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We show the contribution of weak localization in two-dimensions as well as electron–electron interactions at
low temperature to the delocalized transport in heavily nitrogen-incorporated nanocrystalline diamond �NCD�
films via magnetoresistance. The unique carbon-microstructure of the grain-boundary regions, which is sig-
nificantly different from amorphous conducting carbon films, can exhibit coherent transport in these films over
a few tens of nanometers. The large value of the phase decoherence time of electron wave functions together
with its weak temperature dependence in NCD films suggest their potential for large area high-speed device
applications.
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I. INTRODUCTION

There have been several attempts to understand the out-
standing electronic properties of nitrogen-incorporated nano-
crystalline diamond �NCD� films recently.1–4 At this stage a
clear understanding of the unique microstructure of grain
boundaries �GB� enhancing the film conductivity will be a
prerequisite for practical electronic device applications of
this material. As a first approach the conductivity of NCD
films prepared with low nitrogen concentration was analyzed
using a combination of hopping and activated conduction
process �in three-dimensional �3D�� in different temperature
regimes.4 For heavily doped NCD films yielding high con-
ductivity �e.g., conductivity �140 S cm−1 and doped with
20% N2 in gas phase� the activation energy was found to be
approaching to zero and the spin density changes dramati-
cally compared to other samples.1–3 In this conductivity re-
gime �like metals� the effect of weak localization �WL�,
quantum interference, and electron–electron �e–e� interac-
tions relative to the classical conductivity can be seen.5

Through high negative magnetoresistance �MR�, WL of elec-
trons has been shown in nitrogen-doped NCD films.3 We
perform a detailed study over a temperature range of about
100 K in heavily doped and highly conducting NCD films1

and try to determine important parameters, e.g., minimum
conductivity ��min� and coherence length �L�� not depending
particularly on the means of determination of the activation
energy �Ea� and magnetic length.3 Recently, we attempted to
explain the microstructure of conducting carbon films based
on WL through tunnel barriers of sp3–bonded carbon.6 Evi-
dence for tunnel transport and crossover of dimensionality of
WL and e–e interactions, at relatively high temperature, has
been observed from temperature-dependent conductivity in
two-dimensional �2D� a-C films which can be verified from
MR study.6 Resonant tunneling with a low tunnel effective
mass �m�� in a related system, e.g., artificially grown carbon-
superlattice structures, has also been established.7 One of our
objectives is to implement similar concept in NCD films to
explain the transport in GB regions separated by tunnel bar-
riers of nanodiamond crystals. The aim of the work is to the
determination of phase coherence time ���� from MR to
show potential for high-speed applications of these materials.

II. EXPERIMENT

In this report, we mainly focus on the heavily doped NCD
films �NCD20N� and also NCD10N films prepared with 20%
N2 and 10% N2 gas in a plasma reactor, respectively.1–4

From the microstructure analysis thin GB ��2 nm� of these
films has been found free from crystalline or ordered gra-
phitic structures.1–5 Conduction through GB of these nano-
structured films was compared to conducting a-C films, la-
beled as C600, prepared at a substrate temperature of about
600 °C.6 Four-probe electrical conductivity and MR data for
these films deposited on fused-quartz substrates were mea-
sured from 300 K down to 4.2 K and in a field �H� of up to
9 T for NCD films.

III. LOW TEMPERATURE CONDUCTIVITY

First of all, the room temperature conductivity of NCD20N
films ��300 K�140 �−1 cm−1� is remarkably high compared
to 2D C600 films ��300 K�120 �−1 cm−1� and to NCD10N
��300 K�30 �−1 cm−1�. For high-conductivity samples ��T�
could not be fitted in the intermediate to high-temperature
range through a single process, namely, activated or variable
range hopping �VRH� conduction, described previously.4,6 At
lower temperatures, approaching zero Kelvin, a finite value
of � is clearly revealed in all samples �Figs. 1�a� and 1�b�
and Fig. 2�. The conductivity of the NCD20N samples shows
a T0.5 behavior below 20 K �Fig. 1�a�� and ln T dependence
clearly over a wide range, i.e., 20–70 K �Fig. 1�b��, which
can be explained by the e–e interactions �in 3D� and WL of
electrons �in 2D�, respectively.8–10 For NCD10N a signature of
2D WL can be seen below 15 K only, i.e., at a much lower
temperature than NCD20N films where 2D WL is more pro-
nounced. For C600, similar features with a changeover from
3D to 2D �WL� conduction were seen at higher temperature,
i.e., 100 K.6 Adding these corrections to the Drude conduc-
tivity ��0� in the disordered metallic regime the total conduc-
tivity is expressed as �considering e–e interaction in 3D only�

��T� = �0 + ���L�3D/2D + ���I�3D = �0 + �B ln T�2D

+ �m T1/2�3Dor, = �0� + �B�Tp/2�3D + �m�T1/2�3D.

�1�
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In general WL correction to ��T� can be expressed as
��L

2D�T�=e2 / ��h�ln�1 /LTh�=B ln�T� and ��L
3D�T�

=e2 / ��hLTh�=e2 / ��h�Tp/2, where LTh�Thouless length.8,9

For WL in 3D theoretical values of ‘p’ can be 3/2, 2, or 3
depending on the type of scattering;8–10 however they do not
produce a proper fit to the present data. A best fit using ln T
and T1/2 instead of a T3/2 fit for all the samples indicates that
both e–e interactions in 3D and 2D WL conduction are the
dominant conductivity mechanisms in the samples at differ-
ent temperature ranges �Fig. 1�. Assuming 2D transport �0 is
found to be between 88 to 15 S cm−1 for these samples
�Table I�, which is one order smaller than the estimated mini-
mum metallic conductivity for sp2-bonded �3D� a-C.10 These
films behave like disordered metals with high conductivity.
From �2D min for a 2D a-C film, an estimation of the effective
sample thickness can be made as less than 10 nm �Ref. 10�.
�min is not derived from Ea since it remains uncertain at low
temperatures.3,4 Based on the diffusion coefficient Di
�maximum�1 cm2 /s� and phase breaking time
���	10−10 s� �determined from MR at 4.2 K in the follow-
ing section� LTh= �Di���1/2 was found to be larger than the
effective thickness of the samples establishing 2D conduc-
tion �Table I�. The characteristic length Lc��hDi /2�kT�0.5

was also used to determine the dimensionality of the
samples.10 From the fitted value of ‘m’ and Di in Eq. �1� the
upper limit of Lc has been calculated at 4.2 K �see Table I�.
Both Lc and LTh for C600 are larger than for NCD20N and
NCD10N films.8 These derived values are also slightly smaller
than the diameter of WL orbits suggested earlier,3 however
they are consistent with microstructure of the films see �Refs.

11–13� and the following discussion. The calculated values
of Di �see Table I� for these samples are slightly smaller than
for graphitic carbon, but they are larger than for many other
forms of carbon such as one-dimensional pyrolized
polymers.14,15

IV. MAGNETORESISTANCE

To confirm the WL and any interference of electron wave
functions in the present systems, MR is studied from which
the temperature dependence of �� and elastic-scattering time
��0� can be determined.8,9,14 The conductivity of C600 shows
WL at T
100 K �Fig. 1�b��, where a change of the sign of
MR from positive �not shown here explicitly� to negative has
been observed �Fig. 3�a��. Using the previously proposed
two band conduction model the positive MR �see Eq. �3��
and the typical value of electron mobility ��� greater than
1 cm2 /Vs−1 at 100 K has been derived.8,9,14 This value is
close to the reported value in nitrogen-doped NCD films and
is obviously much greater than for 3D bulk a-C films
�10−6 cm2 /Vs−1�.2–4 Considering these models for sp2, a-C,
and the values of elastic mean-free path �lo��1 nm, the
Fermi velocity �vF��106 m /s, m�=0.06mo, �O= lO /vF
=m��O /e, �O�from positive MR, not shown here�, and also
using the relationship Di=vF

2�o /2, the values of �o and Di

can be found to be around 6�10–16 s and 	1 cm2 /s, re-
spectively.

TABLE I. Fitting parameters �0, m, B, LTh, and Lc of conductivity data shown in Fig. 2.

Sample
�0

�S cm−1�
m

�S /cm K1/2�
B

�S/cm�
LTh

�m�
Di

�cm2 /s�
Lc

�4 K�
Error
�%�

NCD20N 50 1.25 12.18 �1�10−6 T−3/2 0.4 101 Å 0.15

NCD10N 15 0.70 0.81 
1�10−6 T−3/2 0.3 87 Å 0.25

C600 88 1.45 0.18 	1�10−6 T−3/2 0.6 124 Å 0.42

FIG. 1. �Color online� Variation of �a� conductivity versus T0.5

�b� conductivity with ln�T� to show e–e interaction effects in 3D
and WL in 2D, respectively.

FIG. 2. �Color online� Model fit of conductivity for NCD20N,
NCD10N, and C600 films. Inset: Proposed microstructure and elec-
tronic band structure of �a� C600 and �b� NCD20N films showing WL
localization orbits of different scale and some sp2-bonded structures
for a-C films and �-orbitals within GB.
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A remarkable similarity of MR for C600 and NCD20N

samples as a function of H can be seen in Fig. 3�a� although
the magnitude of negative MR of C600 is lower than NCD20N

at a measured temperature. Therefore, all MR data for both
samples are analyzed using a common approach and values
of the derived parameters are found to be quite similar. We
highlight the parameters for the NCD20N sample and com-
pare to C600. We note that NCD samples in a previous report
�cf. Ref. 3� showed a very similar kind of negative MR both
in value and variation with H in the temperature range down
to 2 K. To establish WL in these films we check the H1/2 and
ln H dependence of MR. We find a decrease in the slope of
relative resistance ��
 /
� versus H1/2 curves with T �Fig.
3�a�� for both NCD20N and C600 samples, which to some
extent is similar to other graphitic carbon whose magneto-
conductance �MC� can be expressed as ���H ,T�
=��L

2D�H ,T�+��I
3D�H ,T� �Refs. 14 and 15�. In the absence

of the spin-orbit motion and magnetic impurities for 2D WL,
MC is expressed as ��L

2D�H ,T�=−e2 /�h���1 /2+H� /H�
−ln�H� /H��, where � and H��T� are the digamma function
and the inelastic characteristic magnetic field,
respectively.14,16 This expression can fit the data for 2D car-
bon only at low-field region.14,16 At low T and high H this
equation can have an asymptotic behavior where
��L

2D�H ,T�� ln�H� and ��I
3D�H ,T�=H1/2 �at H /T�1� and

H2 /T1/2 �at H /T�1�, respectively,10 and MC can be ex-
pressed as

���H,T� = C1 ln�H� − C2H1/2 + C3T1/2. �2�

Equation �2� consists of C1=e2 /�h ·��0,T��0.1 T at 4 K,
C2=−�e2F /2�h���g�BH /2hD�0.5 and C3
= �1.3e2F /2�h���kB /2hD�0.5, with the electron screening pa-
rameter F and Boltzmann constant �B multiplied with the
Lande ‘g’ factor �see Refs. 8–10�. This equation can explain
the negative MR along with 2D WL and also e–e interaction
effects in the films but only in a qualitative manner. For the
present experimental conditions, i.e., at 2 K and 9 T the
asymptotic limit cannot be reached so that a proper fitting to
MR data has not been obtained. It is important to note that
here an external transverse magnetic field quenches the WL
effect when it becomes greater than H��T�
=h / �8�eDi���T��. The logarithmic increase in the resistance
due to WL will be suppressed except at a very low field
where the 2D conductance can be written as ���0,T�
� ln�H� /H0� �H0 is the elastic characteristic magnetic
field�.14,16,17 Finally considering the entire range of T and H,
MR ��R /R� for these samples can be expressed �by modify-
ing Eq. �2�� as a first order approximation;

�R

R
= 	�R

R



Lorentz
+ 	�R

R



WL
+ 	�R

R



Interaction
= C0��H2�

+ C1 ln�H� + C2H + C3�H0.5� + C4�T0.5� . �3�

From data fitting �except at high field� at 4 K the parameters
C0=1�10−6, C1=3.8�10−4, C2=−4�10−3, C3=−2.5
�10−3, and C4=1�10−3 can be derived, which shows both
2D WL and e–e interactions have a major contribution to the
negative MR. At high T �i.e., 	40 K�, �R /R can be ex-
pressed as −0.00013H2+0.0002 ln H+ a constant showing
the effect of 2D WL and the Lorentz term. Since
H0��1 T� remains fairly constant with temperature at H

H0, and �0��1 /H0� is very small ��10−16 s�, the tempera-
ture dependence of MR and H��T� ��0.005 T at 4 K� in Eq.
�3� can be used to determine L��T� and ���T�. The tempera-
ture dependence of �� has been found to follow a �weak�
power-law ����T−1.16� dependence rather than an exponen-
tial growth or a polynomial fit with the coefficients 0.74 and
1.05 for the first and second orders, respectively �Fig. 3�b��.
Considering only the inelastic scattering within the limit of
error, and using L�= �h /8�eH��0.5=�2�Di

2m�W /�kT�1/3 �W
represents the width of the 2D channel� the minimum value
of ��=L�

2 /Di can be obtained as 10−10 to 10−12 s for L�

�1–10 nm, respectively. Interestingly, both in NCD films
and C600, �� and L� are weakly temperature dependent �Fig.
3�b�� and this trend differs from graphitic carbon.14–17 On the
other hand, these parameters, particularly the value of the
exponent of temperature in the power-law fit, was found to
be very similar to that of multiwalled nanotubes18 establish-
ing the effect of the disorder induced e–e interaction in low-
dimensional systems.

V. MICROSTRUCTURE AND PROPOSED MODEL

Comparing with disordered conducting carbon �C600�, we
propose a microscopic model of NCD films �Fig. 2�a� and
2�b��. All these investigated films contain confined sp2-C

FIG. 3. �Color online� �a� Variation of magnetoresistance of
NCD20N �filled symbols� and C600 films �open symbols� with mag-
netic field at different temperatures combined with a model fit using
Eq. �3� for C600 at 40 and 4 K and also for NCD20N at 2 K. �b�
Variation of L� and ��

−1 with T and different model fit of ��
−1�T� for

NCD20N.
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pathways of length �10 nm, which is shorter than both LC
and LTh. Therefore, a real electronically 2D a-C system at
low temperature can be proposed. At higher temperatures, Lc
becomes shorter than the effective sample thickness and the
interaction effect particularly in 2D cannot be seen. For C600,
tunnel barriers of disordered sp3-bonded carbon between
sp2-bonded planar clusters are very thin, which can explain
2D WL via coherent tunnel transport through these barriers.6

For NCD sp2-bonded carbon layers are separated by thick
�energetically high� barriers of diamond �Fig. 2�b��. Here
electrons could be confined and their tunneling probability
through diamond should be reasonably low. However, due to
a long L� and WL orbit, wave functions can interfere across
the diamond nanocrystals showing WL in 2D and also a
signature of e–e interactions. At high T, since the localization
length of electron wave function becomes smaller than L�, a
cross over from diffusion to hopping conduction is noticed.4

This analysis is in agreement with the microscopic observa-
tion of the GB, which is about 2-nm thick1,11 and WL study
in NCD films.3 The negative MR in the VRH regime can also
be caused by the dephasing effects of H by the interference

between hopping paths whose length can be determined via
H��T� �Ref. 19�.

VI. CONCLUSIONS

Our results are consistent with previous reports on the
analysis of the electrical transport of NCD films.1–4 However
in this report we added a new understanding of microstruc-
ture using tunneling and weakly localized transport, which
should be verified with additional experiments. Here we
showed a new set of values of m�, L�, and �� in the modified
and confined structure of low-dimensional carbon that can be
useful for developing high-speed devices over large area.20
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