
N-type electric conductivity of nitrogen-doped ultrananocrystalline diamond films

Ying Dai,1,* Dadi Dai,2 Cuixia Yan,1 Baibiao Huang,1 and Shenghao Han1

1School of Physics and Microelectronics, State Key Laboratory of Crystal Materials, Shandong University,
Jinan, 250100, People’s Republic of China

2Department of Chemistry, North Carolina State University, Raleigh, North Carolina, 27695-8204, USA
sReceived 1 January 2004; revised manuscript received 20 September 2004; published 25 February 2005d

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 with ap bond 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 bothn-type conductivity-temperature and nitrogen-
concentration dependences.
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I. INTRODUCTION

Diamond is a promising wide band-gap semiconductor
that may in future rival silicon as the material of choice in
the electronics industry because of its exceptional physical
and chemical properties.1 Although the synthesized diamond
is already available in either polycrystalline or monocrystal-
line form, the utilization of the unique electronic properties
of diamond is limited because of the unavailability of the
n-type diamond.n-type diamond has been expected as a bet-
ter electron emitter, photoemission, and ion or electron
impact-induced emission, and could serve as a better inert
electrode for electrochemical applications. Furthermore, the
n-type diamond is necessary to realize newp-n junction re-
lated semiconductor devices. As a consequence, both theo-
retical and experimental efforts have been spent for years in
searching practicaln-type dopant of diamonds.2–6 Nitrogen
sNd is commonly found at different concentrations in natural
diamond and can also exist in the synthesized diamond by
introducing N during the chemical vapor depositionsCVDd
synthesis of the diamond. By an analogy to substitutional
phosphorous in silicon, one may have an intuition that nitro-
gen at a substitutional site might be a natural candidate to act
as a donor in diamond.7 However, N in diamond creates a
deep donor states,1.7 eVd in the gap below the lowest con-
duction band.8 The theoretical study indicates that the high
resistivity of N-doped diamond results from preferential for-
mation of complex of threefold-coordinated nitrogen atom
sN-subd with a dangling bondsDBd.9 Consequently, the dop-
ing diamond with N is not expected to yield useful conduc-
tivities at room temperature. It is interesting to note that the
recently reported experimental and theoretical results chal-
lenge the above traditional thinking of N doping of diamond.
Namely, then-type conductivity, which has been obtained so
far in ultrananocrystalline diamondsUNCDd films doped
N,10 can reach as high as up to 143V−1 cm−1; and in the
crystalline bulk diamond a defect of nitrogen and hydrogen
complex NuHuN is much shallower than an isolated N
donor.4 Therefore, one may question whether N and the re-
lated complexes are effective donor dopants in bulk diamond

and UNCD films. The grain-boundarysGBd conduction has
been proposed responsible for the highn-type electrical
conductivities10 but the related transition mechanism for this
noncrystalline semiconductor is unclear yet. The purpose of
this paper is to investigate the related mechanism ofn-type
high conductivity in the UNCD films.

It is known that some defects in diamond such as DB,
vacancy, and graphitic carbon withp-type bonds have been
identified by many experiment techniques.11 Additionally, it
has been observed that the defects in diamond, acting as
donor centers, may lead to thermally activated conduction
with the activation energies dependent upon the defect
type.12 Therefore, it becomes of interests to study the elec-
tronic properties of various N-related microstructures with
DB, p-type bond, vacancy, and H in diamond.4,11 In this
work, we have analyzed the electronic structure of different
N-related centers in diamond by using cluster model and
density functional theorysDFTd approach. As a consequence,
we have proposed a model of the mechanism ofn-type elec-
trical conductivity in UNCD films to explain the
conductivity-temperature dependence, the experimental re-
sults reported by Bhattacharyyaet al.10

II. COMPUTATIONAL DETAILS

The Amsterdam density functionalsADF2003d program is
employed.13 In our calculations, the 2s, 2p orbitals of C, N
and 1s orbital of H are considered as valence shells for
which the triple-j Slater type orbital plus polarization func-
tions are employed. The VWN+Becke88+Perdew86 is se-
lected as the exchange-correlation functional.14–16The single
point energy has converged to 10−6 Hartree after self-
consistent-field iterations. The coordinates of the atoms
in the cluster models have been optimized using the conver-
gence criterion of 10−3 Bohr on the displacement,
10−3 Hartree/Bohr on the gradient, and 10−6 Hartree on the
energy, respectively.

C35H36 sId shown in Fig. 1sad is chosen as the basic clus-
ter. Modifying the basic cluster derives the other clusters.
The initial bond lengths of CuC and CuH adopted in the
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calculations are 1.540 and 1.080 Å, respectively, The opti-
mized average CuC bond length is about 1.542 Å and that
of the CuH is about 1.105 Å. The binding energy of a
CuH bond is about −12.29 eV.

III. RESULTS AND DISCUSSIONS

A. The electronic structure of N substitution for C (N-sub)
at the surface of clusters

Based on the studies of impurities in diamond using the
tight-binding approaches, Zapolet al.11 found that the grain
boundaries in UNCD films result in 40–50 % of threefold-
coordinated atoms in the interface and the incorporation of
nitrogen impurities in the grain boundary cost less energy
than that in the bulk. We have thus chosen two cluster mod-
els with N-sub centers at the surface to simulate the N im-
purity in the grain boundary. One is the cluster C34N1H35
sII d, in which N atom substitutes the atoms C1 and H1 on the
surface of the basic cluster C35H36 sId fsee Fig. 1sadg. Another

one is C34N1H35 sIII d, in which N atom substitutes the atoms
C2 and H2 on the surface of the basic cluster C35H36 sId. To
make a clearer picture, the local N-related structures in
C34N1H35 sII d and C34N1H35 sIII d are shown in Figs. 1sbd and
1scd, respectively. In Fig. 1sbd, the three NuC bond lengths
are 1.541, 1.511, and 1.496 Å, respectively, and the anglea
is 108.41°. In Fig. 1scd, the two NuC bond lengths are
1.509 and 1.552 Å and the NuH bond length is 1.025 Å,
and the anglesa and b are 107.46° and 110.57°, respec-
tively. The calculated bonding energy of CuN in the clus-
ters C34N1H35 sII d and C34N1H35 sIII d are about −7.59 and
−7.67 eV, respectively. The difference is as small as
0.08 eV, showing that their stabilities are almost same.

The calculated electronic structure of clusters C35H36 sId,
C34N1H35 sII d, and C34N1H35 sIII d are summarized in Fig. 2,
where the bottom of the conduction bandEc is defined as the
lowest unoccupied energy level and the top of the valence
band Ev is the highest occupied energy level. The results
indicate that the N-related centers on the surface, as simu-
lated by the clusters C34N1H35 sII d and C34N1H35 sIII d, intro-

FIG. 1. sad Structures of the
basic cluster C35H36sId, sbd local
structure of N center at the surface
of cluster C34N1H35sII d, scd local
structure of N center at the surface
of cluster C34N1H35sIII d.

FIG. 2. Electronic structures of the N-related
centers ofsId C35H36sId, sII d C34NH35sII d, sIII d
C34NH35sIII d, sIV d C34NH34D1sIV d, sVd
C34NH32D3sVd, sVI d H33N1C34vCH2 sVI d,
sVII d C33NsVD4dH35 sVII d, and sVIII d
C33NsVH4dH35sVIII d. EC is the bottom of con-
duction band.EV is the top of valence band.Em is
the middle line of the energy gap.EF is the Fermi
level. The numbers in parenthesis are the electron
occupations at the presented levels from the Mül-
liken population analysis.
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duce the energy levels occupied by two electrons in between
the middle of the gapsEmd and the valence bandsEvd, which
suggests threefold coordinated N atom with three NuC
bonds and a lone pair of electrons. Thus, this type of
N-related local structures can play the role of neither effec-
tive donorsswith the occupied levels near to theEcd nor
compensation centersswith the singly occupied or unoccu-
pied levels below the donor levelsd for n-type conductivity of
diamond.

B. Electronic structure of complexes of nitrogen and dangling
bond (N-DB) on the surface

To explore how the DB on the surface17,18 or in the grain
boundary10,11 plays an effective role in electrical properties
of the hydrogenated diamond,19 we have performed elec-
tronic structure calculations of the clusters C34sN1D1dH34

sIV d, in which an N is put on the surface as the N in the
cluster C34N1H35 sII d and the H4 on the surface is removed
fsee Fig. 1sadg. The result is shown in Fig. 2sIV d. The case of
three DBs existing on the surface is represented by the clus-
ter C34sN1D3dH32 sVd, in which the N substitutes C1 fas that
in cluster C34N1H35 sII dg and H5, H6 and H7 are removed.
The electronic structure, shown in Figs. 2sIV d and sVd, di-
rectly indicate that these kinds of N-DB related complex cen-
ters yield the states lower than the middleEm of the energy
gap and some of them are either singly-occupied or unoccu-
pied. This implies that the N-DB centers cannot be the effec-
tive donors but may play the role of compensation centers
for the coexisting donors.

C. Electronic structure of complexes of nitrogen andp bond
„N-p… on the surface

It is known that some graphitic carbon defects may exist
on the grain boundary in polycrystalline diamond and the
p-type bonds may be the key to interpret the electronic prop-
erties of UNCD films.10,11 We have performed the calcula-
tions for the cluster H33N1C34=CH2 sVI d, in which N substi-
tutes carbon atom such as in cluster C34N1H35 sII d and the
atoms H7 and H8 sconnected to C5d are replaced with a CH2.
The results is shown in Fig. 2sVI d. The nitrogen atom inter-
acts with thep-type bond and form a complex center that
introduces two types of levels in the energy gap. The Fermi
level EF, defined as the energy level occupied with single
electron, lies below theEm. Therefore, these defects are not
the donor centers either but may play the role of compensa-
tion center for donors when the surface N-p complexes co-
exist with some of the donor centers in the sample.

D. Electronic structure of nitrogen-vacancy „N-V… complexes

The nitrogen-vacancysN-Vd complexes have been con-
sidered as one of the most important defects of diamond.20,21

In the present work, we have examined the electronic struc-
ture of the nitrogen-vacancy complexes by the calculations
of two simulating clusters. One is C33N1VH35 sVII d, in which
the vacancy replaces the C4 in the clustersId fFig. 1sadg, and
the N substitutes the atoms C1 and H1 on the surface of the
basic cluster C35H36 sId. Another one is C33N1sVH4dH35

sVIII d, the same as C33N1VH35 sVII d, but the vacancy is hy-
drogenated by four H atoms with CuH bond distance fixed
at about 0.932 Å. The obtained electron structures of these
two clusters are given in Fig. 2,sVII d andsVIII d respectively.

From Fig. 2, it is found thatsid the Fermi levelEF pinned
by the gap states produced by the vacancy-related centers is
closer to the conduction bottomEC than that caused by oth-
ers. Thus, we may conclude that these vacancy-related de-
fects play the role of donor centers in then-type conductivity
of diamond. Our conclusion can be further supported by the
experimental observations that defects in diamond may result
in the appearance and act as donor centers,12 and that large
quantity of the N-V complexes may be formed in nitrogen
doped CVD diamond.22 sii d The donor levels produced by
the fully hydrogenated-vacancy-related centers are shallower
than that without hydrogenation. Thus this type of centers
should be one of the possible donor origin that are respon-
sible for then-type high conductivity of UNCD films, and
the others play the role of compensation center for donors, if
they coexist in samples.

E. The mechanism ofn-type electric conductivity
in UNCD films

The experimental results indicate that the UNCD films
consists of puresp3 carbons and a disordered mixture ofsp2

and sp3 carbons on the,0.5-nm-wide grain boundaries. It
has been proposed that the grain boundary conduction is re-
sponsible for the high electrical conductivity in these
films.11,22 In addition, the theoretical results indicate that in-
corporation of N impurities into the grain boundary is easier
than incorporation of N into the bulk diamond.5 Therefore, it
is reasonable to expect more N atoms incorporated in the
grain boundary than that in the grains, and the electronic
structure of these N-related centers results in the mechanism
of the high conductivity in UNCD films. To further explore
the relationship between the electronic structure and the do-
nor and acceptor characters, we have plotted the density of
statessDOSd for the clusterssIV d–sVIII d in Fig. 3sad. The
reason only the clusterssIV d–sVIII d were chosen is that the
possible active donor or acceptor states appear only in these
clusters fsee Fig. 2g within the experimental temperature
range 4.2–300 K.10 The active donor/acceptor states are
noted by “act” in Fig. 3sad. The donor level is the energy
level nearEF with single or double electron occupation, and
the acceptor level is that belowEF with single or zero occu-
pation.

In order to explain the experimental results10 based on
Fig. 3sad, we have suggested a model as shown in Fig. 3sbd.
s1d The number of the effective donorssDed is larger than
that of compensation-effective acceptorssAed to ensure the
conductivity to ben type. s2d E8C and E8V denote for the
mobility edges23 of the conduction and the valence bands,
respectively, which are the characteristics of disordered emi-
conductors.s3d The localizedDe-band states are induced
mainly by the nitrogen-vacancy related centers.s4d The
Fermi energy levelsEFd is pinned within the range of theDe

band. Consequently, three conduction mechanisms have been
proposed as follows within an appropriate range of tempera-
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tures in accordance with the theory of noncrystalline
semiconductors.23

s1d Considering the electron excitation from beyond the
mobility edges into nonlocalized states atE8C, we write the
n-type conductivity as

s = smin expS−
EC8 − EF

kT
D s1d

in which k is the Boltzmann constantsmin is the minimum
conductivity23 and for all noncrystalline semiconductors

smin = 610/a sin unit of V−1 cm−1d, s2d

wherea is the distancesin Åd between the potential wells.
For diamonda equals 3.56 Å and thussmin<170 V−1 cm−1,
which is very close to the conductivity value of
143 V−1 cm−1 around the highest temperature range reported
in Ref. 10, and therefore the electric conductivity higher than
143 V−1 cm−1 should become possible.

s2d Considering the electron excitation into the localized
states at the band edgeEc and hopping between the levels
close toEC, we write then-type conductivity as

s = s1 expS−
EC − EF + W1

kT
D , s3d

whereW1 is the activation energy for hopping,s1 is about
10−1 of smin. This type of conductivity may be found in the
range of temperatures lower than that described in Eq.s1d.

s3d At low temperatures the conductivity behaves as

s = s2 expS−
W2

kT
D , s4d

wheres2øs1 andW2 is the activation energy for hopping of
electrons at the energy nearEF ands2 depends strongly on
the concentration of donorssNDd.

According to Eqs.s1d, s3d, ands4d, we have summarized
the typical temperature dependence for the N-doped UNCD
films in Fig. 4, which clearly shows two features.s1d For a

FIG. 3. sad IV-VIII: the DOS
of the clusters sIV d–sVIII d. sbd
Schematic of effective donorDe

and acceptor Ae bands for a
sample of UNCD films with
n-type conductivity.E8C and E8V
denote for the mobility edges of
the conduction and valence bands
respectively,EC and EV are the
bottom of conduction band and
the top of valence band respec-
tively. EF is Fermi level. The pos-
sible active donor/acceptor states
are denoted by “act.”
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given sample there are three temperature regions each with a
different activation energies, e.g.,E8C−EF8.EC−EF+W1
.W2. s2d Only in the temperature range characterized by

W2, the conductivity depends strongly on the concentration
of donorsDe. Both features are in good agreement with the
experiment in which the high n-type conductivity
143 V−1 cm−1 was observed.10 As a consequence, the higher
conductivity than 143V−1 cm−1 can be achieved in principle
for heavy N-doped UNCD films.

IV. CONCLUSIONS

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-
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
highest conductivity 143V−1 cm−1 is induced by the electron
excitations into the states of conduction band.
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