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Effect of N and B doping on the growth of CVD diamond (100):H (2% 1) surfaces
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The doping of the chemical vapor depositi@\V/D)-diamond(100):H(2x 1) surface with B and N has been
studied using the density-functional tight-binding method. In agreement with recent experimental results, B
doping is found to lower the abstraction energies and remove diffusion barriers along the diamond growth
pathway proposed by Harris and Goodwih Phys. Chem97, 23 (1993]. In contrast, the Harris-Goodwin
mechanism is less favorable with N doping, casting doubt on its validity in this case. We therefore propose a
growth pathway on N-doped CVD diamoriti00):H(2x 1) surfaces. This involves a dimer opening reaction
and requires less H abstraction reactions compared to the Harris-Goodwin mechanism.
[S0163-182608)02616-2

[. INTRODUCTION The paper is arranged as follows. In Sec. Il the theoretical
tools used in this study are described. Section Il explains the
The understanding of diamond growth via the chemicalfirst few steps of the Harris-Goodwin mechanism. Section IV
vapor depositiofiCVD) process has proved difficult for both contains theoretical results for the N and B doping on
theorists and experimentalists alike. This is due to the largél00:H(2x1) surfaces, while Sec. V includes a discussion of
number of experimental parameters contributing to the probthese results. Section VI proposes a model for the CVD dia-
lem and an uncertainty about the growth species. Progresgond growth and a conclusion is given in Sec. VII.
has been made on the latter by the work of D’Evedyral.*
who, using isotope labeling techniques, claim to have unq{ THEORETICAL METHOD AND THE MODEL SYSTEM
equivocally identified the principal growth species to be
CHs. With this in mind, Harris and Goodwirhave proposed ~ The density-functionalDF) tight-binding method(TB)
a complex mechanism for diamond growth, whose initialderives its name from its use of self-consistent density-
steps lead to the deposition of a Glgroup at a bridge site functional calculations for pseudoatoms in order to construct
above a surface reconstruction bond. transferable tight-binding potentials for a non-self-consistent
Recently, the effect of B and N doping on the CVD solution of the Kohn-Sham equations for the many-body
growth process has produced a series of intriguing results. Igase. It differs from conventional tight-binding techniques in
the case of B, various workers have found that B improvegdhat there is a systematic way of deriving these potentials,
the crystalline quality of100) CVD surfaces and enhances independent of the atom type involved. This is thus not a
the p-type conductivity of the films=® Interest in the role of ~“Parametrization” as is usually meant when one talks about
N in CVD diamond has been heightened by experimentall B approaches. An excellent review article written by Gor-
observations that N preferentially catalyses growth in thdnge et al. summarizes the general theoretical basis of the
(100 direction®® To the authors’ knowledge, no serious tight-binding method and the current progress in the th8ory.
attempts have been made to explain these phenomena thdg?r an in depth description of the DF TB method, the reader
retically. Indeed, it is unclear whether these somewhat puzS referred to Ref. 10. The DF TB method has been success-
zling results are compatible with the Harris-Goodwin mechafully applied to various scale carbon systems, ranging from
nism or if in doping cases a different growth process is amall clusters to Buckminster fullerenes and the bulk
work. In this paper we answer this question by investigating?has€'’ the electronic and vibrational properties (f00)
the effect of subsurface B and N on the energetics of th@nd (111) surfaces;** amorphous carbon systems of all
Harris-Goodwin mechanism. We find that the energies of thélensities;’ as well as boron nitridé and boron and nitrogen
various growth steps are greatly altered, casting doubt on th@oping of diamond and amorphous systeth@/e have fur-
applicability of the Harris-Goodwin method in these casesthermore used thab initio cluster programs of Pederson and
We therefore discuss a possible alternative to the initial stepdacksof® and Jones and Bridddfito check selected results.
of the process. These programs are highly accurate but computationally very
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FIG. 1. Model of the reconstructed diamofiD0):H(2x 1) sur- () f&gj@

face. 3
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expensive; hence we are limited in these cases to very small
clusters that can only represent highly idealized surfaces. g, 3. nitial steps in diamond growth on the dimerized dia-
Nevertheless, these calculations are useful insofar as theyond(100:H surface according to Harris and Goodwin.
serve to verify the essential physics underpinning the results
of our DF TB work. lll. THE HARRIS-GOODWIN MECHANISM

The 144-atom(100)::H supercell with the X1 recon-
structed surface used in this investigation is shown in Fig. 1. The initial stages of the Harris-Goodwin mechanism can
It is made up of eight reconstructed surface bonds and siRe divided into four stepgi) removal of an H atom from an
layers of carbon atoms. The dangling bonds on the loweptherwise fully H-terminated surfacéii) adsorption of a
surface are terminated with pseudohydrogen atoms. Unle$sHs radical at the newly formed dangling-bond site, diiid
otherwise stated, we have performed conjugate gradient réoss of H from the CH adsorbed species and simultaneous
laxations, keeping the pseudohydrogen atoms and the lowefstrmation a G=C double bond with a surface C, which
two layers of C atoms fixed. In the diffusion barrier study we breaks its surface reconstruction bond while leaving the ad-
have applied a constrained conjugate gradient techrispee  jacent surface atom three-fold coordinated. It can be consid-
Fig. 2. ered that the step8)—(iii) inclusive are a complex mecha-

We have observed that, owing to the relatively small sizenism by which a CH group is deposited in a position where
of our supercellI'-point sampling produces unphysical re- it can “attack” the weakened surface reconstruction bond.
sults. This stems from the fact that at tHepoint, the elec- This is achieved iriv), where the CH species rotates into
tronic states on the surface are lower in energy compared tifie bridging position above the two surface C atoms. Steps
the bulk states, a result that is not generally reproduced dt)—(iv) are illustrated in Fig. 3.
otherk points. When no furthek-point sampling is made, We cannot accurately calculate barriers for processes of
this leads, in the worst cases, to extra surface charges @fsorption(desorption to (from) a surface, such as those in
order half the elementary charge/atom at some of the surfad®—(iii), since charge-transfer effects within DF TB mean
atoms. This does not occur when an average over severlat the detaching radical-surface complex cannot be prop-
representativék points is made. The calculations have there-erly represented. However, if adsorption desorption is not
fore been performed using ti2x2x 1) k-point grid recom- accompanied by any significant electronic or structural relax-
mended by Cunningharf. ation, as indeed is the case in stefps and (i) for the

The diffusing atom is moved stepwise from the starting toimpurity-free surface, we can safely assume that there are no
the final position and is allowed to relax in the plane perpensignificant additional contributions to the energy barriers to
dicular to the direction of the vector connecting its startingsuch processes other than the difference in formation energy
and final positions. No constraints are applied to other atomBetween the initial and final structures. As we shall describe
(except the fixed lowest two layers of C atom$he total in Sec. IV, this is not so for the impurity case, where struc-
energy of the system is recorded after each constrained coftral reorganization around the N and an accompanying sub-
jugate gradient step giving a zero-temperature estimate féfurface impurity-surface charge transfer occurs. We there-
the diffusion barrier of the diffusing atom. fore cannot talk with any confidence about the energy
barriers here. In light of this, we must limit our discussion
for steps(i)—(iii ), where the particle number at the surface is
not conserved, to comparing formation energies for the re-
sultant structures and making inferences where possible as to
the nature of the energy barrier between. In the case of pro-
cess(iv), where surface particle number is conserved, calcu-
lation of an energy barrier is possible within our method.

IV. RESULTS

We discuss here the energetics of each of the steps of the
Harris mechanism described in the preceding section for the
FIG. 2. Constrained conjugate gradient relaxation. impurity-free and the subsurface N and B calculations. We
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TABLE I. Differences in formation energies for the various transference of charge to the surface is confirmed in our case
steps in the Harris-Goodwin procedure, plus the energy barrier fohy a Mulliken study, which shows that a lone pair now re-
step(iv) for (i) impurity-free and(ii) subsurface KLOO) surfaces.  sides on the three-fold-coordinated surface C atom. Thus the
formation energy of the resulting structure is reduced. For B
doping, the binding energy is lowered to 4.3 eV. Mulliken
studies show clearly that a similar charge transfer effect is

Step Energy barrier
Sufate— @ G G Gv) in (iv)

no doping +6.1 -58 +62 -1.0 1.7 also responsible here. The surface dangling-bond electron is
N doping +28 +1.07 -09 -05 3.0 pulled into a deep-lying subsurface acceptor state associated
B doping +43 —40 -36 0.0 with the B atom.

B. Step (ii): Methyl absorption

show in Table | the calculated differences in formation en- The methyl radical has the largest binding energy, 5.84
ergies for stepsi)—(iv) inclusive and also the energy barrier €V, when attaching to the nondoped surface, indicating the
for step (iv). The relative energies after each step are destrength of thew C—C bond. Adsorption of the Cklin the

picted in Fig. 4. presence of a subsurface N atom is not favored; instead of a
binding energy we find that this step costsl eV. This
A. Step (i): Removal of H from the surface stems from the inherent stability of the initial structure. We

) . also suggest that a large barrier will exist for this process
We obtain 6.1 eV for the binding energy @ H atom 10 gjnce the site to which the radical should attach is no longer
the undoped surface. This high value is in agreement with, dangling bond, as is the case for the impurity-free super-
other theoretical calculatiols** and reflects the strong na- cell, but a fully saturated lone pair. The electrostatic repul-
ture of the G—H bond. The binding energy in the presencesjon between the lone pair and the gkadical must first be
of N, at 2.8 eV, is much lower. This is due to the occurrencegvercome in order for a bond to be formed. In the B-doped
of a structural relaxation after a removal of the surface Hcgse the CH binding energy is lowered to 4.04 eV, which

atom, consequently lowering the energy of the final strucagain can be attributed to the charge-transfer-induced stabil-
ture: The N atom moves from off site to on site and anity of the start structure.

electron migrates from the impurity atom to the surface.
Such a process has been described in detail in an earlier
paper?? where it was shown that the position of the N atom
in the lattice is governed by the Fermi level. Namely, when The cost of extractionfaa H atom from the CH species
E; lies at or above the single occupiéd level associated is again relatively high for the impurity free case at 6.2 eV. A
with the defect, the N atom lowers its energy by movingC—C sp? bond is spontaneously formed, with the C and H
offsite along one of the bondingl1l) directions. Con- atoms in CH and the C atom on the surface all lying
versely, ifE; is pinned belowA;, on-site N is stabilized by a roughly in the same plane. The dimer-dimer bonding close to
charge transfer to deeper-lying states. The latter is the cageH, lengthens by 13%. This weakening is crucial for the
here: The removalfoa H atom from the surface leaves a final step in the growth process, in which the gigroup
deep-lying dangling-bond state, to which an electron mi+otates into a bridging position above this bond, breaking it
grates from the neighborhood of the N atom. We observed iin the process. On the N-doped surface, the,Gkhgment
Ref. 22 that this spontaneous on-site motion is accompanieghaintains thesp-like configuration, with charge transfer
by an energy gain of 1.4 eV as measured by DF TB. Thdrom the subsurface N to the GHadspecies, thus saturating
the newly created dangling bond in the form of a lone pair

C. Step (iii): H abstraction and surface rearrangement

9.0 ' ' ' [i.e., an identical charge-transfer mechanism to that of step
80 - gjgm%ggmgG 1 ()] In contrast to the undoped case, the surface reconstruc-
7.0 A 2B DOPING tion bond is not lengthened. As we shall explain in the dis-
6.0 cussion of stefiv), this actually hinders growth. For B dop-
5.0 ing, the surface spontaneously rearranges: The Gkbup
4.0 occupies the bridging position and the Harris-Goodwin cycle
3.0 is completed. The energy gain in this process is 3.59 eV.

>

® 20
1.0 D. Step (iv): Migration of CH , to bridging position
0.0 We obtain an energy barrier of 1.75 eV for the CHif-
-1.0 f 1 fusion to the bridge position with the undoped sample, in
-20 . reasonable agreement with Mehandru and Anderson, who
30 A ,,,,,,,,,,,,,, P { have found this barrier to be less than 1.92'8\he N-
-40 | : . : A doped sample gives an energy barrier of 3.03 eV for thg CH

diffusion, which is understandable since in this case the sur-
face reconstruction bond must be broken, which is energeti-

FIG. 4. Relative total energies after each stigp(iv). The zero  cally costly. For B, as previously stated, the incorporation of
of the energy is the energy of the three differently doped initialthe CH, fragment to the bridging position takes place with
structures. The energy barrier of the step is also shown. no energy barrier.
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V. DISCUSSION Removal of H from the undoped surface requires the break-

ing of a full strength G-H bond, whereas whmea B subsur-
face dopant is present, the energy barrier for the process may

It is clear from these results that the Harris-Goodwinbe lowered by charge transfer to the subsurface B atom. Af-
mechanism cannot explain N catalysis @00 diamond  ter H abstraction, the relatively electropositive £roup is
growth. Without doping, the hydrogen abstraction reactiongulled spontaneously to the electron-rich bridge site. The
(i) and (iii), as well as the energy barrier for the motion of overall energy gain in H abstraction plus GHiffusion to
the CH, adspecies to the bridge positidiv), are the most the bridge site is 3.6 eV.
prohibiting steps. Our results suggest that igp where in
the impurity-free case a CHgroup attaches to a surface
dangling bond site, is severely hindered by the presence of  VI. AN ALTERNATIVE MODEL FOR GROWTH
subsurface N. Here charge transfer from N to the surface ~WITH N DOPING: THE “ZIPPER"” MECHANISM
means that the Cklradical must attack a fully saturated site,
where the C surface atom has an associated lone pair Q;i"
electrons. The probable high-energy barrier to overcome
such an electrostatic repulsion suggests that theg Géhd-
ing to the surface in stegii) is unlikely. Further, the
subsurface-surface charge transfer severely disruptsisiep
In the undoped case, the extractidnaoH atom leads to the
formation of a G=C adatom-surfacep? bond, together with
a weakening of the adjacent surface reconstruction bond. |
the doped case, charge transfer from the N atom to the

agaiom sat]tjrateg t:g ff.‘lr(‘g"”gd tzgnd, t?us leaving tthe(?[C structures is found. The* state is strongly localized on one
E adom—surtacs dOAp 'tl' elan | € su][ J?hcel_r|ecqnsGrucdlor.1 reconstruction €-C bond, which as a consequence length-
ond unperturbed. A critical analysis of the Harms-5000WiNe g from 1.62 A to 2.30 A. We have found this electron rich

mechanism would sggges_t stép) to be the most cruc_ial in site to be an ideal adhesion point for a gkbecies. Indeed,

the whole process since it at once places a@rbup in a using theab initio cluster code of Jones and Bridd&hwe

1 . ! . . Bbserve no energy barrier for the adhesion process and a
tion bond, subsequently forming a bridge site, Whl(_:h acts aﬁinding energy of~8 eV. Once the CH species adheres to

a seed for further growth on the plane. This is manifestly Nothe surface, the bridging and bridged C atoms are electroni-

the case when sqbsurface Nis present, where a full streng lly saturated, thus allowing the doping charge to migrate to

C—C reconstruction bond must be broken by an essent|all¥he next adhesion site and so on. Growth of a whole layer

“saturated” CH, group(the C atom having one-GC, two
. NS ) may thus be catalyzed by the presence of one N electron. The
C—H, and an associated lone pafotating into the bridge electron migration from the N atom to a surface dangling

site. Thus one IS qu to question the suitability .Of such %ond has further been confirmed by a self-consistent pseudo-
cpmplex model in this case. In Sec. VI we describe a posbotential density-function&t calculation with the local-
sible alternative. density approximatiof® In this calculation the system was
the same as in Fig. 1, except that one C atom was substituted
with a N atom in the subsurface layer and one H atom was
Although the energetics of Harris-Goodwin mechanism isremoved from the surface leaving a dangling bond on the
perturbed by the presence of subsurface B atoms, this dossirface.
not suggest that the mechanism should cease to be valid in We visualize the growth process in the following way:
this case. Just as for N dopants, a charge transfer is respofhe growing crystal is a nonequilibrium thermodynamic sys-
sible for the discrepancy in the formation energies of the statem, in which atoms on the surface are vibrating in a variety
and finish structures for steg® and (ii) between the B- of different phonon modes. It is perfectly plausible that the
doped and impurity-free structures. However, this does notwo carbons of a reconstruction bond describe a “breathing
lead to the problems encountered with N since charge is nowode,” in which their G—C bond length is periodically
transferredrom the surface to a subsurface B acceptor levelmuch larger than the already weakened-C reconstruction
The structure after H abstractigstep (i)] is stabilized by bond. This therefore represents an ideal target for an adher-
charge transfer, with the threefold-coordinated surface Gng CH, species. The energy barrier to overcome the break-
atom now having one completely empty level. Hence, aling of the residual €-C reconstruction bond is further low-
though adsorption of a Ciradical is now not as attractive ered by the simultaneous transfer of charge from the
as when a dangling bond is presémpurity-free surface  subsurface N to the surface. Once the L£&tlhesion at the
there is not, as is the case for N, an electrostatic repulsiohridging site is completed, the excess electron is free to me-
preventing such an occurrence. Once the;Gjfioup is ad- diate a similar reaction at the adjacent site. Thus the growth
sorbed onto the surfadestep (ii)], the rest of the Harris- of a whole layer may be catalyzed by the presence of one N
Goodwin mechanism is energetically favorable. Although weelectron.
cannot say exactly how big the energy barrier for H abstrac- Due to the geometry of the diamond structure, smooth
tion from the CH; group is, we can reason that it has as itsgrowth in the(100) direction requires the dimer row on the
upper bound the energy for abstraction from the undopedpper terrace to be perpendicular to the dimer row in the
surface. This is due to charge transfer during abstractiorower terrace. This can be achieved by the dimer opening

A. Nitrogen doping

We suggest a far simpler method compared to the Harris-
oodwin mechanism that would be more appropriate to de-
cribe N-catalyze@100) growth. We have found in our stud-
ies that, although the threefold-coordinated N atom is the
most stable configuration for a fully hydrogenat@é@0) sur-
face, a structure where the excess “doping” charge is trans-
ferred to a surface reconstructiofi state is metastable. This
has been confirmed by ab initio all-electron cluster calcu-
tion, using the code developed by Pederson and Jackson,
here a difference in energy of 2.40 eV between the two

B. Boron doping
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® ® ence between the stable threefold-coordinated N plus closed
dimer structure and that of the metastable fourfold-
coordinated N plus open dimer consists of the energy cost of

breaking the &-C reconstruction bond and the energy gain
of the on-site motion of N on losing an electron. We have
- calculated the former to be 2.4 eV and argue in Sec. IV
i ii ®\<D T CD/G above that the latter is 1.4 eV. Hence we arrive at the energy
— _<:§ —= (oo -- barrier of 1.0-2.4 eV, a plausible figure given the energies
% <9/® @K@/@@g@ﬁ discussed in connection with the Harris-Goodwin mecha-
————— nism.

Question(2) is answered by noting that th&00 differs
from the (111) and (110 surfaces in that the clean surface
@ possesses two dangling bonds per atom. Reconstruction and
hydrogenation result in a structure where the surface C atoms

< have two G—C bulk bonds, one &-C surface bond, plus a
__________ saturating G-H bond. Hydrogenated110) and (111) sur-
. @P H faces possess three bulk-& bonds plus one -G-H bond.
111 %g 1v @ The reconstruction surfacd00 C—C bond, at 1.62 A, is
— — N longer and consequently weaker and more vulnerable to at-

%ﬁ /®\ tack than a bulks bond. In the case of, for example, the
® hydrogenated111) surface, no such reconstruction bonds

. . . exist. To activate a surface bond would therefore require the
FIG. 5. Growth model with N doping of CVDL00):H diamond:  preaking of a far stronger bulklike- bond, which is then

the zipper mechanisni) The extra electron from N migrates to the Corresponding|y energetica”y more expensive and hence less
surface and opens a dimer bor{d) A CH, adsorbs to the open probable.

dimer and the neighboring dimer is openéd) Another CH, ad-
sorbs to the open dimer and the next dimer is opefigd.H, is VII. CONCLUSION
abstracted and a new isolated dimer is formed to the upper terrace.

In this paper we have employed a density-functional
reaction if two CH, adjacent adspeciesee Fig. 5 both  method to investigate the effect of N and B doping on the
eject one of their H atoms and bond together to form argrowth of CVD diamond100):H(2x 1) surfaces. Consistent
isolated dimer. This isolated dimer can thereafter transfornwith recent CVD experiments that have shown that boron
to a C=CH, adspecies and migrate towards an existingimproves the crystalline quality ¢fLl00) CVD diamond sur-
dimer row as proposed by Skokat al?® The suggested faces, we have found the Harris-Goodwin mechanism to be
model is depicted in Fig. 5. Instead of GHthe CH; mol-  an energetically favorable pathway in the CVD growth of
ecule may also be a good candidate attaching to the opaB-doped samples. In the N-doping case, we argue that the
dimer. In this case two klabstractions are required. increased diamond growth rate in t{i0) direction cannot

In our argument thus far we have neglected two importanbe accounted for by the Harris-Goodwin mechanism; rather
guestions.(1) How big is the energy barrier for the dimer we suggest an alternative model in which {60 surface is
opening?2) Why is this method only valid fof100 orien-  charged by N-donor electrons. In this model a Cgtoup is
tations? We estimatél) by noting that the essential differ- directly inserted into the bridging position.
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