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Abstract

The chemical vapor deposition of polycrystalline carbon nitride in stagnation flow reactors is simulated. A model is used to predict the gas

phase chemistry, temperature and velocity profiles, potential gaseous film growth precursors, and to evaluate the likelihood of bond

rearrangement occurring in the bulk phase or on the deposition surface once the gaseous precursors are adsorbed. Numerical studies are

carried out to predict the effects of inlet and substrate temperatures, reactor pressure, and inlet gas composition on the gas phase chemistry.

Potential gaseous film growth precursors of carbon nitride are determined by quantitatively comparing the calculated results against existing

experimental data. Results of the model indicate that the gas phase chemistry, including the gas composition at the deposition surface, is

strongly affected by reactor pressure and inlet gas composition. However, the gas composition at the deposition surface does not depend

strongly on the inlet temperature, while it is found to be strongly dependent on the substrate temperature. Since no correlation is found

between the predicted near-surface concentrations of potential film growth precursors and experimentally measured bond types in the carbon

nitride films, the experimentally measured bond types in the films must therefore result from chemical bond rearrangement occurring on the

deposition surface or in the bulk phase once the gaseous precursors are adsorbed. Comparison between the calculated film growth rate using

potential growth precursors and experimental data indicates that the CHx (x =0,2,3), C2H2, NHx (x =0,1,2), and HxCN (x =1,2) species are the

most probable crystalline carbon nitride growth species. Among these, C and CH3 dominate the carbon contribution to the film growth, and N

is the primary nitrogen bearing species responsible for the film growth. The sum of predicted film growth rates for carbon bearing species is

comparable to the experimentally determined film growth rate.

D 2005 Elsevier B.V. All rights reserved.
Keywords: Carbon nitride; Chemical vapor deposition; Simulation
1. Introduction

Liu and Cohen [1,2] have predicted that h-C3N4, a

polytype of crystalline carbon nitride (C�N), would have a

hardness comparable to or greater than that of diamond. The

postulation was based on a combination of an empirical

model [1] and an ab initio calculation [2], indicating that a

large bulk modulus could be achieved for a covalent solid

formed between carbon and nitride with short covalent bond
0925-9635/$ - see front matter D 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.diamond.2005.02.011

* Corresponding author. Present address: Power Electronic Research

Center, National Institute of Advanced Industrial Science and Techno-

logy (AIST), Tsukuba, Ibaraki, 305-8568, Japan. Tel.: +81 29 861 9177;

fax: +81 29 861 5434.

E-mail address: jungheum.yun@aist.go.jp (J. Yun).
lengths and low ionicity. The material is expected to have a

structure similar to that of h-Si3N4, with carbon replacing

the silicon in a network of CN4 tetrahedra linked at the

corners. Its structure would be sp3 hybridized at carbon and

sp2 hybridized at nitrogen [2].

The theoretical prediction of Liu and Cohen was

supported by a local density approximation-based (LDA)

calculation for the structural and electronic properties of h-
C3N4 [3]. The LDA calculation indicated that h-C3N4 might

be an energetically favorable phase in the C�N solid because

the cohesive energy of h-C3N4 was predicted to be

moderately large, 81.5 eV/unit cell. It was also predicted

that two metastable structures, one resembling a zinc-blende

CN vacancy per cubic cell and the other resembling graphitic

CNwith one C vacancy per four N sites, could be synthesized
s 14 (2005) 1432 – 1443
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in addition to the hexagonal h-C3N4 structure [3,4]. Accor-

ding to that study, both the refined h-phase and the cubic

phase would also have compressibilities comparable to that of

diamond (1.7�10�7 cm2/kg), where the compressibility of

diamond is lower than any known material.

However, Guo and Goddard [5] produced a theoretical

result contradicting the hypothesis of Liu and Cohen [1–4].

Guo and Goddard’s prediction of the crystalline properties

of C3N4 was based on the method of molecular simulation

force field (MSFF). They pointed out the restrictions within

the calculation carried out by Liu and Cohen [2,3] that led to

different quantitative results. It was concluded by Guo and

Goddard that, in the earlier calculations, the bulk modulus

of C3N4 was over-predicted because the possibility of

nonplanar nitrogen in the C3N4 structure was not considered

and a uniform scale in the coordinate system was assumed.

The results of Guo and Goddard indicated that a-C3N4

would be more stable than h-C3N4 due to the large energy

difference between these phases. Thus, according to Guo

and Goddard, a carbon nitride film formed with thin film

deposition techniques would be a-C3N4. In addition, they

predicted that the bulk modulus of a- and h-C3N4 would be

about half the value for diamond and, surprisingly, that the

Poisson ratio of a-C3N4 would be negative.

Despite the predictions of Guo and Goddard [5] to the

contrary, in the last several years there have been

considerable efforts to synthesize and analyze h-C3N4

films [6–20]. Most investigators have observed the

formation of amorphous carbon films containing varying

amounts of nitrogen, generically referred to as CNx. The

synthesis of crystalline h-C3N4 in amorphous CNx films

has been reported in only several cases [12–20]. Film

deposition techniques in these investigations have included

pulsed laser ablation [12], radio frequency (rf) [13,18] and

plasma arc sputtering [14], chemical vapor deposition

(CVD) [15,16,20], shock wave compression [17], and ion-

assisted deposition [19]. It is important to note that, while

these investigators all report the existence of nano- or

micro-crystals of h-C3N4 within an amorphous matrix,

others who have studied this material do not view the

evidence as sufficiently conclusive. For example, in critical

reviews of carbon nitride research [21,22], potential issues

in experimental methodology or characterization have been

highlighted. These reviews do not preclude the possibility

of synthesizing crystalline C3N4; rather, they point out the

challenges to be addressed.

Most experimental investigations into the growth of h-
C3N4, which have used a mixture of CH4 and N2 as the feed,

indicate that the CNx films have much lower nitrogen

concentration than the 57% required for stoichiometric

C3N4. This result suggests that very high concentrations of

reactive nitrogen bearing gaseous species, including atomic

nitrogen, are necessary for the growth of C3N4 [15]. Among

the various low pressure film deposition techniques attemp-

ted thus far, CVD is an attractive method for the h-C3N4

synthesis because of its precise control of gas composition
and high incident surface flux of reactive gaseous species.

Studies on the synthesis of h-C3N4 have been conducted

using techniques similar to those used in diamond CVD,

with the addition of a nitrogen component [20]. Zhang et al.

[20] reported that crystalline carbon nitride films with large

crystalline grains, up to ¨10 Am in size, and film-like

regions of the crystalline phase were grown on polycrystal-

line Ni substrates using a plasma-assisted hot filament

chemical vapor deposition technique. They concluded that

the crystallographic structure associated with h-C3N4 was

present in the deposited films based upon X-ray diffraction

(XRD) spectra. Unfortunately, adequate samples for quanti-

tative measurements of the bulk modulus of the crystalline

carbon nitride have not yet been synthesized. However, it

may be possible to determine the crystal structure, stability

of h-C3N4, and other metastable carbon nitride phases if

thicker, higher quality films of crystalline carbon nitride can

be deposited on substrates. High quality crystalline carbon

nitride may be synthesized using thin film techniques if a

more thorough understanding of carbon nitride deposition

conditions is achieved.

A detailed theoretical analysis of the elementary surface

reactions leading to carbon nitride growth has not yet been

reported, and the task of uncovering these mechanisms may

prove to be difficult. However, if the goal is limited to

predicting the growth rate of the carbon nitride film, relatively

few surface reactions � including reactions of probable

gaseous film growth precursors with surface reactive sites, H-

atom abstraction, and surface reactive site termination� will

describe the features of interest. Further, the growth rate can

be maximized if the near-surface concentrations of the most

probable gaseous film growth precursors are maximized.

This can only be achieved by identifying probable growth

precursors. Probable growth precursors of carbon nitride may

be identified by examining mass fluxes of gaseous species at

the deposition surface using simplified growth mechanisms

and comparing these to experimentally determined deposi-

tion rates. In addition, the availability of data describing the

relative concentrations of different bond types (C–N, CfN,
CgN, CfC, etc.) in solid CNx films [7] provides the

opportunity to explore the extent to which bond rearrange-

ment occurs on the deposition surface or in the bulk phase

once reactive species are adsorbed. Put another way, since

CNx films grown to date do not exhibit exclusive sp2

hybridization for nitrogen and sp3 hybridization for carbon,

it is useful to ask whether these films inherit their spectrum of

bond types directly from the species adsorbing from the gas

phase, or by subsequent chemical rearrangement of the bonds

after the molecules have been adsorbed. This issue can be

investigated by examining whether the predicted fluxes of

gaseous species at the surface correlate with the relative

concentrations of bond types in the films.

The results of two experimental studies by Ricci et al. [7]

and Zhang et al. [20] are compared to the predictions in this

study. Although there have been a number of attempts to

synthesize C3N4 via CVD, detailed data on the deposition
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rate of the carbon nitride film and the relative concentrations

of different bond types in the films are not readily available

in the literature.

The primary purposes of this study are to explore the gas

phase chemistry and its dependence on operating condi-

tions, temperature and velocity profiles, and to determine

potential gaseous film growth precursors of carbon nitride

film deposition occurring inside pedestal stagnation flow

CVD reactors. It is not the intent of this study to prove or

disprove the existence of h-C3N4. The focus will be on the

details of the chemistry occurring during CVD growth of

carbon nitride. Indeed, as will be shown, the model supports

observations that CNx films are invariably deficient in

nitrogen. In addition, it is worthwhile exploring whether

significant bond rearrangement occurs on the deposition

surface or in the bulk phase once the gaseous precursors are

adsorbed because this may give some indication of the

possible complexity of quantitative deposition models. The

governing conservation equations, including gas phase and

surface reactions, are solved numerically to simulate these

aspects of carbon nitride film growth.

In the examination of both probable growth precursors

and bond type correlation, a simplified set of surface

reactions is applied to obtain mass fluxes of gaseous species

at the deposition surface. The collision and subsequent

surface reaction of a gaseous species with the deposition

surface results in the formation of a surface species; bulk

species are then formed when all reactive bonds of a surface

species are to other surface species or bulk species through

surface reactions. The surface reactions are considered as

irreversible, and the rate constants are represented by

sticking probabilities.

First, the CVD system under study is described, and the

corresponding governing equations and boundary condi-

tions are discussed. The experimental data of Ricci et al. [7]

is used to see whether a correlation exists between bond

types of adsorbing species and bond types in the carbon

nitride films. The film growth rate is calculated for each

presumed growth precursor using the experimental operat-

ing conditions of Zhang et al. [20]. Then, comparisons

between the computational results and experimental data are

used to predict the possible gaseous species contributing to

the growth of carbon nitride. Finally, the numerical model is

applied to investigate the effects of various operating

parameters – the inlet and substrate temperatures, reactor

pressure, and inlet gas composition – on the concentrations

of probable growth precursors at the deposition surface. The

operating conditions to be used are selected from existing

experimental data on carbon nitride growth via CVD.
r 

φ

Fig. 1. Schematic diagram of the CVD geometry considered. The geometry

of the system is represented in terms of the cylindrical coordinates (r, /, z).
2. Model description

Consider a system configured with the inlet axis

orthogonal to the substrate such that a forced flow of

reactant gases impinges upon an isothermal substrate, as
illustrated in Fig. 1. The geometry of the system is described

in terms of cylindrical coordinates (r, /, z), with the origin

of the coordinate system located at the center on the

substrate surface. An idealized stagnation flow geometry is

assumed to exist in the region between the inlet and the

substrate. The gas flows uniformly downward from the inlet

towards the substrate surface with known temperature,

velocity, and composition at the inlet. The uniform axial

down flow at inlet, located at the position z=L, is given by

�UV, and the temperature and mole fractions at this

location are denoted by TV and Xk V. The axial velocity

component does not vanish at the substrate surface due to

the net deposition of mass onto that surface. The radial

velocity component at the surface vanishes due to the no-

slip condition. At the deposition surface the gas temperature

matches that of the substrate, Ts. At steady state the net

production rate of a gaseous species at the substrate surface

is equal to its mass flux at the substrate surface, and the net

production rate of any surface species on the substrate

surface is zero.

The steady-state conservation equations describe the

momentum and energy transport, convective and diffusive

transport of the species, the chemical composition of the

gas phase, and the surface concentrations of the adsorbed

species [23,24]. The conservation equations consist of

radial, axial, and circumferential momentum equations,

gaseous species continuity equations, a mixture continuity

equation, thermal energy equation, and surface species

conservation equations. The conservation equations yield

an axisymmetric similarity solution for the geometry

shown in Fig. 1 because all dependent variables in the

equations may be considered to be functions only of axial

coordinate, z, with radial and angular velocities rescaled

by the radial coordinate, r [25]. The conservation



Table 1

Gas-phase reaction mechanisms

Reaction Aa
i bai Ea

i

G1 H+H+M6H2+M 0.100�1019 �1.0 0.0

G2 H+H+H26H2+H2 0.920�1017 �0.6 0.0

G3 CH3+CH3(+M)6C2H6(+M) 9.220�1016 �1.174 635.8

G4 CH3+H(+M)6CH4(+M) 6.000�1016 �1.0 0.0

G5 CH4+H6CH3+H2 0.220�105 3.0 8750.0

G6 CH3+H6CH2+H2 0.900�1014 0.0 15100.0

G7 CH2+H6CH+H2 0.100�1019 �1.56 0.0

G8 CH+H6C+H2 0.150�1015 0.0 0.0

G9 CH+CH26C2H2+H 0.400�1014 0.0 0.0

G10 CH+CH36C2H3+H 0.300�1014 0.0 0.0

G11 CH+CH46C2H4+H 0.600�1014 0.0 0.0

G12 C+CH36C2H2+H 0.500�1015 0.0 0.0

G13 C+CH26C2H+H 0.500�1014 0.0 0.0

G14 C2H6+CH36C2H5+CH4 0.550�100 4.0 8300.0

G15 C2H6+H6C2H5+H2 0.540�103 3.5 5210.0

G16 C2H4+H6C2H3+H2 5.420�1014 0.0 14902.0

G17 CH2+CH36C2H4+H 0.400�1014 0.0 0.0

G18 H+C2H4 (+M)6C2H5 (+M) 0.221�1014 0.0 2066.0

G19 C2H5+H6CH3+CH3 1.000�1014 0.0 0.0

G20 H2+C2H6C2H2+H 0.409�106 2.39 864.3

G21 H+C2H2 (+M)6C2H3 (+M) 0.554�1013 0.0 2410.0

G22 C2H3+H6C2H2+H2 0.400�1014 0.0 0.0

G23 C2H3+C2H6C2H2+C2H2 0.300�1014 0.0 0.0

G24 C2H3+CH6CH2+C2H2 0.500�1014 0.0 0.0

G25 CH2(S)+M6CH2+M 0.100�1014 0.0 0.0

G26 CH2(S)+CH46CH3+CH3 0.400�1014 0.0 0.0

G27 CH2(S)+C2H66CH3+C2H5 0.120�1015 0.0 0.0

G28 CH2(S)+H26CH3+H 0.700�1014 0.0 0.0

G29 CH2(S)+C2H26CH2+C2H2 4.0�1013 0.0 0.0

G30 CH2(S)+H6CH2+H 0.200�1015 0.0 0.0

G31 CH2(S)+H6CH+H2 3.000�1013 0.0 0.0

G32 CH2(S)+CH36C2H4+H 2.000�1013 0.0 0.0

G33 C2+H26C2H+H 4.0�105 2.4 1000.0

G34 CH2+CH26C2H2+H+H 0.400�1014 0.0 0.0

G35 C2H2+M6C2H+H+M 0.420�1017 0.0 10700.0

G36 C2H4+M6C2H2+H2+M 0.150�1016 0.0 55800.0

G37 C2H4+M6C2H3+H+M 0.140�1017 0.0 82360.0

G38 CH+N26HCN+N 5.400�1012 0.0 25000.0

G39 C+N26CN+N 6.300�1013 0.0 46019.0

G40 CH2+N26HCN+NH 0.100�1014 0.0 74000.0

G41 H2CN+N6N2+CH2 0.200�1014 0.0 0.0

G42 H2CN+M6HCN+H+M 0.300�1015 0.0 22000.0

G43 CH2+N6HCN+H 0.500�1014 0.0 0.0

G44 CH+N6CN+H 0.130�1014 0.0 0.0

G45 CH3+N6H2CN+H 7.100�1013 0.0 0.0

G46 C2H3+N6HCN+CH2 0.200�1014 0.0 0.0

G47 CN+H26HCN+H 0.295�106 2.45 2237.0

G48 CH+HCN6CH2+CN 3.010�1013 0.0 �993.5

G49 CN+HCN6C2N2+H 1.320�103 2.7 646.0

G50 CN+CH46CH3+HCN 6.020�104 2.64 �437.0

G51 CN+C2H66C2H5+HCN 1.200�105 2.77 �1788.0

G52 NCN+H6HCN+N 1.000�1014 0.0 0.0

G53 NH+N6N2+H 0.300�1014 0.0 0.0

G54 NH+H6N+H2 3.000�1013 0.0 0.0

G55 NH2+H6NH+H2 0.692�1014 0.0 3650.0

G56 NH3+H6NH2+H2 0.636�106 2.39 10171.0

G57 NNH6N2+H 1.000�106 0.0 0.0

G58 NNH+H6N2+H2 0.100�1015 0.0 0.0

G59 NNH+NH26N2+NH3 0.500�1014 0.0 0.0

G60 NNH+NH6N2+NH2 0.500�1014 0.0 0.0

G61 NH2+NH6N2H2+H 0.500�1014 0.0 0.0

G62 NH+NH6N2+H+H 0.254�1014 0.0 0.0

G63 NH2+N6N2+H+H 0.720�1014 0.0 0.0

Table 2

Surface reaction mechanisms for presumed film growth precursors

Growth species Reaction

CHx S1 NH(S)+HYN*(S)+H2

S2 N*(S)+HYNH(S)

(x m0) S3 N*(S)+CHxYB+CH(S)+Hx�1

or (x=0) S3 N*(S)+CYB+C*(S)

C2Hx S4 NH(S)+HYN*(S)+H2

S5 N*(S)+HYNH(S)

S6 N*(S)+C2HxYB+C2H(S)+Hx�1

NHx S7 CH(S)+HYC*(S)+H2

S8 C*(S)+HYCH(S)

(xm0) S9 C*(S)+NHxYB+NH(S)+Hx�1

or (x=0) S9 C*(S)+NYB+N*(S)

HxCN S10 NH(S)+HYN*(S)+H2

S11 N*(S)+HYNH(S)

S12 N*(S)+HxCNYB+HCN(S)+Hx�1

or S13 CH(S)+HYC*(S)+H2

S14 C*(S)+HYCH(S)

S15 C*(S)+HxCNYB+HCN(S)+Hx�1

The surface sites and bulk species are represented by S and B. Each of the

surface reactions is irreversible, and the sticking coefficients c i are used to

convert surface reaction rate constants. The sticking coefficient’s form fo

reaction i is taken to be c i =aiT
Bie�ci/RT where ai and Bi are unitless and c

has units compatible with the gas constant R. Because c i is defined as a

probability, it must lie between 0 and 1. Equilibrium constants and

thermodynamic properties for surface reactions are evaluated by using

Surface Chemkin [32].

Reaction Aa
i bai Ea

i

G64 N2H2+M6NNH+H+M 0.500�1017 0.0 50000.0

G65 N2H2+H6NNH+H2 0.500�1014 0.0 1000.0

G66 N2H2+NH6NNH+NH2 0.100�1014 0.0 1000.0

G67 N2H2+NH26NH3+NNH 0.100�1014 0.0 1000.0

G68 NH2+NH26N2H2+H2 0.500�1012 0.0 0.0

a Arrhenius parameters for the forward reaction rate constants shown in

the form kfi =AiT
bie�Ei /RT (Ai in moles, cubic centimeters, and seconds; E

in cal/mol). Each of the gas-phase reactions is reversible, and the reverse

rate is obtained from the reaction equilibrium constants. All reaction rates

equilibrium constants, and thermodynamic properties for gas-phase species

are evaluated by using Chemkin-III [26].

Table 1 (continued)
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i

,

equations are comprised of Kg+Ks+4 coupled ordinary

differential equations, together with the necessary con-

stitutive equations and boundary conditions, where Kg and

Ks are the numbers of gaseous species and surface species

in the model, respectively.

Numerical solutions for the governing equations and the

appropriate boundary conditions are found for the gas

composition, temperature and velocity profiles, and depo-

sition rates [23]. Chemkin-III, a Fortran chemical kinetics

package, is used for the analysis of gas phase chemical

kinetics [26]. The gas phase reaction mechanism used in this

study is listed in Table 1 [27]. The reaction mechanism for

C/N/H gas mixtures has been also reported in other kinetic

studies [28–30], but the predicted gas phase chemistry from

the mechanism used in this study [27] is in a reasonable

agreement with those from other mechanisms. The gas-

phase multicomponent transport properties are evaluated
r

i



Table 4

Mole fractions and mass fluxes of presumed film growth precursors at the

deposition surface
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using a computer package [31]. Surface Chemkin is used for

the treatment of the heterogeneous reactions occurring at the

deposition surface and these are listed in Table 2 [32].

Species Mole fraction Mass flux (g/cm Is)

CHx CH3 1.99�10�3 1.71�10�7

C2Hx C2H2 1.26�10�1 1.14�10�6

C2H4 2.55�10�3 3.15�10�8

C2H6 2.98�10�3 3.79�10�8

NHx N 9.27�10�7 4.28�10�10

NH 1.91�10�6 1.64�10�10

NH2 2.23�10�6 1.77�10�10

HxCN HCN 1.24�10�3 1.32�10�8

H2CN 1.07�10�5 1.37�10�10
3. Results and discussion

Calculations are carried out to determine the gaseous

species most likely to lead to the growth of carbon nitride,

and to investigate whether significant bond rearrangement

occurs once the gaseous precursors are adsorbed. Operating

conditions are chosen to facilitate comparison with two

existing experiments [7,20]. Probable gaseous film growth

precursors are determined by examining which calculated

mass fluxes due to presumed growth precursors could

account for the observed growth rate. The extent of bond

rearrangement is investigated by inspecting whether the

calculated mass fluxes at the deposition surface correlate

with the experimentally measured reactive concentrations of

bond types in the solid films. Further, once the probable

growth precursors are determined, the effects of operating

parameters – the inlet and substrate temperatures, reactor

pressure, and inlet gas composition – on the concentrations

of probable growth precursors at the deposition surface are

investigated.

3.1. Correlation between gas and solid bond types

Ricci et al. [7] used IR absorption to measure several

different chemical bond types, including CfN, CfC, C�N,

N�H, and CgN, in CNx films grown using a rf plasma

assisted CVD reactor. In the present calculations, the relative

concentrations of the bond types in the films are determined

from the absorbance measurements of Ricci et al. using

Beer’s law, which describes the direct proportionality

between the absorbance and concentration, and these are

found to be (CfN:CfC:C�N:N�H:C�H:CgN)=(9:9:7.5:
Table 3

Experimental conditions of Ricci et al. used in the model

Reactor pressure P (torr) 0.75

Inlet gas temperature TV (K) 300

Substrate temperature Ts (K) 300

rf excitation power (W) 100a

Inlet mole fractions

CH4 XCH4 V 0.195

N2 XN2 V 0.8

H XH V 0.005b

Inlet axial gas velocity U (cm/s) 97c

Total volume flow rate Qt (sccm) 83.3

Reactor diameter (cm) 4.5

a The gas phase activation is achieved using a rf excitation power of

100 W.
b To facilitate the initiation of the gas phase chemistry in the model a

small, but non-zero, concentration of atomic hydrogen is introduced at the

reactor inlet.
c The inlet axial gas velocity is calculated at the reactor pressure and the

inlet gas temperature of the experimental system.
6.5:6.5:6.3–6.4). The existence of the CgN bond in carbon

nitride films was reported byOgata et al. [8] and Krishna et al.

[11]. Diani et al. [9] detected large numbers of C�N and CfN
bonds in synthesized carbon nitride films. Bousetta et al. [10]

observed the existence of NH2, C�N, CH, CgN, and CH2

bonds in their carbon nitride films. Thus, it appears that CgN,
CfN, and C�N bonds are common in CNx films grown to

date.

When the experimental conditions of Ricci et al. are used

in the model, summarized in Table 3, the mole fractions of

gaseous species are calculated to determine the predominant

precursors at the deposition surface, and these are shown in

Table 4. The mole fractions of CH3 and C2Hx (x =2,4,6)

species are sufficiently high to consider those species as

potential growth precursors. However, the calculated mole

fractions for nitrogen bearing precursors, primarily NHx

(x =0–2), HCN, and H2CN, are always several orders of

magnitude smaller than those of CH3 and C2Hx (x =2,4,6)

species due to the stability of the N2 bond.

Although a deposition mechanism for carbon nitride

deposition has not yet been postulated, the global mecha-

nism can be described by a simple set of surface reactions if

the goal is solely to determine the mass flux, and therefore,

the growth rate. To investigate the surface chemistry

associated with the films deposited by Ricci et al., simplified

sets of surface reaction mechanisms are used in the

calculations of the mass fluxes for each assumed film

growth species, and these are listed in Table 2. The

simplified surface reaction mechanisms are listed for the

gaseous species that have relatively high mole fractions at

the deposition surface: CH3, C2Hx (x =2,4,6), NHx (x =0–

2), HCN, and H2CN. It is assumed in the analysis that the

hydrocarbon species in the gas phase, such as CHx and

C2Hx, will bond to open surface nitrogen atom sites, the

NHx species will bond to surface carbon sites, and the

HxCN species can bond to either carbon or nitrogen atom

surface sites. The simplified set of surface species consid-

ered here are CH(S) or NH(S), a surface carbon or nitrogen

capped by an atomic hydrogen, and C*(S) or N*(S), a

surface carbon or nitrogen radical site activated by atomic

hydrogen abstraction of desorption. Each calculation is

carried out for one potential gaseous film growth precursor

at a time by assuming that the surface radical site bonds to
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that precursor with a reasonable sticking probability for that

species and zero for all other gas species. Repeating

sequences of the surface reactions leads to continuous

epitaxial growth of carbon nitride layers.

Considering the uncertainty in the sticking probabilities

for presumed growth precursors reacting with the surface

reactive sites of h-C3N4, the sticking probabilities obtained

on other surfaces such as silicon and carbon surfaces are

assumed to be applicable to the h-C3N4 surface. Since the

relatively unstable species considered as presumed growth

precursors are highly reactive with surface reactive sites, the

sticking probabilities for assumed growth precursors should

be essentially unaffected by the different surfaces. The

sticking probabilities for CH3 and C2H2 used in the

calculations are 0.2 and 0.02. The probability for CH3 is

derived from CH3 adsorption on carbon surface sites [33],

and the probability for C2H2 is that of the C2H2 gas species

reacting with silicon surface sites [34]. The sticking

probabilities of CHx (x =1,2) and NHx (x =1,2) species are

assumed to be equivalent to CH3. Although data for the

sticking probabilities of these species is not available in the

literature, it is not unreasonable to assume that those radicals

associated with C�H or N�H bond have a comparable

probability to CH3 due to similarities in bond energies and

molecule sizes. Further, the sticking probabilities of C2Hx

(x =4,6) and HxCN (x =1,2) species are assumed to be the

same as that of C2H2. Again, there are no existing

experimental or theoretical results that report the sticking

probabilities of C2Hx and HxCN. However, C2Hx and HxCN

species having multiple bonds between C�C atoms and/or

C�N atoms may have significantly lower probabilities of

sticking to the surface than CHx and NHx. In addition,

similar probabilities for C2Hx and HxCN species due to

comparable bond energies and molecular energies are

expected. Therefore, the sticking probabilities of C2Hx and

HxCN species are assumed to be an order of magnitude

lower than the probabilities of CHx and NHx in the

calculations. Atomic carbon and nitrogen are assumed to

stick with unity efficiencies by considering the high

reactivity of these atoms with surface reactive sites.

The predicted mass fluxes of the gas species listed in

Table 4 indicate that stoichiometric carbon nitride is difficult

to synthesize due to the significantly lower mass fluxes of

NHx (x =0–2) and HxCN (x=1,2) species than those of CH3

and C2H_Hlt99181331(x (x =2,4,6) species when N2 is

introduced as the inlet nitrogen source. This result is

consistent with the observations that these films are always

deficient in nitrogen with introducing N2 at the inlet. The

low mass fluxes of NHx and HxCN species are explained by

the negligible decomposition of N2 for the operating

conditions used in the calculations. For example, when the

experimental conditions of Ricci et al. are used, the

calculations predict that less than 0.1% of the N2 undergoes

dissociation, and therefore the near-surface N2 concentration

is always several orders of magnitude higher than those of

any NHx and HxCN species.
The adsorption of gaseous precursors often leads to the

bonding structure transformation of these adsorbing species

on the surface due to reactions between these species and

surface atoms. The HCN adsorption studies indicate that the

adsorption of HCN produces CgN bond as well as CfN
bond at the surface [35–37]. Once HCN is adsorbed, the

CgN bond can be readily formed due to either H-transfer

interactions between neighboring molecules or HCN mol-

ecule dissociation. The CgC bond in gaseous C2H2

becomes a CfC bond when adsorbed on the surface, while

the adsorption of C2H4 leads to the transformation of the

CfC bond into the C–C bond [38]. However, the CfN
bond in gaseous H2CN doesn’t transform during H2CN

adsorption, and the main bond believed to be present on the

surface is CfN bond. Whenever gaseous precursors are

adsorbed on the surface, the C–N bond can be formed by

reactions between adsorbing precursors and surface carbon

or nitrogen atoms.

A comparison between the calculated composition of

gaseous precursors adsorbing on the surface and the

experimentally-measured relative concentration of bond

types in the carbon nitride films may indicate whether a

correlation exists between bond types of the adsorbing

precursors and bond types in the films. The calculated

composition of adsorbing precursors is determined by the

mass fluxes of those precursors at the deposition surface. In

the calculations, HCN accounts for both CgN and CfN
bonds at the surface, while H2CN and C2H2 account for CfN
and CfC bonds, respectively. In that case the calculated

relative concentration amounts of CfC:CgN:CfN do not

correlate with the relative amounts of those bonds in the

carbon nitride films experimentally measured by Ricci et al.

Although Ricci et al. detected significant amounts of CgN
and CfN bonds in the carbon nitride film, the calculated

relative amounts of CgN and CfNbonds are negligible when

compared to that of the CfC bond. However, the relative

amounts of CgN:CfN in the solid films can be explained by

the calculated mass flux of HCN. The adsorption of HCN

primarily accounts for both CgN and CfN bonds, and the

relative amounts of CgN and CfN bonds formed by

adsorbing HCN are believed to be comparable to one another

[37]. Since the mass flux of H2CN is almost two orders of

magnitude smaller than that of HCN, the contribution of

H2CN to the formation of CfN bonds may be negligible.

The relative concentrations calculated for C�H and N�H

bonds are not consistent with the observed results due to the

significantly lower mass fluxes of NH, NH2, and H2CN than

the fluxes of hydrocarbon species at the surface. The relative

number of C�N bonds is calculated to be largest among

bond types considered in the calculations, although Ricci et

al. reported the relative amount of the C�N bond smaller

than the amounts of CfC and CfN bonds in the carbon

nitride films. The formation of observed bond types in the

film are therefore primarily due to bond rearrangement

occurring on the surface or in the bulk phase once growth

precursors are adsorbed on the surface.



Fig. 2. Film growth rates due to potential gaseous film growth precursors:

(a) CHx (x =0,2,3) and C2H2; (b) NHx (x =0–2) and HxCN (x =1,2).
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3.2. Identification of probable growth precursors

Zhang et al. [20] detected the growth of polycrystalline

carbon nitride films in a plasma-assisted hot filament CVD

reactor using small amounts of CH4 and NH3 in an excess of

H2. Operating conditions are chosen to simulate the experi-

ments of Zhang et al., and these are summarized in Table 5.

A specific degree of H2 dissociation at the filament is

assumed since the actual degree of H2 dissociation at the

filament in Zhang et al.’s reactor was not reported. The

degree of H2 dissociation at Tf=2400 K is approximated

using a linear filament poisoning model [39], and XHV is

found to be 0.1. Two other values, XHV=0.05 and 0.15, are

also chosen for the calculations to account for some

uncertainty in the actual degree of H2 dissociation.

Probable gaseous film growth precursors are identified

by comparing the predicted growth for the assumed growth

precursors to the 1.2 Am/h growth rate observed by Zhang et

al. Gas species having relatively high near-surface mole

fractions and sticking probabilities are investigated as

potential growth precursors, and these are CHx (x =0,2,3),

C2H2, NHx (x =0–2), and HxCN (x =1,2). Methane and

ammonia are not considered as potential growth precursors

because of relatively higher stability of those chemical

bonds than radicals considered in the model.

The predicted film growth rate for the assumed film

growth precursors is shown in Fig. 2. In Fig. 2a the

predicted growth rates due to CHx (x =0,2,3) and C2H2 are

shown as functions of the inlet atomic hydrogen concen-

tration. For the sticking probabilities used for CHx

(x =0,2,3) and C2H2, the contribution of carbon into the

film growth is dominated by CH3 and C, with much smaller

contributions from CH2 and C2H2. The predicted growth

rates for these species are strongly dependent on XHV. At a

lowest value of XH V, 0.05, the growth rate due to CH3 is

predicted to be the highest among CHx (x =0,2,3) and C2H2,

with a value of 0.98 Am/h. When XHV is increased to 0.15,

the predicted film growth rate due to C rather than CH3 is

the highest at 1.23 Am/h, while the growth rate from CH3

decreases to 0.35 Am/h. When the sum of predicted film

growth rates for CHx (x =0,2,3) and C2H2 is considered, the

value is 1.08, 1.2, and 1.72 Am/h for XHV=0.05, 0.1, and

0.15, respectively. The 1.2 Am/h growth rate reported by

Zhang et al. can be explained by the sum of predicted
Table 5

Operating conditions chosen to simulate the experiments of Zhang et al.

[20]

Reactor pressure P (torr) 0.9

Filament temperature Tf (K) 2400

Substrate temperature Ts (K) 1200

Inlet mole fractions

CH4 XCH4 V 0.0033

N2 XNH3 V 0.0167

H+H2 XH2 V+XH V 0.98

Inlet axial gas velocity U (cm/s) 1.0

Total volume flow rate Qt (sccm) 150
growth rates due to CHx (x =0,2,3) and C2H2 at XHV=0.1.

At this H mole fraction, nearly 92% of the deposited carbon

comes from C and CH3. Fig. 2b shows that, for NHx (x =0–

2) and HxCN (x =1,2), the contribution to carbon nitride

growth from atomic nitrogen is significant. The predicted

film growth rate for atomic nitrogen is always higher than

1.2 Am/h for the operating conditions used in the calcu-

lations, and the value due to N is approximately 3.4 Am/h at

the lowest value of XHV, 0.05. However, the growth rate due

to N increases as XHV is increased, and the value is

approximately 15.2 Am/h at the highest value of XHV, 0.15.

The contributions of other assumed growth species NHx

(x =1,2) and HxCN (x =1,2) are much smaller than that of N.

From the film growth rates predicted using the assumed

sticking probabilities, it is found that the film growth is

limited by the contribution of carbon bearing species into the

film growth for the operating conditions used by Zhang et al.

This result is expected because of the inlet composition used

by Zhang et al. The inlet nitrogen source is introduced as

NH3 instead of N2 in a large excess of H2, and the inlet mole

fraction of NH3 is 5 times higher than the inlet carbon source,

CH4. Thus, a high concentration of N in the gas phase is

produced through hydrogen abstraction reactions. The

nitrogen deficiency in the carbon nitride films have been

reported by numerous investigators, and Zhang et al. used a

large amount of NH3 at the inlet to overcome this deficiency.



Fig. 3. Mole fractions of potential gaseous film growth precursors at the

deposition surface corresponding to the operating conditions: TV=2400 K;

Ts=1200 K; P=0.76 torr; L=10 cm; U =1.0 cm/s and inlet mole fractions:

XH V+XH2
V=0.98; XNH3

V=1.667�10�2; XCH4
V=3.33�10�3. Calcu-

lations were performed for five different H inlet mole fractions: 0.05, 0.10,

0.15, 0.20, and 0.25. Graphs show mole fractions of potential gaseous film

growth precursors: (a) CHx (x =0,2,3) and C2H2; (b) NHx (x =0–2) and

HxCN (x =1,2).
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3.3. Effects of operating conditions

The growth rate of the carbon nitride film can be

maximized when the near-surface concentrations of prob-

able growth precursors are optimized. To achieve the task,

calculations are performed to examine the effects of the

operating parameters such as the inlet and substrate

temperatures, reactor pressure, and inlet gas compositions

on the near-surface concentrations of potential growth

precursors determined from the growth rate calculations.

The values of operating parameters are chosen to match

existing experimental data.

Two inlet temperatures, TV=2400 and 3300 K, are

chosen to investigate the sensitivity of the gas phase

chemistry to this parameter. Matsumoto et al. [14] used an

inlet temperature of 3300 K in a series of experiments

designed to synthesize a polycrystalline h-C3N4 film in a

plasma-assisted CVD reactor. Zhang et al. [20] chose a

filament temperature of 2400 K in their attempts to

synthesize crystalline h-C3N4 in a hot filament CVD reactor.

Inlet temperatures above 3300 K are not considered in the

calculations because this value is near the upper limit for

which gas-phase kinetic data are reliable. Calculations are

also performed for two different values of the substrate

temperature, Ts=300 K and 1200 K. The lower limit of

substrate temperature, 300 K, was used in several exper-

imental studies that used plasma CVD reactors [5,6,8], and

the upper temperature limit, 1200 K, was used by Zhang et

al. [20]. However, when calculations are performed for the

different inlet temperatures, the near-surface concentrations

of probable growth precursors are found to be only weakly

dependent on that temperature for the reactant gaseous

mixture of CH4/NH3/H2.

The reactor pressure is varied between 0.76 and 76 torr.

Yen and Chou [14] used a pressure of approximately 60 torr

in carbon nitride deposition experiments. At the lower

pressure limit, Zhang et al. [20] and Ricci et al. [7] reported

pressures of approximately 0.76 torr.

In existing experiments related to carbon nitride syn-

thesis via CVD, the reactant gases are either CH4/NH3/H2 or

CH4/N2. Effects of the inlet composition on the near-surface

concentrations of probable growth precursors are studied in

the present study by varying the inlet molecule ratios

NH3:CH4 and N2:CH4, which are varied from 0.2 to 5. The

upper limit is the value used by Zhang et al. [20] and also

close to the value used by Ricci et al. [7]. The lower limit is

chosen solely to examine effects of relatively low nitrogen

inlet concentration on the near-surface composition. The

sum of the inlet mole fractions of CH4 and NH3, XCH4

V+XNH3
V, is fixed at 0.02 for the reactant gaseous mixture

of CH4/NH3/H2 in accordance with the experimental data of

Zhang et al. [20].

The effect of the degree of hydrogen dissociation on the

near-surface concentrations of probable growth precursors is

studied by varying the inlet mole fractions of H and H2; the

inlet mole fraction of H is varied from 0.05 to 0.25, where
the sum of inlet mole fractions of H2 and H is fixed at 0.98.

Another calculation is carried out to examine effects of inlet

mole fractions of H+H2 and NH3+CH4 on the gas phase

chemistry in the gaseous mixture of CH4/NH3/H2; the inlet

mole fraction of (H+H2, NH3+CH4) is varied from (0.02,

0.98) to (0.998, 0.002).

The initial focus of the calculations is to determine the

effect of the degree of H2 dissociation at the inlet on the near-

surface concentrations of probable growth precursors. The

predicted mole fractions of the potential growth precursors at

the deposition surface are shown in Fig. 3 as functions of the

inlet H mole fraction. When XHV�0.1, the most prevalent

potential growth precursor among CHx species is CH3. The

mole fraction of CH3 at the deposition surface, denoted as

XCH3
s, decreases almost linearly with increasing XHV

because the rate of H abstraction from CH3 increases as

XHV is increased. When XHV�0.15, C is the most prevalent

potential growth species among the CHx species because of

the rapid H abstraction reactions. The other potential growth

species, CH2, is primarily formed by the H abstraction from
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CH3. Among acetyl species, the mole fraction of C2H2 at the

deposition surface is comparable with the values of C and

CH3. Atomic nitrogen is the dominant nitrogen bearing

species at the surface. The H abstraction reactions from NH3

produce NH and NH2. However, the mole fraction of N is at

least 2 times greater than NH and NH2 at XHV=0.05, and the

differences increase as XHV increases; the mole fraction of N

is more than one and two orders of magnitude greater than

NH and NH2, respectively, at the highest value of XHV. Other

gas species considered as possible candidates for carbon

nitride growth species, HxCN (x =1,2), are present at the

surface in sufficiently large concentrations. The formation of

HCN and H2CN are promoted by high concentrations of

CH3, CH2, and N. The H2CN formation reaction is followed

by the H abstraction reaction enhanced by high atomic

hydrogen concentrations.

In Fig. 4 the mole fractions of potential growth

precursors at the deposition surface are shown as functions

of the inlet molecule ratio NH3:CH4, denoted as XNH3V
/

XCH4V
. The inlet concentrations of H and H2 are fixed at

XHV=0.10 and XH2V
=0.88. The mole fractions of CHx
Fig. 4. Mole fractions of potential gaseous film growth precursors at the

substrate surface corresponding to the operating conditions described in Fig.

3, with five different inlet molecule ratios of NH3 to CH4: 0.2, 0.6, 1.0, 3.0,

and 5.0. Graphs show mole fractions of potential film growth precursors: (a)

CHx (x =0,2,3) and C2H2; (b) NHx (x =0–2) and HxCN (x =1,2).

Fig. 5. Mole fractions of potential gaseous film growth precursors at the

deposition surface corresponding to the operating conditions described in

Fig. 3. Calculations were performed for six different inlet mole fractions of

(H+H2, NH3+CH4): (0.998, 0.002), (0.98, 0.02), (0.74, 0.26), (0.50, 0.50),

(0.26, 0.74), and (0.02, 0.98). Graphs show mole fractions of potential film

growth precursors: (a) CHx (x =0,2,3) and C2H2; (b) NHx (x =0–2) and

HxCN (x =1,2).
species at the surface decrease as the inlet NH3:CH4

increases, and these decreases result in decreases in the

mole fractions of C2Hx species because of the reactions

forming the C2Hx species from the CHx species. The mole

fractions of HCN and H2CN are maximized when XNH3V
/

XCH4V
=1.

The effects of inlet mole fractions of (H+H2, NH3+CH4)

on the gas composition at the surface are shown in Fig. 5.

The inlet mole fraction of H and H2, XH+H2V
, is varied from

0.02 to 0.998, where the inlet molecular ratio H:H2, XHV/

XH2V
, is fixed at 0.1/0.88. The potential growth precursors,

except atomic carbon and nitrogen, are maximized when

0.26�XH+H2V
�0.74, and the mole fractions of these

precursors, however, are significant reduced when

XH+H2V
�0.98. Among the growth precursors, CH3 and

NH2 are maximized at XH+H2V
=0.26 where XHV=0.027,

while CH2, NH, HCN, and H2CN are maximized at

XH+H2V
=0.74 where XHV=0.076. The growth precursor

among acetyl species, C2H2, is maximized at XH+H2V
=0.5

where XHV=0.05. However, atomic carbon and nitrogen are

maximized at XH+H2V
=0.98 where XHV=0.1.
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The mole fractions of probable growth precursors at the

deposition surface as functions of reactor pressure are

shown in Fig. 6. The mole fractions of CHx and NHx

species decrease significantly in the region near the

surface as pressure is increased from 0.76 to 76 torr.

The mole fraction of CH3 present at the surface decreases

by over two orders of magnitude when P is increased

from 0.76 to 7.6 torr. However, the mole fraction

decreases less than a factor of 3 when P is increased

from 7.6 to 76 torr, while mole fractions of other CHx and

NHx species decrease several orders of magnitude. The

mole fractions of CHx and NHx species at the deposition

surface are maximized when P=0.76 torr. The mole

fractions XC2
H2s and XHCNs are not strongly affected by

the change of pressure.

The mole fractions of probable growth precursors at the

deposition surface as functions of the substrate temperature

are shown in Fig. 7. The mole fraction of C decreases by an

order of magnitude when Ts is raised from 300 to 1200 K,

and at the same time the mole fraction of CH3 increases by

an order of magnitude. The mole fractions of NH and NH2
Fig. 6. Mole fractions of potential gaseous film growth precursors at the

deposition surface corresponding to the operating conditions described in

Fig. 3. Calculations were performed for three different reactor pressure

values: 0.76, 7.6, and 76 torr. Graphs show mole fractions of potential film

growth precursors: (a) CHx (x =0,2,3) and C2H2; (b) NHx (x =0–2) and

HxCN (x =1,2).

Fig. 7. Mole fractions of potential gaseous film growth precursors at the

substrate surface corresponding to the operating conditions described in

Fig. 3, with two different substrate temperature: 300 and 1200 K. Graphs

show mole fractions of potential growth precursors: (a) CHx (x =0,2,3) and

C2H2; (b) NHx (x =0–2) and HxCN (x =1,2).
increase by about an order of magnitude when Ts is raised to

1200 K, while the mole fraction of C2H2 decreases as Ts is

increased. The mole fractions of CH2, N, HCN, and H2CN

are weakly affected by the change of Ts.

The gas composition is strongly affected by changing

the inlet gaseous mixture from NH3/CH4/H2 to N2/CH4.

Without the introduction of H2 or H at the inlet, the

reactions of the relatively stable species N2 with other

reactive species are inhibited until CH4 undergoes unim-

olecular decomposition to produce sufficient concentrations

of H and reactive carbon bearing species. This inhibits the

formation of atomic nitrogen, which in turn suppresses the

reactions that produce NHx and HxCN species. Therefore,

XNHxs
and XHx

CN s are much lower for N2/CH4 reactants

than for NH3/CH4/H2. The dissociation of N2 to form other

nitrogen bearing species is not strongly affected by the

change in the substrate temperature, while the amount

increased more than 11 times when the inlet temperature is

increased from 2400 to 3300 K. When the inlet molecule

ratio N2:CH4 is varied from 0.2 to 5, the dissociation

amount of N2 increases by a factor of 57. However, the

amount is most strongly dependent on the reactor pressure,

increasing by a factor of 61 when P is increased from 0.76
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to 76 torr. The maximum degree of N2 dissociation is

0.01% at a pressure of 76 torr.
4. Conclusion

A model has been developed to investigate CVD growth

of carbon nitride under conditions representative of those

used in published experimental studies. The model has been

applied to predict the gas phase chemistry, temperature and

velocity profiles, potential gaseous film growth precursors,

and to evaluate the likelihood of bond rearrangement

occurring in the bulk phase or on the deposition surface

subsequent to the adsorption of the gaseous precursors.

The experimental results of Ricci et al. [7] and Zhang et

al. [20] have been compared to the model predictions to

investigate the most likely gaseous species leading to carbon

nitride film growth, and to examine the degree to which

bond rearrangement occurs subsequent to adsorption of the

precursors. Also, the model has been applied to investigate

the effects of various operating conditions – the inlet and

the substrate temperatures, the reactor pressure, and the inlet

gas composition – on the near-surface concentrations of

potential gaseous film growth precursors.

When the calculated gas composition due to assumed

carbon nitride growth species are compared to the exper-

imental data of Ricci et al. [7], no correlation between bond

types of presumed growth precursors adsorbing on the

surface and bond types in the film is found. The bond types

measured in the experimentally grown film must therefore

result from chemical bond rearrangement occurring after the

gaseous precursors are adsorbed.

Calculations are also performed for the experimental

conditions of Zhang et al. [20] to identify the most probable

growth precursors. The carbon nitride growth rates are

calculated by using sticking probabilities chosen for

presumed growth precursors. The carbon contribution to

the film growth is dominated by C and CH3 species with

much smaller contributions from CH2 and C2H2. The sum of

film growth rates due to the carbon bearing species at

XHV=0.1 matches the 1.2 Am/h growth rate reported by

Zhang et al. However, atomic nitrogen is the primary

nitrogen bearing species responsible for the film growth

with much smaller contributions of other assumed growth

species NH, NH2, HCN, and H2CN, and the predicted film

growth rate for atomic nitrogen is always greater than 1.2

Am/h for the operating conditions used in the calculations.

When calculations are performed for different inlet gas

compositions, the near-surface concentrations of potential

gaseous film growth precursors are strongly affected by

changing inlet gas composition. Molecular nitrogen is not a

promising nitrogen source for carbon nitride growth via

CVD due to the negligible dissociation amount of the

molecule. The concentrations of potential growth precursors

are also strongly dependent on the reactor pressure. In the

calculations done here, the dissociation degree of N2 is
maximized at P=76 torr. The effects of different inlet

temperatures on the near-surface concentrations of potential

growth precursors are not significant, while the near-surface

concentrations are found to be a function of the substrate

temperature.

In this investigation, a detailed study of carbon nitride

CVD from the reactant gaseous mixture CH4/NH3/H2 has

been carried out to identify the range of operating

conditions in which carbon nitride can be deposited from

probable film growth precursors, since the negligible

dissociation amount of N2 has limited the use of this

species as a nitrogen source. The relative contributions of

potential film growth precursors to carbon nitride deposi-

tion are determined by their mass fluxes at the deposition

surface. The high growth rates predicted with gaseous

precursors C, CH3, and N strongly suggest that carbon

nitride is deposited through two separate reaction sequen-

ces – one involving the contribution of carbon bearing

species C and CH3 and the other the contribution of N –

that occur in parallel. For the range of operating conditions

considered here, significant variation of precursor near-

surface concentrations is predicted to occur, depending on

substrate temperature, reactor pressure, and inlet gas

composition. An increase in the substrate temperature from

300 to 1200 K leads to a transition of the most probable

carbon bearing precursor from C to CH3. However, the

near-surface concentration of the primary nitrogen bearing

species, N, is only weakly dependent on substrate temper-

ature. As the reactor pressure is decreased from 76 to 0.76

torr, the significant increase in the film growth rate can be

explained by the increase in the near-surface concentrations

of all three potential film growth precursors, C, CH3, and

N. In examining the dependence of the precursor near-

surface concentrations on inlet gas composition, it is found

that the concentrations of C and N are maximized when

XHV=0.25 and XH+H2V
=0.98. However, as either XHV or

XH+H2V
decreases, the primary carbon bearing species for

carbon nitride growth changes from C to CH3. A transition

in the film composition from a CNx film deficient in

nitrogen to stoichiometric h-C3N4 can be accomplished by

increasing the near-surface concentration of N through use

of a high NH3:CH4 inlet molecule ratio.
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