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Abstract—The adsorption of atomic and molecular nitrogen and ammonia on silicon carbide is considered
within two physically different (solid-state and quantum-chemical) approaches. In the solid-state approach,
the Haldane—Anderson model is used for the density of states of the SiC 4H and 6H polytypes to demonstrate
that the energy of binding to the substrate is 6 and 3 eV for N atoms and N, molecule, respectively. In the
quantum-chemical approach, the model of a surface diatomic molecule is used to find that the binding
energy of atomic nitrogen is 6 and 4 eV for adsorption on the C- and Si-edges, respectively. It has been estab-
lished that the charge transfer between an adsorbate and the substrate may be neglected in all the considered
cases. It has been hypothesized that the dissociation of a molecule with the further passivation of its dangling

sp>-orbitals with hydrogen atoms takes place for silicon carbide as in the case of ammonia adsorption on

Si(100).
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1. INTRODUCTION

Silicon carbide attracts the attention of research-
ers, first of all, as a wide band-gap material with
increased resistance to thermal, mechanical, and radi-
ation impacts, which enables the use of devices based
on this material under extremal conditions [1—3]. In
the past decade, silicon carbide has found the new
field of application as an initial object for the forma-
tion of carbon nanostructures [4, 5]. An original
method of SiC synthesis from silicon (method of
assembly) has also recently been proposed [6]. In light
of the aforesaid, the question about the adsorbability
of silicon carbide is of interest. In this work, we shall
present the theoretical estimates for the charge transfer
and the energy of binding with the silicon carbide sur-
face for some atoms and molecules. Let us note that
there also exist some model approaches to the problem
of adsorption in addition to the popular and currently
widely used first-principles calculations (generally,
within different density functional variants). Here, the
most consistent variant is the approximation based on
the Haldane—Anderson model [7—9]. An ideologi-
cally close, but simplified approach uses the modified
Anderson model [10, 11]. Finally, considering the
adsorption in a surface molecule [7], it is possible to
find simple estimates using the Harrison method of
bonding orbitals [12]. In this work, the first and third
approaches are used. N,, NH;, and N atoms are con-
sidered as adsorbates. Let us note that the problem of
interaction between the N, and NH; gases and the SiC

surface has risen when studying the SiO,/SiC interface
[13—17]. In this case, the dissociation of molecules
takes place. We have not managed to find any works
just on the adsorption of N,, N, and NH; on SiC. For
this reason, our given considerations below will be
based on indirect data and some assumptions, as it is
incorrect to extrapolate the results [13—17] obtained
for a volume to the case of a surface.

2. HALDANE—ANDERSON MODEL
2.1. General Relationships

From the general point of view [7—9], the Green
function G,(®) for an adsorbed particle (adparticle)
can be written as

(1)

Here, w is the energy variable, €, is the energy of the sin-

G (0 =w—g, — A (®) + iT,(0).

gle-electron level of an adpatrticle, I',(w) =1 prsub (w) is
the adparticle quasi-level broadening function, where
P.up(®) is the density of states for the substrate, V, is
the matrix adparticle —substrate interaction element,

and A (®) = j L@)dw

function, where Pis the pr1nc1pal value integral sym-
bol. The density of states (DOS) on an adparticle

is the quasi-level shift
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p.(®) corresponding to the Green function (Eq. (1))
has the form

_1 ()
Po(®) T[®— g, — A®)] + ()

and the occupation number n, of the level €, of an
adparticle at zero temperature is

E
n = [ pu(o)do, )

where E% is the Fermi level of the substrate.

The adsorption energy is E,y, = Em' + EX", where
the first summand is the metallic component of the
adsorption energy, and the second is the ionic compo-

nent.
It can be demonstrated [7, 8] that

Eg
Bt = [ (©= EnAp,(o)do, 3)

where APy = Pgys — pgys, and pgys and pgy is the system
DOS before and after adsorption. The ionic compo-
nent can be estimated as

io Z 3)2

Esut = _(a_’ 4)
° 4d

where Z, is the adparticle charge equal to 1 — n,, if an

orbital was initially occupied and (—n,,), if an orbital is

empty, and d is the adsorption bond length.

Let us note that hereinafter we consider a single-
electron (or single-hole) particle, which can contain a
single electron (hole) on its outermost orbital due to
intraatomic Coulomb repulsion [7—9].

For the description of a semiconductor substrate, it
is very convenient to use the simple Haldane—Ander-
son model [7—9], in which py,(®) = p, for |® — Ej| >
E,/2 and py,,(w) = 0 for |0 — E| < E,/2, where E, =
x t E,/2 is the bandgap center with respect to the vac-
uum level, and ¥ is the electron affinity of a silicon
carbide polytype. Then Iy = TcVasz = const, and
A(w) = (T'/m)Inl(® — Ey — E/2)/(w — Ey + E,/2)|. In
this case, in the absence of degeneracy for the semi-
conductor substrate, the adparticle occupation num-
ber n, = n, + n,[7-9], where the valence band contri-
bution according to Eq. (2) is

~E,/2
n, = Pa(@)dw, (5)

and the local state contribution is

T,E,

-1
1
=+l P | oE ¢, 6
ny ( +7'C(Eg/2)2—0)12j ( F 8l) ( )
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where ), is the energy of a local state laying within the
bandgap and is the root of the equation w — €, —
A, (®) = 0 within a range |w| < E,/2, and ©(...) is the
Heaviside function.

2.2. Adsorption of an N, Molecule

Let us consider the adsorption of an N, molecule
on SiC. According to [18], the electron affinity x and
the bandgap width £, for the SiC 4H and 6H polytypes
are 3.17, 3.23 eV and 3.45, 3.00 eV, respectively. Here-
inafter, zero energy is taken to be the position of the
bandgap center with respect to the vacuum level:
E, =y + E,/2. The ionization energy of an N, mole-
cule is /= 15.58 eV [19]. The quasi-level energy is €, =
—I + é&’/4d + E,, where the second summand
describes the Coulomb shift of the quasi-level of an
adparticle [7, 8]. Assuming that d = 1 A (approxi-
mately equal to the interatomic distance in an N, mol-
ecule [20]), we obtain €, = —7.20 eV (4H—SiC) and
g,= —7.03 eV (6H—SiC). It is clear that such deep
seated levels contain a single electron, so an admole-
cule almost has no charge, and the ionic component

(Eq. (4)) of the adsorption energy E.or ~ 0.
Indeed, let us estimate the valence band contribu-

tions n, (Eq. (5)) to the occupation numbers 7, by the
formula for (see [9]) as

E
n, :larccotﬂ’ R==2 1+£ (7)
n T, 2\ nE,

At T, = 0.5 eV, we obtain from Egs. (7) that n, ~ 1 for
both 4H—SiC and 6H—SiC. On the other hand, #,~ 0
(see Eq. (6) and Fig. 1in [9]),son, ~ 1,and Z, ~ 0.

To estimate the metallic (or covalent) component

of the adsorption energy E.y. (Eq. (3)), let us use the
uncertainty relation AxAp ~ #i. Assuming that Ax ~ d'in
an isolated molecule, and Ax ~ 2d in an adsorbed state,

we obtain the kinetic energy gain AE,;, ~ 3n° /8md 2
3eV~|En

ads

Let us note that, when the Haldane—Anderson
model is used, the distinctions in adsorption on Si-
and C-edges are taken into account only through the
matrix element V, and, therefore, T',. If it is assumed
within the solid-state approach that the adsorption
bond lengths for Si- and C-edges are the same, these
distinctions completely disappear (see, however, Sec-
tion 2.3 below).

As already mentioned, unfortunately, we have not
managed to find any literature data on the adsorption
energy of an N, molecule on SiC. According to the
data [21], an N, molecule does not dissociate on
W(110). We also assumed in the given estimates that
just a molecule is adsorbed on SiC rather than nitro-
gen atoms.

, Wwhere m is the mass of a free electron.
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2.3. Adsorption of an NH ; Molecule and an N Atom

In the adsorption of NH; molecules on Si(100), the
dissociation of a molecule takes place [21]. Thus
formed hydrogen atoms passivate the dangling sp-
orbitals of silicon, thereby stopping the reaction.
There are no grounds to believe that this is not the case
on the Si- and C-edges of silicon carbide. Hence, no
adsorption of molecular ammonia occurs on silicon
carbide.

Let us now consider the adsorption of atomic nitro-
gen on silicon carbide. The ionization energy of a
nitrogen atom is / = 14.53 eV [19], which slightly differ
from the ionization energy of an N, molecule. Assum-
ing again that d = 1 A (approximately equal to the
interatomic distance in an N, molecule [20]), we
obtain ¢, = —6.15 eV (4H—SiC) and €, = —5.98 eV
(6H—SiC). Similarly to the case of N,/SiC, they cor-
respond to deep-seated levels, so the transfer of charge
may be neglected. Hence, the ionic component of the
adsorption energy is £.5" ~ 0. For the kinetic energy gain,
we newly have the expression AE,;, ~ 30 /8md ? where d
may be set equal to the atomic radius of nitrogen ry =

0.71 A. Then we obtain that AE,;, ~ 6 eV ~ |[ELc'|.

ads

3. METHOD OF BONDING ORBITALS

The considered approach to the adsorption prob-
lem from the previous section may be called the solid-
state approach equivalent to the problem on an impu-
rity in a solid-state matrix. In this section, we use the
quantum-chemical approximation, within which a
cluster composed of an adsorbed particle and its near-
est substrate atoms is considered. In the limiting case,
such a cluster can be reduced to a diatomic molecule
composed of an adatom, which is directly bonded to a
substrate atom (the model of a surface molecule) [7].

Let us begin with the consideration of the adsorp-
tion of a nitrogen atom on the C-face of SiC. Within
the method of bonding orbitals (MBO) [12], we obtain
the C—N bond length doy = ry + e = 1.48 A, where
the atomic radius of carbon is r- = 0.77 A [19]. For the
o-bond of the carbon sp*-orbital with the nitrogen
p-orbital, the covalent bond energy is V, =

(7 /mden) Mg + \3N,6)/2 [22], Where M, = 1.42,
and n = 2.22 [12, 23], whence we obtain that
V,(CN) = 0.16 eV. The energy of the hybrid carbon
sp*-orbital is —€,(C) = (g, + 3¢,)/4 = 13.15 eV, and the
energy of the nitrogen p-orbital is s, = —13.84 eV
(tables of Mann atomic terms [12, 24]). Whence the

polar energy of the C—N bond is determined as
V3(CN) = (g,(C) — g,(N))/2 = 0.35 V. Then the bond
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covalency is o, = Vz/\le2 + V32 =~ 1. The bond energy
can be written in the simplest form as

E, ~ %(1 —Zoci)
o, 3

(see, e.g., Eq. (3) in the work [25] where, however, we
have changed the sign of E}), whence we find that
E,(CN) = 2V,/3 = 6 eV. Let us note that we assume in
this model that E, = —FE,, so the value found by us for
E,(CN) coincides with the result of Section 2. The
same takes place for the transfer of charge, which is
estimated within MBO by the bond polarity o, =

V11— oc? < 1.

Let us now turn to the adsorption of nitrogen atoms
on the Si-face of SiC. Since g, = 1.18 A, we have
dsn =y + 75, = 1.89 A, and V,(SiN) = 5.62 V. Since
—&,(Si) = (g, + 3¢,)/4 = 9.39 eV, we obtain V3(SiN) =
(€,4(Si) —€,(N))/2=2.23 eV, 0, = 0.97, and E,(SiN) =
4 eV. Hence, the bond energy of a nitrogen atom on the
C-face is one and a half times higher than on the
Si-face. In both cases, the bond is almost homopolar.

4. CONCLUSIONS

Hence, the charge transfer between an adparticle
and the SiC substrate and the adsorption energy were
estimated in this work using two principally different
models: (1) the solid-state model, which explicitly
takes into account the existence of the substrate band-
gap, but ignores the nature of an face of adsorption
(Cor Si) and the geometry of an adsorbed complex
and (2) the model of a surface molecule, where the
band energy structure of the substrate is not taken into
account at all, but the difference between the adsorp-
tion bond lengths on the C- and Si-faces is taken into
consideration. The comparison of the results obtained
by different models shows their good agreement with
each other. In addition to nearly equal adsorption
energy values, it is worth mentioning the coincidence
of estimates for the nearly zero charge transfer between
the adsorbate and the adsorbent. It is of interest to
note that the charge transfer in the adsorption of gases
on d metals is also extremely small [26]. It should also
be emphasized that both simple approximations used
here can rather easily be modified for the specific fea-
tures of the adsorption system to be more strictly taken
into account (see, e.g., [27, 28]).
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