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N-type electric conductivity of nitrogen-doped ultrananocrystalline diamond films
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The electronic structures of several possible nitrogen-related centers on the diamond surface and in the
diamond grain-boundary have been studied using density functional theory approaches with cluster models.
The results indicate that the nitrogen-vacancy related complex may be the shallow donor center, and the
complexes of nitrogen and dangling bond or nitrogen withtzond may play the role of compensation centers.
Three mechanisms of electric conductivity in ultrananocrystalline diamond films are proposed as the model to
explain the recently reported experimental results of hotlype conductivity-temperature and nitrogen-
concentration dependences.
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I. INTRODUCTION and UNCD films. The grain-boundaB) conduction has
been proposed responsible for the higktype electrical
Diamond is a promising wide band-gap semiconductofconductivitied® but the related transition mechanism for this
that may in future rival silicon as the material of choice in noncrystalline semiconductor is unclear yet. The purpose of
the electronics industry because of its exceptional physicahis paper is to investigate the related mechanism-tyipe
and chemical propertigsAlthough the synthesized diamond high conductivity in the UNCD films.
is already available in either polycrystalline or monocrystal- |t is known that some defects in diamond such as DB,
line form, the utilization of the unique electronic propertiesvacancy, and graphitic carbon withtype bonds have been
of diamond is limited because of the unavailability of the jdentified by many experiment techniqu]éﬂdditionally, it
n-type diamondn-type diamond has been expected as a bethas been observed that the defects in diamond, acting as
ter electron emitter, photoemission, and ion or electrordonor centers, may lead to thermally activated conduction
impact-induced emission, and could serve as a better inefith the activation energies dependent upon the defect
electrode for electrochemical applications. Furthermore, théypel2 Therefore, it becomes of interests to study the elec-
n-type diamond is necessary to realize ngwa junction re-  tronic properties of various N-related microstructures with
lated semiconductor devices. As a consequence, both thepB, =-type bond, vacancy, and H in diamohd In this
retical and experimental efforts have been spent for years iork, we have analyzed the electronic structure of different
searching practicaf-type dopant of diamonds® Nitrogen  N-related centers in diamond by using cluster model and
(N) is commonly found at different concentrations in naturaldensity functional theoryDFT) approach. As a consequence,
diamond and can also exist in the synthesized diamond bye have proposed a model of the mechanism-tfpe elec-
introducing N during the chemical vapor depositi@@VD) trical conductivity in UNCD films to explain the
synthesis of the diamond. By an analogy to substitutionatonductivity-temperature dependence, the experimental re-
phosphorous in silicon, one may have an intuition that nitrosults reported by Bhattacharyga al 1
gen at a substitutional site might be a natural candidate to act
as a donor in diamonfHowever, N in diamond creates a
deep donor state~1.7 eV) in the gap below the lowest con-
duction band The theoretical study indicates that the high The Amsterdam density functionéhbrF2003 program is
resistivity of N-doped diamond results from preferential for- employed:® In our calculations, the 2 2p orbitals of C, N
mation of complex of threefold-coordinated nitrogen atomand s orbital of H are considered as valence shells for
(N-sub with a dangling bondDB).° Consequently, the dop- which the tripleé Slater type orbital plus polarization func-
ing diamond with N is not expected to yield useful conduc-tions are employed. The VWN +Becke88+Perdew86 is se-
tivities at room temperature. It is interesting to note that thelected as the exchange-correlation functiortat® The single
recently reported experimental and theoretical results chalpoint energy has converged to f$MHartree after self-
lenge the above traditional thinking of N doping of diamond. consistent-field iterations. The coordinates of the atoms
Namely, then-type conductivity, which has been obtained soin the cluster models have been optimized using the conver-
far in ultrananocrystalline diamon@UNCD) films doped gence criterion of 1% Bohr on the displacement,
N, can reach as high as up to 1@3'cm™®; and in the 1072 Hartree/Bohr on the gradient, and f#Martree on the
crystalline bulk diamond a defect of nitrogen and hydrogerenergy, respectively.
complex N—H—N is much shallower than an isolated N  Cs5H4 (1) shown in Fig. 1a) is chosen as the basic clus-
donor? Therefore, one may question whether N and the reter. Modifying the basic cluster derives the other clusters.
lated complexes are effective donor dopants in bulk diamondhe initial bond lengths of &-C and G—H adopted in the

Il. COMPUTATIONAL DETAILS
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FIG. 1. (a) Structures of the
basic cluster gsHzg(l), (b) local
structure of N center at the surface
of cluster G4N{Hz5(11), (c) local
structure of N center at the surface
of cluster G,N{H3s5(111).

(a) (c)

calculations are 1.540 and 1.080 A, respectively, The optione is G,N;Has (I1l), in which N atom substitutes the atoms
mized average G-C bond length is about 1.542 A and that C, and H, on the surface of the basic clustegs8s (1). To
of the C—H is about 1.105 A. The binding energy of a make a clearer picture, the local N-related structures in

C—H bond is about —12.29 eV. C34N Hgs (1) and G4NH35 (111) are shown in Figs. (b) and
1(c), respectively. In Fig. (b), the three N—C bond lengths

are 1.541, 1.511, and 1.496 A, respectively, and the amgle

[ll. RESULTS AND DISCUSSIONS is 108.41°. In Fig. (c), the two N—C bond lengths are
1.509 and 1.552 A and the-N-H bond length is 1.025 A,
and the anglesxr and 8 are 107.46° and 110.57°, respec-
tively. The calculated bonding energy of-EN in the clus-

Based on the studies of impurities in diamond using thaers G,4N;Hss (I1) and G4N;Hss (111) are about -7.59 and
tight-binding approaches, Zapet al! found that the grain -7.67 eV, respectively. The difference is as small as
boundaries in UNCD films result in 40-50 % of threefold- 0.08 eV, showing that their stabilities are almost same.
coordinated atoms in the interface and the incorporation of The calculated electronic structure of clustergHzg (1),
nitrogen impurities in the grain boundary cost less energyC;,N;Hss (11), and G4N;Hss (1I1) are summarized in Fig. 2,
than that in the bulk. We have thus chosen two cluster modwhere the bottom of the conduction baBgdis defined as the
els with N-sub centers at the surface to simulate the N imfowest unoccupied energy level and the top of the valence
purity in the grain boundary. One is the clusteg,&Hss  band E, is the highest occupied energy level. The results
(I1), in which N atom substitutes the atoms &d H, on the indicate that the N-related centers on the surface, as simu-
surface of the basic clustergss (1) [see Fig. 18)]. Another  lated by the clusters £N;Hss (11) and G4N;Hgs (111), intro-

A. The electronic structure of N substitution for C (N-sub)
at the surface of clusters
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duce the energy levels occupied by two electrons in betwee(Vlll ), the same as GN,VH35 (VII), but the vacancy is hy-
the middle of the gagE,, and the valence bar(&,), which  drogenated by four H atoms with-GH bond distance fixed
suggests threefold coordinated N atom with three-l8  at about 0.932 A. The obtained electron structures of these
bonds and a lone pair of electrons. Thus, this type otwo clusters are given in Fig. 2/11) and(VIIl ) respectively.
N-related local structures can play the role of neither effec- From Fig. 2, it is found thati) the Fermi leveEr pinned
tive donors(with the occupied levels near to tHe,) nor by the gap states produced by the vacancy-related centers is
compensation centefsvith the singly occupied or unoccu- closer to the conduction bottof than that caused by oth-
pied levels below the donor levelfor n-type conductivity of  ers. Thus, we may conclude that these vacancy-related de-
diamond. fects play the role of donor centers in theype conductivity
of diamond. Our conclusion can be further supported by the
B. Electronic structure of complexes of nitrogen and dangling ~ €XPerimental observations that defects in diamond may result
bond (N-DB) on the surface in the appearance and act as donor cerlfeasid that large
. ) quantity of the NV complexes may be formed in nitrogen
To exp(l)olrle how the DB on the surfacé®or in the grain  goped CvD diamon@? (ii) The donor levels produced by
boundary®** plays an effective role in electrical properties {he fully hydrogenated-vacancy-related centers are shallower
of the hydrogenated diamoril,we have performed elec- {han that without hydrogenation. Thus this type of centers
tronic structure calculations of the clusterg,®:D1)Hzs  should be one of the possible donor origin that are respon-
(IV), in which an N is put on the surface as the N in thegjple for then-type high conductivity of UNCD films, and

cluster GoN;H3s (1) and the H on the surface is removed the others play the role of compensation center for donors, if
[see Fig. 1a)]. The resultis shown in Fig. @V). The case of  {hey coexist in samples.

three DBs existing on the surface is represented by the clus-

ter Cz4(N1D3)H3, (V), in which the N substitutes (Jas that

in cluster G,N;Hss (11)] and H;, Hg and H, are removed. E. The mechanism ofn-type electric conductivity

The electronic structure, shown in Figs(I®) and(V), di- in UNCD films

rectly indicate that these kinds of N-DB related complex cen-  The experimental results indicate that the UNCD films
ters yield the states lower than the middlg of the energy  gnsists of pursp’® carbons and a disordered mixturesg?

gap and some of them are either singly-occupied or unoccUsng sp? carbons on the-0.5-nm-wide grain boundaries. It
pied. This implies that the N-DB centers cannot be the effeCas heen proposed that the grain boundary conduction is re-
tive donors but may play the role of compensation centergponsible for the high electrical conductivity in these

for the coexisting donors. films.1%22|n addition, the theoretical results indicate that in-
corporation of N impurities into the grain boundary is easier
C. Electronic structure of complexes of nitrogen ands bond than incorporation of N into the bulk diamofd.herefore, it
(N-7) on the surface is reasonable to expect more N atoms incorporated in the

grain boundary than that in the grains, and the electronic

It is known that some graphitic carbon defects may exis . .
on the grain boundary in polycrystalline diamond and thestructure of these N-related centers results in the mechanism

: : f the high conductivity in UNCD films. To further explore
m-type bonds may be the key to interpret the electronic prop9 . . )
erties of UNCD filmsi®11 We have performed the calcula- the relationship between the electronic structure and the do-

tions for the cluster BN;Cs,=CH, (V1), in which N substi-  1°r and acceptor characters, we have _plott_ed the density of
tutes carbon atom s%cﬁ i clzu('ste}4r¢lH35 () and the  States(DOS) for the clusters(V)(VIIl) in Fig. 3a). The
atoms H and H; (connected to © are replaced with a CH reason onIy.the clusterdV)—(VIIl ) were chosen is that_ the
The results is shown in Fig. /). The nitrogen atom inter- possible actlve'donor or acceptor states appear only in these
acts with them-type bond and form a complex center that clusters[see Fig. 2 within the experimental temperature

9 :
introduces two types of levels in the energy gap. The Ferm{an9€¢ 4.2-300 R? The active donor/acceptor states are

level Eg, defined as the energy level occupied with single:n'o'[elOI byn“Eact”_ 'r? '_:'g'l %a). (;I'hebldonlor level is the _energyd
electron, lies below th&,, Therefore, these defects are not evel nearkg with single or double electron occupation, an

the donor centers either but may play the role of compensa{-he acceptor level is that belols with single or zero occu-

tion center for donors when the surfaceNeomplexes co- pation. : .
exist with some of the donor centers in the sample. . In order to explain the experimental resﬂﬂtbased on
Fig. 3(a), we have suggested a model as shown in Fig).3

(1) The number of the effective donot®,) is larger than
that of compensation-effective acceptdérs) to ensure the

The nitrogen-vacancyN-V) complexes have been con- conductivity to ben type. (2) E'¢ and E’,, denote for the
sidered as one of the most important defects of dian¥8AH. mobility edge$® of the conduction and the valence bands,
In the present work, we have examined the electronic strucrespectively, which are the characteristics of disordered emi-
ture of the nitrogen-vacancy complexes by the calculationsonductors.(3) The localizedDg-band states are induced
of two simulating clusters. One is;@N;VHgs (VI1), in which ~ mainly by the nitrogen-vacancy related cente{4) The
the vacancy replaces the, @ the cluster(l) [Fig. 1(@)], and  Fermi energy leve(Er) is pinned within the range of the,
the N substitutes the atoms, @nd H, on the surface of the band. Consequently, three conduction mechanisms have been
basic cluster GHze (1). Another one is GN;(VH,)H35  proposed as follows within an appropriate range of tempera-

D. Electronic structure of nitrogen-vacancy (N-V) complexes
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V.B.

tures in accordance with the theory of noncrystalline

semiconductor$?

(2) Considering the electron excitation into the localized
states at the band edd@& and hopping between the levels

(1) Considering the electron excitation from beyond theclose toE, we write then-type conductivity as

mobility edges into nonlocalized statesE., we write the
n-type conductivity as

E.-E
0= Omin exp(— C—F> (1)

KT

in which k is the Boltzmann constait,,, is the minimum

conductivity’® and for all noncrystalline semiconductors
Omin= 610/ (in unit of Q"1 cm™?), (2)

wherea is the distancdin A) between the potential wells.

For diamonda equals 3.56 A and thus,;,~170Qtcm™,
which

Ec-E+W.
o)

kT @

whereW, is the activation energy for hoppingy is about

107! of oy, This type of conductivity may be found in the

range of temperatures lower than that described in(Eq.
(3) At low temperatures the conductivity behaves as

B
M KT/

whereo, < o4 andW, is the activation energy for hopping of
electrons at the energy neBf and o, depends strongly on

(4)

is very close to the conductivity value of the concentration of donof$\p).

143~ cm ! around the highest temperature range reported According to Eqgs(1), (3), and(4), we have summarized
in Ref. 10, and therefore the electric conductivity higher tharthe typical temperature dependence for the N-doped UNCD

143~ cm ! should become possible.

films in Fig. 4, which clearly shows two featurgd) For a
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A E%-Er Eo- Ec +W. W,, the conductivity depends strongly on the concentration
Inc ,j' F Ec-ErtWh  W; of donorsD,. Both features are in good agreement with the
/ / experiment in which the highn-type conductivity
N —- 1430 *cmt was observed? As a consequence, the higher

=~ Np(1)  conductivity than 14321 cm® can be achieved in principle
for heavy N-doped UNCD films.

\ IV. CONCLUSIONS
No(2) The electronic structure calculations of the diamond using

the cluster models with DFT approaches indicate that the N
-V complexes may play the role of the shallow donors while

N-DB complexes as the compensation centers. For the
N-doped UNCD films ofn-type conductivity, three mecha-

N No(4) Np(3) nisms have been proposed for three temperature ranges, by
which the experimental results of conductivity-temperature
» dependence can be well explained. The mechanism of the
UT highest conductivity 148t cmtis induced by the electron

excitations into the states of conduction band.

FIG. 4. lllustration of the temperature and nitrogen-

concentration dependences of conductivity expected on the model ACKNOWLEDGMENTS
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