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Adsorption of nitrogen-containing species onto the Si and C surfaces (d®IG has been theoretically
investigated, using density functional theory calculations under periodic boundary conditions. The idea was
then to investigate nitrogen incorporation durimgsitu 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 hh situ doping, were used. The present results show that adsorption ,oNN
NH3, NH,, CN, HCN, HNC, BCNH, SiN, SiNH, and SN, with three exceptions, is exothermic to both SiC
surfaces. The exceptions include adsorption of;Nid 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 théSN atom in the adsorbate was found to be stronger to th€)Si
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.
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. INTRODUCTION [reolN)=0.73 A r o, (C)=0.77 A, andr . (Si)=1.16 A],2

Silicon carbide has a large potential for high-temperaturebut the C-site of the SiC lattice has generally been found to
high-power, and high-frequency devices. However, there arbe the preferred site of nitrogen atofi's.Reproducible
several technological difficulties that must be overcome ben-type dopant incorporatiotirom below 16 to 10'° cm™ 1)
fore realizing SiC devices for electronic applications. Theinto SiC has been obtained by using the site-competition
development of appropriate doping processes is very impoepitaxial technique introduced by LarKinThis technique is
tant in fabricating low-resistivity crystals. It would then be based on intentional variations of the C/Si ratio of the pre-
valuable to obtain a better knowledge about the dopingursors during epitaxial growth. For the Si-face of SiC, N
mechanisms in order to be able to control the dopant incorincorporation has been found to decrease with an increased
poration better. Nitrogen is the most commuoiype dopant C/Si ratio (despite constant Nflow), while N incorporation
of SiC. Unlike silicon, silicon carbide cannot be efficiently into the C face has been found to be independent of the C/Si
doped by a diffusion processReproducible doping of SiC is ratio>° For the Si surface, the N-containing species are then
accomplishedn situ during epitaxial growth of the material. generally believed to be “out-competed” by the high con-

The conventional growth direction of SiC iK001], centration of the carbon growth species.
for which the Si and C planes have different polarities Nitrogen doping of Si@0001) has experimentally been
[the electronegativitye.n) of Si is 1.9, e.C)=2.6 and investigated in a recently published paper by Forsberg and
e.n(N)=3.0].2 This leads to different conditions for nitrogen co-workers’ In their article they use thermodynamic calcu-
incorporation into the two surfaces. The different polytypeslations to estimate the the equilibrium composition of gas-
will, due to similar stacking sequences of the topmost atomi@ous species above the growing SiC surface at their typical
layers in thgf0001] direction, only slightly influence the sur- growths conditions. With guidance from these thermody-
face geometry.For this reason, the S{G001) surface that namic considerations, adsorption processes of various
has been investigated in the present study can be considerbdcontaining gaseous species are presently investigated, us-
to be either 3C-Si111), 4H-SiQ0001), or 6H-SIG000Y). ing first principles calculations.
Hydrogen atoms have been found to effectively saturate the
surface dangling bonds of Si@01),* and thereby maintain
the (1x 1) structure of the surface atoms. Furthermore, the Il. METHODS
sticking coefficient of N has been found to be higher at steps  The adsorption energies were calculated using the follow-
than on flat SiQ0D001) surfaces. It has even been claimed toing equation:
be unity at step3.The doping process is usually performed
on a surface with an off-angle from tt{6001) plane. How-
ever, a typical off-angle of 3.5¢for 6H-SiC) or 8° (for 4H- AEqq{ A)=E(A)+E(surf)—E(surf-A), @
SiO), is identical to a surface step every 15th or 7th unit cell.
Hence, although the off angle might be highly important forwhere E(surf-A) and E(surf) are the calculated total ener-
the overall incorporation process, the initial adsorption of agies of the surface with or without an adsorbate, respectively.
gaseous species is most likely to occur on a terrace betwedf(A) is the total energy of the adsorbate. These calculations
two surface steps. were based on the density functional thed®FT).'%* DFT

The size of the nitrogen atom will allow it to occupy methods use various approximations to describe the ex-
either the C- or the Si-site of SiC without sterical hindranceschange and correlation interactions between the electrons.
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The commonly used local density approximatignDA) o —————
rather accurately describes local properties such as bond :
lengths and vibration frequencies. The more accurate gener-
alized gradient approximatioGGA) methods involve an ; :
extended treatment of inhomogeneities in the electron den- :
sity, resulting in improved results of the global changes in : :
energy(e.g., bond energigsQuantum mechanical calcula- : :
tions are performed at zero K. However, an adsorption en-
ergy may differ at higher temperatures. If the difference be-
tween two adsorption energies is larger than 1 eV at 0 K,
their relative order is here supposed to be retained at experi-
mental temperatures. TleasTeEP(Cambridge Sequential To- : ]
tal Energy Packagecomputer program package from Accel- 3 ; f_.x
rys, has been used in the present study. |} froomememememeees :

The 1(236A/GGS functional developed by Perdew-Wang SEEL R
(PW91)™“ was used for the geometry optimizations in order ) . .
to obtain reliable bond energies as well as reliable geom,, | 'C: 1. A side view of the ideal bulk structure model of
etries. The atoms were then represented by nonlocal ultrasait 00> Intially used during the calculations. The larger, medium

. . gray) and small circles represent Si, C, and H atoms, respectively.
pseudopotentials in the KI_elnman—ByIander separable fﬁrm..By interchanging the Si and C atoms one obtains the 4HIG
Furthermore, the electronic wave functions were expanded i, 4ol cell.
terms of plane waves. The Monkhorst-Pack scheme gener-

ated 1k point in representing the electronic wave function of .
the systent The cutoff energy used for the plane-wave ba_uppermost layers of these slabs were hydrogen terminated.

sis set was 200 eV. As a verification of this basis set ant%3 eometries for |Qea| o_n-top adsorption Were in each case
. : . aken as a starting point for the calculations. The closest
k-point sampling, the adsorption energy of Nias also

calculated using X points and a cutoff energy of 240 eV. gﬁgfenseil(%b:tlg%a:,l\l,adslrgﬁg\?vr;% czgt:\;aidgg:ibnatet-hlzongglr%_
Since the difference in adsorption energies obtained, usin 9 g

i . gtry optimizations. The rest of the unit cell was kept fixed in
thgse various Ievelg of accurapy722 k points vs 508(]1.( order to hold the characteristics of a more realistic surface.
point], was numerically too small to alter a well-defined

. . . To examine the optimal size of the unit cell used in the
order of adsorption energieskipoint and a cutoff energy of resent investigation, the adsorption energy of SiN was cal-
200 eV was found adequate to use in the present study. P g ' P 9

. ) i . culated using a slab consisting of girstead of four atomic
In order to investigate the bonding characteristics of th ; ) :
different species, an electron population analysis was carried” . In these calculations, all neighboring atoms two
out. The F(;verla, o ulationp i?/es the amgunt of charge onding-distances away from the adsorbate-bonding surface
witHin the bondirrl) ?epion betwgeen o atoms and is a mgagtom, were allowed to relax. As an additional test, the two-
g reg ) fold adsorption of HCN to a four-layer slab, extended in the
sure of the strength of a covalent bonding. Overlap popula;” . "~ : ;
> . . ! x-direction to contain 12 surface atorfisstead of 9, was
tions related to the chemisorbed species and bonding surface : . )
) . alculated. The calculated adsorption energies of SiN and
atoms were calculated by the formalism described by Segaﬁ
and co-workerg® The wave functions were then initially
projected from plane waves to a localized orbital basis set.
One measure of the quality of the projection is the value of
the spilling parameter which for the present calculations was
in the order of 0.01, thus indicating a good representation of
the basis set. As a test of the reliability of the LCAO basis set
used, the Sd orbitals were includedusing 5k pointg in
addition to thes andp orbitals when calculating the overlap
population for SiN'. (The superscript Si signifies adsorption
to the Si surface.However, this increase in localized basis
set resulted in numerical changes of less than 8% in overlap
population. This difference is acceptable, considering that we
are dealing with relative, in contrast to absolute, magnitudes
of the overlap populations. The shortenirg(A) is the dis-
tance between the adsorba®#®) and the bonding surface

atom, po[)rfi(A)] denote the overlap population in the

bonding region. FIG. 2. A top view of the bulk structure model of S@OY).

Periodically repeated unit cells, consisting of four atomicThe black atoms note those that were allowed to relax during the
layers, were used in modeling the SiC surfaféigs. 1,3.  geometry optimization calculationse ;. marks the angle that was
Each layer contained 9 Spr C) atoms and the distance measured in order to how wedlp® hybridized the surface atom was
between the two-dimensional slabs was 9 A. The bottom andfter geometry optimization.

115306-2



ADSORPTION OF N-CONTAINING SPECIES ONTO. .. PHYSICAL REVIEW &/, 115306 (2003

HCN differed by less than 1 and 4%, respectively. The TABLE I. Calculated energiegkJ/mo) for adsorption to the Si

smaller size of unit cell was, hence, considered to be ader C surface of Si®00J). In the cases where two different ele-

equate to use in the present study. ments in the adsorbate can bond onefoldly to the surface, the one
that was considered as the adsorbing element is written in boldface.

IIl. RESULTS AND DISCUSSION

Si-surface C-surface
A. General onefold twofold onefold twofold

1. Thermodynamics N, 160 247 80 144

In a recently published paper, Aigo and co-workBms- N 426 474

sumed the nitrogen dopant molecule to decompose intd!Hs 127 -9

monoatomic nitrogen radicals on the SiC surface and therd¥H: 508 369

after incorporate into the SiC surface. However, during a
CVD process, the nitrogen molecules may very well reacCN 496 463 394 522
with the gas phase SiC precursors prior to any adsorption t&N 503 463 511 522
the growing surface. In order to obtain more informationHCN 103 300 0 220
about the gas phase composition during the nitrogen dopingCN 70 300 68 220
process, thermodynamic calculations have been consideredNC 44 225 -41 169
The gaseous composition in the reactor has been calculatedNC 120 225 110 169
by Forsberg and co-workers for their experimental condi-H,CNH 164 395 43 236
tions of thermally activated CVD during in situ nitrogen dop- H,CNH 62 395 46 236
ing of SiC? Charged radical precursors that can be present in

more energetic deposition procesdesy., CVD involving  gjn 650 662 546 561
ion bombardmentwere not taken into account. The follow- g\ 340 662 385 561
ing order of abundancg of the N-containing species in the gaginH 235 453 122 391
phase above the growing surface was then obtained: SiNH 144 453 211 391
N(10™#)>HCN(10"%)~ SINH(10~%)>HNC(10" ) SeN 348 494 250 393
SibN 283 494 402 393

> Si,N(10 7)>NH3(10 8)>SiN(10 19
>N(~10 1?). 2)

o ] ) performed for equilibrium states and do not include the ki-
~ The numbers within parenthesis are the approximate paketics of a system. Moreover, they do not comprise surface
tial pressureg(in atm) of the different gas phase species. rgactions. If N, which is expected to be the most abundant
According to th_ese calculations, the.concentration of ”itro‘l\l-containing species in the gas phagecording to Sec.
gen radicalgN) is expected to be low in the CVD reactor. In Il A 1), adsorbs very strongly, it will probably be the domi-
order to model the reactor atmosphere close to the growinggnt species for nitrogen incorporation. Other nitrogen-
surface,' add_itional.thelrmodynamic calculations were Perzontaining species may, however, adsorb more favorably
formed in which solid SiC was allowed to form. The follow- han N, and influence the dopant process to various extents.
ing order was then obtained: For this reason, the adsorption processes of the gaseous spe-
cies presented in Eq§2), (3) have been investigated in the

—4 -5 -6 —7
N2(107%)>HCN(1077)>HNC(107")>NH5(10™") present study. Onefold adsorption of each of the non-H at-

>NH,(10 ®)>H,CNH(10 1% ~CN(10 19 oms in the gaseous species, as well as twofold adsorption,
_ was individually studied for the adsorbates. For the sake of
~SINH(10™*%)>N(10"19). (3)  clarity, the various adsorbates are here presented in three

. ) ) different groups(i) N,, N, NH;, NH,, (ii) CN, HCN, HNC,
There are various explanations for the differences ber,cNH, and(iii) SiN, SiNH, and SiN.

tween Egs(2) and(3). As can be seen in E@3), the con-
centrations of SiNH, SN, and SiN decrease close to the
surface while the concentrations WHNH,, H,CNH, and
CN were found to increase. A result from both calculations is 1. Onefold adsorption
that the concentration of nitrogen radicals is estimated to be
very low (i.e., about 18 times lower than that of }.

B. Adsorption of N,, N, NH3z, NH,

The first group of adsorbates considered is composed of

species containing only nitrogen and hydrogen atoms. The

calculated energies for adsorption to 81001 surfaces are

presented in Table I. The numerical order of energies ob-
Thermodynamic calculations give an indication of which tained for onefold adsorption of N'N, NH;, and NH, to the

gaseous species that can be expected in the gaseous atr8psurface is

sphere during CVD, and in which relative concentrations.

These calculations give general information, but they are NH,(508)>N(426)>N,(160) >NH3(127). 4

2. Surface reactions
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TABLE Il. The distance between the adsorbate and the surface TABLE IIl. The distance between the atoms in the adsorbate
r, (A), the overlap population in the bonding region pog (|e|) r, (A) and the corresponding overlap population fpep (|e|).
and the angle between the adsorbate-bonding surfa€® Siom

and its closest (Si) neighborsvc_gi.c (vsic.s) (deg. Si surface C surface
2 pofrs] I Pofr,]
Si surface C surface N 113 138 113 138
, , 2 . . . .
i podri] vesic I1 podri]l  vesic N,(NN) 190 1.09 191 108
Term. 1.51 0.94 110.7 1.12  0.80 1113 N,(NN) 1.25 1.03 1.26 1.06
Rad. 112.6 115.6
Dirad. 1135 1149 NH, 1.01 0.63 1.01 0.63
/113.3 /1150 NH, 1.02 0.67 1.05 0.23
N,(NN)  1.77 0.54 1125 1.52 0.52 110.2  NH, 1.02 0.57 102 0.57
N,(NN)  1.93 0.47 110.7 1.61 0.47 109.9 NH, 1.01 0.70 1.01 0.72
/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 N, bond to the SiC) surface was found to be only slightly
NH, 2.02 0.14 1155 1.62 0.23 111.4 weaker than the N(N§J bond in spite of a much smaller
NH, 1.68 0.71 110.3 1.48 0.57 110.4 adsorption energyTables I,I). Furthermore, the Nadsor-

bate is, compared to the other species within this group of
adsorbates, more exceptional since it contains an internal
The values within parenthesis represent the adsorption enriplet bond. A variation in length of this bond will result in a
ergies in kJ/mol. The corresponding order for the C surface ighange in internal bond strength and, hence, a corresponding
change in energy of adsorption. The internal distancg (
N(474)>NH,(369 > N5(80)>NH3(—9). (5)  between the nitrogen atoms was in the present study calcu-
lated to be longer for the adsorbéads N, molecule com-

Accordingly, chemisorption of N and NHwas found to  Pared to the gaseoutgas molecule [r,(ads)-r,(gas)
be strongly exothermic to both the Si and C surfaces. The N°0.05 (0.08) A, with a corresponding lowering of the
radical was found to bind somewhat stronger to the C suroverlap population [pofr,(ads)—pofr,(gas) = —0.29
face, while adsorption of Nfiwas stronger to the Si surface. (—0.30)[e[], see Table Ill. Hence, the strong triple bond of
Moreover, the adsorption energies of &hd NH;, were much ~ gaseous Blwas appreciably weakened as a result of adsorp-
smaller, with somewhat larger values for the Si surface. Théion to the two different types of surfaces. This fact strength-
adsorption of NH to the C surface was even found to be ens the indication from ther () overlap populations that the
endothermic. One explanation to the lower adsorption enefonds formed between Nand each of the two surfaces are
gies for N, and NH, is that these species are energeticallystronger than the corresponding adsorption energies imply.
very stable in their gaseous forms. As a consequence, they do
not gain much energy while altering their electronic configu- 2. Twofold adsorption
rations when binding to a surface. Furthermore, in order to |n order to obtain twofold adsorption of a gas phase spe-
maintain the correct structure of the growing SiC material, itcjes to any of the Si@00Y) surfaces, two neighboring va-
is important to hold thesp? hybridization of the surface at- cancies have to be created on the surface. This can be ac-
oms. Upon adsorption of N, NH and N, the surface atoms complished in two different ways. The gaseous species can
(the adsorption sitgsvere, with two exceptions, fairly well  directly create two bonds to a diradical surface site. Such
sp® hybridized, sincevc si.c/vsicsi=109.0-110.4°(Table  diradical sites are assumed to occur on the isostructural dia-
I). The exceptions include an influencesy® hybridization mond (111 surface'’ but they are expected to be less abun-
on the surface atom after adsorption of N a¥gto the Si  dant compared to single radical sites. An alternative mecha-
surface @c.s.c=111.4-112.5°). There is also a strong in- nism of twofold adsorption involves the formation of a
fluence ofsp? hybridization after adsorption of Nfto the  vacant surface site adjacent to the onefoldly chemisorbed
Si(C) surface, withvc gic (vsic.s)=115.5(111.4)°. Ac- species. The adsorbate then bends over to the radical surface
cordingly, the adsorption reactions of N ang ko the Si  site and becomes twofoldly adsorbed. This mechanism is, of
surface were, from a geometrical point of view, not found tocourse, totally dependent on the thermodynamics of the pre-
be optimal in spite of the large adsorption energy of N. ceding onefold adsorption as well as on the energy barrier

The lower adsorption energies generally correspond tavhen going from onefold to twofold adsorption.
longer bond lengths and smaller overlap populations in the The adsorption energy of the twofoldly adsorbes \Was
bonding region. For example, the values obtained for adsorpmore favorable for the Si247 kJ/mo) compared to the C
tion of NH; (AE.4e—127 kd/mol, r;=2.02 A, popr,] surface(144 kJ/mo). However, neither of these adsorption
=0.14le]) and NH, (AE.=508 kJ/mol, r,=1.68 A,  reactions is strongly exothermic, considering the fact that
podr,]=0.71]e|) to the Si surface illustrate this circum- two bonds are formed by twofold adsorption. After adsorp-
stance very well. However, accordingrtpand popr,], the  tion, the binding surface C atoms were almegf hybrid-
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ized, while there was an influence sp? hybridization on  present study and the adsorption energies are presented in
the corresponding Si atoms. The bonds to th&€Bsurface  Table I. For the situations with two conceivable atoms in the
of twofoldly adsorbed M were found to be longer than the adsorbate, the atom written with a bold-faced letter is being
corresponding onefold bonds [r,(N,,two-fold)  bonded to the surface atom. The numerical order of the ob-
—r4(N,,onefold)=0.17 (0.11) A, and to have smaller ac- tained energies for onefold adsorption onto the Si surface is
companying overlap populationgpogrq(N,,two-fold)]

—pog r1(N,,one-fold)]= —0.05-0.11|e|], see Table II. CN(503 ~CN(496)>H,CNH(164)>HNC(120)
Hence, t_he bonds between the_surface and the a.dsorbate are >HCN(103 ~ HCN(70) ~ H,CNH(62)
weaker in the former case. This result agrees with the fact

that the adsorption energy per bond was found to be larger ~HNC(44). (6)
for onefold [ AE 4{N,)/bond=160 (80) kJ/mag] compared

to twofold adsorption AE 44dN,)/bond= 124 (72) kd/ma The corresponding order for the C surface is

to the S(C) surfaceqTable ).
© s b CN(511)>CN(394)>HNC(110>HCN(68)

3. Discussion ~H,CNH(46)~H,CNH(43)HCN(0)
The present results predict strong chemisorption of N and B
NH, to the investigated Si0001) surfaces. Moreover, the > HNC(~41). @
bonding surface atoms were found to be veeg? hybridized The chemisorption processes of CN to the SiC surfaces
for these adsorbates, except for a sll|glpf hybridizion of \ere found to be energetically very favorable. Adsorption of
the surface Si atom upon N adsorption. Adsprptlon ofSNH HNC to either surface, as well as adsorption ofGMH or
was found to be weakly exothermiendothermigfor the Si Lo to the Si surface, was also found to be exothermic. For
(C) surface. Furthermore, the onefold-twofold adsorption Ofthe remaining species (HE€, HCNS'C, HNCSIC, H,CNHC
N, was slightly more promising with larger bond strengtthZCNHSi,c)’ the adsorption reactions were calculated to be

for the Si surface compared to the C surface. For each sufy slightly exothermic or endothermic. Generally, in the

face, the bond of onefoldly adsorbed, Mas stronger than iy ations where the C atom in the adsorbate was bonded to

the individual bonds of twofoldly adsorbed,NGenerally,  the surface, the adsorption energy obtained for each adsor-

the N, molecule was stretchedby 0.07-0.13 A as a result bate CN, HCN, HNC and H,CNH) was similar for the Si

of adsorption to the surfaces, which is promising for atomicgnq ¢ surfacegwith differences of less than 16 kd/mol

N incorporation into the SiC material. However, adsorption of the N atom in the adsorbate was in
During N in situ doping, N is expected to be the most o50h case (8, HNC, HON, and H,CNH) more favorable

abundant of the N-containing gaseous species in the gaseois tne Si surface compared to the C surfavéth differ-
atmosphere above the growing SiC surface at equilibriumynces of 85-121 kJ/mol After adsorption of ®, CN

[Egs. (2), (3)]. Moreov.er, the concentration of NHs ex- HCNS!, HNCS', or HNC, thesp® hybridization of the bind-
pected to be 10-10" times lower than that of N Gener- ing surface atom was influenced Isy? hybridization, ac-
ally, bonds are expected to become weaker with an |ncrea§§-0rding to the angles'c.s.c/ vs.c.q= 111.0-112.5°(Table
in temperature. It is, hence, in the present study difficult t\/) "on the contrary tﬁ_e&gindsilr-\gs'surface atom vege hy-

predict the probability for adsorption at experimental tem-p .qi-oq after adsorption of HT, HCNC, HNCC, H,CNH
peratures. Furthermore, the gas phase concentrations of H,CNH to the S(C) surfac’e Ve S C/ZVS'CS"
-Si- i-C-Si

and NH at equilibrium are estimated to be “1@nd 16 =108.3-110.8°). This means that the energetically most fa-

times lower, respectively, than the concentration efddr- ,o.ob10 44sorpti P
. . ) ption reactiorise., those of CNdo not result
ing SiC growth[Egs.(2),(3)]. For this reason, the N and NH in optimal surface geometries.

species are not expected to be of any major importance for Generally, the strong adsorption energies presently ob-

nitrogen incorporation into SiC at thermodynamic equilib-;,inaq correspond to short bonds with large overlap popula-

rium conditions. However, it is important to keep in mind tions. An exception is the bonding distance @K(CN) to
that although thermodynamic calculations give good indicathe Si surface, which was found to be longjey 0.060.01)

tions, the gases in a CVD reactor are not in equilibrium. InA] with a smaller[by —0.12(—0.11) |e|] corresponding

addition, activation o_f the precursor gas during dgpositionove”ap population, than that obtained for BRHCN) in
(e.g., by laser or hot filamentan change the composition of spite of a larger adsorption enerflyy 383426 kJ/mol] in

gaseous species significantly. Hence, gaseous species that € former case. Moreover. the bonds oNEN) and

much less abundant at equmbrlumuqh as N and N_B HCN(HNC) to the C surface were simildwith differences
cannot be comp_letely ruled out to be important contnbutorsSmaller than 0.0@.07 A and 0.01(0.05)|, Table IV], al-
for nitrogen doping. though the adsorption energy ofNCCN) was larger[by
394(401) kJ/mol] than that of HGI(HNC). Hence, the
C. Adsorption of HCN, HNC, CN, H,CNH bonds of HNC and HON to both surfaces seem to be stronger
(or similar in strengthcompared to the corresponding bonds
formed byCN and QN, in spite of much larger adsorption
Adsorption processes of CN, HCN, HNC, andGNH to  energies of the two latter adsorbates. As was discussed in
the SiG000) surfaces have also been investigated in theSec. Il B 1, the adsorption energy does not only comprise

1. Onefold adsorption
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TABLE IV. The distance between the adsorbate and the surface TABLE V. The distance between the non-H atoms in the adsor-
r, (A), the overlap population in the bonding region pog(|e|) bate r, (A) and the corresponding overlap population
and the angle between the adsorbate-bonding surfd€@ Siom  podr,] (|e|).
and its closest (Si) neighborsve.sic (vsic.s) (deg. Where two

atoms in the adsorbate bind to the surface, the values corresponding Si surface C surface
to the N atom in the adsorbate are listed first. ry pofrs,] r, POM I 5]
Si surface C surface CN 117 1.61 1.17 1.61
! pori]  vesic M1 pofri]  vsicsi CN 117 L.a4 1.18 La7
CN 1.16 1.74 1.16 1.80
Term. 1.51 0.94 110.7 1.12 0.80 111.3 CN 1.23 1.38 1.16 1.79
Rad. 112.6 115.6
Dirad. 113.5 1149 HewN 1.15 1.73 1.15 1.73
/1133 1150 nHeN 1.22 1.24 1.23 1.23
HCN 1.23 1.29 1.24 1.29
CN 172 054 1125 141 068 1112 pep 1.08 1.04 1.30 1.27
CN 1.86 0.72 111.7 1.41 0.94 1114
CN 1.84 0.52 110.7 1.41 0.93 1115 yne 1.17 1.38 1.17 1.38
/1.86 /0.70 /110.7 / 0.93 /115.7  H{NC 1.26 0.93 1.25 1.04
HNC 1.21 1.31 1.23 1.34
HCN 1.92 0.64 111.3 1.56 0.71 110.6
HCN 178 064 1092 155 057  109.7 pCNH 1.26 112 1.26 1.12
/1.99 /0.71 /109.8 /1.58 10.74 /107.8 H,CNH 1.35 0.66 1.36 0.68
H,CNH 1.38 0.73 1.42 0.67
HNC 1.80 0.48 112.1 1.64 0.43 111.0 H,CNH 1.52 0.59 1.59 0.60

HNC 1.80 0.84 1112  1.44 0.89 109.1
HNC 1.89 0.50 1101 171 0.36 108.9
/193  /0.75 /1112 /153  /0.81  /110.6 H,CNH to the SiC surfaces are stronger than the correspond-

ing adsorption energies suggest.

H,CNH  1.72 0.69 110.8 1.48  0.64 109.2 .
H,CNH 1.96 0.59 110.8 1.57 0.72 108.3 2. Twofold adsorption

H,CNH  1.73 0.76 109.6 1.53 0.59 108.5 As mentioned in Sec. Ill B 2, it is important to compare
/1.92  /0.74  /109.0 /1.60  /0.71  /109.6 the processes of onefold and twofold adsorption. Hence, cal-
culations for twofold adsorption of HCN, HNC, CN, and

_ H,CNH were also carried out and the numerical order of
the energy for creation of bonds between adsorbate and sunergies for the Si surface is

face. It is also influenced by the changes in the geometry

within the surface and adsorbate, respectively. Indeed, in the CN(463)>H,CNH(395>HCN(300)>HNC(225).
present study, only the surface atoms closest to the adsorbate (8)
were influenced geometrically upon adsorpti@ec. 1)), but

the geometry within the adsorbate was in many cases found
to change considerably. More specifically, the adsorption of -

CN (by either the C or N atoinwas found to be fully asso- CN(522)>H,CNH(236~HCN(220 > HNC(169. 9)
ciative. As a result of adsorption &N to the S(C) surface,

the internal C-N bond population was even found to increase The twofold adsorption reactions @N, HCN, HNC,

(pod r,(ads) —pod r,(gas)=0.13 (0.19)|e|, Table \). and H,CNH were all found to be exothermic and the corre-
The strong C-N bond explains in part why the extremelysponding adsorption energies were of the same numerical
strong CN adsorption energief503511) kJ/mol] obtained  order for the two different surfaces. Furthermore, the adsorp-
were not correlated with extremely strong bonds to the surtion energies obtained for GN, HNC, and H,CNH were
face. Furthermore, the C-N distance, of HCN, H,CNH  larger(by 70—163 kJ/molfor the Si surface compared to the
(bonded to the surface by either the C or N atpamd HNC ~ C surface. As a result of the calculations, the preferred ad-
was stretchedr,(ads)-r,(gas)=0.07-0.16 A as a result sorption of CN was found to be onefold to the C surface.
of the geometry optimization calculatioriable V). The = When starting fronCN in a position of twofold adsorption,
corresponding overlap populations decreased simultaneouslige N atom in the adsorbate spontaneously desorbed from the
(pof r,(ads) —pof r,(gas)=—0.34-0.51|e|), confirm-  C surface. Hence, the finally obtained adsorption energy for
ing a considerable weakening of the internal bonds of then initially twofoldly positionedCN molecule on the C sur-
adsorbates. HN dissociated only slightly. The internal bond face corresponds to adsorption ©N to one of two neigh-
stretching explains in part why the bonds of HCNNE, and  boring surface radical sites. The result was also energetically

The corresponding order for the C surface is
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and geometrically very similar to the situation for one fold  For equilibrium conditions, HCN and HNC have been
adsorption ofCN (Table IV). To the Si surfaceCN was predicted to be more abundafutith concentrations 10—20
found to chemisorb strongly, even if the calculated twofoldtimes lower than B) than CN or BCNH (1P times lower
adsorption energy463 kJ/mo) is numerically similar to the than N,) in the gas phase during SiC growhgs. (2),(3)].
onefold adsorption energy503 kJ/mo) obtained for CN From the results in the present article, one can conclude that
(Sec. IIl C ). Moreover, afteICN adsorption, the C atom in HCN and HNC do not adsorb strongly to the $3001) sur-

the adsorbate was found to bind stronger than the N atom tces. However, these species do bind to the surfaces at 0 K.
the Si surface. On the contrary, the sum of the two one-foldl his fact can make them important dopant contributors if the
adsorption energies for HCN, HNC, and,ENH, respec- corresponding growth mechanismgi.e., adsorption/
tively, were found to be much less favorable than the corredesorption barriers, migration barriers, gtare advanta-
sponding twofold adsorption energies. The importantdeous. It is difficult to predict if HCN or HNC will adsorb
spi-hybridization of the bonding surface atom was main-favorably on the SiC surfaces at experimental temperatures.
tained after twofold adsorption of all the present adsorbateslowever, adsorption of CNas well as of HCNH to the
(vesicl vsic.s=107.8-111.2°, Table IV This situation is Si surface is energetically much more advantageous and
different from onefold adsorption, for which the influence of c@nnot be ruled out as a contributing factor for incorporation
sp? hybridization on the bonding surface atom was strongefPf nitrogen for the reasons discussed in Sec. Il C 3.

after adsorption of some of the adsorbates., ON, CN,

si Si

HCN>, HNC*, or HNC). D. Adsorption of SiN, SiNH, SpN
A correlation between shorter bond length, larger overlap _

population and relatively stronger adsorption energies has 1. Onefold adsorption

been observed for the present adsorption processes. The The energies for onefold adsorption of SiN, SiNH, and

bonds between each of the atoms in the adsorbate and thejfN to the Si plane of Si@001) have also been calculated

closest surface atom were generally found to be weaker aftefrapje ) and the numerical order of the energies obtained is
twofold than after onefold adsorption. However, the indi-

vidual bonds of HCNH to the Si surface seemed to be simi- . ) ) .

lar or stronger for twofold compared to onefold adsorption. SIN(650 > Si;N(348) ~ SiN(340) > Si,N(283)

The internal bond in LICNH was much more stretchety . .

0.14-0.23 A after twofold compared to onefold adsorption > SINH(235>SINH(144. (10
(Table IV). For the remaining adsorbatésxceptCNC) the
internal bond was also more stretchiégt 0.05—0.10 A after The corresponding energies for the C surface is
twofold adsorption.

SiN(546) > Si,N(402) ~ SiN(385)> Si,N(250)
> SiNH(211)> SiNH(122). (11)

3. Discussion

Chemisorption of CN to the Si0001) surfaces was
found to be strongly exothermic, with the exception of two-
fold adsorption to the C surface. However, since the energy The calculated adsorption energies were all exothermic.
for twofold adsorption of CN to the Si surface was of the The N atom in each of the adsorbatesNSISINH, SiN)
same order of magnitude as for each of the individual onewas found to preferentially bind to the Si surfa@eth ad-
fold CN adsorption energies, twofold adsorption of CN doessorption energies stronger by 98—113 kJ/m@n the con-
not seem to be advantageous to either surface. In all casésry, the Si atom of the adsorbateSiN, SiNH, Si,N) was
studied (exceptCNC), the adsorption of CN was energeti- found to form relatively stronger bondby 45—119 kJ/mol
cally more favorable than adsorption of HCN, HNC, or to the C surface. In summary, of all the adsorption reactions
H,CNH. Unlike the situation for CN, the sum of the onefold discussed in the present study, only those $i¥, SiNH,
adsorption energies for HCN, HNC and,ENH, respec- Si,N and the radical N adsorbat8ec. Il B 1) were found to
tively, was found to less favorable than the correspondinde more exothermic for the C surface compared to for the Si
twofold adsorption energy. For HCN, HNC,,8NH, the surface. As can be seen in Table VI, almost all of the present
direct twofold adsorption mechanism is plausible. Amongadsorption reactions resulted in a predomingpt hybrid-
the onefold adsorption energies, only those fax,CGCN, ization of the adsorbate-bonding surface atom. The binding
HNC, HCNS and H,CNHS' were calculated to be larger surface Si atom was partlysp? hybridized (c.sic
than 100 kJ/mol. For these situations, onefold adsorption fol=111.6°) after adsorption d3iN.
lowed by a sequential adsorption of the second atom of the Also for these species, the stronger adsorption energies
adsorbate, is an additional possible pathway for twofold adeorrespond to relatively shorter bond lengths with larger
sorption. Furthermore, while there in some cages, CN, overlap populationgTable VI). Futhermore, on the analogy
CN, HCN®S HNCS or HNC) was an influence aép? hy-  of CN (Sec. Ill C ), the internal bond of $I was strength-
bridization on the binding surface atom after one adsorptionened by adsorption to the 8C) surface. More specifically,
the surface atoms were generadlp® hybridized as a result the internal bond lengthrg) altered only little[by 0 (0.04)
of twofold adsorption. Moreover, all the twofold adsorption A] and the corresponding overlap population incredssd
energies were numerically larger for the Si surface. 0.46 (0.52)|e|] as a result of adsorptiofTable VII).
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TABLE VI. The distance between the adsorbate and the surface TABLE VII. The distance between the non-H atoms in the ad-
r, (A), the overlap population in the bonding region pog (|e|) sorbate r, (A) and the corresponding overlap population
and the angle between the adsorbate-bonding surfd€@ Siom  podr,] (|e|).
and its closest (Si) neighborsve.sic (vsic.s) (deg. Where two

atoms in the adsorbate bind to the surface, the values corresponding Si surface C surface
to the N atom in the adsorbate are listed first. r, pofr,] ry pof 5]
Si surface C surface _
I podril  vesic 1 podri]  wvesic SfN 1.55 0.90 1.55 0.90
SiN 1.55 0.90 1.59 0.93
Term. 1.51 0.94 110.7 1.12 0.80 111.3 SiN 1.55 1.36 1.59 1.42
Rad. 112.6 1156 siN 1.59 0.85 1.65 0.78
Dirad. 113.5 114.9
/113.3 1150 giNH 1.52 0.82 152 0.82
SiNH 1.69 0.40 1.70 0.49
SiN 1.69 0.71 109.7 141 072 1093 gjNH 156 0.86 158 0.88
SiN 2.39 0.71 1116 182 061 1105 gj\H 1.73 0.52 1.74 0.64
SiN 1.68 0.78 1084 1.40 0.70 110.3
/274 /039 /1120 /201 /040 /1106 g 1.66 0.35 1.66 0.35
SibN 1.75 0.32 1.75 0.37
SiNH 1.74 0.62 110.7 154 0.54 109.9 Si,N 1.66 0.52 1.69 0.49
SiNH 2.44 0.63 110.8 1.86 0.54 110.6 /1.56 10.76 /1.56 10.77
12.49 /0.67 /110.1  /1.93 /0.54 /110.3 /1.67 10.41 10.69 10.41
/2.30 /0.46 12.44 /0.21

Si,N 1.73 0.65 1109 1.47 0.61 108.6
Si,N 241 0.70 108.3 1.87 0.54 108.8

SN 1.72 0.68 1081 149 0.58 1102 population, was similar for onefold and twofold adsorption
12.41 0.76 /109.8  /1.95 10.50 /108.6 processes. On the contrary, the bond to the surfaces by the Si

atom in SiN, SiNH, and Si,N, respectively, was weaker in

the case of twofold adsorption. Thi§i-Si) bond was par-

) ) ticularly weak after adsorption ddiN. Twofold adsorption

~ The order of the adsorption energies for twofold adsorpf SiN is, hence, dominated by the bond created between the

tion of SiN, SiNH, and SiN to the Si plane was calculated to N atom and the surface. This is similar to what was found for

be twofold adsorption of CNSec. Il D 2.

SiN(662)> Si,N(494) > SiNH(453). (12)

2. Twofold adsorption

3. Discussion

SiN, SpN, and SiNH were all found to chemisorb to the
SiN(561) > Si,N(393) ~ SiNH(391). (13)  SiC(000) surfaces. Stronger adsorption was obtained for
SiN and the weaker adsorption was obtained for SINH. The
As can be seen above, all the calculated adsorption enepresent adsorbates were found to bind relatively stronger by
gies were strongly exothermic and somewhat lafpgr62—  the N atom to the Si surface, and by the Si atom to the C
101 kJ/mo) for the Si surface than for the C surface. The surface. The sum of the energies for onefold adsorption of
sum of the two onefold adsorption energies for SiN andSiNH was larger than the corresponding energy for twofold
Si,N, respectively, was found to be more favorable than theadsorption. Hence, for this species, onefold adsorption can
corresponding twofold adsorption energy. The opposite relabe followed by twofold adsorption by a sequential “bending-
tion between the onefold and twofold adsorption energie®ver” adsorption process. On the contrary, the onefold and
was found for SiNH. Furthermore, the angles in the structwofold adsorption energies for SiN and,Ni respectively,
tural region below the adsorbates v{s.c/vc.sic  Wwere similar, and for these adsorbates twofold adsorption
=108.3°-110.6°) imply fairly goodp® hybridization of the ~ does not seem to be advantageous. Moreover, the binding
bonding surface atoms. The exception is that the Si surfacgurface atom was fairly weip* hybridized after adsorption
atoms become partlgp? hybridized (vc.si.c=112.0°) upon of each of the species, except BIN(SiN) to the Si surface,
adsorption of the Si atom i8iN (Table VI). This is similar to ~ for which it was partlysp? hybridized.
onefold adsorption ofSiN, where the surface atom was  From thermodynamic calculations at equilibrium condi-
found to be partlysp? hybridized(Sec. I D ). tions, the concentrations of SiN and,Si have been pre-
For each of the adsorption reactions presented in this seclicted to be higher (f0times lower than that of §j com-
tion, the distance between the binding surface atom and theared to SiNH (10 times lower than B), see Eqs(2),(3).
N atom in the adsorbate, as well as the corresponding bondowever, SiN and SN were not predicted to form close to

The corresponding order for the C plane is
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the surface, according to E(). Hence, SiNH is likely to be the C surface. Incorporation of this species by the Si atom
more abundantbut still very rarg than SiN and SN close  puts the N atom in the C site of the SiC lattice, a situation
to the growing SiC surface. However, because of their favorwhich experimentally has been found to be prefefrégur-

able adsorption processes, SiN opMNsican be made abun- thermore, SiNH was found to bind stronger by the N atom to
dant, e.g., by assistance of laser or hot filament of the gaghe Si surface. This would also put N in the C site of the
eous atmosphere in the reactor, these species can becota#tice. By an increase in C precursors, the N incorporation

important for N incorporation into SiC. process is out competed by adsorption of C-containing spe-
cies to the Si surface. It is plausible that the adsorptmn
IV. CONCLUSIONS the Si atom of SiNH is more similar to that of the Si growth

] o ) species to the C surface. Further investigations are, however,

The nitrogen-containing species N NNHz, NH,, CN,  needed in order to confirm this proposed mechanism.
HCN, HNC, H,CNH, SiN, SiNH, SjN have, from thermo- Bonds are expected to become weaker with an increase in
dynamic calculatio’sbeen predicted to be present in the temperature. It is difficult to predict whether,Nor NH;,
gaseous atmosphere during growth of nitrogen-doped SiC. IjcN, and HNC (with concentrations 10—20times lower
order to investigate the incorporation of nitrogen into SiCthan N,) or H,CNH and SiNH (with concentrations 10
surfaces, the adsorption of these species ont¢UBIT) sur-  times lower than B) adsorb at experimental temperatures
faces has_ be_en studied theoretically, using DFT calculatlonEqS_(z),(g,)]_ If N, or NHs, HCN, and HNC do adsorb, they
under periodic boundary conditions. . do not bind strongly(especially not to the C surfagebut

Chemisorption of N, NH, CN, SiN, or S}N was found  they may bind sufficiently strongly. The gaseous species N,
to be_ strongly exothermic to both SiC surfaces. For thesq;qHz, CN, SiN, and SiN, which energetically have much
species, the twofold adsorption energies were smaller thagore favorable adsorption reactions, are predicted to be quite
the sum of the corresponding onefold adsorption energiesqyre (j.e., with concentrations $6-10° times lower than the
Moreover, the structure of the binding surface atom was notyncentration of N). According to a novel study by Daniels-
favorably maintained after onefold adsorption of CN to ei-g and co-worker$ using and elaborated model which de-
ther surface, and after adsorption of N, Nét the Siatomin  g¢rihes the conditions in a CVD reactor, Has been pre-
SiN to the Si surface. The remaining adsorption processegicted to be the only plausible species for N incorporation
(involving N, NHg, HCN, HNC, H,CNH, and SINH were  inio SiC duringin situ growth. According the present results,
found to be energetically less favorable, but still exothermicnhe internal N-N bond weakens by adsorption, abstraction
(with the exception of Ni, HCN, or HNC adsorbed to the  reactions with gaseous H radicals may facilitate that mecha-
C surfacg. Direct twofold adsorption is possible for this lat- nism. However, N has presently also been found to adsorb
ter group of adsorbatéexcept NH), since twofold adsorp- yery weakly to the C surface, which experimentally has been
tion was found to be more exothermic than the two correfoynd to be more favorable for N incorporation than the Si
sponding onefold adsorption reactions. One-fold adsorptiongrface. The mechanisms for N incorporation are very com-
with a sequential adsorption of the second non-H atorg'ln th®lex and further studies are needed in order to understand
adsorbate, seems to be another possibility for NCN™, them_ |t is then also important to keep in mind that although
HNC, H,CNH>, and SiNH. For this latter group of adsor- thermodynamic calculations give good indications, the gas-
bates, thesp® hybridization of the binding surface atom was, eous composition in a CVD reactor is not in equilibrium.
with exception of N', NH;, HCNS, HNC, HNC®S' main-  Furthermore, it is possible to control the gas mixture by ac-
tained. For all the species in the present study, the twofoldivation of the precursor gas during depositi@ng., by laser
adsorption processes were found to be energetically morer hot filament and thereby change the composition of gas-
favorable for the Si than for the C surface. Adsorption by theeous species significantly. This possibility justifies the inclu-
N(Si) atom in the adsorbate, except for the N radical, wassion in this study of also the N-containing species that have

found to be stronger to the (&) surface while the adsorbates heen predicted to occur in relatively low concentrations in a
seem to bind equally strongly to both surfaces by the C atomgVvD reactor at equilibrium conditions.

According to the site-competition technique, the
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