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Bonding in amorphous carbon-nitrogen alloys: A first principles study
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An analysis of the bonding structure of nine different amorphous carbon-nitrogen alloys, a-C;_,N,, of
concentrations 0=<x=<0.45, is performed on ab initio generated atomic random networks. 216-atom
periodically-continued cubic diamondlike supercells containing carbons and randomly substituted nitrogens
were amorphized by “heating” them to a value below the melting temperature, using a Harris-functional based
ab initio molecular dynamics code. After quenching, annealing, and optimizing, amorphous atomic structures
were obtained where the nature of the bonding was studied using a cutoff determined by the first minimum of
the corresponding partial radial distribution function. We find that, for low concentrations, tetravalent nitrogen
is predominant, in agreement with experiment. For concentrations near 30% nitrogen molecules appear sig-
naling the onset of the doping limit observed by experimentalists.
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I. PREAMBLE AND ANTECEDENTS

It is well known that carbon is a versatile element due to
the variety of hybridization states that it assumes and this
leads to a multiplicity of bond arrangements fostering the
formation of compounds with varied structures.'? This ver-
satility is reflected in its amorphous phase which, depending
on its density, may have atomic arrangements that go from
polymericlike to diamondlike, including graphitic structures;
that is, the study of amorphous carbon is a density dependent
issue. Nitrogen also manifests several possible bonding ar-
rangements, and when it is incorporated into amorphous car-
bon the variety of structures that can be formed is evidently
much greater,® exhibiting up to 9 different competing forms.
These structures are also density dependent.* It is then clear
that the description of the bonding nature of the amorphous
carbon-nitrogen system can be highly complex, and the un-
ambiguous identification of the bonding types may be diffi-
cult.

The experimental density of the CN system depends dras-
tically on the specific process used to generate the material,
and not just on the nitrogen concentration.’ At this stage the
dispersion in the experimental correlation (density) vs (con-
centration) is large and trying to find a systematic behavior
becomes difficult.

There is a need to understand amorphous CN since it is a
potentially useful material in diverse applications. With ni-
trogen incorporation, amorphous carbon changes its electri-
cal and optical properties®’ and chemical reactivity.® It is
also important to study the effect that the incorporation of
nitrogen into an amorphous carbon matrix has on the bond-
ing structure. This knowledge would allow one to tailor these
structures to display specific properties. It is experimentally
known that resistivities and optical band gaps decrease, com-
pared to the pure fa-C films, when nitrogen concentration
increases.®’

In addition to the difficulties encountered with bonding
characterization, two other problems, experimentally identi-
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fied, make this system attractive: one has to do with the
existence of a real upper limit found for the concentration of
nitrogen in a carbon matrix; the other is related to the behav-
ior of nitrogen as a possible dopant at low concentrations. It
is well known that it is impossible to generate amorphous
CN systems with concentrations above 20%-30% nitrogen
since this element simply escapes from the material at atmo-
spheric pressure.”!? Also, it has been experimentally found
that at concentrations less than 5%, nitrogen increases the
conductivity of amorphous carbon in a manner similar to the
conventional n-type doping of silicon; that is, nitrogen be-
comes a donor.®!!

AD initio studies of this system are scarce. In recent work
by Merchant et al. random networks were generated by melt-
ing a crystalline 64-atom supercell and quenching it
afterwards.!> They used Wannier function techniques con-
tained in the Car Parrinello molecular dynamics (CPMD)
code to describe the types of bonding, and they also studied
the electronic density of states to investigate the doping
mechanism of carbon by nitrogen. Only three different den-
sities were considered, each for two concentrations, influ-
enced by the experimental work of Walters et al.'* The two
concentrations were CgN, and Cs4Ng, and the three densi-
ties were 2.45 g/cm?, 2.95 g/cm?, and 3.20 g/cm’. An ad-
ditional simulation was carried out for a density of
2.7 g/cm® and a concentration of CgN,. Because of the
small number of atoms in the supercell (64) and the few
concentrations considered, it is difficult to see tendencies and
the systematics of their results.

In previous studies by this group'* they found that when
nitrogen was substituted for an spz-bonded carbon atom, the
site remained as threefold coordinated, and a lone-pair or-
bital developed. When nitrogen was substituted for an
sp3—b0nded carbon atom, a bond was broken and the coordi-
nation of the site was reduced to 3. The fourth bond was
lengthened to accommodate the lone-pair orbital on the ni-
trogen atom. They claimed that, contrary to the substitutional
doping experimentally found, their results did not indicate
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the presence of tetrahedral nitrogen. Due to the low concen-
trations of N used in both papers, the detection of some
signal concerning the limit of doping with nitrogen would
have been difficult.

An ab initio based tight binding molecular dynamics
method has been used by Frauenheim and co-workers to gen-
erate amorphous CN compounds with different stoichiom-
etries and densities.”>!® For high density systems
(=3 g/cm’) the results suggest that nitrogen catalyzes the
undercoordination of carbon, which in turn causes N to de-
velop CN double and triple bonding. The networks with low
densities, around 1.5-2 g/cm?, and high nitrogen incorpora-
tion, show a large number of terminating groups like C=N,
and even the production of N, dimers (molecules). They ar-
gue that these N, molecules, under real deposition processes,
will probably evaporate into the gas phase, reducing the
maximum nitrogen content attainable.

In this work we report the ab initio generation of amor-
phous networks for the carbon nitrogen system up to concen-
trations of nearly 45% nitrogen. We start with crystalline
supercells with 216 atoms of carbon and nitrogen and to
avoid unnecessary parameters, the densities used are the ex-
perimental values fitted to a straight line. our method is dif-
ferent from the one that has been reported in the literature for
decades, and that Merchant ef al. coined as the “liquid-
quench” method. Since it has become clear that the liquid-
quench approach leads to amorphous samples with remnants
of the liquid state, like overcoordination,!” we decided to
amorphize our supercells by heating them to a value below
the melting temperature (undermelt), based on Poate’s ex-
perimental results.'® These results show that, for semicon-
ductors, the glass temperature is at least tens of degrees be-
low the melt and one can encounter disordered structures at
these temperatures. After this undermelting process we
quench the samples. Just to be as descriptive as Merchant
and coworkers, we shall identify the method that we devel-
oped a few years ago as the “undermelt-quench” approach.
Our aim in what follows is to show that our results can
reproduce the two experimental facts mentioned above. We
also find that the variation of n-fold coordinated nitrogen as
a function of concentration agrees with several experiments.
These results are based on what could be an assumption ap-
plicable to other covalent systems, i.e., the geometrical fact
that the bond length in these amorphous systems can be
taken as the first minimum of the corresponding partial radial
distribution functions, especially when this minimum is zero.

II. THE UNDERMELT-QUENCH METHOD

In our previous work!” we found it useful to employ a
molecular dynamics approach developed originally by Harris
to rapidly obtain the structures of atomic aggregates. These
aggregates are initially disrupted randomly, then heated using
molecular dynamics to foster the rearrangement of their
atomic constituents and finally cooled down to what would
be the structure of minimum energy, at least locally. The
code uses the Harris functional'® and therefore the process is
not self-consistent. The linear combination of atomic orbitals
utilized makes the minimum energy atomic structures gener-
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ated very close to experiment. The interatomic distances fall
within 1% of the experimental ones for a large variety of
small molecules.?’?! This is the essence of FASTSTRUCTURE_
SIMANN (Ref. 20) (FAST for short) the code developed by
Harris which is described in more detail in Refs. 20 and 21.
Rather than using this code to find the minimum-energy
atomic structure of a cell, we use it to generate random struc-
tures from an originally crystalline supercell with periodic
boundary conditions. We have successfully used this code,
within the undermelt-quench approach, to generate random
atomic networks of silicon, hydrogenated silicon, silicon-
nitrogen alloys, carbon, germanium, porous silicon, porous
carbon, aluminum, and aluminum-nitrogen alloys.17

The undermelt-quench method is not designed to repro-
duce the way an amorphous material is grown, but has the
objective of generating amorphous samples that represent ad-
equately those obtained experimentally. In this work we
amorphize crystalline, diamondlike structures with 216 at-
oms in the cell [(216-y) carbons, y randomly substituted
nitrogens and a concentration ¢=(y/216) X 100, by linearly
heating each sample, using FAST, from 300 K to a value be-
low the melting temperature, in 100 steps of 4 fs and imme-
diately cooling them down to 0 K in 108 steps. A process
like this has been applied to carbon?? where a high tempera-
ture of 3700 K was used obtaining radial distribution func-
tions (RDFs) very close to experimental. In this manner we
avoid melting the system and then quenching it from the
molten state. Due to the lack of information concerning the
melting temperatures of the CN system we decided to use the
value of 3700 K for all samples (see also Ref. 22), which is
below the melting temperature of pure carbon. Since the time
step and the melting temperature were kept constant, the
heating/cooling rate was 8.50X 10'3 K/s. The atoms were
allowed to move within each cell with periodic boundary
conditions, whose volume was determined by the corre-
sponding experimental density and concentration. We next
subjected them to annealing cycles at 300 K, with interme-
diate quenching steps down to 0 K. At the end of the process
a geometry optimization was carried out to find the amor-
phous structures with a local energy minimum. The densities
considered were obtained from experimental data although
the experimental dispersion is noticeable and depends
strongly on the deposition procedure utilized to generate the
samples.’ In our work a linear fit is adjusted to the experi-
mental data: p=2.897—-1.784c¢, where c is the nitrogen con-
centration; the density values for each of the 9 nitrogenated
samples, plus the pure carbon sample, are listed in Table L.

One would think that the undermelt-quench approach may
be dependent on the initial crystalline structures used, but we
have demonstrated that starting with diamondlike low-
density carbon structures we generated RDFs that are indis-
tinguishable from those obtained from initial hexagonal or
rhombohedral structures.??

FAST uses optimization techniques through a force genera-
tor to allow simulated annealing/molecular-dynamics studies
with quantum force calculations.?* For our study we use the
local density approximation (LDA) due to Vosko, Wilk, and
Nusair (VWN),? since it has been reported that the number
of unpaired spins in amorphous carbon-nitride is low;¢ this
is the density approximation that we have used in our previ-
ous work.
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TABLE 1. Concentrations and densities for a-CN,.

N concentration Density
Sample (%) (g/cm?)
Cs16Noo 0.0 2.90
Cyo5Nyg 5.1 2.81
C194N»» 10.2 2.72
C 34Nz, 14.8 2.63
C173Ny3 19.9 2.54
C162Ns4 25.0 245
C5:1Ngs 30.1 2.36
Ci40N76 35.2 2.27
C30Ng6 39.8 2.19
C19Ng7 44.9 2.10

Carbon and nitrogen have such a low number of electrons
that an all electron calculation can be carried out. We used a
minimal basis set, consisting of the atomic orbitals occupied
in the neutral atom, with a cutoff radius of 3.5 A for the
amorphization and for the optimization. For each atom, one
function is used to represent the core part of the electron
density and one to represent the valence part of the electron
density. The physical masses of carbon and nitrogen are al-
ways used and this allows the visualization of realistic ran-
domizing processes of all the atoms during the amorphiza-
tion of the supercell. In order to better simulate the
dynamical processes that occur during the amorphization in
reasonable computer time, a time step of 4 fs was used
throughout.?? The forces are calculated using rigorous formal
derivatives of the expression for the energy in the Harris
functional, as discussed by Lin and Harris.2* The evaluation
of the 3-center integrals that contribute to the matrix ele-
ments in the one-particle Schrédinger equation is the time-
limiting feature of FAST and each is performed using the
weight-function method of Delley.?’

III. RESULTS AND DISCUSSION

A difficult problem in amorphous materials is finding a
criterion to determine when two atoms are still considered
bonded. Some authors have carried out extensive searches
for possible molecular (cluster) structures of a given element,
silicon for example, to infer a possible bond length.?® Others
opted for the use of localized wave functions, like the
Wannier-type, to get an estimate of the bond lengths.!? One
can also look at the charge distribution between atoms and
set a limit below which the bonding is declared nonexistent.
We decided to use a geometrical approach to the problem.
We believe that the structure of radial distribution functions
is a manifest way to determine the maximum bond length,
especially when there is a clear zero minimum between the
first and the second peaks, which is the case for most el-
emental amorphous semiconductors. When amorphous alloys
are considered, a way to determine the bond lengths among
the diverse species is by looking at the minimum between
the first and second peaks of the corresponding partial RDFs
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FIG. 1. (Color online) The bonding nature of carbon as a func-
tion of nitrogen concentration. The tetrahedral carbon (squares) de-
creases whereas the graphitic carbon (circles) increases as the nitro-
gen concentration increases.

(pRDFs); the maximum bond length is then set equal to the
position of these minima. Using this approach we can deter-
mine the extension of the bond, and also the number of
neighbors by integrating the area under the corresponding
peak; it is difficult to determine the multiplicity of the bonds
(single, double or triple) using this method. In what follows
we use this approach since the first minima of the corre-
sponding pRDFs are the same for all concentrations and are
given by 2.0 A for C-C, 1.9 A for C-N, and 1.8 A for
N-N.2°

Based on this assumption we proceeded to obtain the
number of nearest neighbors to any carbon or any nitrogen as
a function of nitrogen concentration. In this paper we focus
mainly on the nearest neighbors to nitrogens, in order to
investigate the two experimental results mentioned above;
namely, the fact that nitrogen becomes tetrahedrally coordi-
nated at low concentrations and the fact that there is an ex-
perimental upper limit to the nitrogen concentration in an
amorphous carbon matrix. Once the maxima of the bond
lengths are set, then the number of nitrogen atoms that are
singlefold, twofold, threefold, and fourfold (overcoordi-
nated) coordinated can be determined; no fivefold or higher
bonding arrangements were found.

In Fig. 1 the dependence of the bonding nature of carbon
with nitrogen concentration is presented. Evidently, the total
number of carbon atoms diminishes linearly as the number of
nitrogens increase, and there is an almost linear variation of
tetrahedral and graphitic carbon. Tetrahedral (fourfold) car-
bons show a plateau between 10% and 15% and another
between 35% and 40%; linear (twofold) carbons begin ap-
pearing at 30% and graphitic (threefold coordinated) carbons
behave in a complementary manner. No fivefold coordinated
carbons were found. At about 15% nitrogen, graphitic car-
bons diminish and, correspondingly, tetrahedral carbons in-
crease; at 35% the number of graphitic and tetrahedral car-
bons is practically the same, whereas linear carbons acquire a
nonzero value. For concentrations larger than 40% graphitic
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FIG. 2. (Color online) Tetrahedral (dopant) nitrogens are promi-
nent at low concentrations, 0—10%. This behavior is masked by
other types of bonding for higher concentrations. Bonding to 4 car-
bons is represented by squares; to 3 carbons and one nitrogen by
circles.

carbons outnumber tetrahedral carbons and linear carbons
are distinctively finite. This behavior indicates a slight depar-
ture from linearity at about 10% and 35%; this departure
could be related to the behavior of nitrogen as a dopant be-
low 10% and to the saturation limit around 35%; clearly
more information is needed to support this point.

In order to further investigate the bonding structure of
these alloys we looked at the possibility of finding fourfold
(overcoordinated) nitrogens for certain concentrations. In
fact, at 5% (the lowest concentration of nitrogen we investi-
gated) the first sign of overcoordination appears and this is
due to the coordination of one nitrogen with four carbons,
Fig. 2. Such overcoordination should manifest itself at con-
centrations lower than 5% if continuity in the behavior is to
be expected. This fourfold coordination leads to the appear-
ance of an electronic state within the energy gap.*’ It is in-
teresting to note that fourfold coordination due to three car-
bons and one nitrogen is also important in this region. As the
number of nitrogen atoms increases the preponderance of
these fourfold coordinated atoms becomes less relevant since
they remain constant whereas other types of bonding become
more prominent. See total curves in Figs. 3 and 4.

Figure 3 shows how threefold coordination of nitrogen
with three carbons appears at 5% and increases up to 30%.
Thereafter it decreases while an important rise of the coordi-
nation with two carbons and one nitrogen begins. Coordina-
tion with one carbon and two nitrogens starts growing at
25%, whereas threefold coordination with three nitrogens
never appears in the range studied. It is clear that something
drastic happens at 30% since the threefold coordination with
three carbons starts diminishing abruptly. We believe this is
another indication of the existence of an upper limit to the
nitrogen incorporation into an amorphous carbon matrix.

Double bonded nitrogen appears at larger concentrations
(10%) and continously increases up to 45%, Fig. 4. A plateau
is observed between 10% and 15% for the total twofold co-
ordination and for nitrogen bonded to two carbons. Double
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FIG. 3. (Color online) Nitrogens triple bonded. The total num-
ber is practically constant between 5% and 10%. The squares are

nitrogens bonded to three carbons; the circles are nitrogens bonded
to two carbons and one nitrogen.

bonded nitrogen to one carbon and one nitrogen increase
slowly but is always smaller than the previous case. Finally,
twofold coordination to two nitrogens is nonexistent except
at the highest concentration.

Figure 5 shows that single bonded (singlefold) nitrogen
coordinated to one carbon exists starting at 25%; it has a
maximum at about 35%-40% and then begins to decrease
[red (dark gray) squares]. Something similar occurs with the
appearance of N-N coordination [green (light gray) circles]
since it begins at 30%, two singlefold nitrogen atoms appear
at 35%, reaches a maximum of four at 40%, and then dimin-
ishes. This behavior indicates the potential formation of ni-
trogen molecules N, in the system. But why should we have
molecular nitrogen in our amorphous alloys for large concen-
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FIG. 4. (Color online) Nitrogen double bonded. The total num-
ber is practically zero at 5%, shows a plateau between 10% and
15% and increases systematically afterwards. Squares represent car-
bons bonded to two nitrogens and circles to one carbon and one
nitrogen.
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FIG. 5. (Color online) Single bonded nitrogens appear only at
concentrations larger than 25%. There are nitrogens bonded to one
carbon (squares) and to another nitrogen, molecular nitrogen
(circles).

trations? The explanation is the following. Since our ap-
proach does not allow nitrogens to abandon the cubic super-
cell when a saturation concentration is reached, the nitrogen
cannot leave the material and therefore remains in the gas-
eous state within the CN system; eventually it forms mol-
ecules that appear in the voids of the supercell. This expla-
nation is explicitly corroborated in Figs. 6-8, where the
molecules are shown: one for 35% (1.26 A interatomic dis-
tance), two for 40% (1.25 A and 1.26 A), and one for 45%
(1.25 A). Tt is clear then that this phenomenon signals the
presence of a saturation limit in the CN system.

FIG. 6. (Color online) For concentrations above 25% single
bonded nitrogen exists. At 35% a nitrogen molecule [green (light
gray) dumbbell] appears signaling the saturation limit to nitrogen
incorporation. Carbon: light gray sticks; nitrogen: blue (black)
sticks.
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FIG. 7. (Color online) At a concentration of 39.8% two nitrogen
molecules [green (light gray) dumbbells] appear indicating that we
are already within the saturation region. Carbon: light gray sticks;
nitrogen: blue (black) sticks.

IV. ANALYSIS AND CONCLUSIONS

Carbon bonding is versatile; conventionally, three differ-
ent types of hybridizations are attributed to carbon, fourfold
sp, threefold sp?, and twofold sp' with precise orientations.
In amorphous materials with carbon content it is difficult to
talk about the orientation of bonds since the resulting struc-
ture is not geometrically well defined; nevertheless these
three hybridizations are invoked as a basis of analysis of the
atomic topology. Nitrogen bonding is also versatile since ni-
trogen has five valence electrons and it also manifests three
different types of hybridizations. However, the electronic ar-

7

FIG. 8. (Color online) At a 44.9% concentration of nitrogen N,
molecules still exist [green (light gray) dumbbell], well within the
saturation region. Light gray sticks correspond to carbon, blue
(black) sticks correspond to nitrogens.
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rangement is somewhat different since electron lone pairs
appear. A thorough analysis of the possible bonds in the crys-
talline or molecular CN system leads to nine different
structures.* If we now realize that the arrangements in an
amorphous system are not at all well organized one can see
that the amorphous CN system is very complex and that its
bonding structures are difficult to characterize.

In the present work we have applied our undermelt-
quench ab initio process to generate amorphous networks of
C,_,N, alloys (0=<x=0.45). To compare our results to ex-
periment we decided to use a fitting to the experimental den-
sities found in the literature, although this leaves out inter-
esting studies of the bonding behavior of high density (sp?
bonded) and low density (sp> bonded) samples for a given
concentration of nitrogen. We also opted for the geometric
approach to determine the bond length and looked at the first
minima of the partial RDFs as a criterion for the maximum
extension of the bonds among the elements. This cutoff al-
lowed us to unambiguously talk about nearest neighbors for
a given atom. Based on this approach we conclude that:

(i) Tetrahedral nitrogen (fa-N) appears in our ab initio
generated CN samples. The amount of za-N is essentially
constant and small (Fig. 2), for all concentrations studied and
therefore becomes more relevant for concentrations below
5% where the number of other n-fold coordinated nitrogens,
with n =<3, is also small. At higher concentrations ta-N exists
but its presence is masked by all the other bonding arrange-
ments of nitrogen (Figs. 3-5). These results are in agreement
with the EELS experiments reported in the literature.

(ii) For concentrations higher that 30% singlefold nitro-
gen appears bonded to another nitrogen, giving rise to N,
molecules (Figs. 6-8). We take this as signaling the onset of
an upper limit for the incorporation of N in an amorphous
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carbon matrix, in agreement with experiment and supporting
the surmise that the saturation of the nitrogen content within
the films is due to the formation of molecular nitrogen either
at or below the film surface.” Another indication that some-
thing drastic happens at 30% is that the threefold coordina-
tion of nitrogen with three carbons starts diminishing
abruptly, Fig. 3.

Our results also show the essentially linear decrease of the
sp® carbon fraction with increasing nitrogen concentration
reported experimentally, and the corresponding increase of
the sp? carbon fraction, Fig. 1. This behavior suggests that
for the densities used, carbon atoms bonded to nitrogen re-
vert to sp> bonding. It is then clear that unlike what happens
in the SiN system, where nitrogens immediately surround
themselves with practically 3 Si, saturating their valence,*' in
CN the situation is more varied.

The agreement of our findings with experimental results
indicates that our undermelt-quench method generates ran-
dom networks which adequately describe the experimental
tendencies in amorphous covalent material systems. There-
fore, using the generated structures it is possible to charac-
terize the atomic topology of the systems and knowing the
atomic topology, the electronic and optical properties of
these materials can be calculated. We hope our results may
stimulate further experimental and theoretical studies in the
area.
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