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The behavior of substitutional N impurities in chemical vapor deposited diamond is examined
theoretically in order to explain recent channeling experiments indicating a dominant onsite
incorporation of N. The calculations are based on a combination of density-functional methods at
various levels of approximation applied to supercell and cluster models. Neutral charge N impurities
in the presence of highly defective carbon regions, such as dangling bonds, strained bonds, and
partially developeds bonds are studied. We find a perfectly general argument concerning the
position of the substitutional N atom in relation to the position of the Fermi ldvel,if E; lies

above theA; level associated with the onsite substitutional N atom, off-site motion in(1hé&)
direction is observed. Conversely, whEn falls belowA;, N doping charge is transferred to the
available deeper lying states. Suitable receptor states include surface dangling bonds, surface
reconstruction bonds, and bulk defects states such as grain boundaries and vacanci#398©
American Institute of Physic§S0021-897@8)05509-]

I. INTRODUCTION bonds. Ammerlaan and Burgermeidtenave lifted this de-

The role of N in diamond continues to be of interest to 9€N€racy by applying uniaxial stress if4.1) direction. By
the materials’ scientist. Indeed, the failure nedope dia- annealing and fitting the resultant rate of N reorientation to a

mond and a number of recent experimental restitshow- simple decay rule, they estimate the energy barrier between

ing that the single substitutional nitrogen in chemical vapor\ equiyaler;t off-site positions to be 0.7 e\Ab initio
deposited CVD) diamond behaves rather differently than in calculation$? confirm this value, noting the saddle point to

natural diamond, have intensified this interest. be the on-site N position. _ .
In natural and synthetic diamond, a variety of N-related ~ OVver the past decade, much work has been carried out in

defects have been identified and classifieGoremost investigating the effect of N on CVD diamond growtiand
amongst these is the single substitutional N defect, which ha@nce incorporated, on how it affects the material’s defect
been associated with a deep state 1.7 eV from the conductidiofile. Extensive effort has been made to completely char-
band bottom and an electron-spin-resonafe®R signal at  acterize all defects found in N-doped CVD diamdné
g=2.0024, labelledP,. Various ab initio studie$® have ~ESR measuremerftidentify two signals, ag=2.0024 and
matched this to a neutral charge substitutional N sitting in &.0029, respectively, the former being attributed to Ehe
trigonally symmetric threefold coordinated arrangementcenter, as in natural diamond. The intensity of this line is
having been mutually repelled from one of its carbon atonstrongly dependent on the N content, while ¢38029 signal
neighbors along thei¢111) bonding axis’® The repelled C is present in all samples. For samples with N concentration
atom now has a dangling bond which pins the Fermi energy<15 ppm, theg-0024 signal occurs without having to illu-
deep in the gap, with an additional filled state just above theninate the sample, whereas fdi>20 ppm, it is only seen
valence band top associated primarily with the lone pair offter illumination, with the increase in intensity equal to that
electrons on the N atom. The physical mechanism for thi$f the increase from thg=2.0029 signal. This implies a
off-site motion is now well understood and is due to thecharge transfer from a filled and hence passivated
mutual repulsion of the lone pair of electrons on the N atom=2.0029 level to an emptyg=2.0024 state, rendering both
and ap-dangling bond on the neighboring C. A Jahn—TellereSR active. However, the percentage of N present thus acti-
effect was previously thought responsible, but various theoyated constitutes only 1% of the total present in the material.
retical workers have shown the ground state of the on-site Nhe signal atg=2.0029, although attributable to C-related
defect to be nondegenerate: of the three levels associatefects, increases in intensity proportionately with N incor-
with the N atom, the singles-like state,A, lies lower in  poration. Rohreret al® relate this to a vacancy defect,
energy than tha, p-like doublet”®*°The P, defectis four-  \hereas Zhowet al ! propose an H-vacancy complex. Zhou
fold degenerate: N can move in any of four equivaldit)  reas0ns that the four nearest neighbera (C vacancy form
directions, corresponding to breaking any one of the N—Gyyo weak reconstruction bonds. When an H atom migrates
into this defect, it breaks one reconstruction bond, forming a
dElectronic mail:p.sitch@physik.tu-chemnitz.de long C—H bond and leaving one C with a singly occupied
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dangling bond, therefore being ESR. Electrostatic repulsiomeader is referred to Ref. 18. The method has been success-
prevents further H atoms from entering the complex. Thisfully applied to all-scale carbon systems, ranging from small
they have backed up by semiempirical AM1 aal initio  clusters to buckminster fullerenes and the bulk pHiske
restricted open-shell Hartree—Fo@ROHPF) cluster calcula- electronic and vibrational properties @100 and (111)
tions. It is unclear, however, why the presence of N duringsurfaces?°amorphous carbon systems of all densitfeas
growth promotes the formation of this defect. The observawell as boron nitrid& and boron and nitrogen doping of
tion of theg-0029 level at any N concentration and the in- diamond and amorphous systetidiVe have also checked
creased density upon illumination reflects that the Fermi enselected results by using the all-electaiminitio cluster pro-
ergy is pinned at the related defect level, rendering itgram developed by two of the co-worke(®1.R.P. &
partially filled and providing a reservoir for further ESR ac- K.A.J.).2
tivation of g-0029 levels. The 132 atom(111) supercell used in this investigation
Constant-photocurrent method€PM), which map ac- comprises 10 layers and 12 surface C atoms, whilst the 224
curately bulk defect states, record two principal states ass@tom (100) supercell is made up of 8 reconstructed surface
ciated with N content: a level at 1.6 eV below the conductionbonds and 12 layers of carbon atoms. In both cases, the dan-
band, attributable to substitutional diamond and a level 1.@ling bonds on the lower surface are terminated with
eV above the valence band, which they identify with the pseudohydrogen atoms. Unless otherwise stated, we have
=2.0029 signal. In contrast, photothermal deflection specperformed conjugate gradient relaxations, keeping the
troscopy (PDS measurements, which detect spatially re-pseudohydrogen atoms and the lowest two layers of C atoms
solved spectral states and are sensitive to absorption by suixed.
face states, detect a high concentration of active band gap
states on the surface or in grain boundatieshich they Il RESULTS
identify to be=* in nature. These states lie in a broad band
up to 2 eV below the conduction band bottom. Nébslg-  A. The (111) surface
gests that a Schottky barrier situation exists between such \ye take the relaxed Pandey chain reconstructed clean
surfagellke states qnd the bulk' crystal, allowmg the Fer_mklll) surface reported in earlier DF-TB studiawith C—C
level in the crystallites to_be dlffere_nt to that in t_he 9rain g rface chain bond lengths of 1.44 A and slightly com-
boundary and surface regions. In this way, there is N0 cOngregsed bonds to subsurface atoms of length 1.52 A. Inspec-
tradiction in the fact that the Fermi level in bulk and grain 5 of the total electronic density of stat€EDOS) shown in
boundaries lies at different positions in the band gap. Fig. 1(a) clearly reveals how the surface reconstruction
In this article, we explain the fourfold coordinated nature,,nding has introduced a fully occupiedshoulder into the
of N in CVD diamond. We draw on previous density func- ik giamondo band edge, the highest occupied molecular

tional tight-binding (DF-TB) studies of N in diamond and pitq) (HOMO) being indicated by, , and an empty set of
tetrahedral amorphous carbara{C),® as well as modeling o* states into the lower half of the bulk diamomd-o*

theoretically the effect of N below reconstructed and pary,nq gap. Here the lowest unoccupied molecular orbital
tially passivated(100 and (111) surfaces, in the neutral (LUMO) is represented bf,. Relaxation of the supercell
charge state and the charged N defect in bulk. The subsulg, 5 sypstitutional nitrogen impurity in the fourth layer
face configurations mimic the incorporation of N in CVD pe|oyy the surface produces a minimum energy structure in
diamond in situations in which highly defective carbon re-\ynichy the N atom sits on-site in a fourfold coordinated ar-
gions with dangling bonds, strained bonds, or parti_ally de‘rangement with C—N bonds of lengths 1.54 and 1588)( A
velopedm bonds are present. Although these calculations cagyyjiken charge analysis shows the migration of an electron
explain directly only the PDS results, we use Fermi levelgom the N atom environment to the surface, where it is
arguments to show that the results can be applied to explaig.commodated in an antibonding state. This surface state
the general behavior 'of N in CVD dlamon.d. The article Sis delocalized along one of the Pandey chains, causing a
arranged as follows, in Sec. Il the theoretical tools used Nengthening of the chain bonds from 1.44 to 1.48 A. The
this study are described, while Sec. Ill contains results fol,actronic TDOS for the supercell in Fig(a, reveals the
the (111_) and (100 §urfaces. F_lnally, Sec. IV comprises a parmi energy E,) to be pinned by this partially occupied
discussion and a brief conclusion. m* state just below midgap. The highest energy state occu-
pied by the N atom is indicated b5 in the diagram, and
Il. THEORETICAL METHOD can clearly be seen to lie somewhat lower in energy than the
The density functional tight-binding methag®F-TB)}”  E;. This is the same effect as that which we have repdtted
derives its name from its use of self-consistent density funcfor N impurities inta-C, where we see a transfer of charge
tional calculations for pseudoatoms in order to construcfrom the N environment to a&* state, resulting in the Fermi
transferable tight-binding(TB) potentials for a nonself- energy being pinned by a strongly localized midgap state,
consistent solution of the Kohn—Sham equations for thereventing any shallow doping.
many body case. It differs from conventional tight-binding In order to check that our configuration is in fact the
techniques, in that there is a systematic way of deriving thesminimum energy one, we moved the N atom off site in vari-
potentials, independent of the atom type involved. This isous directions up to a distance of 0.3 A, with the result that
thus not a “parametrization” as is usually meant when onethe N atom always returns to the above described position.
talks about TB approaches. For an in depth description, th&/e have also repeated calculations at various alternative



4644 J. Appl. Phys., Vol. 83, No. 9, 1 May 1998 Sitch et al.

20 v . . v 20

0 " L ! " " "
-15.0 -10.0 5.0 10.0 -15.0 -10.0 0 5.0 10.0

-5l.0 OTO -5..0 0.
(a) Energy (a) Energy

2.0 T v v T 20

0.5

0.0
-15.0
(b)

FIG. 1. Total density of states fga) the unhydrogenated ar{) hydroge-  FIG. 2. Total density of states f¢g) the unhydrogenated ar{t) hydroge-
nated(111) surface structures, respectively: straight line with subsurface N hated(100 surface structures, respectively: straight line with subsurface N,
dotted line withoutE; andE, are the HOMO and LUMO for the surface dotted line withoutE; andE, are the HOMO and LUMO for the surface
without N, E5, andE, are the highest energy state associated with N andwithout N, E5, andE, are the highest energy state associated with N and
E;, respectively. In both cases, the position of Eheis normalized to zero ~ E, respectively. In both cases, the position of Eyeis normalized to zero
energy. energy.
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substitutional sites within the layer and also in other subsurintroduces a partially filled midgap dangling bond surface
face layers. We observe no deviation from the physics delevel and results in a spontaneous onsite motion of the N
scribed above: the N stays on-site, with this process stabatom and the migration of one electron to this newly avail-
lized by the transfer of charge to an antibonding surfaceable surface state.
state, resulting in Fermi level pinning.

For our investigation of the hydrogenated surface, we
have chosen to use the X11) symmetry, as this was found B. The (100) surface
previously to be lower in energy than the hydrogenated Pan- The cleans bonded (2<1) chain (100 surface found
dey chair?* We observe in Fig. (b) how the removal of the by DF-TB and various existing theoretiéaf>2?® and
C—C surfacerr bonds via the formation of C—H bonds of experiment&l’ studies to be most stable is used in this study.
length 1.12 A clears the—o* band gap of surface states. The surface carbon atoms have twadbonds to subsurface
Here the HOMO and LUMO are indicated 8, and E,, carbon atoms of lengths 1.52 A and one surfacbond of
respectively. We recover for the case of substitutional sublength 1.39 A. As in thg111) surface case, this reconstruc-
surface N the results found in bulk diamond for the neutraltion leads to an occupiest shoulder of states at the diamond
defect: the N atom moves off-site, breaking one of its C—No band edge, the highest energy of which is indicated by
bonds and sitting threefold coordinated with three C—Nand an unoccupied* band of states in the lower half of the
bonds of length 1.45 AE; is pinned by a midgap partially band gap, the lowest energy of which indicatedEy [see
filled state localized on the neighboring threefold coordi-Fig. 2(@)]. A subsurface substitutional nitrogen atom placed
nated carbon atom, with the highest energy state associatéour layers below the surface behaves identically to that of
with N lying just above the valence band tpl, and E;, the (111 case, remaining fourfold coordinated with bond
respectively, in Fig. ®)]. lengths 1.49, 1.49, 1.47, and 1.51 A, returning to this ar-

In order to study the partially hydrogenated case, werangement even when moved off-site by hand by a distance
remove a single H atom from thel11): H surface. This of 0.3 A and subsequently rerelaxed. Mulliken charge studies
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TABLE |. Energetic ordering of the single N defect configurations for DF-
TB, all electron SCF, andimMpro in the case wherg; is pinned below the
N on-siteA; level.

DF-TB All electron AIMPRO
On-site energyeV) 0.0 0.0 0.0
Off-site energy(eV) 1.90 1.40 0.62
(unstable (unstable
N-C onsite bond 1.53 1.53 1.55
length (A)
C—-C unhydrogenated 1.47 1.47 1.49

surface dimer bond
length (A)

fourfold arrangement is energetically favored, with DF-TB
and AIMPRO finding a spontaneous on-site relaxation of the
off-site N atom.

FIG. 3. The 88 atom cluster simulating the partially covet®@0 H sur- If the surfacer bond is broken by hydrogenating one of
faqe. The top six carbon atoms represents the surface, the middle two @he carbon atomggiving an 89 atom clustgr we also re-
which are not hydrogenated and arebonded to each other. cover withinaiMPrRo and DF-TB exactly the same physics as
described above—an onsite stabilization of the N atom, with

. . . the electron then moving to a surface lone pair site. Compu-
show that an electron migrates from the N impurity atom to

th f h it sits | tibondi tatelE, | tational cost prevented us from repeating this calculation

1€ surtace, where I SIS In an antibon ing st 9[ 4N \yith the all-electron method. The predicted gain is 1.1 and

Fig. 2(a)] localized along one of the reconstruction chalns,1 4 eV withinaMPRO and DF-TB respectively for the spon-

pinning the Fermi energy 0.72 eV above thesalence band .neous on-site motion of the N atom

top in the process. The C—.C chaiq bonds lengthen from 1.3%a We thus have SCF agreement for the main physical

to 1.41 A as a result. Again the highest energy state assogjy ool underlying our results: when* surface states are

ated with the N atom lies well belo®; and is indicated by X o
- f f N I

E, in Fig. 2a). As for the (111) surface, the fourfold N present at a surface, a subsurface N atom can stabilize a

geometry is also stable for the partially hydrogenat&ed {Of(;fg:i (;(:E;)tréj|nated site by transferring its’ doping charge
surface, since the partially filled/empty gap states associateg '

V\{Ith the surfﬁce are ,t’hence not fully removed and can act 3/ DISCUSSIONS AND CONCLUSIONS
sinks for N “doping” charge. For the fully hydrogenated
surface, we recover exactly the same results as fo(lth#® Theoretically we have studied the position of N atoms
surface: hydrogenating the surface clears thes* band below diamond surfaces, showing that, although the off-site
gap of states. On placing a substitutional N atom four layershreefold coordinated N is more stable than a substitutional
below the surface the N atom moves to the threefold coordion-site fourfold arrangement in the bulklike diamofick.,
nated position, withE; pinned deep in the gafE, in Fig.  where theo—o* bulk band gap is clear of stajesn systems
2(b)] by an electron locatednoa C atom neighboring the N. where dangling bonds of* antibonding states are present
in the band gap, the fourfold coordinated on-site N arrange-
ment is stabilized by a charge transfer from the N environ-
ment to these deeper lying states. It is instructive to couch
We demonstrate the authenticity of our DF-TB results bythe discussion in terms of Fermi level arguments: in the neu-
undertaking similar calculations using two different self- tral charge state, the fourfold coordinated N is unstable with
consistent field SCPH ab initio cluster programs: the all elec- respect to off centet111) distortions due to an excess of
tron SCF method of Pederson and Jack$and the pseudo- local charge. As a consequence, the HOMO, the singly oc-

C. Self-consistent field results

potential codeaiMPrRO of Jones and Briddoff A small
cluster was extracted from a largg@00 supercell and the
bulk dangling bonds saturated with hydrogen atdFig. 3).
The uppermost six carbon atoms represent(1@§) surface,

cupiedA,; level, is driven deep into the gap, the energy cost
of distorting the stiff diamond lattice being off-set by a low-
ering in the electrostatic energy. When the Fermi level is
pinned by a state lower in the band gap than(dmesite A;

the outer two pairs of C atoms having H-terminating bondsstate,A; is empty, no local charge excess around the N im-

whilst the inner two C atoms form a reconstructethond of

purity exists, no off-site motion takes place and therefore the

length 1.38 A. Structural relaxation is undertaken within(charger1) N defect sits fourfold coordinated and on-site.
AIMPRO and DF-TB. For the all electron method this would We have checked the behavior of the chardeN defect
have been computationally prohibitive—we have insteadising a 216 atom supercell and find that the on-site N is
compared the energies of the fourfold coordinated onsiténdeed lower in energy, with the emp#y; level lying 0.8 eV

structure and the threefold coordinated offsite structboth

from the conduction band bottom. Str&ehas previously

prerelaxed using DF-TB Our results are summarized in used such arguments to explain the on-site position of phos-
Table I, where it can be seen that all methods agree that thghorus in amorphous silicon.
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