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Developed rapid chemical vapor deposition lasting only 3 min allowed to produce smooth layered carbon nitride
polycrystalline thin films as thick as 830-1547 nm at 550-625 °C in air with crystallites in the layers oriented
parallel to the substrate (glass or silicon) surface. They are distinguished by high transparency in the visible
range and the thickness uniformity. It made possible an adequate optical transmission and absorption spectra
measurements at room temperature and their correct processing with the Swanepoel’s envelope method to
determine optical properties of the films and compare them with characteristics of carbon nitride materials
obtained by conventional chemical vapor deposition or thermal polymerization. The application of the Swane-
poel’s method allowed to determine actual thickness of the films and then the refraction index of the material to
be 2.50-3.25 and the extinction coefficient to be 0.1-0.4 as functions of the deposition temperature. The average
photoluminescence lifetime of the deposited material is found to be 2.3-2.6 ns for high energy carrier recom-
bination processes being the shortest in the sample fabricated at 550 °C and correlating with crystallinity of the
film. Optimal temperature for rapid chemical vapor deposition of carbon nitride thin films is concluded to be in
the range of 550-575 °C providing its best properties promising for electronic and optoelectronic applications.

1. Introduction

The Noble-prize-winning experiments with graphene [1] has sparked
an interest to 2D materials. Their layered structure demonstrates elec-
tronic and optical properties varied between bulk and atomic monolayer
forms. More crucially, they may be altered for certain applications being
dependent on the thickness or, more precisely, the number of layers
constituting the thin film [2]. With certain exceptional benefits
including stability, affordability, and earth-abundance, so-called
graphitic carbon nitride is a 2D material which has received a lot of
interest and attention especially in photochemistry, energy conversion,
and storage applications [3]. It has structural similarities to multilayered
graphene and the band gap of about 2.7 eV at room temperature [4],
which is significant for UV and visible range photocatalysis and opto-
electronics. Commonly named as “graphitic carbon nitride” this material
usually consists of polymeric chains of stacked heptazine units and more
accurately should be addressed as “polymeric carbon nitride” (pCN)
[5-7], as we do in this article.

Nitrogen rich organic precursors are used for pCN synthesis. Mel-
amine, urea, cyanamide, dicyandiamide, and benzoguanamine are the
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most common one [4,8]. Due to its availability and low cost, direct
thermal polycondensation (calcination) they are often used for synthesis
of pCN [8]. Basically, the precursor is heated for several hours at a
temperature between 300 and 700 °C in a controlled atmosphere or
under vacuum to produce bulk pCN. It can be then grinded down or
exfoliated by ultrasonic, chemical or mechanical methods. The resulted
powder and particles are mostly suitable only for photocatalytic appli-
cations [8-10]. However, uniform pCN thin films or 2D structures are of
greater interest for optoelectronic and electronic devices [11]. This is
necessary for effective charge transfer from the thin film to the substrate
or to put it another way to improve the thin film performance, in
particular applications in photocatalysis, photovoltaics and electronics
[7,8]. It was already shown by several research groups that desired
objects could be fabricated by variety of chemical vapor deposition
(CVD) methods [7,11-18]. They are usually being implemented in a
tube two-zone reactor with a separated space between the precursor and
substrates. The deposition cycle lasts for hours with rather slow heating
rate in the range of 5-20 °C/min. Rapid CVD of pCN with an overall
processing time decreased to 3-10 min was also demonstrated [19].

In contrast to thoroughly studied photocatalytic properties of pCN its
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optical properties in particular in the form of 2D layered films remain
less known [7]. Meanwhile, they are important for most optical and
optoelectronic applications. Recently, pCN thin films were observed to
possess the refractive index of 2.3-2.5 in the visible range [7], which is
among the highest ones recorded for polymeric materials. Thus, an
extended study of optical properties of 2D pCN layered films looks
indeed promising.

In this paper we present optical characteristics of pCN thin films
deposited on silicon and glass substrates by rapid CVD at different
temperatures and compare them with those of the material fabricated in
a conventional “slow” CVD [7,11-18]. They are also extended by the
photoluminescence (PL) dynamics data with their extracted PL lifetime
parameters.

2. Experimental

The pCN thin film was deposited by the rapid CVD [19] on 1 mm
thick the 1 x 3 inch rectangular glass substrates (ApexLab, China) and
3-inch monocrystalline p-type silicon wafers covered by 290 nm silicon
oxide (SiO3) layer. Glass funnel with 4 mm thick porous membrane at
the bottom was used for that (Fig. 1). Porous membrane was made of
sintered glass particles. Diameter of the pores in the membrane was
around 100 pm. Powdered melamine (Sigma-Aldrich) with the purity of
99 % was placed inside the funnel on the porous surface. A preliminary
acetone cleaned substrate (silicon or glass) was then put on the top of the
funnel. Funnel with the substrate was placed inside the air-filled
Nabertherm 9L/330 muffle furnace already heated to a target temper-
ature in the range of 550-625 °C. After exposing the whole set at this
temperature for 3 or 5 min the substrate was rapidly extracted from the
furnace and cooled down to room temperature in air.

The film morphology was analyzed with SEM using Hitachi S-4800.
The atomic composition of the films was examined with Bruker
QUANTAX 200 EDX spectrometer. Surface images and topological
microprofiles were obtained using AFM Microtestmachines NT-206.
Crystalline phases in the films were identified by XRD analysis using
DRON-4 diffractometer equipped with Cu Ka source (1 = 1.5406 A).

A Proscan MC121 spectrophotometer was used to examine the op-
tical transmission and reflection spectra of the samples at room tem-
perature in the wave range of 350-900 nm. In order to calculate the
refractive index, extinction coefficient and thickness of thin films from
the absorption/transmission spectra we used Swanepoel’s envelope
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Fig. 1. Schematic illustration of the pCN film deposition process.
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method [20,21].

Photoluminescence spectra were recorded at room temperature with
SOLAR TII MS7504i spectrophotometer equipped with Proscan HS101
CCD camera as a detector. PL excitation was implemented by 345 nm
(3.59 eV) monochromatic line from 1 kW Xe lamp cut out from its total
spectrum by SOLAR TII DM 160 double monochromator. The PL decay
kinetics measurements were carried out using a 375 nm laser LED
operating at pulsed mode with pulse duration of 800 ns and a Hama-
matsu C4334 streak camera with a temporal resolution of 20 ps and
spectral resolution of 1 nm.

3. Results
3.1. Structure and composition

The scanning electron microscopy (SEM) analysis performed showed
the films deposited on the both silicon and glass substrates to have
smooth surface and layered structure (Fig. 2, a). Air/film and film/
substrate interfaces are parallel to each other. According to atomic force
microscopy (AFM) study the surface roughness of the films is less than
4-6 nm for each sample (Fig. 2, b). The thickness of the films is a convex
function of the deposition temperature with an extremum at around
600 °C (Fig. 3, a). According to data extracted from SEM images an in-
crease of the temperature to this point leads the thickness of the films to
increase from 860 nm at 550 °C to 1540 nm and then to decrease back to
873 nm at 625 °C (see also Table 1).

Energy-dispersive X-ray (EDX) spectroscopy results have confirmed
that the deposited films consist of carbon and nitrogen with a certain
amount of oxygen. Carbon/nitrogen atomic concentration ratio Cc/Cy
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Fig. 2. Cross-section SEM images of the films deposited on silicon substrate
with SiO, sublayer at different temperatures (a), typical AFM image and depth
profile of the film surface (b).



E. Chubenko et al.

84 0,680

80 f L 0,675
E .
c L 0,670
— d E (@)
Q ° \ =

% + 10,665 ©

QN) 72 z
B Lo,660 O
£ 68 §
® /\{ L 0.655 ©
O

641 ? L 0,650

6 0,645

0 : , ; .
540 560 580 600 620 640
Synthesis temperature T [°C]

a

Materials Science in Semiconductor Processing 195 (2025) 109617

8000 (002) pCN
| (004) pCN
'S 6000+ N
g 1550 °C
>‘ 1
2 4000+ 575 °C
(/2] 1
C |
9L g
£ 2000 1600 °C
: 1625 °C
10 40 50 60 70
20[deq]
b

Fig. 3. Carbon (C¢) and nitrogen (Cy) atoms concentration ratio and grain size vs. deposition temperature plot (a) and XRD plot (b) of the samples fabricated at

different temperatures.

Table 1
Thickness of the pCN thin films deposited at different temperatures and process
durations on glass substrates determined using different methods.

Deposition Process Thickness of the films d [nm]

t t T duration ¢

[x:rél]pera ure [:;rii]wﬂ Derived Calculated using Difference
from SEM Swanepoel’s [%]
images method

550 3 860 654 24.0

575 3 1140 1167 2.0

600 3 1540 1547 0.5

625 3 873 765 12.0

625 5 950 830 13.0

increases gradually with the temperature from 0.65 to 0.68 (blue line in
Fig. 3, a). These are close to the stoichiometric ratio of 0.75 for fully
polymerized graphitic carbon nitride [5]. The oxygen content is close
but do not exceed 2.9 at.% in all samples.

X-ray diffraction (XRD) patterns (Fig. 3, b) show the prominent peak
around 20 = 27.5 deg associated with the reflex from pCN (002) hex-
agonal crystal plane and weak peak around 26 = 56.5 deg corresponding
to reflection from the (004) plane [8]. The peak corresponding to the
(210) plane located around 26 = 12-13 deg and usually presented on
XRD spectra of bulk or powdered pCN is not seen on the graphs pre-
sented in Fig. 3, b. It means, that the fabricated films are strongly ori-
ented, and their (002) crystal plane are parallel to the substrate surface.
The intensity of the pCN (002) XRD reflexes reaches its maximum at the
deposition temperature of 600 °C. That follows the thickness vs. syn-
thesis temperature relations.

The size of crystallites in the films D calculated according the
Scherrer equation is also a convex function of the deposition tempera-
ture increasing from 65 nm upon processing at 550 °C to 78 nm for the
film deposited at 575 °C. With a further increase of the temperature, the
crystallite size decreases to ~74 nm (Fig. 3, a). The interplane distance
decreased from 3.25 to 3.22 A with the temperature growing from 550
to 575 °C and then increases up to about 3.24 at 600-625 °C.

According to the results presented the deposited films could be
considered as layered well-structured polycrystalline carbon nitride.

3.2. Absorption, refractive index and extinction coefficient

Considering the SEM results light propagation across the pCN thin
films deposited on glass substrate could be schematically represented as
illustrated in Fig. 4. Here we assume that the light comes perpendicular
to the surface of the substrate, and that the substrate itself is thick, finite,
and transparent. We also assume that the sample is in an air
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Fig. 4. Schematic of light propagation across an absorbing thin film on a thick
finite transparent substrate.

environment, the refractive index of which is np = 1. The incident light
intensity is T; = 1 a.u. Complex refractive index N of pCN could be
defined as N = n — ik, where n is the real part of the complex refractive
index (phase velocity) and k is the extinction coefficient. The last is
related to the absorption coefficient of the pCN film « by the equation k
= al/4xn. The thickness of pCN film is d.

The glass substrate refractive index s could be determined using its
optical transmission spectrum. It was found to be s = 1.595 for the glass
substrates used in our experiments. It is implied to be almost indepen-
dent on the wavelength of the incident light. We also suppose that the
substrate is ideally transparent compared to the deposited film and its
absorption coefficient a5 = 0.

In that case the transmittance TR as a function of the film thickness
d and light wavelength A variables x = e and ¢ = 4nnd/ [21,22]:

Ax

TR=——F—————,
R B — Cx cos(¢) + Dx?’

€9)

where the coefficients could be expressed as:

A=16ns;



E. Chubenko et al.
B=(n+1)*(n+s);
C=2(n*-1)(n*-5?);

D=(n-1>n-s%.

Experimental transmission and absorption spectra of pCN films
deposited on the glass substrate are shown in Fig. 5.

The transmittance of pCN films becomes 20 % increased upon the
deposition temperature was increased from 550 to 600 °C. There is no
much difference in the curves corresponding to the samples fabricated at
the same temperature and different deposition process times altered
from 3 to 5 min. For the sample with the longer deposition time the
transmission is a little bit higher.

Two wavelength-dependent envelope curves were constructed ac-
cording the Swanepoel’s method on the basis of the above transmission
spectra [21,22]. The first is a tangent to the minima T;,(1) of the inter-
ference fringes and corresponds to cos(¢) = —1 in Eq. (1). The second
envelope curve Typ(4) is a tangent to the maxima of the interference
fringes and could be described by Eq. (1) with cos(¢) = 1. Using derived
Tm(2) and Tp(4) functions we could calculate the real part of the
refractive index by the equation:

1
n= {Nf + (N2 752)%]27 2

where

241
+

for transparent region and

_ TM(A) — Tm(l)
N =25 T

for the weak and medium absorption regions. It should be noted, that
using this method the refractive index could only be determined in low
and medium absorption spectral ranges.

The neighboring interference fringes located at the wavelengths 1;
and 13 were used to calculate the thickness of the films using the rela-
tionship [22]:

241
2

_ >\,1/12

. 3
2(mah — mada) )

Values of the refractive indexes my; and m,o corresponding to the
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wavelengths 1; and 15 are taken from the data calculated by Eq. (2).

Note that smooth envelope curves are often difficult to generate
properly [22,23]. Accumulated minor errors lead to incorrect determi-
nation of refractive index and thickness. The correction algorithm
should be used to obtain more real values. On the first step average film
thickness should be calculated daverage Using a set of values derived for
each sample with Eq. (3). Using the averages thickness and refractive
index corresponding to the wavelength positions of the interference
minimum and maximum the order number m of the interference
extrema could be determined as:

2nd = mh. ()]

Then the obtained order numbers should be rounded off to the
nearby integer (for interference maxima) or half-integer (for minima)
and accepted as an exact order number mcq,, for each extremum. Thus,
more accurate corrected film thickness d.or can be derived using Eq. (4)
and accepted values of mq. The values of d.o, calculated for each
interference minimum and maximum have the smallest dispersion. It
allows to get more accurate film thickness values by averaging the set of
dcorr- Obtained average film thickness of our samples are presented in
Table 1 in comparison with the data extracted from SEM images (see.
Fig. 2, a).

Using Eq. (4) and average values of d o for each sample more ac-
curate values of refractive index were obtained. They are presented in
Fig. 6, a by scattered symbols. Due to the low signals in the high
absorbance range the refractive index could not be defined there. In
order to overwhelm that, it is preferred to extrapolate the refractive
index experimental data using Cauchy equation [22-26]. Frequently
only two or three-terms Cauchy equation are used:

n(A)=a-+b/2*+c/r". &)

Here a, b and c are empirical fitting parameters. Also, the wavelength
has to be expressed in microns. The extrapolation curves constructed
using Eq. (5) are presented in Fig. 6, a. The derived refractive index n in
the visible range varies as a function of the film deposition temperature
between 2.50 and 3.25. Obtained values are higher than refractive index
of the pCN films fabricated by “slow” thermochemical vapor deposition
process described elsewhere [7].

The extinction coefficient k(1) was calculated through absorbance
coefficient a(1) which was determined using absorbance Abs(1) and
corrected film thickness d o derived by the Swanepoel’s method (Fig. 6,
b).
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Fig. 5. Transmission (a) and absorption (b) spectra of pCN thin films deposited on glass substrates at different temperatures and process durations. The absorption

was calculated as Abs = —2.3026-10g(TR).
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Fig. 6. Refractive index (a) and extinction coefficient (b) of thin film pCN deposited on glass substrates at different temperatures and process durations.

3.3. Optical band gap

The optical band gap of the deposited pCN was evaluated from the
absorbance spectra reconstructed to the Tauc plot coordinates, as it is
shown in Fig. 7. The tangent lines of the absorbance allow determination
of values of direct and indirect band gaps of the material. The values
obtained are presented in Table 2.

The direct band gap slightly varies between 2.96 and 2.99 eV across
the whole temperature range used for the synthesis of pCN. But it has a
tendency to decrease with the growing temperature. The process dura-
tion increase leads to a wider band gap (3.00 eV). Meanwhile, the in-
direct band gap remains practically invariable being 2.79-2.80 eV.

3.4. Photoluminescence

PL spectra of the fabricated pCN thin films are illustrated in Fig. 8.
The position of the PL intensity peak slightly shifts to longer wave-
lengths (from 473 to 476 nm) with an increase of the deposition tem-
perature. As the deposition temperature grows up the top parts of the PL
bands become broaden, the peaks themselves appear to be less promi-
nent, and overall PL intensity decreases. The full width on half
maximum (FWHM) of the PL spectra increases with temperature from
101 nm for the film deposited at 550 °C to 111 nm for the sample

0,14
——550 °C /3 min
——575°C /3 min
0129 600 °C /3 min
—625 °C /3 min
g 0101——625°C/5min
€
o
N> 0,08
2
S 0,06 -
3
0,04
0,02
0,00 : : Tt T
275 280 28 290 295 300 305 3,10
Energy E [eV]
a

Table 2
Optical band gaps of the thin film pCN deposited at different temperatures and
process duration on glass substrates determined using Tauc plots.

Deposition temperature T [°C] Process duration t [min] Band gap E, [eV]

direct indirect
550 3 2.99 2.80
575 3 2.96 2.79
600 3 2.97 2.79
625 3 2.96 2.80
625 5 3.00 2.80

obtained at 625 °C (see inset on Fig. 8).

To obtain PL decay curves the several wavelengths were chosen on
recorded PL spectra. They are indicated in Fig. 8. Selected wavelengths
are distributed along the observed PL band and approximately corre-
spond to the energy of radiative recombination processes identified in
PCN materials [26,27]. Obtained normalized PL decay curves of pCN
films synthesized at 550 and 625 °C are presented in Fig. 9. The decay
curves I(t) are strongly nonexponential, indicating a broad distribution
of lifetimes of the excited electronic states. As the detection wavelength
grows the PL decay also gradually increases.

The decay of the PL intensity I(t) was fitted with the triexponential

0,6
——550°C /3 min
=575 °C / 3 min
059 ——600 °C / 3 min
a ——625°C /3 min
"e 044 —625°C/5min
£ O
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s
010 I/ T T T T T
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Fig. 7. Tauc plots for direct (a) and indirect (b) band gaps of thin film pCN deposited on glass substrates at different temperatures and process durations.
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Fig. 8. Room temperature PL spectra of the pCN films deposited on silicon
substrates at different temperatures and process durations.

equation using DAS6 (HORIBA Scientific) software:

-t _t t
I(t)=A + Bse /Tl + Bse /Tz+33e /Ts 6)

Here A is a time independent constant, B, are relative amplitudes of
the PL processes with the lifetimes of 7,. Each component of Eq. (6)
could be associated with different radiative recombination processes in
PCN which include electron transitions between oxygen and nitrogen
defects related energy levels, conductance and valence bands [26,27].

The above fitting parameters as a function of the detection wave-
lengths are presented in Fig. 10. The lifetime of each process increases
with the registration wavelength. For the pCN film deposited at 550 °C
compared to the sample fabricated at 625 °C the lifetimes are longer in
the detection wavelength range studied. The lifetimes 7; and 75 corre-
sponding to the first two components of Eq. (6) are relatively short and
do not exceed 10 ns. The amplitudes B; and By of these components
decrease with an increase of the detection wavelength but they remain
bigger than that of the third component.

The third “slow” component is characterized by much longer lifetime
with more prominent dependence on the detection wavelength. Its
lifetime 73 increases from 10 ns up to 42-56 ns with the detection
wavelength. At the same time relative amplitude Bg is almost doubled at

s M‘H “ﬁk fi
by
0 50 100 M} lilhl ‘1 qh
Time t[ns]

PL intensity /(f) [a.u.]
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the detection wavelength of 560 nm and becomes very close to Bs.
The average lifetime 7,, was calculated as:

BlT% -+ BgT% -+ BgT%

. 7
Bi71 + By1y + B3ts )

av —

Fig. 10 shows that the calculated 7,, value also increases with the

detection wavelength from 2.6 to 17.5 ns for the pCN film fabricated at
550 °C and from 2.3 to 14.3 ns for the sample processed at 625 °C.

4. Discussion

The deposited thin films were observed to be polycrystalline, well-
structured with the crystalline grains oriented along the surface of the
substrate used. The strong peak on XRD plots (Fig. 3, b) corresponding to
X-ray reflection from hexagonal (002) planes of g-C3N4 and an absence
of (210) peak associated with their in-plane scattering from heptazine-
like building units confirm good crystallization of the deposited mate-
rial [8,28]. While the composition of the films is substoichiometric, as
Cc/Cy ratio remains below 0.75 evident for stoichiometric C3Ny4, the
interplane distance between the layers is under 3.26 A — the value
inherent to the completely polymerized material [28]. Compression of
the crystal lattice is presumably a result of the observed stoichiometry
violation and oxygen content.

Size variation of the crystallites as a function of the deposition
temperature (Fig. 3, a) and evolution of the interplane distance indicate
that the best crystallinity is achieved upon deposition at around 575 °C.
At higher temperatures the crystallites appear to be smaller while
interplane distance grows up. It could be a result of partial decomposi-
tion and/or evaporation of the material just synthesized at the substrate.
Note, that decomposition looks to be less possible to play a main role
because the C¢/Cy ratio increases with the deposition temperature
reflecting the reduction of excess of nitrogen atoms. The bonds between
heptazine molecules in the melon polymer chains or graphitic carbon
nitride sheets are formed by the three -NH, amino groups located
around heptazine molecule core formed by three aromatic rings with an
alternating arrangement of carbon and nitrogen atoms [5,7]. The for-
mation of bonds between two heptazine molecules accompanied by the
loss of one nitrogen atom as a part of ammonia NHs and the formation of
—NH- bridge between them. Hence the growth of C¢/Cy ratio indicates
the increase of polymerization rates as more heptazine molecules are
combined with each other [5]. Decomposition of the formed pCN ma-
terial usually followed by the decrease in the C¢/Cy ratio [8,9,18,29] is
unlikely in this case. Hence the reduction of the film thickness upon
deposition at above 600 °C (see Table 1) may be caused by congruent

10000 A

m

w "

bl

Time t [ns]

b

Fig. 9. Normalized room temperature PL decay curves of pCN thin films deposited on silicon substrates at 550 (a) and 625 °C (b) recorded at different detection

wavelengths.
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Fig. 10. Room temperature PL lifetimes (a) and corresponding relative amplitudes of each PL process (b) for pCN thin films synthesized at 550 and 625 °C on

silicon substrates.

sublimation as far as no surface cracks and voids were observed on SEM
images (Fig. 2, a).

Smooth surface and high transparency of the films provided their
correct spectroscopic analysis in the optical range and thickness deter-
mination. For the middle of the temperature range used for pCN depo-
sition (575-600 °C) the thickness of the films derived using Swanepoel’s
method are close to the values directly extracted from SEM images (the
difference is 0,5-2 %, see Table 1). It indicates the good construction of
Tm(2) and Tp(2) envelope curves. However, for the highest and lowest
deposition temperatures of 550 and 625 °C obtained thickness differ-
ence reaches 12-24 %. The reason for this is the insufficient number of
extreme points, the number of which decreases in the limited trans-
mittance measurement spectral range with decreasing film thickness
[24,30]. Nevertheless, the values of refractive index are more accurate
because the exact maxima or minima on transmittance curves are used
[30]. It allows to calculate spectral distribution of the refractive index n
(1) and extinction coefficient k(1) of the deposited material applying
Swanepoel’s envelope method to the optical transmission and absorp-
tion spectra experimentally recorded. The derived refractive index n =
2.50-3.25 in the visible range is very high for organic polymeric mate-
rial [31,32]. These are even higher than those (2.3-2.5) for pCN fabri-
cated by conventional “slow” CVD deposition processes [7]. The highest
value belongs to the film deposited at 575 °C. Remember that this
deposition temperature provides the best crystallization of the deposited
material. The averaged refractive index correlates with the size of
crystallites.

The deposition temperature also influences the PL spectra of the
films. There are a shift of the PL intensity peak to lower energies, growth
of FWHM of integral PL band and a monotonic drop of the direct energy
band gap caused by the growth of the deposition temperature (Table 2).
These phenomena are closely related and reflect an evolution of the
electronic energy bands along with the structural and atomic composi-
tion changes described above. The observed behavior of the optical
characteristics of the pCN films is a result of growing polymerization
rate of the material at higher deposition temperature and buildup of
n-bond conjugated system based on sp?-hybrydization lowering the
band gap [26,33]. An increase of deposition duration from 3 to 5 min at
the same temperature (625 °C) results in widening of the direct band gap
(2.96 — 3.00 eV). Since a thicker film was deposited with the longer
process duration, it means that the melamine precursor source was not
yet exhausted and the synthesis process did not stop. However, heat
processing of the already synthesized film material may have led to a
change in their structure associated with exfoliation, partial evaporation

and disruption of the n-conjugated system, which was the cause of the
observed changes in the optical characteristics [34-36].

It is noteworthy that the determined indirect band gaps are almost
identical in all the samples fabricated, and the observed changes of
direct band gap and PL intensity peak shift are much less prominent then
usually observed for series of carbon nitride materials obtained at
different temperatures [37-39]. The possible reason is the levelling ef-
fect of high oxygen concentration which remains almost constant for all
PCN films obtained at different synthesis temperature which neglects the
variation of nitrogen excess in the samples. Therefore, the position of the
minimum of the conduction band related to absorption with indirect
transitions between the bands does not change, while the distance be-
tween the minimum energy of the conduction band and the maximum of
the valence band in the center of the Brillouin zone increases slightly.

The average lifetime of the photogenerated carriers in the deposited
PCN films are withing the expected nanosecond range determined for
similar materials by other researches [26,27,40,41]. The revealed “fast”
and “slow” components are defined by a complex mechanism of lumi-
nescence. It is known that several recombination paths are exist in this
polymeric material [26]. The routes with a high recombination energy
involve conductance and valence bands. A lower energy process corre-
sponds to transitions via the defect levels in the band gap. The most
common are impurity levels associated with oxygen and nitrogen atoms
and with nitrogen electron lone pairs. Accounting for the experimental
results obtained, our samples could contain all of them. Moreover, about
2.9 at.% of oxygen and affected stoichiometry of the material tend to
conclude on a large excess of interstitial nitrogen atoms in the material.
Hence, “slow” PL is presumably related to recombination processes via
defect levels, as excited carriers could stay longer in defect states [26]. It
is also supported by expanding the role of the “slow” recombination with
decreasing detection wavelength, because irradiative recombination
involving defect levels has lower energy compared to direct
band-to-band transitions [27,40]. The “fast” component with the
shortest lifetime relates to the recombination of the charge carriers
confined in the highly conjugated aromatic rings of heptazine units.

The calculated average lifetimes determined using detection wave-
lengths from the low photon energy region are comparable to those
presented elsewhere [26,27,40]. However, the lifetime determined at
420 nm is notably shorter. It mostly corresponds to high energy
band-to-band recombination processes. Its decrease could be attributed
to better crystallization and structurization of the film material depos-
ited by our rapid CVD method as compared to conventional longer in
time techniques.
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5. Conclusion

The developed rapid CVD of pCN allows fabrication of thin films
from this material as thick as 830-1547 nm on glass and silicon sub-
strates. It has been found that synthesis of this material in a thin film
form can be realized within few minutes in the temperature range from
550 to 625 °C instead of hours at these temperatures in conventional
techniques. The deposited films are smooth, non-scuttering, transparent
and well-structured. They consist of multiple polycrystalline layers of
PCN with crystallites oriented parallel to the substrate surface. While the
material contains some oxygen and excess of nitrogen its optical prop-
erties derived by optical spectrometry, as well as by photoluminescence
occur to be promising for applications in electronics and optoelec-
tronics. The deposition temperature in the range of 550-575 °C looks to
be the best for that.
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