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Rapid chemical vapor deposition of graphitic carbon nitride films 
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A B S T R A C T   

Rapid chemical vapor deposition of continuous thin films of graphitic carbon nitride (g-CN) material with 
stoichiometry close to its ideal g-C3N4 form on silicon and glass substrates is demonstrated. It allows fabrication 
of 200–1200 nm g-CN films within 3–5 min at 500–620 ◦C instead of earlier reported few hours. SEM, XRD and 
EDX analysis of the films revealed their grain-layered structure and high crystallinity. The film thickness and 
crystallinity were found to have maximum at synthesis temperature of 575–600 ◦C. Energy band gap of the 
material changes with the deposition temperature too and reaches its maximum of 2.98 eV at 600 ◦C. Depen-
dence of the film properties on the deposition temperature evidences competition between the rates of synthesis 
and evaporation of the synthesized material. The developed approach is energy budget saving and could be 
scaled up using conventional rapid thermal processing equipment opening a way to practical g-CN based elec-
tronics and optoelectronics.   

1. Introduction 

Chemical vapor deposition (CVD) with separated source and sub-
strate spaces involving gas transport process has been recently demon-
strated to be an appropriate technique for fabrication of g-CN films of 
10–130 nm [1–5] to about a micrometer [6] thicknesses. As far as ma-
terial of the films has semiconducting properties (Eg ~ 2.7 eV) and high 
refractive index (n = 2.43…2.54) they are considered for optoelectronic 
and photocatalytic applications [1–6]. Moreover, deposited films were 
found to have a 2D crystallized layered structure indeed promising for a 
design of novel nanoelectronic and optoelectronic devices [6,7]. 

CVD of g-CN films differs from conventional synthesis of this mate-
rial performed by thermal processing of carbon and nitrogen containing 
compounds in a closed crucible reactor thus producing only bulk, 
powder-like products or flakes located at the bottom part of crucible 
suitable mostly for photocatalytic applications [8–10]. While already 
fabricated flakes could be incorporated into other materials to obtain 
continuous coatings [11–14], such coatings have pores and rough sur-
faces which can not be accepted for fabrication of electronic devices. 
However, it was demonstrated that g-CN films of high planarity could 
also be produced on the surface of the substrate placed over the crucible 
as a cover during the deposition process [15,16]. Described so called 
thermal vapor condensation (TVC) method could also be considered as 
“CVD-like” despite the fact that the places of evaporation and conden-
sation is only slightly distanced from each other. 

In all cases the earlier proposed CVD of g-CN films [1–7,15,16] 
typically lasts for hours with rather slow heating (at 5–20 ◦C/min to 
550–600 ◦C) and slow cooling of the substrates like during conventional 
bulk synthesis of this material [17–19]. Long heating and cooling cycles 
mask peculiarities of the film formation. Usually the environment during 
the deposition is inert nitrogen (N2) or argon atmosphere or vacuum [1, 
3,4,16,20]. However, it was found that presence of oxygen during the 
deposition in ambient atmosphere nether prevent g-CN formation or 
affect the process. Moreover, the improvement influence on stability and 
optical properties of the films deposited in air compared to N2 atmo-
sphere was revealed [21]. 

Using our previous experience with rapid thermal processing of 
semiconductors [22] we developed a technique similar to TVC process 
providing CVD of g-CN films with stoichiometry close to ideal g-C3N4 
within few minutes with the heating/cooling rates increased up to 
5 ◦C/s. We skipped the heating and cooling stages by placing the sub-
strate and precursor in already heated furnace. The reduced thermal 
budget of the deposition process gives a possibility of a deeper look at 
the mechanisms involved in the film formation. The results obtained are 
presented and discussed in this paper. 

2. Methods 

Accessories and main steps of the developed rapid CVD of g-CN films 
are illustrated in Fig. 1. 
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A thin glass funnel with a porous glass membrane inside was used as 
both precursor material container and substrate holder. The outer 
diameter of the funnel was 44 mm. The membrane had the thickness of 
about 4 mm and chaotic throughout pores up to 100 μm in size and was 
made of fused glass particles. A substrate was placed on the top of the 
funnel so it was about 30 mm far from the closest membrane surface and 
precursor material on it. The funnel was mounted into metallic wire 
support with the lowest possible heat conductance providing its rapid 
heating and cooling. 

Melamine (Sigma-Aldrich) with the purity of 99% was used as a 
precursor material. Monocrystalline n+-type silicon (111) and (100) 
wafers 76 mm in diameter as thick as 380 μm both with 290 nm of silicon 
oxide (SiO2) on their surfaces and without it were used as substrates 
(JSC “Integral”, Belarus). Microscope glass slides 25.4 × 76.2 × 1 mm in 
size with polished edges (ApexLab, China) were also tested as substrates. 

The funnel supplied with 150 mg of melamine and a substrate on the 
top was rapidly put into an air-filled muffle furnace Nabertherm 9 L/330 
already stabilized at a certain target temperature in the range of 
550–620 ◦C and kept there for 3–7 min. The substrate was extracted 
from the furnace first and placed onto the point contact support for 
cooling down to the room temperature. Then we extracted the funnel. In 
order to estimate dynamics of heating and cooling processes we recor-
ded time-temperature profiles of the substrate and porous membrane 
with chromel-alumel thermocouples before the experiments. Their ex-
amples for the stabilized furnace temperature of 600 ◦C are shown in 
Fig. 1. 

The film morphology was analyzed with scanning electron micro-
scopy (SEM) by Hitachi S-4800 SEM. To improve the contrast of the SEM 
images in some cases thin layers of gold were sputtered on the cross- 
section of the samples on IB-5 ion beam sputtering system. Bruker 
QUANTAX 200 energy-dispersive X-ray (EDX) spectrometer was used to 
study the atomic composition of the films. Crystalline phases in the films 
were identified by grazing-angle X-ray diffraction analysis (XRD) using 
DRON-4 diffractometer equipped with Cu Kα source (λ = 1.5406 Å). The 
thickness of the films was calculated from weight measurements of the 

substrates before and after film deposition with the accuracy of 0.1 mg 
and compared to the data provided by SEM. Light transmission and 
reflection of the films at room temperature were determined by Proscan 
MC121 spectrometer. Photoluminescence (PL) spectra were also recor-
ded at room temperature with SOLAR TII MS7504i spectrophotometer 
equipped with Proscan HS101 CCD camera as a detector. Narrow 
monochromatic lines were cut from the broad radiation spectra of the 
1000 W xenon lamp by SOLAR TII DM 160 double monochromator to 
excite PL of the samples. Light with 345 nm wavelength corresponding 
to 3.59 eV was used for the PL excitation. 

3. Results and discussion 

Typical cross-section SEM images of the deposited films with high 
magnification as illustrated in Fig. 2 demonstrate them to have a grain- 
layered structure with a smooth surface. Each single layer has approx-
imately 30 nm thickness and preferably lies parallel to the surface of the 
silicon substrate. The thickness of the obtained films measured using 
SEM images (see Fig. S.1 in Supplementary Materials section) rises with 
the synthesis temperature from 800 nm at 525 ◦C up to 1180 nm at 
575 ◦C and then drops to 813 nm with the further temperature growth to 
600 ◦C. Note, that there was no principle difference observed in the 
structure of the films fabricated on (100), (111) and oxidized silicon 
substrates. 

Mass change of the substrates as a function of the processing tem-
perature for different times demonstrates a nonlinear behavior shown in 
Fig. 2b. The mass change data were recalculated into the film thick-
nesses using their surface area and bulk density of g-C3N4 which is 
known to be in the range of 1.9–2.2 g/cm3 [23]. The best agreement 
between the calculated thicknesses and direct SEM measurements was 
achieved for the material bulk density of 1.9 g/cm3. The lowest in the 
range bulk density looks reasonable accounting for the grain-layered 
structure of the films with extended interfaces between the grains. 

According to the EDX analysis the films primarily consist of carbon, 
nitrogen and oxygen (Table 1). More details are presented in Table S.1 

Fig. 1. Rapid chemical vapor deposition of g-CN films from melamine source, the photograph of the experimental setup and time-temperature profiles at the 
substrate and porous glass membrane holding melamine measured for 600 ◦C target temperature. First drawing of the deposition scheme indicates the position of 
thermocouples. 
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and Fig. S.2 in Supplementary Materials section. Oxygen is evident to 
come from the ambient atmosphere serving as a carrier media during the 
deposition process. Oxygen content slightly drops from 2.9 to 2.4 at.% 
with the deposition temperature while carbon/nitrogen atomic ratio 
increases from 0.65 to 0.677 at the same time. 

XRD patterns presented in Fig. 3, a demonstrate single prominent 
peak at 2θ = 27.4…27.5 deg similar to typical reflection from (002) 
plane of g-C3N4 (polymerized cross-linked melon) phase [24,25] crys-
tallized into hexagonal lattice. Therefore, further we will label the 

fabricated material as “g-CN” without specifying the exact composition. 
Despite the vast number of polymorph modifications of carbon nitride 
[26] revealed C/N ratio and characteristic XRD peak around 27.5 deg 
constrict the range of possible structural modification to triazine based 
g-CN and melon. 

The intensity of 27.4…27.5 deg line rises in the deposition temper-
ature range of 550 – 600 ◦C and then drops at 620 ◦C (Fig. 3, b) thus 
correlating with the film thickness versus deposition temperature de-
pendencies. The FWHM of that peak decreases from 1.35 deg to 1.00 deg 
with the growing deposition temperature. The interplane distance (the 
distance between monolayer sheets of polymerized heptazine units) 
calculated according to the XRD data also decreases gradually from 3.25 
to 3.24 Å with the temperature. It is also should be noted, that despite 
the small thickness of the deposited films, peaks from silicon substrate 
are not visible, since XRD patterns were recorded using grazing-angle 
approach. A weak peak at 2θ = 57 deg is hardly resolved. It corre-
sponds to the reflection from (004) plane of g-C3N4 [24]. 

Fabricated g-CN films demonstrate bright broad band PL in the 
visible range (Fig. 4a, b) on both silicon and glass substrates. Its peak 
intensity changes with the film deposition temperature (insert in 
Fig. 4a). For silicon substrates it undergoes blue shift from 2.62 to 2.65 
eV within 550–600 ◦C range and then moves to 2.62 eV back again when 
the temperature reaches 620 ◦C. For glass substrates the PL maximum 
stays around 2.61 eV within deposition temperature range of 
550–575 ◦C and then shifts to 2.56 eV with the growing temperature. 
The observed broad band PL spectra are an indication that a few lumi-
nescent centers are active in the film material. 

Tauc plots (Fig. 4c) calculated using optical transmittance T, 
reflectance R and film thickness d extracted from SEM images allowed 
determination the optical band gap of the films obtained on the glass 
substrates. Absorption coefficient α were calculated according to the 
equation α = d-1×ln[(1 – R)2/T] [27]. Band gap dependence on the film 

Fig. 2. Cross-section SEM images of the film deposited at 600 ◦C for 5 min onto silicon (100) substrate (a) and the thickness of the deposited films measured using 
SEM data labeled as “5 min SEM” and added mass change of the substrates (b). Points on the graphs are connected by polynomial functions. 

Table 1 
EDX and XRD characteristics of the deposited films.  

Deposition temperature, ◦C EDX XRD  

Element concentration, at.% CC/CN Peak position, deg Interplane distance, Å FWHM, deg Grain size, nm  

CC CN CO      

550 38.2 58.8 2.9 0.650 27.40 3.25 1.35 52.4 
575 38.6 58.9 2.5 0.655 27.45 3.25 1.01 69.8 
600 38.6 59.0 2.4 0.654 27.46 3.24 1.03 68.4 
620 39.4 58.2 2.4 0.677 27.50 3.24 1.00 70.7  

Fig. 3. XRD patterns and intensity of (002) peak (insert) for the g-CN films 
deposited on silicon at different temperatures during 5 min. 
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deposition temperature (insert in Fig. 4c) has a concave shape in prin-
ciple identical to those for the shift of the PL maximum. The extracted 
optical band gap of 2.95–2.98 eV is about 0.2 eV lager than those 
registered in bulk undoped g-C3N4. It can be an effect of oxygen in our 
samples. 

The photographs of the glass substrate and silicon wafer with SiO2 
sublayer both covered with g-CN film deposited at 600 ◦C (looks like 
yellow-gold coating) under normal lighting and UV illumination 
(monochromatic, 365 nm) are presented on Fig. 4d. The photographs 
displayed the uniformity, transparency and PL efficiency of the depos-
ited films. 

Analyzing the experimental data presented one can note that the 
atomic ratio CC/CN in the deposited material does not reach the stoi-
chiometric one corresponding to 0.75. This is typical for carbon nitride 
materials not fully polymerized into g-C3N4 consisting of melon poly-
meric chains [25]. Doping by oxygen can also contribute to this 
difference. 

The presence of only interplane g-C3N4 (002) peak at the XRD spectra 
and the absence of g-C3N4 (210) peak around 2θ = 13 deg charactering 
in-plane distance between heptazine units in melon chains [24] indicate 
that the layers of the material are perfectly crystallized with dominant 
ordering of the hexagonal lattice parallel to the surface of the substrate. 
The interplane distance between the layers (3.24 – 3.25 Å) is a little bit 
smaller than 3.26 Å [24] in completely polymerized g-C3N4. This 
compression of the lattice can be a result of slightly nonstoichiometric 
composition of the material probably enhanced by oxygen dopant. 

The observed nonmonotonic dependence of the film thickness and 

characteristics of the synthesized material on the deposition tempera-
ture allows a conclusion that two major competing processes control the 
film formation by CVD. These are synthesis of g-CN at the substrate 
surface and evaporation of the already synthesized material. They have 
temperature dependent rates changing their interplay in the studied 
processing temperature and time ranges as follows. Synthesis of g-CN on 
a substrate is supposed to start at about 450 ◦C as it was observed for the 
bulk material [8,25]. By the time providing heating of the substrate to 
this temperature, the melamine holder becomes heated above 340 ◦C 
giving rise evaporation of melamine. The evaporated melamine un-
dergoes the chain of chemical transformations to melem, melam and 
finally to melon [8,24] at higher temperatures. These reactions can take 
place in the vapor phase close to the heated substrate or more probably 
directly on its surface. Any case melon is thermally polymerized at the 
substrate surface producing g-CN sheets as it is confirmed by the 
experimental fact that hexagonally crystallized layers of the material are 
arranged with (002) plane parallel to the substrate surface. The observed 
dependence of the film thickness on the processing time (Fig. 2b) shows 
that in the temperature range of 500–600 ◦C synthesis of the film ma-
terial slows down after the first 5 min. It is an indication that concen-
tration of the precursor at the substrate surface comes to the saturation 
limiting further increase of the polymerization rate of melon molecules 
into sheets of g-CN. 

Evaporation of the already synthesized g-CN is known to proceed in 
parallel with its synthesis [8,25]. A competition between these processes 
becomes indeed evident in the rapid CVD performed. The increase of the 
film thickness in the deposition temperature range from 500 ◦C to 575 ◦C 

Fig. 4. PL spectra (a, b) and absorption Tauc plots (c) of g-CN films deposited on silicon and glass substrates at different temperatures during 5 min. (d) is the 
photographs of different substrates covered with g-CN film. 
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shows synthesis to proceed faster than evaporation. At higher temper-
atures the evaporation starts playing a role thus reducing the thickness 
of the fabricated film. Note here that our attempt to fabricate g-CN film 
by rapid CVD at 650 ◦C had no success. There was no deposited material 
detected on silicon substrates. 

The CC/CN ratio in the films constantly increases throughout the 
studied deposition temperature range which is in contrast to g-CN 
powders [6,8,18]. It means that during rapid CVD decomposition of 
g-CN which is responsible for the mass loss in the case of powders plays a 
minor role. It is also confirmed by the XRD data. The g-C3N4 (002) peak 
became narrower with an increase of the deposition temperature. That 
fact points on better crystallinity of the material synthesized at higher 
temperatures. 

The evolution of the PL maximum position and optical band gap 
reflect the changes of material energy bands structure with the synthesis 
temperature. The widening of band gap in 550–600 ◦C temperature 
range can reflect the growing polymerization rate of the material. 
Observed band gap narrowing at high temperatures is supposed to be a 
result of building up of π-bond conjugated system based on sp2- 
hybrydization [28,29]. 

4. Conclusions 

In conclusion, rapid thermal processing of slice-like substrates (sili-
con and glass) in the vicinity to melamine powder source was demon-
strated for the first time to be suitable for chemical vapor deposition of 
g-CN films within few minutes using their heating at a rate of about 5 ◦C/ 
s to 500–620 ◦C. It is almost two orders faster than by previously re-
ported CVD techniques. Meanwhile, the deposited material has crys-
talline, highly ordered layered structure with the total thickness of the 
films up to 1.2 μm which can be varied by a suitable choice of the 
processing temperature and time. The layers lie parallel to the substrate 
surface. They are oriented along (002) crystal axis. The deposition 
temperature has a great impact on the structural and optical properties 
of the films. The proposed rapid thermal processing approach allowed 
clear observation of the competition between synthesis and evaporation 
of g-CN. Thus, annealing of the already formed films can be used to make 
them thinner. 

We believe that conventional rapid thermal processing apparatus, in 
particular with both side substrate heating, can be adopted to realize the 
regimes demonstrated in this letter to scale up the g-CN deposition 
procedure. The demonstrated approach opens possibilities to adopt g- 
CN to optoelectronics and nanoelectronics. 
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