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ABSTRACT: We report nitrogen-induced enhanced electron
tunnel transport and improved nanomechanical properties in
band gap-modulated nitrogen doped DLC (N-DLC) quantum
superlattice (QSL) structures. The electrical characteristics of
such superlattice devices revealed negative differential
resistance (NDR) behavior. The interpretation of these
measurements is supported by 1D tight binding calculations
of disordered superlattice structures (chains), which include
bond alternation in sp3-hybridized regions. Tandem theoretical
and experimental analysis shows improved tunnel transport, which can be ascribed to nitrogen-driven structural modification of
the N-DLC QSL structures, especially the increased sp2 clustering that provides additional conduction paths throughout the
network. The introduction of nitrogen also improved the nanomechanical properties, resulting in enhanced elastic recovery,
hardness, and elastic modulus, which is unusual but is most likely due to the onset of cross-linking of the network. Moreover, the
materials’ stress of N-DLC QSL structures was reduced with the nitrogen doping. In general, the combination of enhanced
electron tunnel transport and nanomechanical properties in N-DLC QSL structures/devices can open a platform for the
development of a new class of cost-effective and mechanically robust advanced electronic devices for a wide range of applications.
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1. INTRODUCTION
Superlattice structures demonstrate quantum transport and
tunable electronic characteristics, which can be utilized for the
development of fast and efficient electronic, optoelectronic, and
luminescent devices. Superlattices show unusual electrical
transport, that is, homogeneous and inhomogeneous field-
dependent transport. At a certain field (voltage), known as
critical field (voltage), these structures exhibit negative
differential conductance (NDC), alternatively called negative
differential resistance (NDR). Superlattice structures have
many interesting applications such as in high frequency
electronics usually in oscillators, switching devices, memristors,
programmable logic, computing, light emitting diodes, etc.
The idea of superlattice devices was proposed and executed

by Tsu, Esaki, and Chang1,2 while studying quantum devices
based on lattice matched crystalline semiconductors. However,
if the lattice constants of two semiconductors in crystalline
superlattices are not perfectly matched, dislocations due to the
misfit are generated leading to a high defect density. This
results in strong electron scattering, restricting quantum effects.
Thus, electron scattering has been a major hindrance to the

realization of quantum effects in crystalline superlattices. In
1983, Abeles and Tiedje3 suggested amorphous semiconductors
could circumvent these detrimental interfacial effects. While
studying a-Si1−xNx:H/a-Si:H and a-Ge:H/a-Si:H heterostruc-
tures, they also demonstrated the appearance of quantum size
effects in amorphous superlattices. The amorphous structure of
these superlattices relaxed the lattice matching condition of
crystalline superlattices, while the hydrogen passivated defects
and reduced the defect density, finally minimizing the electron
scattering and allowing quantum effects to be observed. Hence,
a-Si:H-based quantum superlattice (QSL) structures have been
more widely studied than other amorphous QSL structures.3

The promise of extending these capabilities prompted the
study of amorphous carbon devices. With the flexibility of
tailoring the band gap over a wide range, ∼1−4 eV, coupled
with tunable electronic properties, high thermal conductivity,
and high wear resistance (10 000 times greater than a-Si:H),
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hydrogenated amorphous carbon (a-C:H) or diamond-like
carbon (DLC) provides a potential candidate for developing a
new class of mechanically robust quantum electronic
devcies.4−14 Moreover, as it can be deposited over wide areas
at low temperatures (usually room temperature), DLC can be
deposited on inexpensive substrates, which is commercially
important for evolving cost-effective technology. Utilizing its
tunable optical and electronic characteristics, Silva et al.15

demonstrated quantum size effects in DLC-based amorphous
superlattice structures comprised of very thin low and high
band gap DLC layers. The current−voltage (I−V) character-
istics of the DLC-based superlattice structures revealed NDR
features with the variation of current in the range 0.1−0.3 nA
upon increasing the voltage to ∼6 V.15 Subsequently, the
structure of individual layers of DLC in superlattices was
studied through transmission electron microscopy.16 Bhatta-
charyya et al.17demonstrated resonant tunneling (NDR) and
fast switching in DLC-based quantum well structures, which
was a major effort toward realizing DLC-based fast quantum
electronic devices.
Although DLC films have the capability of demonstrating

quantum size effects, applications of these devices were limited
due to low conductivity. Moreover, DLC films show high
residual stress that may lead to poor adhesion of the films to the
underlying substrate. Nitrogen has proven to be the best
doping material for DLC to improve its electron transport and
to reduce the stress.4,6,10,18 Silva et al.6 and Schwan et al.10 have
realized a significant improvement in the conductivity with a
reduction in material stress of DLC films based on the
introduction of nitrogen. In terms of devices, recently Katkov
and Bhattacharyya19 proposed a theoretical model for
enhancing the tunnel transport in disordered carbon super-
lattice structures through the addition of nitrogen.
In view of the above, investigating and understanding the

tunnel transport and nanomechanical properties of nitrogen
doped DLC (N-DLC) QSL structures would be quite
important from both scientific and technological perspectives.
Thus, probing the role of nitrogen inclusion on the structural,
nanomechanical, and tunnel transport properties of N-DLC
QSL structures lies at the core of this study. In the present
work, we have been able to improve electron tunnel transport
in such structures by introducing nitrogen and controlling the
microstructure. On the basis of this work, a fundamental
understanding is also developed for the enhanced electron
tunnel transport due to nitrogen doping, and its role in the
stress and nanomechanical properties of N-DLC QSL
structures.

2. MATERIALS AND METHODS
We study three QSL structures where the only difference is the
nitrogen partial pressure (NPP) in the growth chamber to illustrate the
positive effect of nitrogen inclusion on the structural and electronic
and nanomechanical properties of the QSL structures, rather than
systematically quantify the change in the properties. Band gap
modulated N-DLC QSL structures were deposited at room temper-
ature, on well cleaned Si ⟨100⟩ and Corning 7059 glass substrates at
base and working pressures of 5 × 10−6 Torr and 25 mTorr,
respectively, using asymmetric capacitive coupled radio frequency-
plasma enhanced chemical vapor deposition (RF-PECVD). The
acetylene (C2H2) and nitrogen (N2) were used as precursor gases.
Before the deposition of the final N-DLC QSL structures, the
deposition rate at negative self-bias of 100 and 350 V for the films
grown at NPP of 0% was calibrated. Once the calibration of deposition
rate had been performed, the final N-DLC QSL structure was

deposited at NPP of 0%, where NPP = N2/(N2 + C2H2). By
synchronizing the deposition time based on the calibrated deposition
rate at NPP of 0%, 7 high band gap layers (each ∼3.5 nm thick) and 6
low band gap layers (each ∼2.5 nm thick) were deposited,
alternatively. Following the same strategy, the deposition of N-DLC
QSL structures at NPPs of 48.3% and 65.2% was carried out whereby
the deposition time for the biases 100 and 350 V was kept the same as
used in the case of 0% NPP. However, due to the addition of nitrogen,
the total thicknesses and hence the deposition rate of N-DLC QSL
structures were found to be slightly decreased at NPPs of 48.3% and
65.2%. The deposition rate for these N-DLC QSL structures was
measured ex situ. Thus, each of these QSL structures consists of 7 high
band gap and 6 low band gap layers, which enable 6 wells and 7
barriers in the structure. The high band gap layer was deposited at
negative self-bias of 100 V, and the low band gap layer was grown at
negative self-bias of 350 V.

The optical properties were measured using a UV−vis−NIR
spectrophotometer (model 2200DPCV, Phoenix). FTIR measure-
ments were carried out with a PerkinElmer Spectrum Bx instrument.
The Raman spectra were recorded using a Renishaw InVia micro-
Raman spectrophotometer. Visible light of wavelength 514.5 nm was
used as an excitation source. The residual stress was estimated by
change in the radius of curvature before and after deposition using a
500TC temperature controlled film stress measurement system (FSM
Frontier Semiconductor, U.S.). The residual stress (S) was calculated
using the Stoney eq 1:
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where Es, νs, df, and ds are Young’s modulus, the Poisson ratio, the film
thickness, and thickness of substrate, respectively, and R0 and Rf are
the radii of substrate curvature before and after the film deposition.
The nanomechanical properties were determined using fully automatic
software controlled IBIS nanoindentation (Fisher-Cripps laboratories
Pvt., Australia) with a triangular pyramid diamond Berkovich indenter.
The maximum indentation load in all of the measurements was kept at
300 μN. Ten indentations were made on each sample, and average
values of the hardness and elastic modulus are reported. I−V
characteristics were recorded at room temperature in a sandwiched
configuration using Keithley 6487 Pico Ammeter instrument.

We employ a 1D tight-binding model to calculate the transport
properties of nitrogen incorporated DLC superlattice structures. The
tight-binding model is given by eq 2:
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where εi is the on-site energy, ci
† and ci are the Fermion creation and

annihilation operators, and ti,j represents the tight-binding hopping
parameter while the summation is taken over nearest neighbor sites.
Although devices are made of 2D layers, the contacts are perpendicular
to the layers so current propagates through 1D or quasi-1D channels.

The sp3-hybridized regions have a relatively high potential
(corresponding to a relatively small hopping parameter) forming
potential barriers, while the potential in the sp2-hybridized regions is
lower (corresponding to a relatively large hopping parameter) forming
quantum wells. Structural disorder in the form of bond-length
distortions is modeled by using a nonuniform distribution of the
tight-binding hopping parameter, which follows a Gaussian distribu-
tion about a mean value. The width of this distribution is referred to as
the disorder parameter. The structural bond length distortion is related
to a change in the tight binding hopping parameter via a bond
deformation potential.20 The hopping parameter and the disorder
parameter used in this work were determined through a combination
of previous theoretical and experimental studies.21 Details can be
found in our previous studies.19,22,23

The discretized Schrödinger eq 3:

Ψ = ε Ψ − Ψ − Ψ+ + − −E t ti i i i i i i i i1, 1 1, 1 (3)
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was solved iteratively using the known eigenvalue for E = EL − 2tL
cos(kL), the left lead, where EL is the on-site energy in the left lead
with hopping parameter tL and incident wavevector kL. The
transmission coefficient was defined as T(E) = (sin(kL)/|A|

2 sin(kR)),
where kL is the wavevector of the incoming wave from the left lead, kR
is the wavevector of the right lead, and A is the incoming wave
amplitude. The current−voltage characteristics were then calculated
from the transmission coefficient using the Landauer−Büttiker
formula.
We studied two different cases theoretically. Initially, we studied the

transmission through disordered superlattices, which are similar to
conventional superlattice structures, that is, regions of high potential
separated by regions of low potential. The eigenenergies are sensitive
to the relative difference in potential between the quantum wells and
barriers. Consequently, the regions where NDR is found in the I−V
characteristics can be tuned. However, the separation of the regions of
NDR cannot be tuned to reproduce the experimental data using
physical parameters for the potential as the eigenenergies of the
superlattice are relatively close together while the experimental data
show a large difference in the potential between the regions of NDR.
This prompted us to study the case of bond alternation in the sp3-
hybridized regions, which is likely to arise if polymeric chains form
within the sp3-hybridized regions. The periodic bond alternation in the
sp3-hybridized regions results in alternation of the hopping parameter,
which varies from one site to the next, from tmax

σ to tmin
σ, which are in

the range of 3.3−4.3 and 1.1−2.1 eV, respectively, with the transfer
hopping parameter between the diamond-like and graphitic regions
given by tσ−π, which is 1.37 eV.19,23There may also be significant
incorporation of sp2C in the sp3-hybridized regions as well as
incorporation of nitrogen complexes in the sp3-hybridized regions.
However, the effects of these inclusions will be similar to bond
alternation as they result in a much smaller potential locally in the sp3-
hybridized regions. Hence, we neglect to model defects of this form.
There may also be disorder within the bond alternation regions,

although this has a relatively small effect on the transmission
coefficient as the relative change in the potential across the sites due
to disorder is quite small in comparison with the change in potential
from site to site due to bond alternation.

It was difficult to quantitatively reproduce the experimental data as
nitrogen can from a number of different C−N complexes (with
different potentials) and can modify the microstructure in the region
of the nitrogen defect.22 Networks, sp2 clusters, and polymeric chains
can form in the DLC superlattices. In this work, we have considered
uniform nitrogen defects, although it is possible that different nitrogen-
related defects are incorporated in the sp2C regions. Calculations of
the I−V characteristics allow us to interpret general features of the
measurements on the basis of a well-established quantum transport
treatment.

3. RESULTS AND DISCUSSION

Superlattice structures are composed of periodic arrays of
barriers and wells. In band gap-modulated superlattice
structures, a single barrier is formed when a thin semi-
conducting layer of wide band gap material is sandwiched
between two narrow band gap layers. Similarly, a well is formed
when a low band gap layer is sandwiched between two wide
band gap layers. So the array of alternating wide and low band
gap layers constructs the array of quantum wells and barriers.
These heterostructures are known as superlattice structures.
However, if the thickness of these layers is very small (well
within the coherence length), that is, in the range of a few
nanometers, quantum effects may be observed. Under such
conditions, a superlattice is called a QSL. It is important to
mention that QSL structures maintain the periodicity, and
besides crystalline materials, these structures can also be
prepared using amorphous semiconducting materials.

Figure 1. Schematic representation of N-DLC QSL structures and devices. These N-DLC QSL structures were deposited at NPPs of (a) 0%, (b)
48.3%, and (c) 65.2%. Each N-DLC QSL structure comprises 7 wide band gap layers (represented by dark blue and light blue colors) and 6 low
band gap layers (represented by yellow and orange colors). (d) For the electrical measurements, Ag contacts were made at the front and at the back
of the QSL structures and (e) N-DLC QSL device under bias illustrating resonant tunneling where μ is the chemical potential of the leads.
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The N-DLC QSL structures were fabricated precisely with
varying nitrogen partial pressures (NPPs) of 0%, 48.3%, and
65.2%. In QSL structures, wide band gap layers were grown at
negative self-bias of 100 V, whereas low bad gap layers were
deposited at 350 V. Each N-DLC QSL structure comprises 7
high band gap layers and 6 low band gap layers deposited
alternatively (schematically shown in Figure 1a−c).
Similar to Abeles and Tiedje,3 the thickness of the layers was

controlled and determined by the deposition rate. The total
thickness of the N-DLC QSL structures comprising 7 high
band gap layers (barriers) and 6 low band gap layers (wells) at
NPP of 0%, 48.3%, and 65.2% was found to be ∼40, ∼36, and

∼30 nm, respectively. The deposition rates were found to be
0.26, 0.23, and 0.20 nm/s, respectively.
For the N-DLC QSL structure grown at NPP of 0%, the

barrier layer has a thickness of ∼3.5 nm and the well layer has a
thickness of ∼2.5 nm. Because the deposition rate and hence
overall the thickness of the N-DLC QSL structures were
decreased with increasing NPPs, the N-DLC structures
deposited at NPPs of 48.3% and 65.2% would have slightly
reduced barrier and well thickness. The decrease of deposition
rate means there is a competition between deposition and
etching of the film due to ionic bombardment (nitrogen ions)
on the growing film surface.24 The increase in NPP also

Figure 2. Spectroscopic (UV−vis−NIR and FTIR) analyses, residual stress, and nanomechanical properties. (a)Transmittance spectrum of a single
DLC layer deposited at 0% NPP and at negative self-bias of 100 and 350 V. Inset of (a) shows the zoomed-in version of transmittance for 100 V
grown film. (b) Fourier transform infrared (FTIR) spectra of N-DLC QSL structures deposited at NPP of 0% and 65.2%. Variations of (c) residual
stress, (e) hardness, (f) elastic modulus, and (g) elastic recovery with NPPs and (d) load versus displacement curves for N-DLC QSL structures. The
blue line shows the polynomial fitting of the graph points.
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suppresses the transport of carbon species with nitrogen,
reducing the deposition rate.
The transmittance spectra of an individual layer of N-DLC

films grown at 0% NPP (pure DLC) and at negative self-bias of
100 and 350 V, taken by ultraviolet−visible−near-infrared
(UV−vis−NIR) spectroscopy, are shown in Figure 2a. Because
the individual layers were extremely thin, their transmittance
was found to be very high, which varied in the range ∼95−
99.5% (for 100 V grown film) and ∼90−99% (for 350 V grown
film) with increasing wavelength from 350 to 900 nm. The
transmittance spectra of the film grown at 100 V showed
slightly higher optical transparency than the one grown at 350
V, which may be due to the occurrence of relatively higher
diamond-like character (slightly higher band gap) in the former
film. The optical band gap of a single layer N-DLC film grown
at 0% NPP was estimated by the Tauc method25,26 and found
to be 2.3 eV at 100 V and 1.4 eV at 350 V. The high band gap
at 100 V is attributed to the formation of more diamond-like
structure, and the low band gap at 350 V corresponds to the
reduction of sp3C bonding and greater formation of the sp2C
phase and sp2 clusters due to the relaxation process as described
by Robertson for DLC films.9 The high and low band gap
layers, alternatively, enabled the band gap modulated N-DLC
QSL structures.
Fourier transform infrared (FTIR) spectra of N-DLC QSL

structures deposited at NPPs of 0% and 65.2% are shown in
Figure 2b. A CO2 peak due to atmospheric contamination was
observed in these QSL structures. As this peak has no physical
significance in relation to the properties of interest, the region
2200−2400 cm−1 was omitted from the FTIR spectra. Because
the thickness of N-DLC QSL structures was low, various
bonding states of Si with C, N, and H were seen in the spectra.
The band in the range 620−733 cm−1 may be assigned to
strong Si−C, Si−Si, and Si−N bonding. The region in the
range 775−835 cm−1 may correspond to Si−CH3 rocking
modes probably containing strong Si−C interactions. The band
in the 1000−1250 cm−1 range is assigned to the symmetric
bending mode of CH3 attached to Si. The vibrational bands
observed near 1300−1350 cm−1 correspond to sp3 (C−H) and
sp2 (C−H or C−C) bonding. Our primary interest is in the
band range of 1550−1600 cm−1 as it corresponds to CC
bonding only. This band for a N-DLC QSL structure grown at
NPP of 0% is ascribed to the presence of graphite-like sp2 C
C vibrations, whereas for a N-DLC QSL structure grown at
NPP of 65.2%, this corresponds to the existence of amino C
N groups. It should be noted that when the NPP is increased,
the peak at 1550−1600 cm−1 becomes slightly more intense
due to symmetry breaking caused by nitrogen introduction.
This shows that the introduction of nitrogen enhances the sp2

clustering and promotes the sp2 phase as well. Wang et al.27

have also observed similar behavior in hydrogenated
amorphous carbon films and reported an enhancement in the
intensity of the peak near 1600 cm−1 after nitrogen doping.
This is explained by nitrogen-induced structural curvature of
the carbon network. Peaks in the 3200−3500 cm−1 range may
be assigned to N−H and O−H bonding. The FTIR results of
these samples are in good agreement with the reported
literature.9,27−31 It is important to mention that the C−H
stretching vibration band in the range 2700−3200 cm−1 was
very faint in both of the structures. This indicates that these N-
DLC QSL structures contain very little hydrogen. Raman
measurements were also performed to further examine the
microstructure of DLC films, which are discussed in the

Supporting Information (S1). Raman results indicate that the
introduction of nitrogen in DLC promotes sp2 cluster
formation, which is in good agreement with the FTIR spectra.
We also observed that the size of the sp2 clusters increased with
increasing NPP due to the higher concentration of nitrogen in
N-DLC QSL structures. In addition, the introduction of
nitrogen seems to slightly increase (reduce) the overall sp2

(sp3) carbon bonding.
High residual stress is one of the most technically challenging

difficulties to overcome in growing DLC films as high stress
reduces the adhesion of DLC with the underlying substrate and
can cause instant delamination.32,33 However, the generation of
high compressive stress is one of the mechanisms proposed for
the growth of high sp3 bonded DLC films.34 Ferrari et al.,35 on
the other hand, suggested that it is not only the stress that
influences the sp3carbon bonding and vice versa but also that
stress can be manipulated by rearranging the sp2C phase. In this
context, we discuss the role of nitrogen incorporation on the
compressive stress of N-DLC QSL structures through Figure
2c. Unlike undoped DLC films, N-DLC QSL structures showed
significantly lower material stress (below 1 GPa, maximum 0.8
GPa). Interestingly, a reduction of about 62% in the stress was
encountered when the NPP was increased from 0% to 65.2%.
The decrease of stress with increased NPP can be due to
rearrangement of the sp2carbon phase in terms of the increased
number and size of sp2 clusters, and overall sp2C phase as
evidenced by FTIR and Raman analyses. In addition, reduction
of the average coordination number (nitrogen and carbon have
coordination numbers of 3 and 4, respectively) and, hence,
degree of overconstraining due to nitrogen introduction could
be another reason for the reduction of stress.36 Importantly, N-
DLC QSL structures consist of high and low band gap layers.
The low band gap layer grown at 350 V shows greater sp2C
bonding and acts as an adhesive layer to the subsequent high
band gap layer having more sp3C bonding. In this way, the
presence of higher self-bias grown low band gap layers provides
relaxation to the overall N-DLC QSL structure and hence
reduces the stress.
The nanomechanical properties of N-DLC QSL structures,

especially the hardness (H) and elastic modulus (E), were
measured using nanoindentation at a load of 300 μN. Load
versus displacement (LD) curves of N-DLC QSL structures are
shown in Figure 2d, where the depth of penetration was found
to decrease with increasing NPPs. This seems to be due to
nitrogen-induced hardening of the N-DLC QSL structures. To
estimate the hardness and elastic modulus, we analyze the LD
curves. Because the penetration depth is higher than 10% of the
total thickness of N-DLC QSL structures, H is determined by a
composite hardness model.37 Figure 2e and f shows the
variations of H and E with NPP for N-DLC QSL structures.
The values of H at NPPs of 0%, 48.3%, and 65.2% were found
to be 15, 22.6, and 26 GPa, respectively. The values of E follow
a similar trend and were found to increase from 252 to 534 GPa
upon increasing the NPP from 0% to 65.2%. The elastic
recovery (ER) of these samples was also determined (Figure
2g) using eq 4:

=
−

×ER
h h

h
%

( )
100max res

max (4)

where hmax and hres are the displacement at the maximum load
and residual displacement after load removal, respectively. The
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values of ER with the inclusion of NPP were found to be 70%,
79%, and 83%, respectively.
Usually the hardness of DLC films is inversely (direct)

proportion to sp2 (sp3)carbon bonding. However, sp2carbon
bonding in N-DLC QSL structures seems to be slightly
increased with the introduction of nitrogen, which indicates
that other mechanism(s) is(are) governing the nanomechanical
properties of N-DLC QSL structures. The nitrogen-induced
onset of cross-linking of the carbon network27,38−45or
formation of hard β-C3N4 phase46,47 may be the possible
mechanism(s) for improved nanomechanical properties of N-
DLC QSL structures. It should be noted that, although the
generation of the hard β-C3N4 phase has been predicted
theoretically, practical realization of this phase is still under
debate. The formation of β-C3N4 might be possible in highly
energetic deposition processes such as in ion beam deposition
or pulse laser deposition of carbon nitride films.48 Hence, we
neglect the formation of β-C3N4 phase in our PECVD
deposited films.
While investigating the ER of these samples, we observed

that it is significantly enhanced with the introduction of
nitrogen. Previously, it was suggested that cross-linked carbon
networks contribute to the enhancement of the ER and H of
carbon films.27,38−45 For PECVD grown hydrogenated carbon
films, Wang et al.41 observed ER (H) as high as 74% (8 GPa) in
pure a-C:H films, which was increased to 84% (26 GPa) in a-
C:H films with cross-linked carbon networks. In another work,
Wang et al.42 reported ER of 65% in pure a-C:H film, which
was raised to 77−85% in a-C:H films with cross-linked carbon
network. The role of nitrogen has been found to be very crucial
in forming cross-linked carbon networks and sp2 clusters for
both the PECVD and sputtered amorphous carbon
films.27,43−45 For nitrogen doped sputtered carbon films,
Hellegren et al.43 have realized ER (H) of 75% (20 GPa) and
90% (40−60 GPa) in purely amorphous nitrogenated carbon
films and amorphous nitrogenated carbon films with cross-
linked carbon networks, respectively. Similarly, Wang et al.27

realized an ER of 60% in PECVD deposited pure a-C:H films,
which was increased to 75% in nitrogen doped a-C:H:N films,
which have nitrogen-induced cross-linked carbon networks.27

In view of the established literature, we also predict that the
introduction of nitrogen can lead to the onset of cross-linked
carbon networks, which can therefore improve the elastic and
nanomechanical properties of N-DLC QSL structures. For N-
DLC QSL structures grown at 0% NPP (without nitrogen
incorporation), in our case the ER is found to be lower due to
the formation of an amorphous a-C:H film. However, it is
enhanced to 79% and 83% in N-DLC QSL structures grown at
NPPs of 48.3% and 65.2%, respectively, due to the formation of
a-C:H:N films with some cross-linked network. To understand
nitrogen-driven cross-linking, Sjostrom et al.44 have carried out
theoretical total energy calculations and proposed that an
energy of 73.8 kcal/mol is required to form a cross-linked
carbon network. However, the energy cost can be reduced by
an amount of 26.2 kcal/mol, if two carbon atoms are replaced
by nitrogen atoms in a cross-linked pentagonal network. In the
present work, the deposition of N-DLC QSL structures is
performed with two different self-biases of 100 and 350 V.
Under biased conditions, Ar+ ions present in the mixture of
Ar−C2H2 plasma bombard the carbon species on the Si
substrate and locally alter the thermodynamic relations, raising
the local temperature. At the same time, the introduction of
nitrogen in plasma affects the plasma chemistry and kinetics

and alters the microstructure of films in the condensed state in
terms of the formation of cross-linked networks in the matrix of
amorphous carbon. Moreover, Hellgren et al.43 have suggested
that a high nitrogen concentration, which is a function NPP,
promotes the generation of pentagons or curved structures
even if the energy supplied is not sufficient. Hence, the onset of
a nitrogen-induced cross-linked network is perhaps the reason
for enhanced ER and H of N-DLC QSL structures.
Electrical transport through periodic structures has always

been a subject of great interest. Periodic structures show either
miniband conduction or Wannier−Stark hopping conduction
or resonant sequential tunneling. For amorphous superlattices,
the wave functions of different quantum wells are thought to be
weakly coupled, and resonant sequential tunneling is thought to
be the most probable form of tunneling. Figure 1d shows a
schematic cross-sectional view of N-DLC QSL devices, where
the high and low band gap layers were grown at negative self-
biases of 100 and 350 V, respectively. Silver (Ag) was used as
metal contacts, and then-Si substrate acted as an electron
injector. Figures 1e is the horizontal view of the device under a
bias voltage. Figure 3a shows the current−voltage (I−V)
characteristics and its first- and second-order derivative curves

Figure 3. Electrical characteristics of N-DLC QSL structures at room
temperature, showing NDR behavior. The I−V curve, the first-order
derivative (dI/dV), and the second derivative (d2I/dV2) of N-DLC
QSL structures deposited at NPP of (a) 0%, (b) 48.3%, and (c) 65.2%.
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for a N-DLC QSL structure grown at 0% NPP (pure DLC QSL
structure). The current was found to increase with increasing
voltage and reached a local maximum value called the peak
current. This is mainly due to the energy mismatch between the
successive quantum wells, which confirms the sequentional
resonant tunneling transport. This can be understood as
follows: In the present case, we have 7 barriers (B1, B2, B3, B4,
B5, B6, and B7) and 6 wells (W1, W2, W3, W4, W5, and W6)
(Figure 1e). Each well has different energy levels (say E1, E2, E3,
...En). The first and seventh barriers are connected to
electrodes, where n-Si acts as an electron injector.17 When a
potential difference is applied between the leads, the chemical
potential decreases linearly throughout the superlattice from
the high chemical potential of the source to the low chemical
potential of the drain. When the potential difference of the
leads causes the eigenenergies of the quantum wells to begin to
align, the current begins to increase rapidly, and as resonant
tunneling ensues, the current reaches a maximum. Subse-
quently, as the increasing potential destroys the alignment of
the eigenenergies, the current decreases rapidly as resonant
tunneling is suppressed, resulting in a decrease of current with
voltage referred to as negative differential conductance (NDC)
or negative differential resistance (NDR). Keay et al.49 have
observed NDR behavior in GaAs superlattice structures and
suggested that it occurs due to alignment and misalignment of
sub band states under applied voltage. For carbon-based
materials, Bhattacharyya and Silva50 have also found NDR
behavior at room temprature for a-CNx/Si heterostructures,
which becomes prominent at 80 K.
The introduction of nitrogen in N-DLC QSL structures is

found to modify the tunnel transport in terms of the change in
NDR voltage(s) and total current. For the sample grown at 0%

NPP, the peak currents are found at two discrete voltages of
∼3.5 and ∼7 V. When the NPP is increased to 48.3% (Figure
3b), the peak current and first and second NDR voltages shift
toward lower values, 3 and 6.5 V, respectively. Moreover, the
intensity of NDR (dI/dV) is increased with increasing NPP
from 0% to 48.3%. When the NPP is further increased to 65.2%
(Figure 3c), the first NDR peak remains at the same voltage (3
V) but the second NDR voltage shifts toward a lower value (6
V). In addition, the intensity of NDR is enhanced further for
this sample. Thus, the NDR voltages shift successively toward
lower values with the increasing NPPs. In addition, the total
current of the devices is also increased by about 2 orders of
magnitude with increasing NPPs from 0% to 65.2%. It should
be noted that for all of the samples we found maxima in the
current only at two discrete voltages despite having many wells
and barriers, which is discussed subsequently during the
discussion of theoretical results. Silva et al.15 have also observed
maximal current only at one voltage for DLC superlattice
structures having multiple wells and barriers. Overall, the
introduction of nitrogen in N-DLC QSL structures improves
the electrical properties and nanomechanical properties. Hirono
et al.40 have also reported the coexistence of high electrical
conductivity and superhard behavior in sp2-rich carbon films
due to the creation of carbon nanoparticles or cross-linking.
The non-hydrogenated amorphous carbon (a-C) films show

a high degree of disorder. This high level of disorder may
suppress the tunnel transport. However, in a-C:H films, the
presence of hydrogen reduces the disorder by passivating the
dangling bonds. The introduction of nitrogen in a-C:H can
further enhance the tunnel transport in N-DLC due to the
change in microstructure and bonding environment. In these
N-DLC QSL structures, the increased sp2 clustering, as

Figure 4. Calculated current−voltage characteristics and potential profile of disordered carbon superlattice structures with bond alternation in the
sp3-hybridized regions, with the same configuration as the experimental devices. (a) Structure with no nitrogen incorporation. (b) Current voltage
characteristics of the structure with profile (a). (c) Structure with some nitrogen defects and reduced barrier width, (d) current−voltage
characteristics of the structure (c). (e) Structure with still higher nitrogen defect concentration and further reduced barrier width, (f) calculated
current−voltage characteristics of structure (e).
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evidenced by FTIR and Raman spectra, seems to be the main
mechanism for the improved tunnel transport with the
increased NPPs (or nitrogen).
To compare and understand the experimental results, that is,

the enhanced electron tunnel transport with the introduction of
nitrogen in N-DLC QSL structures, theoretical modeling was
performed using a 1D tight-bonding model, as shown in
Figures 4a−f. We assume that there is bond alternation in the
sp3-hybridized regions. This is discussed in the experimental
section. Figure 4a shows the hopping parameter (inversely
related to the potential) at each lattice site in the superlattice
for a DLC QSL structure with the same dimensions as the
experimentally studied N-DLC structure grown at 0% NPP
(without nitrogen incorporation). Figure 4b shows the
calculated I−V characteristics. It was assumed that there is
structural disorder within the sp2C phase. There are two
prominent regions of NDR, where the peaks are observed at 5
and 6.7 V as well as an additional peak at around 4 V and
nonlinear features.
Reflection of the wave function from sp3-hybridized regions

results in quantum interference with constructive interference
occurring at the eigenenergies, resulting in resonant trans-
mission when the potential causes alignment of the
eigenenergies of the quantum wells with the incident electron
energies of the leads. The bond-alternation in the sp3-
hybridized regions increases the separation between the
eigenenergies, shifting the eigenenergies closer to the band
edges with increasing sp3 percentage.19 The bond-alternation
also increases the transparency of the superlattice and increases
the difference between the eigenenergies of the quantum wells
as at high incident electron energies the barriers become more
transparent to the incident electrons (for a solid barrier), and
this effect is enhanced in the case of bond-alternation. The
disorder in the sp2C phase results in a wide distribution of
eigenenergies, resulting in the broad transmission maxima and
decreasing the peak-to-valley ratio in the I−V characteristics.
With increasing nitrogen partial pressure during synthesis,

the number of nitrogen atoms incorporated in carbon networks
of N-DLC QSL structures significantly increases the number
and size of sp2 clusters as well as the overall sp2/sp3 ratio (as
shown by FTIR and Raman measurements in this study and
found in other studies as well). In modeling the nitrogen
incorporated superlattice structures, we have included these
effects. Because it is difficult to state with certainty the amount
of nitrogen defects incorporated in the sp2 carbon regions, we
have included a few nitrogen atoms in these regions to
qualitatively interpret the effects of nitrogen defect incorpo-
ration. Figure 4d shows the calculated current−voltage
characteristics of a N-DLC QSL structure with nitrogen defects
where the width of the sp3-hybridized regions has been reduced
in accordance with the experimentally observed increase in the
size and number of sp2 clusters and overall amount of the sp2C
phase (structure in Figure 4c). In agreement with the
measurements, the regions of NDR shift toward lower
potentials as the superlattice becomes more transparent with
the decreasing sp3C barrier thickness. The defects decrease the
potential at which the first region of NDR occurs, while the
potential of the second region of NDR shifts to the lower
potential due to the increased transparency. In addition, higher-
order regions of NDR become apparent due to the increased
quantum well width. These do not appear in the measure-
ments; however, they may be drowned out by multichannel
effects as many conduction channels form in the DLC

superlattice structures. The potential of the Si injector may
also play a role in suppressing these regions.
Figure 4f shows the calculated I−V characteristics for a

nitrogen defect incorporated N-DLC QSL structure with a still
greater defect concentration and further increase of sp2 clusters
(structure in Figure 4e). The first and second prominent
regions of NDR shift to slightly smaller potentials, although the
shift in potential is not as great as the initial shift when the
nitrogen is first introduced, coinciding with the measurements.
Between these regions additional nonlinear features are found,
which indicate broad transmission maxima that are not sharp
enough to induce NDR. The defect states result in additional
eigenenergies forming in the quantum wells. The calculations
allow us to interpret with certainty the effects of the nitrogen
incorporation in the experimental data.
The experimental results show a marked increase in the

conductivity with the increasing nitrogen incorporation, almost
an order of magnitude with each increase in the nitrogen partial
pressure. This is likely due to the formation of additional
conduction channels (quasi-1D chains and networks) in the
superlattice. These additional conducting channels correspond
to the increased sp2 clusters. The effect of multiple conduction
channels and the incorporation of various nitrogen complexes
accounts for most of the discrepancies between the measured
and calculated I−V characteristics. These calculations provide a
convincing explanation of the experimental data and also yield
insight on the design of DLC superlattice devices with specified
characteristics.

4. CONCLUSION
Three band gap modulated N-DLC QSL structures with and
without nitrogen introduction have been fabricated to uncover
the effect of nitrogen incorporation on their electrical and
nanomechanical properties. We observed quantum size effects
in the N-DLC QSL structures in the form of resonant
tunneling. The electrical properties revealed enhanced electron
tunnel transport with the increasing NPPs, in agreement with
the theoretical calculations conducted using a 1D tight-binding
model. The NDR voltage consecutively shifted toward smaller
potentials while the total current increased with increasing
NPPs. We believe that the generation of nitrogen-induced
additional 1D channels and networks, which arise as the
number of sp2 clusters increases, is the origin of the enhanced
tunnel transport in N-DLC QSL structures. These N-DLC
QSL structures also showed anomalous hardness and elastic
recovery characteristics, which are most likely due to the onset
of nitrogen-induced cross-linking of the carbon network, in
agreement with the enhancement of the tunnel transport
properties. This discovery can be extremely important toward
the development of cost-effective and mechanically robust fast
quantum electronic devices.
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