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Adsorption of N-containing species onto SiC„0001… surfaces: A theoretical study

J. Olander and K. M. E. Larsson
Department of Materials Chemistry, The Ångstrom Laboratory, Uppsala University, Box 538, 751 21 Uppsala, Sweden

~Received 6 September 2002; published 6 March 2003!

Adsorption of nitrogen-containing species onto the Si and C surfaces of SiC~0001! has been theoretically
investigated, using density functional theory calculations under periodic boundary conditions. The idea was
then to investigate nitrogen incorporation duringin situ doping of SiC. As a guide to the composition of
gaseous species above a growing SiC surface, earlier results from thermodynamic calculations, performed at
experimental conditions for Nin situ doping, were used. The present results show that adsorption of N2 , N,
NH3 , NH2 , CN, HCN, HNC, H2CNH, SiN, SiNH, and Si2N, with three exceptions, is exothermic to both SiC
surfaces. The exceptions include adsorption of NH3 or the N atom in HCN or HNC to the C surface. The
twofold adsorption processes were all found to be exothermic and more favorable for the Si than for the C
surface. Furthermore, adsorption by the N~Si! atom in the adsorbate was found to be stronger to the Si~C!
surface while the adsorbates seem to bind equally strongly to both surfaces by the C atom. There was generally
a clear correlation between larger adsorption energies, shorter bond lengths and higher bond overlap popula-
tions in the region between the bonding atoms.

DOI: 10.1103/PhysRevB.67.115306 PACS number~s!: 68.43.Bc, 61.72.Ww
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I. INTRODUCTION

Silicon carbide has a large potential for high-temperatu
high-power, and high-frequency devices. However, there
several technological difficulties that must be overcome
fore realizing SiC devices for electronic applications. T
development of appropriate doping processes is very im
tant in fabricating low-resistivity crystals. It would then b
valuable to obtain a better knowledge about the dop
mechanisms in order to be able to control the dopant inc
poration better. Nitrogen is the most commonn-type dopant
of SiC. Unlike silicon, silicon carbide cannot be efficient
doped by a diffusion process.1 Reproducible doping of SiC is
accomplishedin situ during epitaxial growth of the materia

The conventional growth direction of SiC is@0001#,
for which the Si and C planes have different polariti
@the electronegativity~e.n.! of Si is 1.9, e.n.~C!52.6 and
e.n.~N!53.0#.2 This leads to different conditions for nitroge
incorporation into the two surfaces. The different polytyp
will, due to similar stacking sequences of the topmost ato
layers in the@0001# direction, only slightly influence the sur
face geometry.3 For this reason, the SiC~0001! surface that
has been investigated in the present study can be consid
to be either 3C-SiC~111!, 4H-SiC~0001!, or 6H-SiC~0001!.
Hydrogen atoms have been found to effectively saturate
surface dangling bonds of SiC~0001!,4 and thereby maintain
the (131) structure of the surface atoms. Furthermore,
sticking coefficient of N has been found to be higher at st
than on flat SiC~0001! surfaces. It has even been claimed
be unity at steps.5 The doping process is usually performe
on a surface with an off-angle from the~0001! plane. How-
ever, a typical off-angle of 3.5°~for 6H-SiC! or 8° ~for 4H-
SiC!, is identical to a surface step every 15th or 7th unit c
Hence, although the off angle might be highly important
the overall incorporation process, the initial adsorption o
gaseous species is most likely to occur on a terrace betw
two surface steps.

The size of the nitrogen atom will allow it to occup
either the C- or the Si-site of SiC without sterical hindranc
0163-1829/2003/67~11!/115306~10!/$20.00 67 1153
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@r cov(N)50.73 Å, r cov(C)50.77 Å, andr cov(Si)51.16 Å],2

but the C-site of the SiC lattice has generally been found
be the preferred site of nitrogen atoms.6,7 Reproducible
n-type dopant incorporation~from below 1014 to 1019 cm21)
into SiC has been obtained by using the site-competit
epitaxial technique introduced by Larkin.8 This technique is
based on intentional variations of the C/Si ratio of the p
cursors during epitaxial growth. For the Si-face of SiC,
incorporation has been found to decrease with an increa
C/Si ratio ~despite constant N2 flow!, while N incorporation
into the C face has been found to be independent of the C
ratio.5,9 For the Si surface, the N-containing species are th
generally believed to be ‘‘out-competed’’ by the high co
centration of the carbon growth species.

Nitrogen doping of SiC~0001! has experimentally been
investigated in a recently published paper by Forsberg
co-workers.9 In their article they use thermodynamic calc
lations to estimate the the equilibrium composition of ga
eous species above the growing SiC surface at their typ
growths conditions. With guidance from these thermod
namic considerations, adsorption processes of vari
N-containing gaseous species are presently investigated
ing first principles calculations.

II. METHODS

The adsorption energies were calculated using the follo
ing equation:

DEads~A!5E~A!1E~surf!2E~surf2A!, ~1!

whereE(surf-A) and E(surf) are the calculated total ene
gies of the surface with or without an adsorbate, respectiv
E(A) is the total energy of the adsorbate. These calculati
were based on the density functional theory~DFT!.10,11 DFT
methods use various approximations to describe the
change and correlation interactions between the electr
©2003 The American Physical Society06-1
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The commonly used local density approximation~LDA !
rather accurately describes local properties such as b
lengths and vibration frequencies. The more accurate ge
alized gradient approximation~GGA! methods involve an
extended treatment of inhomogeneities in the electron d
sity, resulting in improved results of the global changes
energy~e.g., bond energies!. Quantum mechanical calcula
tions are performed at zero K. However, an adsorption
ergy may differ at higher temperatures. If the difference
tween two adsorption energies is larger than 1 eV at 0
their relative order is here supposed to be retained at exp
mental temperatures. TheCASTEP~Cambridge Sequential To
tal Energy Package! computer program package from Acce
rys, has been used in the present study.

The GGA/GGS functional developed by Perdew-Wa
~PW91!12 was used for the geometry optimizations in ord
to obtain reliable bond energies as well as reliable geo
etries. The atoms were then represented by nonlocal ultra
pseudopotentials in the Kleinman-Bylander separable form13

Furthermore, the electronic wave functions were expande
terms of plane waves. The Monkhorst-Pack scheme ge
ated 1k point in representing the electronic wave function
the system.14 The cutoff energy used for the plane-wave b
sis set was 200 eV. As a verification of this basis set a
k-point sampling, the adsorption energy of NH2 was also
calculated using 2k points and a cutoff energy of 240 eV
Since the difference in adsorption energies obtained, u
these various levels of accuracy@472~2 k points! vs 508(1k
point!#, was numerically too small to alter a well-define
order of adsorption energies, 1k point and a cutoff energy o
200 eV was found adequate to use in the present study.

In order to investigate the bonding characteristics of
different species, an electron population analysis was car
out. The overlap population gives the amount of cha
within the bonding region between two atoms and is a m
sure of the strength of a covalent bonding. Overlap popu
tions related to the chemisorbed species and bonding su
atoms were calculated by the formalism described by Se
and co-workers.15 The wave functions were then initiall
projected from plane waves to a localized orbital basis
One measure of the quality of the projection is the value
the spilling parameter which for the present calculations w
in the order of 0.01, thus indicating a good representation
the basis set. As a test of the reliability of the LCAO basis
used, the Sid orbitals were included~using 5k points! in
addition to thes andp orbitals when calculating the overla
population for SiNSi. ~The superscript Si signifies adsorptio
to the Si surface.! However, this increase in localized bas
set resulted in numerical changes of less than 8% in ove
population. This difference is acceptable, considering that
are dealing with relative, in contrast to absolute, magnitu
of the overlap populations. The shorteningr 1

Si(A) is the dis-
tance between the adsorbate~A! and the bonding surfac
atom, pop@r 1

Si(A)# denote the overlap population in th
bonding region.

Periodically repeated unit cells, consisting of four atom
layers, were used in modeling the SiC surfaces~Figs. 1,2!.
Each layer contained 9 Si~or C! atoms and the distanc
between the two-dimensional slabs was 9 Å. The bottom
11530
nd
er-

n-
n

-
-
,
ri-

r
-

oft

in
r-

f
-
d

g

e
ed
e
-
-
ce
ll

t.
f
s
f
t

p
e
s

d

uppermost layers of these slabs were hydrogen termina
Geometries for ideal on-top adsorption were in each c
taken as a starting point for the calculations. The clos
atomic neighbor~in all directions! of the adsorbate-bonding
surface Si~C! atom was allowed to relax during the geom
etry optimizations. The rest of the unit cell was kept fixed
order to hold the characteristics of a more realistic surfa
To examine the optimal size of the unit cell used in t
present investigation, the adsorption energy of SiN was
culated using a slab consisting of six~instead of four! atomic
layers. In these calculations, all neighboring atoms t
bonding-distances away from the adsorbate-bonding sur
atom, were allowed to relax. As an additional test, the tw
fold adsorption of HCN to a four-layer slab, extended in t
x-direction to contain 12 surface atoms~instead of 9!, was
calculated. The calculated adsorption energies of SiN

FIG. 1. A side view of the ideal bulk structure model o
SiC~0001! initially used during the calculations. The larger, mediu
~gray! and small circles represent Si, C, and H atoms, respectiv
By interchanging the Si and C atoms one obtains the 4H-SiC~000!
model cell.

FIG. 2. A top view of the bulk structure model of SiC~0001!.
The black atoms note those that were allowed to relax during
geometry optimization calculations.nC-Si-C marks the angle that wa
measured in order to how wellsp3 hybridized the surface atom wa
after geometry optimization.
6-2
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HCN differed by less than 1 and 4 %, respectively. T
smaller size of unit cell was, hence, considered to be
equate to use in the present study.

III. RESULTS AND DISCUSSION

A. General

1. Thermodynamics

In a recently published paper, Aigo and co-workers16 as-
sumed the nitrogen dopant molecule to decompose
monoatomic nitrogen radicals on the SiC surface and th
after incorporate into the SiC surface. However, during
CVD process, the nitrogen molecules may very well re
with the gas phase SiC precursors prior to any adsorptio
the growing surface. In order to obtain more informati
about the gas phase composition during the nitrogen do
process, thermodynamic calculations have been conside
The gaseous composition in the reactor has been calcu
by Forsberg and co-workers for their experimental con
tions of thermally activated CVD during in situ nitrogen do
ing of SiC.9 Charged radical precursors that can be presen
more energetic deposition processes~e.g., CVD involving
ion bombardment! were not taken into account. The follow
ing order of abundance of the N-containing species in the
phase above the growing surface was then obtained:

N2~1024!.HCN~1025!;SiNH~1025!.HNC~1026!

.Si2N~1027!.NH3~1028!@SiN~10210!

@N~;10212!. ~2!

The numbers within parenthesis are the approximate
tial pressures~in atm! of the different gas phase specie
According to these calculations, the concentration of nit
gen radicals~N! is expected to be low in the CVD reactor. I
order to model the reactor atmosphere close to the grow
surface, additional thermodynamic calculations were p
formed in which solid SiC was allowed to form. The follow
ing order was then obtained:

N2~1024!.HCN~1025!.HNC~1026!.NH3~1027!

.NH2~1029!.H2CNH~10210!;CN~10210!

;SiNH~10210!@N~10212!. ~3!

There are various explanations for the differences
tween Eqs.~2! and ~3!. As can be seen in Eq.~3!, the con-
centrations of SiNH, Si2N, and SiN decrease close to th
surface while the concentrations NH3, NH2, H2CNH, and
CN were found to increase. A result from both calculations
that the concentration of nitrogen radicals is estimated to
very low ~i.e., about 108 times lower than that of N2).

2. Surface reactions

Thermodynamic calculations give an indication of whi
gaseous species that can be expected in the gaseous
sphere during CVD, and in which relative concentratio
These calculations give general information, but they
11530
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performed for equilibrium states and do not include the
netics of a system. Moreover, they do not comprise surf
reactions. If N2 , which is expected to be the most abunda
N-containing species in the gas phase~according to Sec.
III A 1 !, adsorbs very strongly, it will probably be the dom
nant species for nitrogen incorporation. Other nitroge
containing species may, however, adsorb more favora
than N2, and influence the dopant process to various exte
For this reason, the adsorption processes of the gaseous
cies presented in Eqs.~2!, ~3! have been investigated in th
present study. Onefold adsorption of each of the non-H
oms in the gaseous species, as well as twofold adsorp
was individually studied for the adsorbates. For the sake
clarity, the various adsorbates are here presented in t
different groups:~i! N2, N, NH3, NH2, ~ii ! CN, HCN, HNC,
H2CNH, and~iii ! SiN, SiNH, and Si2N.

B. Adsorption of N2 , N, NH3 , NH2

1. Onefold adsorption

The first group of adsorbates considered is compose
species containing only nitrogen and hydrogen atoms.
calculated energies for adsorption to SiC~0001! surfaces are
presented in Table I. The numerical order of energies
tained for onefold adsorption of N2 , N, NH3, and NH2 to the
Si surface is

NH2~508!.N~426!.N2~160!.NH3~127!. ~4!

TABLE I. Calculated energies~kJ/mol! for adsorption to the Si
or C surface of SiC~0001!. In the cases where two different ele
ments in the adsorbate can bond onefoldly to the surface, the
that was considered as the adsorbing element is written in boldf

Si-surface C-surface
onefold twofold onefold twofold

N2 160 247 80 144
N 426 474
NH3 127 29
NH2 508 369

CN 496 463 394 522
CN 503 463 511 522
HCN 103 300 0 220
HCN 70 300 68 220
HNC 44 225 241 169
HNC 120 225 110 169
H2CNH 164 395 43 236
H2CNH 62 395 46 236

SiN 650 662 546 561
SiN 340 662 385 561
SiNH 235 453 122 391
SiNH 144 453 211 391
Si2N 348 494 250 393
Si2N 283 494 402 393
6-3
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The values within parenthesis represent the adsorption
ergies in kJ/mol. The corresponding order for the C surfac

N~474!.NH2~369!.N2~80!.NH3~29!. ~5!

Accordingly, chemisorption of N and NH2 was found to
be strongly exothermic to both the Si and C surfaces. Th
radical was found to bind somewhat stronger to the C s
face, while adsorption of NH2 was stronger to the Si surface
Moreover, the adsorption energies of N2 and NH3 were much
smaller, with somewhat larger values for the Si surface. T
adsorption of NH3 to the C surface was even found to b
endothermic. One explanation to the lower adsorption e
gies for N2 and NH3 is that these species are energetica
very stable in their gaseous forms. As a consequence, the
not gain much energy while altering their electronic config
rations when binding to a surface. Furthermore, in orde
maintain the correct structure of the growing SiC materia
is important to hold thesp3 hybridization of the surface at
oms. Upon adsorption of N, NH2, and N2, the surface atoms
~the adsorption sites! were, with two exceptions, fairly wel
sp3 hybridized, sincenC-Si-C/nSi-C-Si5109.0–110.4°~Table
II !. The exceptions include an influence ofsp2 hybridization
on the surface atom after adsorption of N andN2 to the Si
surface (nC-Si-C5111.4–112.5°). There is also a strong i
fluence ofsp2 hybridization after adsorption of NH3 to the
Si~C! surface, with nC-Si-C (nSi-C-Si)5115.5(111.4)°. Ac-
cordingly, the adsorption reactions of N and N2 to the Si
surface were, from a geometrical point of view, not found
be optimal in spite of the large adsorption energy of N.

The lower adsorption energies generally correspond
longer bond lengths and smaller overlap populations in
bonding region. For example, the values obtained for ads
tion of NH3 (DEads5127 kJ/mol, r 152.02 Å, pop@r 1#
50.14 ueu) and NH2 (DEads5508 kJ/mol, r 151.68 Å,
pop@r 1#50.71 ueu) to the Si surface illustrate this circum
stance very well. However, according tor 1 and pop@r 1#, the

TABLE II. The distance between the adsorbate and the sur
r 1 (Å), the overlap population in the bonding region pop@r 1# (ueu)
and the angle between the adsorbate-bonding surface Si~C! atom
and its closest C~Si! neighborsnC-Si-C (nSi-C-Si) ~deg!.

Si surface C surface
r 1 pop@r 1# nC-Si-C r 1 pop@r 1# nC-Si-C

Term. 1.51 0.94 110.7 1.12 0.80 111.3
Rad. 112.6 115.6
Dirad. 113.5 114.9

/113.3 /115.0

N2(NN) 1.77 0.54 112.5 1.52 0.52 110.2
N2(NN) 1.93 0.47 110.7 1.61 0.47 109.9

/1.95 /0.46 /111.2 /1.65 /0.43 /110.1

N 1.75 0.65 111.4 1.34 0.82 109.0
NH3 2.02 0.14 115.5 1.62 0.23 111.4
NH2 1.68 0.71 110.3 1.48 0.57 110.4
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N2 bond to the Si~C! surface was found to be only slightl
weaker than the N(NH2) bond in spite of a much smalle
adsorption energy~Tables I,II!. Furthermore, the N2 adsor-
bate is, compared to the other species within this group
adsorbates, more exceptional since it contains an inte
triplet bond. A variation in length of this bond will result in
change in internal bond strength and, hence, a correspon
change in energy of adsorption. The internal distance (r 2)
between the nitrogen atoms was in the present study ca
lated to be longer for the adsorbed~ads! N2 molecule com-
pared to the gaseous~gas! molecule @r 2(ads)2r 2(gas)
50.05 (0.08) Å#, with a corresponding lowering of the
overlap population @pop@r 2(ads)#2pop@r 2(gas)#520.29
(20.30) ueu#, see Table III. Hence, the strong triple bond
gaseous N2 was appreciably weakened as a result of adso
tion to the two different types of surfaces. This fact streng
ens the indication from the (r 1) overlap populations that the
bonds formed between N2 and each of the two surfaces a
stronger than the corresponding adsorption energies imp

2. Twofold adsorption

In order to obtain twofold adsorption of a gas phase s
cies to any of the SiC~0001! surfaces, two neighboring va
cancies have to be created on the surface. This can be
complished in two different ways. The gaseous species
directly create two bonds to a diradical surface site. Su
diradical sites are assumed to occur on the isostructural
mond~111! surface,17 but they are expected to be less abu
dant compared to single radical sites. An alternative mec
nism of twofold adsorption involves the formation of
vacant surface site adjacent to the onefoldly chemisor
species. The adsorbate then bends over to the radical su
site and becomes twofoldly adsorbed. This mechanism is
course, totally dependent on the thermodynamics of the
ceding onefold adsorption as well as on the energy bar
when going from onefold to twofold adsorption.

The adsorption energy of the twofoldly adsorbed N2 was
more favorable for the Si~247 kJ/mol! compared to the C
surface~144 kJ/mol!. However, neither of these adsorptio
reactions is strongly exothermic, considering the fact t
two bonds are formed by twofold adsorption. After adso
tion, the binding surface C atoms were almostsp3 hybrid-

ce TABLE III. The distance between the atoms in the adsorb
r 2 (Å) and the corresponding overlap population pop@r 2# (ueu).

Si surface C surface
r 2 pop@r 2# r 2 pop@r 2#

N2 1.13 1.38 1.13 1.38
N2(NN) 1.20 1.09 1.21 1.08
N2(NN) 1.25 1.03 1.26 1.06

NH3 1.01 0.63 1.01 0.63
NH3 1.02 0.67 1.05 0.23

NH2 1.02 0.57 102 0.57
NH2 1.01 0.70 1.01 0.72
6-4
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ized, while there was an influence ofsp2 hybridization on
the corresponding Si atoms. The bonds to the Si~C! surface
of twofoldly adsorbed N2 were found to be longer than th
corresponding onefold bonds @r 1(N2 ,two-fold)
2r 1(N2 ,onefold)50.17 (0.11) Å#, and to have smaller ac
companying overlap populations@pop@r 1(N2,two-fold)#
2pop@r 1(N2,one-fold)#520.0520.11 ueu#, see Table II.
Hence, the bonds between the surface and the adsorbat
weaker in the former case. This result agrees with the
that the adsorption energy per bond was found to be la
for onefold @DEads(N2)/bond5160 (80) kJ/mol# compared
to twofold adsorption@DEads(N2)/bond5124 (72) kJ/mol#
to the Si~C! surfaces~Table I!.

3. Discussion

The present results predict strong chemisorption of N
NH2 to the investigated SiC~0001! surfaces. Moreover, the
bonding surface atoms were found to be wellsp3 hybridized
for these adsorbates, except for a slightsp2 hybridizion of
the surface Si atom upon N adsorption. Adsorption of N3
was found to be weakly exothermic~endothermic! for the Si
~C! surface. Furthermore, the onefold-twofold adsorption
N2 was slightly more promising with larger bond strengt
for the Si surface compared to the C surface. For each
face, the bond of onefoldly adsorbed N2 was stronger than
the individual bonds of twofoldly adsorbed N2. Generally,
the N2 molecule was stretched~by 0.07–0.13 Å! as a result
of adsorption to the surfaces, which is promising for atom
N incorporation into the SiC material.

During N in situ doping, N2 is expected to be the mos
abundant of the N-containing gaseous species in the gas
atmosphere above the growing SiC surface at equilibr
@Eqs. ~2!, ~3!#. Moreover, the concentration of NH3 is ex-
pected to be 1032104 times lower than that of N2 . Gener-
ally, bonds are expected to become weaker with an incre
in temperature. It is, hence, in the present study difficult
predict the probability for adsorption at experimental te
peratures. Furthermore, the gas phase concentrations
and NH2 at equilibrium are estimated to be 105 and 108

times lower, respectively, than the concentration of N2 dur-
ing SiC growth@Eqs.~2!,~3!#. For this reason, the N and NH2
species are not expected to be of any major importance
nitrogen incorporation into SiC at thermodynamic equil
rium conditions. However, it is important to keep in min
that although thermodynamic calculations give good indi
tions, the gases in a CVD reactor are not in equilibrium.
addition, activation of the precursor gas during deposit
~e.g., by laser or hot filament! can change the composition o
gaseous species significantly. Hence, gaseous species th
much less abundant at equilibrium~such as N and NH2)
cannot be completely ruled out to be important contribut
for nitrogen doping.

C. Adsorption of HCN, HNC, CN, H2CNH

1. Onefold adsorption

Adsorption processes of CN, HCN, HNC, and H2CNH to
the SiC~0001! surfaces have also been investigated in
11530
are
ct
er

d

f

r-

c

ous

se
o
-
N

or

-

n

are

s

e

present study and the adsorption energies are presente
Table I. For the situations with two conceivable atoms in t
adsorbate, the atom written with a bold-faced letter is be
bonded to the surface atom. The numerical order of the
tained energies for onefold adsorption onto the Si surfac

CN~503!;CN~496!.H2CNH~164!.HNC~120!

.HCN~103!;HCN~70!;H2CNH~62!

;HNC~44!. ~6!

The corresponding order for the C surface is

CN~511!.CN~394!.HNC~110!.HCN~68!

;H2CNH~46!;H2CNH~43!HCN~0!

.HNC~241!. ~7!

The chemisorption processes of CN to the SiC surfa
were found to be energetically very favorable. Adsorption
HNC to either surface, as well as adsorption of H2CNH or
HCN to the Si surface, was also found to be exothermic.
the remaining species (HCNC, HCNSi,C, HNCSi,C, H2CNHC,
H2CNHSi,C), the adsorption reactions were calculated to
only slightly exothermic or endothermic. Generally, in th
situations where the C atom in the adsorbate was bonde
the surface, the adsorption energy obtained for each ad
bate (CN, HCN, HNC and H2CNH) was similar for the Si
and C surfaces~with differences of less than 16 kJ/mol!.
However, adsorption of the N atom in the adsorbate was
each case (CN, HNC, HCN, and H2CNH) more favorable
for the Si surface compared to the C surface~with differ-
ences of 85–121 kJ/mol!. After adsorption of CN, CN,
HCNSi, HNCSi, or HNC, thesp3 hybridization of the bind-
ing surface atom was influenced bysp2 hybridization, ac-
cording to the anglesnC-Si-C/nSi-C-Si5111.0–112.5°~Table
IV !. On the contrary, the binding surface atom wassp3 hy-
bridized after adsorption of HCN, HCNC, HNCC, H2CNH,
or H2CNH to the Si~C! surface (nC-Si-C/nSi-C-Si
5108.3–110.8°). This means that the energetically most
vorable adsorption reactions~i.e., those of CN! do not result
in optimal surface geometries.

Generally, the strong adsorption energies presently
tained correspond to short bonds with large overlap pop
tions. An exception is the bonding distance ofCN(CN) to
the Si surface, which was found to be longer@by 0.06~0.01!
Å#, with a smaller @by 20.12(20.11) ueu# corresponding
overlap population, than that obtained for HNC(HCN) in
spite of a larger adsorption energy@by 383~426! kJ/mol# in
the former case. Moreover, the bonds of CN(CN) and
HCN(HNC) to the C surface were similar~with differences
smaller than 0.00~0.07! Å and 0.01(0.05)ueu, Table IV#, al-
though the adsorption energy of CN(CN) was larger@by
394~401! kJ/mol# than that of HCN(HNC). Hence, the
bonds of HNC and HCN to both surfaces seem to be strong
~or similar in strength! compared to the corresponding bon
formed byCN and CN, in spite of much larger adsorptio
energies of the two latter adsorbates. As was discusse
Sec. III B 1, the adsorption energy does not only compr
6-5
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the energy for creation of bonds between adsorbate and
face. It is also influenced by the changes in the geom
within the surface and adsorbate, respectively. Indeed, in
present study, only the surface atoms closest to the adso
were influenced geometrically upon adsorption~Sec. II!, but
the geometry within the adsorbate was in many cases fo
to change considerably. More specifically, the adsorption
CN ~by either the C or N atom! was found to be fully asso
ciative. As a result of adsorption ofCN to the Si~C! surface,
the internal C-N bond population was even found to incre
„pop@r 2(ads)#2pop@r 2(gas)#50.13 (0.19)ueu, Table V….
The strong C-N bond explains in part why the extrem
strong CN adsorption energies@503~511! kJ/mol# obtained
were not correlated with extremely strong bonds to the s
face. Furthermore, the C-N distance (r 2) of HCN, H2CNH
~bonded to the surface by either the C or N atom!, and HNC
was stretched@r 2(ads)2r 2(gas)50.07–0.16 Å# as a result
of the geometry optimization calculations~Table V!. The
corresponding overlap populations decreased simultaneo
„pop@r 2(ads)#2pop@r 2(gas)#520.3420.51 ueu…, confirm-
ing a considerable weakening of the internal bonds of
adsorbates. HNC dissociated only slightly. The internal bon
stretching explains in part why the bonds of HCN, HNC, and

TABLE IV. The distance between the adsorbate and the sur
r 1 (Å), the overlap population in the bonding region pop@r 1#(ueu)
and the angle between the adsorbate-bonding surface Si~C! atom
and its closest C~Si! neighborsnC-Si-C (nSi-C-Si) ~deg!. Where two
atoms in the adsorbate bind to the surface, the values correspon
to the N atom in the adsorbate are listed first.

Si surface C surface
r 1 pop@r 1# nC-Si-C r 1 pop@r 1# nSi-C-Si

Term. 1.51 0.94 110.7 1.12 0.80 111.3
Rad. 112.6 115.6
Dirad. 113.5 114.9

/113.3 /115.0

CN 1.72 0.54 112.5 1.41 0.68 111.2
CN 1.86 0.72 111.7 1.41 0.94 111.4
CN 1.84 0.52 110.7 1.41 0.93 111.5

/1.86 /0.70 /110.7 / 0.93 /115.7

HCN 1.71 0.65 110.8 1.41 0.69 110.2
HCN 1.92 0.64 111.3 1.56 0.71 110.6
HCN 1.78 0.64 109.2 1.55 0.57 109.7

/1.99 /0.71 /109.8 /1.58 /0.74 /107.8

HNC 1.80 0.48 112.1 1.64 0.43 111.0
HNC 1.80 0.84 111.2 1.44 0.89 109.1
HNC 1.89 0.50 110.1 1.71 0.36 108.9

/1.93 /0.75 /111.2 /1.53 /0.81 /110.6

H2CNH 1.72 0.69 110.8 1.48 0.64 109.2
H2CNH 1.96 0.59 110.8 1.57 0.72 108.3
H2CNH 1.73 0.76 109.6 1.53 0.59 108.5

/1.92 /0.74 /109.0 /1.60 /0.71 /109.6
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H2CNH to the SiC surfaces are stronger than the correspo
ing adsorption energies suggest.

2. Twofold adsorption

As mentioned in Sec. III B 2, it is important to compa
the processes of onefold and twofold adsorption. Hence,
culations for twofold adsorption of HCN, HNC, CN, an
H2CNH were also carried out and the numerical order
energies for the Si surface is

CN~463!.H2CNH~395!.HCN~300!.HNC~225!.
~8!

The corresponding order for the C surface is

CN~522!.H2CNH~236!;HCN~220!.HNC~169!.
~9!

The twofold adsorption reactions ofCN, HCN, HNC,
and H2CNH were all found to be exothermic and the corr
sponding adsorption energies were of the same nume
order for the two different surfaces. Furthermore, the adso
tion energies obtained for HCN, HNC, and H2CNH were
larger~by 70–163 kJ/mol! for the Si surface compared to th
C surface. As a result of the calculations, the preferred
sorption ofCN was found to be onefold to the C surfac
When starting fromCN in a position of twofold adsorption
the N atom in the adsorbate spontaneously desorbed from
C surface. Hence, the finally obtained adsorption energy
an initially twofoldly positionedCN molecule on the C sur-
face corresponds to adsorption ofCN to one of two neigh-
boring surface radical sites. The result was also energetic

e

ing

TABLE V. The distance between the non-H atoms in the ads
bate r 2 (Å) and the corresponding overlap populatio
pop@r 2# (ueu).

Si surface C surface
r 2 pop@r 2# r 2 pop@r 2#

CN 1.17 1.61 1.17 1.61
CN 1.17 1.44 1.18 1.47
CN 1.16 1.74 1.16 1.80
CN 1.23 1.38 1.16 1.79

HCN 1.15 1.73 1.15 1.73
HCN 1.22 1.24 1.23 1.23
HCN 1.23 1.29 1.24 1.29
HCN 1.28 1.24 1.30 1.27

HNC 1.17 1.38 1.17 1.38
HNC 1.26 0.93 1.25 1.04
HNC 1.21 1.31 1.23 1.34
HNC 1.31 1.05 1.31 1.13

H2CNH 1.26 1.12 1.26 1.12
H2CNH 1.35 0.66 1.36 0.68
H2CNH 1.38 0.73 1.42 0.67
H2CNH 1.52 0.59 1.59 0.60
6-6
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and geometrically very similar to the situation for one fo
adsorption ofCN ~Table IV!. To the Si surface,CN was
found to chemisorb strongly, even if the calculated twofo
adsorption energy~463 kJ/mol! is numerically similar to the
onefold adsorption energy~503 kJ/mol! obtained forCN
~Sec. III C 1!. Moreover, afterCN adsorption, the C atom in
the adsorbate was found to bind stronger than the N atom
the Si surface. On the contrary, the sum of the two one-f
adsorption energies for HCN, HNC, and H2CNH, respec-
tively, were found to be much less favorable than the co
sponding twofold adsorption energies. The importa
sp3-hybridization of the bonding surface atom was ma
tained after twofold adsorption of all the present adsorba
(nC-Si-C/nSi-C-Si5107.8–111.2°, Table IV!. This situation is
different from onefold adsorption, for which the influence
sp2 hybridization on the bonding surface atom was stron
after adsorption of some of the adsorbates~i.e., CN, CN,
HCNSi, HNCSi, or HNC).

A correlation between shorter bond length, larger over
population and relatively stronger adsorption energies
been observed for the present adsorption processes.
bonds between each of the atoms in the adsorbate and
closest surface atom were generally found to be weaker a
twofold than after onefold adsorption. However, the in
vidual bonds of H2CNH to the Si surface seemed to be sim
lar or stronger for twofold compared to onefold adsorptio
The internal bond in H2CNH was much more stretched~by
0.14–0.23 Å! after twofold compared to onefold adsorptio
~Table IV!. For the remaining adsorbates~exceptCNC) the
internal bond was also more stretched~by 0.05–0.10 Å! after
twofold adsorption.

3. Discussion

Chemisorption of CN to the SiC~0001! surfaces was
found to be strongly exothermic, with the exception of tw
fold adsorption to the C surface. However, since the ene
for twofold adsorption of CN to the Si surface was of t
same order of magnitude as for each of the individual o
fold CN adsorption energies, twofold adsorption of CN do
not seem to be advantageous to either surface. In all c
studied~exceptCNC), the adsorption of CN was energet
cally more favorable than adsorption of HCN, HNC,
H2CNH. Unlike the situation for CN, the sum of the onefo
adsorption energies for HCN, HNC and H2CNH, respec-
tively, was found to less favorable than the correspond
twofold adsorption energy. For HCN, HNC, H2CNH, the
direct twofold adsorption mechanism is plausible. Amo
the onefold adsorption energies, only those for CN, CN,
HNC, HCNSi, and H2CNHSi were calculated to be large
than 100 kJ/mol. For these situations, onefold adsorption
lowed by a sequential adsorption of the second atom of
adsorbate, is an additional possible pathway for twofold
sorption. Furthermore, while there in some cases~i.e., CN,
CN, HCNSi, HNCSi, or HNC) was an influence ofsp2 hy-
bridization on the binding surface atom after one adsorpt
the surface atoms were generallysp3 hybridized as a resul
of twofold adsorption. Moreover, all the twofold adsorptio
energies were numerically larger for the Si surface.
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For equilibrium conditions, HCN and HNC have bee
predicted to be more abundant~with concentrations 10–102

times lower than N2) than CN or H2CNH (106 times lower
than N2) in the gas phase during SiC growth@Eqs. ~2!,~3!#.
From the results in the present article, one can conclude
HCN and HNC do not adsorb strongly to the SiC~0001! sur-
faces. However, these species do bind to the surfaces at
This fact can make them important dopant contributors if
corresponding growth mechanisms~i.e., adsorption/
desorption barriers, migration barriers, etc.! are advanta-
geous. It is difficult to predict if HCN or HNC will adsorb
favorably on the SiC surfaces at experimental temperatu
However, adsorption of CN~as well as of H2CNH to the
Si surface! is energetically much more advantageous a
cannot be ruled out as a contributing factor for incorporat
of nitrogen for the reasons discussed in Sec. III C 3.

D. Adsorption of SiN, SiNH, Si2N

1. Onefold adsorption

The energies for onefold adsorption of SiN, SiNH, a
Si2N to the Si plane of SiC~0001! have also been calculate
~Table I! and the numerical order of the energies obtained

SiN~650!.Si2N~348!;SiN~340!.Si2N~283!

.SiNH~235!.SiNH~144!. ~10!

The corresponding energies for the C surface is

SiN~546!.Si2N~402!;SiN~385!.Si2N~250!

.SiNH~211!.SiNH~122!. ~11!

The calculated adsorption energies were all exotherm
The N atom in each of the adsorbates (SiN, SiNH, Si2N)
was found to preferentially bind to the Si surface~with ad-
sorption energies stronger by 98–113 kJ/mol!. On the con-
trary, the Si atom of the adsorbates (SiN, SiNH, Si2N) was
found to form relatively stronger bonds~by 45–119 kJ/mol!
to the C surface. In summary, of all the adsorption reacti
discussed in the present study, only those forSiN, SiNH,
Si2N and the radical N adsorbate~Sec. III B 1! were found to
be more exothermic for the C surface compared to for the
surface. As can be seen in Table VI, almost all of the pres
adsorption reactions resulted in a predominantsp3 hybrid-
ization of the adsorbate-bonding surface atom. The bind
surface Si atom was partlysp2 hybridized (nC-Si-C
5111.6°) after adsorption ofSiN.

Also for these species, the stronger adsorption ener
correspond to relatively shorter bond lengths with larg
overlap populations~Table VI!. Futhermore, on the analog
of CN ~Sec. III C 1!, the internal bond of SiN was strength-
ened by adsorption to the Si~C! surface. More specifically
the internal bond length (r 2) altered only little@by 0 ~0.04!
Å# and the corresponding overlap population increased@by
0.46 (0.52)ueu] as a result of adsorption~Table VII!.
6-7
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2. Twofold adsorption

The order of the adsorption energies for twofold adso
tion of SiN, SiNH, and Si2N to the Si plane was calculated t
be

SiN~662!.Si2N~494!.SiNH~453!. ~12!

The corresponding order for the C plane is

SiN~561!.Si2N~393!;SiNH~391!. ~13!

As can be seen above, all the calculated adsorption e
gies were strongly exothermic and somewhat larger~by 62–
101 kJ/mol! for the Si surface than for the C surface. T
sum of the two onefold adsorption energies for SiN a
Si2N, respectively, was found to be more favorable than
corresponding twofold adsorption energy. The opposite r
tion between the onefold and twofold adsorption energ
was found for SiNH. Furthermore, the angles in the str
tural region below the adsorbates (nC-Si-C/nC-Si-C
5108.3° –110.6°) imply fairly goodsp3 hybridization of the
bonding surface atoms. The exception is that the Si sur
atoms become partlysp2 hybridized (nC-Si-C5112.0°) upon
adsorption of the Si atom inSiN ~Table VI!. This is similar to
onefold adsorption ofSiN, where the surface atom wa
found to be partlysp2 hybridized~Sec. III D 1!.

For each of the adsorption reactions presented in this
tion, the distance between the binding surface atom and
N atom in the adsorbate, as well as the corresponding b

TABLE VI. The distance between the adsorbate and the sur
r 1 (Å), the overlap population in the bonding region pop@r 1# (ueu)
and the angle between the adsorbate-bonding surface Si~C! atom
and its closest C~Si! neighborsnC-Si-C (nSi-C-Si) ~deg!. Where two
atoms in the adsorbate bind to the surface, the values correspon
to the N atom in the adsorbate are listed first.

Si surface C surface
r 1 pop@r 1# nC-Si-C r 1 pop@r 1# nC-Si-C

Term. 1.51 0.94 110.7 1.12 0.80 111.3
Rad. 112.6 115.6
Dirad. 113.5 114.9

/113.3 /115.0

SiN 1.69 0.71 109.7 1.41 0.72 109.3
SiN 2.39 0.71 111.6 1.82 0.61 110.5
SiN 1.68 0.78 108.4 1.40 0.70 110.3

/2.74 /0.39 /112.0 /2.01 /0.40 /110.6

SiNH 1.74 0.62 110.7 1.54 0.54 109.9
SiNH 2.44 0.63 110.8 1.86 0.54 110.6
SiNH 1.75 0.64 108.3 1.54 0.53 109.2

/2.49 /0.67 /110.1 /1.93 /0.54 /110.3

Si2N 1.73 0.65 110.9 1.47 0.61 108.6
Si2N 2.41 0.70 108.3 1.87 0.54 108.8
Si2N 1.72 0.68 108.1 1.49 0.58 110.2

/2.41 /0.76 /109.8 /1.95 /0.50 /108.6
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population, was similar for onefold and twofold adsorptio
processes. On the contrary, the bond to the surfaces by th
atom in SiN, SiNH, andSi2N, respectively, was weaker in
the case of twofold adsorption. This~Si-Si! bond was par-
ticularly weak after adsorption ofSiN. Twofold adsorption
of SiN is, hence, dominated by the bond created between
N atom and the surface. This is similar to what was found
twofold adsorption of CN~Sec. III D 2!.

3. Discussion

SiN, Si2N, and SiNH were all found to chemisorb to th
SiC~0001! surfaces. Stronger adsorption was obtained
SiN and the weaker adsorption was obtained for SiNH. T
present adsorbates were found to bind relatively stronge
the N atom to the Si surface, and by the Si atom to the
surface. The sum of the energies for onefold adsorption
SiNH was larger than the corresponding energy for twof
adsorption. Hence, for this species, onefold adsorption
be followed by twofold adsorption by a sequential ‘‘bendin
over’’ adsorption process. On the contrary, the onefold a
twofold adsorption energies for SiN and Si2N, respectively,
were similar, and for these adsorbates twofold adsorp
does not seem to be advantageous. Moreover, the bin
surface atom was fairly wellsp3 hybridized after adsorption
of each of the species, except forSiN(SiN) to the Si surface,
for which it was partlysp2 hybridized.

From thermodynamic calculations at equilibrium cond
tions, the concentrations of SiN and Si2N have been pre-
dicted to be higher (103 times lower than that of N2) com-
pared to SiNH (106 times lower than N2), see Eqs.~2!,~3!.
However, SiN and Si2N were not predicted to form close t

TABLE VII. The distance between the non-H atoms in the a
sorbate r 2 (Å) and the corresponding overlap populatio
pop@r 2# (ueu).

Si surface C surface
r 2 pop@r 2# r 2 pop@r 2#

SiN 1.55 0.90 1.55 0.90
SiN 1.55 0.90 1.59 0.93
SiN 1.55 1.36 1.59 1.42
SiN 1.59 0.85 1.65 0.78

SiNH 1.52 0.82 1.52 0.82
SiNH 1.69 0.40 1.70 0.49
SiNH 1.56 0.86 1.58 0.88
SiNH 1.73 0.52 1.74 0.64

Si2N 1.66 0.35 1.66 0.35
Si2N 1.75 0.32 1.75 0.37
Si2N 1.66 0.52 1.69 0.49

/1.56 /0.76 /1.56 /0.77
Si2N 1.88 0.18 1.83 0.37

/1.67 /0.41 /0.69 /0.41
/2.30 /0.46 /2.44 /0.21

e
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the surface, according to Eq.~2!. Hence, SiNH is likely to be
more abundant~but still very rare! than SiN and Si2N close
to the growing SiC surface. However, because of their fav
able adsorption processes, SiN or Si2N can be made abun
dant, e.g., by assistance of laser or hot filament of the g
eous atmosphere in the reactor, these species can be
important for N incorporation into SiC.

IV. CONCLUSIONS

The nitrogen-containing species N, N2 , NH3, NH2, CN,
HCN, HNC, H2CNH, SiN, SiNH, Si2N have, from thermo-
dynamic calculations9 been predicted to be present in th
gaseous atmosphere during growth of nitrogen-doped SiC
order to investigate the incorporation of nitrogen into S
surfaces, the adsorption of these species onto SiC~0001! sur-
faces has been studied theoretically, using DFT calculat
under periodic boundary conditions.

Chemisorption of N, NH2, CN, SiN, or Si2N was found
to be strongly exothermic to both SiC surfaces. For th
species, the twofold adsorption energies were smaller t
the sum of the corresponding onefold adsorption energ
Moreover, the structure of the binding surface atom was
favorably maintained after onefold adsorption of CN to
ther surface, and after adsorption of N, NH2 or the Si atom in
SiN to the Si surface. The remaining adsorption proces
~involving N2 , NH3, HCN, HNC, H2CNH, and SiNH! were
found to be energetically less favorable, but still exotherm
~with the exception of NH3, HCN, or HNC adsorbed to the
C surface!. Direct twofold adsorption is possible for this la
ter group of adsorbates~except NH3), since twofold adsorp-
tion was found to be more exothermic than the two cor
sponding onefold adsorption reactions. One-fold adsorpt
with a sequential adsorption of the second non-H atom in
adsorbate, seems to be another possibility for N2 , HCNSi,
HNC, H2CNHSi, and SiNH. For this latter group of adso
bates, thesp3 hybridization of the binding surface atom wa
with exception of N2

Si , NH3, HCNSi, HNC, HNCSi main-
tained. For all the species in the present study, the two
adsorption processes were found to be energetically m
favorable for the Si than for the C surface. Adsorption by
N~Si! atom in the adsorbate, except for the N radical, w
found to be stronger to the Si~C! surface while the adsorbate
seem to bind equally strongly to both surfaces by the C at
According to the site-competition technique, th
N-containing species is ‘‘out-competed’’ by the C grow
species on the Si~but not on the C! surface at high C/S
ratios. A plausible explanation for these experimental res
can be that the N atom is implanted into the Si and C pla
of the growing SiC material by adsorption of different atom
in the same adsorbate. From the present results, SiNH
found to bind stronger by the Si atom than by theN atom to
nd
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the C surface. Incorporation of this species by the Si at
puts the N atom in the C site of the SiC lattice, a situati
which experimentally has been found to be preferred.6,7 Fur-
thermore, SiNH was found to bind stronger by the N atom
the Si surface. This would also put N in the C site of t
lattice. By an increase in C precursors, the N incorporat
process is out competed by adsorption of C-containing s
cies to the Si surface. It is plausible that the adsorption~by
the Si atom! of SiNH is more similar to that of the Si growth
species to the C surface. Further investigations are, howe
needed in order to confirm this proposed mechanism.

Bonds are expected to become weaker with an increas
temperature. It is difficult to predict whether N2 or NH3,
HCN, and HNC ~with concentrations 10–103 times lower
than N2) or H2CNH and SiNH ~with concentrations 106

times lower than N2) adsorb at experimental temperatur
@Eqs.~2!,~3!#. If N2 or NH3, HCN, and HNC do adsorb, the
do not bind strongly~especially not to the C surface!, but
they may bind sufficiently strongly. The gaseous species
NH2, CN, SiN, and Si2N, which energetically have much
more favorable adsorption reactions, are predicted to be q
rare ~i.e., with concentrations 105–108 times lower than the
concentration of N2). According to a novel study by Daniels
son and co-workers,18 using and elaborated model which d
scribes the conditions in a CVD reactor, N2 has been pre-
dicted to be the only plausible species for N incorporat
into SiC duringin situ growth. According the present result
the internal N-N bond weakens by adsorption, abstract
reactions with gaseous H radicals may facilitate that mec
nism. However, N2 has presently also been found to adso
very weakly to the C surface, which experimentally has be
found to be more favorable for N incorporation than the
surface. The mechanisms for N incorporation are very co
plex and further studies are needed in order to unders
them. It is then also important to keep in mind that althou
thermodynamic calculations give good indications, the g
eous composition in a CVD reactor is not in equilibrium
Furthermore, it is possible to control the gas mixture by
tivation of the precursor gas during deposition~e.g., by laser
or hot filament! and thereby change the composition of ga
eous species significantly. This possibility justifies the inc
sion in this study of also the N-containing species that h
been predicted to occur in relatively low concentrations in
CVD reactor at equilibrium conditions.
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