The synthesis of oxygenated g-CsNi thin films
along with its characterization has been discussed
briefly in the following section.

2 Materials and Methods

2.1 Experiment

Oxygenated g-CsNa4 thin films were deposited on
glass substrates at room temperature using an in-
house fabricated DC magnetron sputtering system'*.
The setup was comprised of a non-magnetic stainless-
steel chamber, an unbalanced magnetron sputter-head,
target and substrate holders, and a vacuum system. A
high-purity graphite target (99.99 %, 50 mm % 3 mm)
was mounted beneath the magnetic assembly which
was negatively biased, keeping the anode grounded.
Approximately ~2 mm gap between the cathode and
anode ensured a stable DC discharge for effective
film deposition. The glass substrates were pre-cleaned
with ethanol and then rinsed with Type-II deionized
water to eliminate organic & inorganic residues. Then
these were positioned approximately 20 mm below
the target surface, secured on a substrate mounting
table which was also maintained at ground potential.
A Quadrupole Residual Gas Analyzer (PrismaPro,
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QMG 250 M2, 1-200 amu, Pfeiffer Vacuum,
Germany) was connected with the system to study the
experimental environment during synthesis. A
Residual Gas Analyzer has a quadrupole-based mass
spectrometer that was utilized to ionize gas molecules
and identifies them by separating and measuring ions
according to their mass-to-charge ratio. During
synthesis, the chamber was evacuated and achieve a
base vacuum pressure of 1.6 x 107 mbar using a two-
stage anti-suck-back rotary vane vacuum pump. An
operational pressure of 1.4 x 10" mbar was sustained
within the system during the experiment by
introducing a gas mixture of N, (Purity 99.999%) and
H, (Purity 99.999 %) at a 10:1 ratio through the gas
inlet. An operating power density of 0.97 W/cm® was
achieved by maintaining a steady discharge current of
about 40 mA at —480 Volt. The deposition was carried
out for 30 minutes. During the sputtering process,
both the gas atoms got energized in contact with the
discharge plasma. The positive ions of hydrogen (H),
generated through the ionization played an important
role in sputtering the negatively biased graphite
target'>. The sputtered-out carbon atoms interacted
with energized nitrogen atoms and residual gas
components to create the thin films of oxygenated
graphitic carbon nitride (O-g-C5N4). The mass
spectrum during (1) stand-alone mode, (2) with a gas
leak but no discharge and (3) with a gas leak during
discharge was analysed across a scan range of 0—50
amu. During the stand-alone mode operation where
QRGA was connected to the magnetron sputtering
chamber without any external gas inject, the QRGA
pressure was maintained at 4.0 x 107" mbar. Figure 1
(a) showed intensity peaks from the standalone
QRGA system, indicating the presence of molecular
hydrogen (H:). Water vapour (H.O) was also
prominent and, upon ionization, dissociated into
hydroxyl radicals (OH) and atomic oxygen (O), as
reflected in the spectrum. A peak at 28 amu likely
corresponded to molecular nitrogen (N:), while a
smaller peak at 44 amu suggested trace of carbon
dioxide (CO:). Additionally, a distinct peak at 19 amu
was attributed to hydronium ions (Hs:O"), likely
formed through Electron Stimulated Desorption
(ESD) caused by filament-emitted electrons
interacting with nearby surfaces'®. After the N,+H,
gas inlet inside the chamber, an operational pressure
of 1.4 x 10" mbar was obtained. A controlled gas
leak of 8.6 x 107 mbar was introduced from
the magnetron sputtering system to facilitate mass

spectrometry measurements using the QRGA setup.
The mass spectrum before discharge and during
discharge condition were observed and shown in
Figs 1 (b) & (c). Significant change in mass peaks of
molecular N, and H, gas were observed. A significant
peak of atomic nitrogen was also observed at 14 amu.
Prominent peaks of water vapour (H,O), hydroxyl
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Fig. 1 — QRGA mass spectra (a) standalone system (b) Magnetron
Sputtering System after N> + H> gas inlet during pre-discharge; and
(c) Magnetron Sputtering System after N> + H» gas inlet during
discharge
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radicals (OH), atomic oxygen (O) and carbon di-oxide
(CO,) were also present during the synthesis. A small
peak of molecular oxygen at 32 amu was also
appeared. It was observed, the out gassing species
e.g., OH, O, O, and CO, were only present inside the
chamber which helped in oxygen incorporation and
formation of oxygenated g-C;N, thin films. There was
no external oxygen supply into the reaction chamber
occurred during this synthesis.

2.2 Characterization

The chemical composition of the samples was
analyzed using XPS with Al Ka radiation (1486.7
eV), including a survey scan (0-1000 eV, 1 eV
resolution) and high-resolution scans of C 1s, N 1s,
and O 1s (0.2 eV resolution). Calibration of the XPS
binding energy scale was performed using a gold
sample. Raman spectroscopy was performed using a
Lab RAM Horiba system with a 488 nm laser, covering
500-2500 cm™. Optical properties were examined using
a Hitachi U-3900 UV-Vis spectrophotometer, recording
absorption spectra from 350 to 800 nm. The most
representative results were presented.

3 Results and Discussion

3.1 X-ray Photoelectron Spectroscopy Analysis

Figure 2 presented the XPS survey and high-
resolution scans of C 1s, N 1s, and O 1s for the
oxygenated g-CsNa4 sample. The atomic percentage of
39 %, 33 % and 28 % was obtained for C, N, and O
respectively. Core-level peaks were observed at
296.43 eV (C 1s), 409.29 eV (N 1s), and 541.77 eV
(O 1s). The substrate work function (¢s4) was
estimated at 4.5 eV, consistent with g-CsNa'". Using
the relation EB=289.58—¢5A18, the corrected C 1s
binding energy was calculated as 285.08 eV,
indicating an 11.35 eV shift, which was applied to
other core levels for accurate referencing.
Deconvolution of the C 1s spectrum revealed four
peaks at 284.4, 2859, 287, and 287.8 eV,
corresponding to sp> C=C, C-N/C-O, C=0, and
N-C=N structures, respectively. N 1s peaks at 397.8,
399.1, and 401.02 eV indicated sp? aromatic nitrogen,
C—N bonding, and N-H groups'®. O 1s peaks at 530.7
and 532.6 eV suggest the presence of C=0 and C-O
bonds, likely induced by residual oxygen-containing
species such as water vapour and CO: in the chamber,
as shown in Fig. 1. These findings confirmed
oxygen incorporation influenced by the synthesis
environment.
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Fig. 2 — XPS analysis of g-C3N, sample (a) survey scan (b) C 1s
(c) N 1s; and (d) O 1s high-resolution spectra
3.2 Raman Spectroscopy Analysis

Raman spectroscopy was commonly employed to
investigate the vibrational characteristics of carbon-
based materials. The Fig. 3 has displayed the Raman
spectra of a g-C3N, film deposited on a glass substrate
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Fig. 3— Raman spectra of the deposited g-C;Nj thin film
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Fig. 4 — (a) UV-Vis absorption spectrum; and (b) optical band
gap estimation using Tauc plot for g-C3Ny thin film

using a DC magnetron sputtering system. Several
characteristic peaks of g-CsN, were observed at 575,

1087, 1371, 1542 and 2249 cm™. The peak at 1542
cm’ was attributed to its C=N stretching vibration,
commonly referred to as the graphitic G band,
signifying the development of a graphite-like
structure. The 575 cm™ peak were attributed to the
in-plane symmetrical stretching vibration of heptazine
heterocycles™ *'. The peaks at 1089 and 1371 cm™
corresponded to the aromatic ring structure and D
peak of the graphite structure respectively. The 2249
cm” peak, characteristic of carbon-nitrogen stretch,
indicated that nitrogen was chemically bonded to
carbon in the g-C3N,4 film** %, The peak at 1716 cm’!
was attributed to the C=0O bond formation due to
presence of residual gas components during the
synthesis at relatively high working pressure.

3.3 UV-Vis Spectroscopy Analysis

The investigation of photo absorption along with
determination of optical bandgap was conducted by
utilizing UV-Vis spectrophotometer and the results
were illustrated in Fig. 4. The scan range was set
between 350 and 800 nm. The photo absorption in
visible range was observed from the spectrum as
shown in Fig. 4 (a) which was very much required for
better energy conversion and other photocatalytic
applications. The bandgap was also calculated here
using the Tauc plot method, which involved
performing a linear regression on the graph of (ahv)""
versus hv, as per the Tauc Eq.**:

ahvl/™ = A(hv — Ey) (D)

In this context, a was the absorption coefficient, h
represented the Planck constant, v was the photon
frequency, E, signified the energy bandgap, n was the
Tauc coefficient and A was the proportionality
constant. The value of n was based on the type of
electronic transition: for the direct transitions, n was
Y, while for the indirect transition, n was 2. The
g-CsNy structure exhibits both direct and indirect
bandgap property depending on its thickness. Here, a
bandgap of 2.78 eV was obtained through direct
transition method. In previous work, where pristine
carbon nitride thin films have been developed on copper
coated glass substrate using DC magnetron sputtering
system at three different time spans under high vacuum
condition. The bandgaps obtained from those samples
were around 4 eV>. Here, the reduced direct bandgap of
2.78 eV was attributed to the induction of oxygen atoms
in the structure®. The bandgap obtained from the graph
displayed in Fig. 4 (b).
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4 Conclusion

The characterization results indicated the formation
of C-O and C=0, the basic bonding found in
oxygenated g-C;N, structure. The optical property
also showed the effect of oxygen induction that
helped in reducing bandgap and enhance the
photocatalytic applications. But optimization in
deposition parameter (i.e., deposition time, operating
power and gas ratio) was planned to be carried out in
future for developing highly efficient bulk sample. As
the developed film has thin layer, the material content
in the sample wasn’t good enough for photocatalytic
experiment such as dye degradation, the future scope
of this work.
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