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First principles methods are used to study N doping of diamondlike amorphous carbon. A structural
model containing 216 atoms is introduced, whose properties are in agreement with the available
experimental data. The topological and electronic properties for different N doping concentrations
are investigated. We find that N occurring in tetrahedral sites or chains of an even number of
bonded sites results in an increase of the Fermi energy, while N incorporation in strained network
sites induces structural changes that lead to an increase impthieaction of the material. The
prevalent conduction mechanisms are identified and discussed. While the Fermi energy increases
upon N doping, the localization of the conduction-band-tail states limits extended state conduction.
These results are compared to the recent experimental reports on N doping of ta-C and we find that
the nondoping threefold N incorporatigN9) is energetically most likely, which explains the low
doping efficiency seen in experiments. 97 American Institute of Physics.
[S0021-897€07)08003-1

I. INTRODUCTION can be viewed as in effective mass theory. Thaaibl atom
is substituted foa C atom and the N atom contributes an

'I_'etrahe_dral amorphous carbon fllr(ma-C} have r_egently extra electron. This is exactly what happens in c-diamond if
received widespread interest due to their promising elec-

. T . . no relaxation of the N is allowed. However, in an isolated
tronic properties:2 Depending on the deposition process theth fold dinated site N act doDi |
sp® content approaches 90% for a virtually hydrogen-free hree ot cog:] maﬂ(]a Shl €’ tac sNast a r_lort1 oc}::)l(r;g vadence
material®>* Undoped ta-C is a wide-band-gap semiconductor!"€€ atom. Thus, the chemis ry@N atom in ta-C depends

(Eq=2 eV) that shows intrinsig-type behavior; the Fermi heavily on its local environment.
level is ~0.2 eV above the valence-band edge. Experiments by Veerasangt al. conclude that ta-C can

Recently the spin density of ta-C was measured as e controllablyn-type doped with nitrogen and phosphorus,

function ofsp? content and was found to be roughly constantWith doping concentrations varying between 0.15% and
at a value of & 10 cm3 for sp? fractions larger than 60%. 10%® An increase in the disorder of the material is ob-

If all of the 10%—20%sp? hybridized C atoms were ran- Served with increasing N content. For low doping leveip
domly distributed in the material the spin density would bet0 1%) the dominantly tetrahedral structure of ta-C is not
of the order of 18" cm™3; therefore, a very large percentage substantially altered and the band gap remains nearly con-
of all sp? atoms is paired up in order to not give a spin stant. Although a controllable change in conductivity was
signal, as was already suggested in earlier theoretical fvorkachieved, the exact doping and conduction mechanisms are

Numerous experiments have been performed on dopingtill obscure. Veerasamst al. interpreted the changes in ac-
ta-C with N>"~*2The only major theoretical discussion on tivation energy with increasing N content as an indication
doping that has been forthcoming is from Robertson andhat a shift of the Fermi energy was achieved. Further experi-
Davis® who compare N doping of ta-C to the diamond case mental measurements of the conductivity versus temperature
where N doping leads to a deep gap state. Robertson arguaad thermopower experimeAsuggest that beyond a doping
that since for ta-C the gap is substantially smaller due to theoncentration of 1% and up to 5% electronic transitions take
m and 7* band tails, the gap state is now shallow with re-place through thermally excited electrons in the conduction
spect to the conduction-band edge. band.

In this article we find that the simple view of substitu- Ronninget al.® on the other hand, draw the conclusion
tional doping is essentially true, for those bonding environthat hopping conduction occurs via localized states at the
mentslwhere it occurs. That. is, we find that if N 'iS incprpo- Fermi level. These workers further report that plots of dog
ra_ted into the network at dlamondllke_srg(arsleanmg sites  vs T and loge vs T~ give equally good linear depen-
with four ne|ghb0rs and bond angleS within 10° of the tetra'dencies_ However, one should be cautious in Comparing
hedral anglg slightly disordered fourfold sites, or chains of {hese results, since tisg® content of the Ronningt al. films
an even number o$p’ sites (where the topology is locally is yet unknown, though it is believed to be close to ta-C
graphitelikg, then the Fermi level moves higher, and the Ny 5 es.

Electron-energy-loss spectroscofyELS) experiments
dElectronic mail: stumm@helios.phy.ohiou.edu measuring the C and I edges have been performed for
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films containing 0.45%—-28% N!! The C and NK edges conduction-band edge and, since an extra electron is sup-
appear to be identicalvithin the experimental errprfor all plied, the Fermi level is raised by one-half of an electronic
doping concentrations. Davés al!! conclude that “the N is  state per dopant atom. On the other hand one might expect N
substitutional in all networks, ranging from highly tetrahe-to act as a valence three atom. That is, the two daskec-

dral as in the film containing the least N to higlip? as in  trons can form states well into the valence band and then
the film containing most nitrogen.” The presence of e hybridize with the other valence-band electrons. This leaves
peak indicates that the* states are not occupied, which is threep electrons for bonding. In this case the N atong)
consistent with a location of the Fermi level below tht  acts similar ® a B atom, although the details sp® and p®
conduction-band edge as reported by Ref. 7. A further interbonding are different. In an isolated dangling bond site this
pretation of the low doping efficiency in ta-C, which is only will not dope the material. According to our molecular-
about 1%, is still required. Also, measurements of thedynamics(MD) simulations, the two cases outlined above
sp®/sp? ratio of the undoped versus the 1% doped materiafre exactly what happens. That is, as outlined earlier, N at-
show that thesp? ratio increases from about 11% to 25% in oms in fourfold coordinated sites on in chains of an even
the N-doped network? This rather large increase of tisg?  number ofzr bonded chains act according to effective mass
fraction for even very low dopant concentrations shows thatheory. On the other hand, N atoms in isolated threefold
some kind of network rearrangement has to be present due gpordinated sites act as valence three atoms.

the incorporation of N atoms. Clearly, more experimental

and theoretical work is required to explain these contradicttl, ELECTRONIC-STRUCTURE METHOD

ing results.

. An approximate first-principles electronic-structure
It must be noted, however, that movement of the Fermi e . .
method, first introduced by Sankey al.in 1989141%is used

level is difficult to achieve in ta-C. The doping is heavil . . . . . .
vel 1s dimcu Ieve 1 ping 15 vy for the calculations described in this work. This method is

compensated: A large number of highly localized band-tail . : - .
states must be filled by an equal number of doping N atomsbased on density-functional theory within the local-density

and the effect is exacerbated by the fact that the intrinsiépﬁr%'m"g'o? (I;Dr?)ti ind ftkf1e rnonloco?l fsnt::;Jdo?t())i';elrltlal .
material is weaklyp type. Further, N incorporation in some scheme. Basis tunctions of Todr pseudoatomic orbitals pe

. . ite are used, with a confinemé&htadius ofr .=4.1ag and
sites actually causes more dangling bond defect states. In . - -
r.=3.75g for carbon and nitrogen, respectively. The utility
turn these states need to also be compensated by more suly-, - . . . .
I ) . . 0Of this basis has recently been explored in comparison with
stitutional N atoms. This mechanism leads to the low dopmgg

- . . lane waves methods by Sanchezportal, Artacho, and
efficiency seen in experiments. In our models, and account:

. i oler!® To demonstrate the suitability of this method to de-
ing for the fact that some N atoms do not contribute due to__. . . .
. : : . scribe carbon structures in a very wide range of bonding
relaxation effects, effective doping requires such a large con- " . . L
. : " A environments, the phase diagram for several existing and hy-
centration of impurities that the material is better thought of . !
. . othetical carbon structures was computed. Comparison to
as a C—N alloy rather than a simple doped material. Also, a . .
) . . ; self-consistent LDA calculation showed excellent agree-
such N concentrations any effective mass picture fails as

) : : ment, even for the cubic phases. We have also used Car—
impurity band effects become important because of the largsarrinello(self-consistent plane-wave methpdith a con-
number of interacting N atoms in the matrix.

. . o verged plane-wave cutoff to investigate smal{é4 ato
Thus, from the perspective of electronic applications, ged p 9 . m

. ) ; .'models of ta-C and find that, despite some rearrangements,
this work stresses the need for experimentalists to fabricat

fil ith th llest ber of defect . te th Sur earlier predictions of defects and electronic structure
ilms wi e smallest number of defects, or incorporate e&‘gere confirmed in detaif

N such that no additional defect gap states are create
through its presence. It is also suggestive that hydrogenated
films, as for the case of Si, may be more effectivelyype lIl. COMPARISON BETWEEN SELF-CONSISTENT AND
doped with N incorporatiofalbeit possibly with undesirable HARRIS FUNCTIONAL APPROACHES
light-induced metastabilify To further demonstrate the accuracy of our electronic
The rest of this article is an atomistic study of how N structure method to correctly describe an amorphous mate-
enters the network, the importance of relaxation effects, andal, we compared it to a more sophisticated first principles
collective effects associated with N incorporation, such as a@elf-consistent metho@REBALLY6).'® This was done by us-
tendency for N to induce graphitization. ing a 63 atom ta-C model already investigated in earlier
Although the introduction of N into amorphous C might work?® and performing single N substitutions in several
have led to a very diverse and complex chemistry, our simukinds of bonding environments. These cells were then re-
lations show that that is not the case. One might expect &xed for 100 steps for each method and the structural and
group-V element such as N to be incorporated into aelectronic changes in the two cells were compared. There is
group-1V amorphous network in one of two different ways. very close agreement of the structural relaxation present in
If the N atom is incorporated into a fourfold site then oneboth cells with N incorporation. Changes in bond lengths
might expect the N atom to act according to effective mas®f the N nearest neighbors when incorporated in diamondlike
theory. This is what occurs in doping crystalline Si with P orand 7 bonded sites differ by less than 0.04 A. For the elec-
As. The P or As goes into the Si lattice substitutionally andtronic properties our electronic structure method in general
bonds much like the replaced Si atom. However, the extraverestimates the highest occupied molecular orbital—-lowest
positive charge forms the nucleus for a donor level near thenoccupied molecular orbitalHOMO-LUMO) gap, but
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FIG. 1. Structure factor for the 216 atom ta-C cell. The dashed and solid-IG. 2. Electronic density of states and localizatigmverse participation
lines show the experimental and theoretical results, respectively. The expertatio) for the undoped 216 atom ta-C cell.
mental result is from Ref. 23.

apart from this intrinsic difference both methods agree ex-'YPically two atoms that share abond are localized for a

tremely well on the electronic structure. The position of gapd'Ven sta;]e, although one of the aton:js ﬁxgibitj more Igcﬁ—_
states and the localization of these states are very similar fdfation- The energy eigenstates around the band gap and their
both methods. ocalization are shown in Fig. 2. The density of valence-

band-tail states is larger and their localization is significantly

less than for conduction-band-tail states. Localization of a

particular state is determined by the inverse participation

We created a 216 atom ta-C model obtained by rescalingatio 2°

a model ofa-diamond provided by Djordjevic, Thorpe, and To determine whether doping is taking place it is impor-
Wooten? This new larger model has the advantage over theant to analyze the movement of the Fermi level with differ-
previously used 64 atom cell that finite size effects areent amounts of N incorporation. This is a rather difficult task,
greatly reduced. The larger supercell also aids in comparingince upon N substitution the energy of the valence and
to the experimental through the small concentration of daneonduction-band states changes. Further, in some cases new
gling bonds. The initiah-diamond cell has a density of 3.5 states are created in the valence- or conduction-band tails. In
glen? compared to the experiment density of ta(8.0  this work we analyze by how many states the Fermi level has
g/cnt) and was entirely four-coordinated, as one might ex-moved either upward or downward due to new states in the
pect at the higher density. By a process of rescaling this cefonduction or valence band, respectively.
to the experimental density and heating it briefly to a high Obviously our simulations are not what happens in lab-
temperaturg5000 K for 150 f$, annealing at 1500 K for 1 fabricated material and we have not considered growth ki-
ps, and then quenching =0, we obtained a network with netics at all although they have an enormous influence in real
12% three coordinated carbon atoms. 90% of these threefolghaterials. Any growth simulations are far beyond what can
coordinated carbon atoms occur inpairs, there is oner  be accomplished bab initio codes today. In spite of this, we
triplet, and three dangling bonds: pairs and triplets are believe that our simulations are a valuable aid in understand-
characterized by neighboring threefold coordinated carboing the types of bonding that can occur and the energetics of
atoms, with a graphiticlike geometry. Further defects consistarious configurations.
of stretched and strained bonds. The structure factor for thiz N in diamond
cell is shown in Fig. 1 and is in typical agreement with the™ ™
experimental dat&?* The HOMO-LUMO gap for this cell Since a large part of the ta-C network locally resembles
is 1.08 eV, but the first two unoccupied eigenvalues are subthe diamond topology it is important to understand the relax-
stantially localized on dangling bond defects and shouldation of the crystalline network upon N incorporation. Sub-
therefore be interpreted as gap rather than conduction-bandtituting a single C atom wita N atom and relaxing the
tail states. The experimental evidence suggests a danglirggructure leads to only minor changes in the network. All
bond density of about 1 out of 4@Gtoms. A realistic theo- atoms, including the N atom, stay fourfold coordinated, the
retical description of the dangling bond density is thereforeN—C bond lengths increase to 1.57 A, and all bond angles
prohibited due to the large cell size necessary, but importamemain diamondlike. No new states are created around the
information on the influence of dangling bonds on the struc-gap, and the Fermi level moves up by 1/2 state to the first
ture can be gathered from higher dangling bond densitiesonduction-band state, which is now singly occupied. There
nevertheless. Also the number of gap states is substantialgre no localized states. That is, N acts just as one would
more realistic than other proposed modél& Viewing expect from effective mass theory. This is only a metastable
these eigenvalues as gap states we hawea* gap of 1.26  configuration for the cell, however. Replagia N atom for a
eV. All band-tail and gap electronic eigenstates are strongly{C atom in the diamond lattice and slightly displacing the
localized. Localization always occurred on more than oneatom before the relaxation leads to structural changes that
atom for a given state in the valence and conduction bandesult in the lowest energy configuration, which is 0.97 eV

IV. EFFECTS OF INTRODUCING N INTO ta-C MODEL
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TABLE I. Average energies and energy range for sirglsubstitution. It must be emphasized that mere substitution with steep-
est descent quench tends to “lock in” the local structure, and

that structural rearrangements can lead to important energy
Dangling bond(C) 0.000 0.821 improvementgwe note this particularly below in connection

Site specification ~ AE (eV) (per cell per N atorh Energy rangdeV)

Stretched bondD.2) +0.641 with a tendency tar bonded chain formationin fact, even

7 bond (B) +0.857 0.259 f ¢ t d ¢ h find | h
Stretched bondD.3) +1.094 for a steepest descent quench, we find several cases where
Diamondiike (A) +1.207 0.194 introduction of N into the ta-C network neap? bonded sites
Stretched bondD.1) +1.354 0.302 nucleates additionalr bonding. One could view this as

“impurity-induced graphitization.”

Single N atoms were substituted in several different dia-
mondlike(A), 7= bonded(B), and slightly strainedD.1) sites
lower than the above case. The N atom and one of its Gn the 216 atom cell. In all cases the coordination of the N
nearest neighbors become threefold coordinated, as the distom remains unchanged after the relaxation, as nearest
tance between them increases to 1.988 A. The remainingeighbors of the N atom relax by less than 0.05 A. Thus, as
three nearest neighbors of the N atom reduce their nearegioted above, the N atom donates an extra electron. That is, it
neighbor distance by 0.03 A. Second-nearest neighboracts like a dopant. The Fermi level moves up by 1/2 state to
hardly relax at all. In this case the N atom is in thd N the lowest midgap state. All other energy eigenstates and the
configuration and does not give rise to a localized state. Thamount of localization on the atoms remain similar to the
newly created dangling bond C atom, however, exhibits aindoped case. No new valence band or gap states have re-
strongly localized gap state pinning the Fermi level about 2.5ulted from the N incorporation.
eV below the conduction-band edge. Our result is nearly  Replacing the C atomyba N atom in dangling bond
identical to that of Kajiharat al?"2® sites again results in no changes of coordination, and relax-

ation is moderate and limited to the N nearest neighbors.
However, in this case, the N atom enters the lattice in the N
B. Nitrogen substitutions configuration and does not act as a dopant, but is inert and

N atoms were substituted in several diamondlike,does not create a localized state. Initially the C dangling
stretched, strainedy bonded and dangling bond sites, with bond was strongly localized on a gap state abBye The
doping concentrations in the cell varying from 0.46% toSubstitution 6a N atom fo'a C atom removes the localized

3.2%. The 216 atom cell was then relaxed for 100 step§ap state associated with the dangling bond. A new state is
using I' point Brillouin zone (BZ) sampling. In most also created below the valence-band edge that arises from the
quenches there was no change in coordination for any atonfsstates on the N atom as discussed earlier. This configura-
including the N atom. Further, relaxations at higher dopantion will not effect the Fermi level of the material since there
concentrations were qualitatively similar to the single N sub-are two electrons to fill each of these states; however, in our
stitutions, except for the largest doping concentration invessimulations it does remove a dangling bond. In general this
tigated (3.24%. Consistent with the fact that the observed can move the Fermi level of the supercell in either direction
relaxation effects are similar for N atoms within a given kind because the dangling bond level is removed. If it is removed
of bonding environment at all doping concentrations belowbelow the Fermi level, the Fermi level moves up and if it is
3%, the ordering of the energetics at different dopant confemoved above the Fermi level the Fermi level moves down.
centrations is the same for single and multiple N substituin our cases the dangling bond state was above the Fermi
tions. level, therefore the Fermi level is lowered compared to the
The total energies for N substitutions in similar bonding undoped cell by 1/2 stat@.4 eV).
environments were found to be very dependent on the exact For substitution ba N atom in a different stretched bond
local topology. For example, N incorporation in different site, the N—C bond breaks and the N atom becomes three-
strained bond sites showed total energies being less likely dpld coordinatedN3). The new threefold coordinated C atom
more likely than N incorporation in diamondlike sites, de-forms a = quartet(chain with the neighboringn triplet.
pendent on which strained bond site was chosen. An examiFhere is a new conduction-band-tail state moderately local-
nation of each relaxation showed that the disorder of thézed on this C atontD.2). N substitution in another stretched
amorphous structure led to differences in the way each Nbond site results in a relaxation of the network, such that the
bond and its C nearest neighbors relaxed, which leads to tHe atom (N3 and one of its former nearest neighbors are
broad energy distribution. Dangling and strained bond siteshreefold coordinated. The C dangling bond state is localized
have the highest variance for the energies, followedsby in the conduction-band ta{D.3). For N substitution in both
bonded sites. Diamondlike sites show only a small energypf these strained bond sites the Fermi level moves toward the
distribution. This result has to be expected, since for N subeefect gap states by 1/2 state, and is pinned by those states.
stitution in dangling and strained bond sites the structural To find out if the interaction of N atoms at higher dopant
rearrangement igsometimey large and different for each levels leads to changes in the electronic structure, dopant
site. The average total energies for all single N substitutionsoncentrations of 0.9%—3.2% were investigated extensively
are listed in Table I. The energy range is given for thoseas well.
sites, where a locally similar bonding environment showed a  When substituting several N atoms in different diamond-
wide energy distribution. like and slightly stretched bond sites, the relaxations are
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50 T ' tion of the Fermi level with respect to the conduction-band
edge remains nearly unchanged, because of the closely
spaced gap states.

Replacing up to five C atoms with N atoms in different
well-separatedr pairs does not result in relaxation around
the N atoms, consequently, the Fermi level moves up by 5/2
states. Valence-band and gap states show the same localiza-
tion as in the undoped case. There is a new unoccupied state
in the conduction-band tail, which is weakly localized on the
carbon atom sharing the-NC = bond.

o (E) (arb. units)

E (eV) V. DISCUSSION
FIG. 3. Electronic density of states for cell with seven N atoms in diamond- ~ 1h€ 216 atom ta-C cell used in this work correctly de-
like sites. The dashed line shows the position of the Fermi level. scribes the structural and electronic properties of the mate-
rial.

In particular, we confirm our earlier resifits that sp?
qualitatively similar to the single N substitutions. No bonded C atoms pair, as was also seen in subsequent experi-
changes in coordination occur and relaxation effects arenental measurements of the spin densifthe EDOS also
small (<0.09 A) and limited to the vicinity of the N atoms. agrees with the experimental results that the gap states are
For each substitutionally incorporated N atom in these bondlistributed asymmetrically. We find that valence-band-tail
sites the Fermi level will move up by 1/2 state. Only for states are spaced closely within a small energy range, while
dopant concentrations above 3% do significant changes in* states show a wider energy separation between the tail
the bond lengths occur and the disorder of the network instates. At the same time the number of localized states in the
creases, as was observed when seven N atoms were incormmnduction-band tail significantly exceeds that of the
rated in diamondlike sites. In this case several C and N atvalence-band tail.
oms change their bond lengths, although no changes in For the crystalline counterparts of ta-C, diamond, and
coordination occur. The increase in the disorder is not lim-graphite, substitutional N incorporation in computer simula-
ited to the vicinity of the N atoms. All gap states are occu-tions is possible; the Fermi level is moved across the band
pied and the Fermi level has moved up by 7/2 states into thgap and the lowest conduction-band state becomes occupied;
localized conduction-band-tail states. The electronic densitput, these observations cannot be necessarily transferred to
of states(EDOS for this ta-C:N structure is given in Fig. 3. ta-C, first, because of the high defect density in the gap, and

Substitution of two N atoms in two well-separated dan-second for an amorphous material substitutional N incorpo-
gling bond sites again confirms the results from the single Nation is less likely, since the topological constraints are less
substitution in this type of bonding environment. The energysevere than in the crystalline netwotk.
eigenstate associated with the former unoccupied C dangling Our results show that N does enter the ta-C lattice ap-
bond gap states is shifted to energies below the valence-bamtoximately substitutionally for diamondlike, dangling,
edge, which lowers the Fermi level by one stéle/ eV in  and weakly stretched bond sites. Some very stretched, or
our superce)l Also these states are no longer localized.  otherwise strongly disordered, bond sites show a relaxation

N substitution in two strained bond sites, where one Naround the N atom that is comparable to the relaxation asso-
atom is a second nearest neighbor to a dangling bond, resuligated wih a N atom in the diamond lattig®3). Further, N
in a rearrangement of the network. The N atom becomemcorporation in the network can lead to a graphitization
threefold coordinated, while the former C nearest neighbor around the N atom, such that the N atom becomes threefold
bonds to the previously dangling bond site. The gap energgoordinatedN3) and one of its carbon nearest neighbars
eigenstate that had been associated with the dangling bormbnds to neighboring, already bonded C atoms. The total
atom is moved below the valence-band edge, which lowersnergies for all structures with equal N concentrations are
the Fermi level by one state. similar, although dangling bond sites are most energetically

Two N atoms substituted in a sharedbond change the favored. Next likely is a local rearrangement of the network
electronic states around the Fermi level. The lastubly) around the N atom to formr bonded chains or graphitization
occupied eigenstate is shifted to lower energies by about 0.8ound the N atom, followed by N incorporation4nbonded
eV. About 50% of ther pairs exhibit no relaxation of the sites, diamondlike, and stretched bond sites.

N—N bond, in which case a new unoccupied state arises Considering only the energetics for N substitution in dif-
right below the conduction-band edge that is substantiallfferent sites, most N atoms are likely to be incorporated in
localized on the N pair. If there is relaxation of the N-sN  dangling bond sites. Dangling bond sites are energetically
pairs, a new state in the valence-band tail is created, that imost favored since the former dangling bond midgap state is
moderately localized on both N atoms. In both cases thehifted below the valence-band edge wreN atom is sub-
other band-tail and -gap states remain highly localized. Thetituted for the C dangling bond atom, correspondingly the
Fermi level moves up when the new energy state is in thé&ermi level is lowered. Dangling bond sites are rather rare in
conduction band and it moves down when the new energthe real material and for typical doping concentrations there
state is in the valence band. In both cases the absolute posire many fewer dangling bond sites than N atoms. Therefore,
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on energetic grounds at least, the remaining majority of NFermi level has moved up to the position of the thus newly
atoms will enter the network in the energetically next fa-created defect states in the conduction-band tail.
vored, also threefold, coordination. These N atoms are likely ~ These observations can be categorized into three differ-
to either promote the formation of graphitic chains withoutent mechanisms, all of which will increase the conductivity.
creating an undercoordinated bonding environmniéeet, no  First, we find that N incorporation proceeds smoothly with-
dangling bonds appearor substitute inr bonded sites. A out much relaxation in diamondlike and bonded sites as
fourfold bonding environment is energetically least preferredwell as in some of the strained bond sites investigated. The N
by the N atom. atom incorporation in these sites is a dopant configuration
This is consistent with the experimental results, where NIN;). The Fermi level is not moved across the band gap for
dopant concentrations of up to 1% lead to an increase in themall doping concentrations, because the doping effect is
sp? ratio of the material from about 11% to 25% Our  being compensated by the defect states in the band gap,
results for the energetics of different N substitutions showwhich will take up the donor electrons. Only for a suffi-
that this increase in thep? content is in part due to graphi- ciently high substitutional N incorporation in the above-
tization around the N atom. mentioned bonding environments will the Fermi level move
The 7 bonded sites, as well as diamondlike and strained!p into the conduction-band tail. Still, conduction through
fourfold bonding environments for the N atoms, are potentiathermally excited electrons into the extended conduction
doping configurations, since N incorporation in these sites i®and states is limited, since the conduction-band-tail states
mostly substitutional. For N incorporation in these sites thereare strongly localizedbeing largelyw state$ over a wide
is little relaxation of the network. No new valence-band orenergy range; however, this doping will increase the hopping
gap states are formed and all gap/band-tail states remain I6onductivity.
calized on the same atoms, although the energy of a level Second, for N atoms substituted in strongly disordered

may change. Up to a dopant concentration of 2% the Fernfiourfold sites the network will relax such that the bond be-
level moves upward by no more than 0.2 eV, as the gapween the N atom and one of the C nearest neighbors breaks,

states are filledFermi level remains pinnédincreasing the leading to a new conduction-band-tail defect state associated

N concentration in these sites further will eventually com-With the C dangling bond. ThieN§) is not a doping configu-
pensate all gap states and the Fermi level will move up intgation for the N atom, because no electron is promoted to the
the strongly localized conduction-band-tail states. antibonding state. All N atom electrons are in bonding or
Interestingly, the structural and electronic changes for Nully occupied lone pair orbitals. In this case the conductivity
in slightly disordered diamondlike ta-C sites are differentc@n be expected to increase because the Fermi level will
than for N in diamond. In diamond a single N substitution Move up toward the conduction-band edge where the density
and moving the N atom off center to break the symmetryof localized states is higher.
leads to a relaxation of one of the-NC bonds, such that Third, for N atoms incorporated in diamondlike sites
both the N atom and one of its carbon nearest neighbors aMithin @ second nearest-neighbor distance of an existing
threefold coordinated. A strongly localized deep trap state i®ar, it is likely that the N atom changes its coordination to
associated with the carbon dangling bond. This relaxation ig"réefold, while one of the nearest-neighbor C atoms
not present for N substitution in diamondlike bonds in thePonds to the already existing configuration. This lattice

ta-C structure, even though none of the diamondlike sites iféarrangement is energetically very likely and will not in-
ta-C possess perfect diamond symmetry. Only for very dis¢r€ase the number of defect states as there are no dangling

ordered ta-C sites does N substitution result in a relaxatioRonds created. Further, because of the about 11% existing

and a corresponding new deep trap state in the conductioﬁpz bonds distributed evenly throughout the matettahere

band tail. The N atom enters the lattice at its optimal valence!S @ high probability to fid a N atom in the vicinity of

as determined by the 8-N rufwhich for N means three- existing 7w bonds, so the above-described network relaxation

fold coordinatedN9). In this case the Fermi level will only is likely to occur. This graphitization around the N atom can

move up to the position of the new defect states create!f'ad to graphitic chains throughout the material and therefore

below the conduction-band edge an increase in the conductivity. The N atom though, similar
In order to get conventional effective mass doping in anl the second case, is threefold coordingfé) and no elec-

amorphous material several different criteria have to be meffONS are in antibonding states.
The N atom would have to be incorporated not only substi-
tutionally, but also give rise to a donor state fairly close toVI' CONCLUSIONS

the conduction-band mobility edge. This means that the dop- Our results concerning the structure of N-doped ta-C are
ant atom is coordinated such that an electron would occupgonsistent with the experimental results. Our calculations in-
the antibonding state if there were no midgap defect statedicate that there are three different kinds of N incorporation
which now take up this electroftompensated doping in the ta-C network, all of them resulting in an increase of

For ta-C most(but not al) of these requirements are the conductivity.

fulfilled. Compensated doping is taking place. Each substitu- We were able to identify the possible conduction mecha-
tionally incorporated N atom will be in the Nconfiguration  nisms, resulting from N incorporation and the corresponding
and donate one electron to occupy gap defect states. Didattice relaxation. Substitutional N incorporation in all except
mondlike relaxations of the network upon N incorporationdangling bond sites will compensate gap states and therefore
will initially compensate midgap defect states, until the move the Fermi level up toward the conduction-band edge.

1294 J. Appl. Phys., Vol. 81, No. 3, 1 February 1997 Stumm, Drabold, and Fedders

Downloaded-26-Jul-2004-t0-132.235.24.64.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://jap.aip.org/jap/copyright.jsp



On the other hand, relaxation of the lattice due to the NDMR-93-05344 and the Ohio Supercomputer Center under

presence will increase the number of conduction-band-taiGrant No. PHS-218.

defect states. In this case there will be initial upward MOVe-, |\ ensie. D. Muller. A Pailthorpe, Z. H. Wang, E. Kravichins

ment of the Fermi level up to the conductl_on-ban_d tail, Whe_re kaia, D. Segal, P B. Lukins’, P. D. Swift, P J. Martin, G’. Amaratunga, P.

the new defect states were created. Third, N incorporation H. Gaskell, and A. Saeed, Diam. Relat. Mater51 (1992

close to existingr bonded sites will lead to graphitization ’D.R. MCKenzie, Y. Yin, N. A. Marks, C. A. Davis, E. Kravtchinskaia, B.

around the N atom with a corresponding increase in the Con_ﬁgzgllthorpe, and G. Amaratunga, J. Non-Cryst. Soliég-166, 1101

ductivity because of Conduc't_'on alongbond_ed Ch‘?ms' 3D. R. McKenzie, D. A. Muller, and B. A. Pailthorpe, Phys. Rev. Léf,
These results also explain the low doping efficiency ob- 773(1991).

served experimentally for N-doped ta-C films, where only ‘P.A. Ga?kell,])A. Saeed, P. Chieux, and D. R. McKenzie, Phys. Rev. Lett.

g : ; 67, 1286(1991.

apOUt 1% of all N ato.ms incorporated in t.he structure con 5G. A. J. Amaratunga, J. Robertson, V. S. Veerasamy, W. I. Milne, and D.

tnbu_te to th con_duct|V|ty. We have explalr_led that the low R wmckenzie, Diam. Relat. Mate#, 637 (1995.

doping efficiency is due to only a small fraction of all dopant °D. A. Drabold, P. A. Fedders, and P. Stumm, Phys. Rev9B16 415

atoms hybridizing in a dopant configuration. (1994.

. . .
: . V. S. Veerasamy, J. Yuan, G. Amaratunga, W. I. Milne, K. W. R. Gilkes,
While the Fermi level can be moved toward the M. Weiler, and L. M. Brown, Phys. Rev. B8, 17 954(1994,

CondUCtion'_ban_d _ta” thrOUQ_h N do_pin_g, further upward sy, s veerasamy, G. A. J. Amaratunga, C. A. Davis, A. E. Timbs, W. I.
movement is difficult to achieve. This is due to the large Milne, and D. R. McKenzie, J. Phys., Condens. Matferi169 (1993.

number of defect states that were created through N incor-C- Ronning, U. Griesmeier, M. Gross, H. C. Hofsaess, R. G. Downing,

L . R . . T and G. P. Lamaze, Diam. Relat. Matdr.666 (1995.
poration in disordered fourfold sites leading to the “diamond.o,, o Veerasamy, G. A. J. Amaratunga. J. S. Park, H. S. MacKenzie, and

relaxation” with the corresponding new localized carbon . |. Mine, IEEE Trans. Electron DeviceSD-42, 577 (1995.
dangling bond state in the conduction-band tail. This was*C. A. Davis, V. S. Veerasamy, G. Amaratunga, and W. |. Milne, Philos.

also seen in experiments by Veerasaetyl,'° who report ~,Mag- B 69 1133(1994. . .
h S . bel 0.12 eV tb hi dC. A. Davis, Y. Yin, D. R. McKenzie, L. E. Hall, E. Kravtchinskaia, V.
that activation energies below 0. €V cannot be achieve Keast, G. A. J. Amaratunga, and V. S. Veerasamy, J. Non-Cryst. Solids

through increased doping. 170, 46 (1994,

The ratio of substitutional to relaxed N atom incorpora-‘*J. Robertson and C. A. Davis, Diam. Relat. Matr441(1995.

; : : . 140. F. Sankey and D. J. Niklewski, Phys. Rev4B 3979(1989.
tion will depend on the actual experimental conditions. AnlSO. F. Sankey, D. A. Drabold. and G. B. Adams, Bull, Am. Phys. Sifc.

increase in the Fermi energy is seen if most N atoms are gy, (199).
incorporated substitutionally. If more defect gap states aré®p. sanchezportal, E. Artacho, and J. Soler, Solid State Com@%1685

created the Fermi level will move up toward the newly cre-_ (1999, and unpublished results.

- .17S. Fahy and S. G. Louis, Phys. Rev.3B, 3373(1987.
ated defect states and the conductivity of the sample WI|[8D' A, Drabold, P. A. Fedders, and M. P. Grumbach, Phys. ReG4B

increase due to increased hopping at the Fermi level. Thessgg (1996,
conduction-band-tail states though are strongly localized®A. A. Demkov, J. Ortega, O. F. Sankey, and M. P. Grumbach, Phys. Rev.
over a wide energy range and far below the conduction-bang|B 52 1618(1995.

o . . “°P. Stumm and D. A. Drabold, Solid State Comm@8, 617 (1995.
mobility edge. Therefore, even though the Fermi level N1 o Djordjevic, M. F. Thorpe, and F. Wooten, Phys. Rev5B 5685

N-doped ta-C has moved up toward the conduction-band tail, (1995
extended state conduction through thermally excited elec?P. H. Gaskell, A. Saeed, P. Chieux, and D. R. McKenzie, Phys. Rev. Lett.

trons from below the mobility edge is limited. Hopping con- Zgﬁzv%/zif%?’liﬁ- b h. Gaskell and 3. Yuan. 3. Non-Crvet. Soifie
duction is strongly enhanced through the greatly increased '1167(1'93:5;’ - 1 (5askel, and . vlan, J. Non-Lryst. sa

number of available states at the Fermi level. The change iRy, stephan, Th. Frauenheim, P. Blaudeck, and G. Jungnickel, Phys. Rev.
activation energy and the increase in conductivity is prob- B 49, 1489(1994.

. 2!
ably due to all three effects. The creation of gap states statesC- Z- Wang and K. M. Ho, Phys. Rev. LeRtl, 1184(1993.
. . . . P. A. Fedders, D. A. Drabold, and S. Klemm, Phys. Rev4d® 4048
due to a relaxation of the network with N incorporation, (1997

graphitization around the N atom, as well as the fllllng of gap27s, A. Kajihara, A. Antonelli, and J. Bernholc, Physica B5 144
states with the corresponding increase in the Fermi energy, (1993.
283, A. Kajihara, A. Antonelli, J. Bernholc, and R. Car, Phys. Rev. 168;.

2010(199).

2D, A. Drabold, P. Stumm, and P. A. Fedders, Phys. Rev. [7&t2666
(1994.

30R. A. Street,Hydrogenated Amorphous SilicoiCambridge University

. . . . Press, Cambridge, 1991

This work was supported in part by the National Sciencesiy . Golzan, D. R. McKenzie, D. R. Muller, S. J. Collocott, and G. A.

Foundation under Grants No. DMR-93-22412 and No. J. Amaratunga, Diam. Relat. Matet,. 912 (1995.

ACKNOWLEDGMENTS

J. Appl. Phys., Vol. 81, No. 3, 1 February 1997 Stumm, Drabold, and Fedders 1295

Downloaded-26-Jul-2004-t0-132.235.24.64.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://jap.aip.org/jap/copyright.jsp



