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Scanning tunneling microscopy and spectroscopy have been used to characterize the
atomic structure and tunneling density of states of individual single wall carbon
nanotubes (SWNT’s) and ropes containing many SWNT’s. Analysis of atomically
resolved SWNT images shows that the nanotubes consist of a wide range of diamete
and helicities with no one structure clearly dominant. Tunneling spectroscopy
measurements made simultaneously on atomically resolved SWNT’s exhibit
semiconducting and metallic behavior that depend predictably on helicity and diamete
In addition the band gaps of the semiconducting tubes were also found to depend
inversely on diameter. These results are compared to theoretical predictions, and the
implications of these studies as well as important future directions are discussed.
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I. INTRODUCTION

Currently, carbon nanotubes are the focus of inten
interest worldwide. This attention to carbon nanotub
is not surprising in light of their promise to exhibi
unique physical properties that could impact broad ar
of science and technology, ranging from superstro
composites to nanoelectronics.1–3 Critical to realizing
the potential of carbon nanotubes will be work th
defines their intrinsic mechanical and electrical pro
erties. There has been considerable experimental
theoretical progress to this end. For example, mechan
measurements have recently demonstrated that ca
nanotubes have the largest Young’s modulus of a
known materials.4,5 Direct measurements of the ful
stress-strain behavior of individual nanotubes have a
shown that nanotubes undergo a striking elastic buckl
deformation, and are exceedingly tough materials.5 It is,
however, the remarkable electronic properties of carb
nanotubes that have elicited the greatest interest.1,6–17For
single wall carbon nanotubes (SWNT’s), which cons
of a single graphene sheet rolled into a seamless tu
theoretical calculations predict that both metallic a
semiconducting nanotubes are possible depending o
on the diameter and the helicity of the nanotube.6–10 The
ability to display fundamentally distinct electronic prop
erties without changing the local bonding sets nanotu
apart from other nanowire materials.

The diameter and helicity of a defect-free SWN
are uniquely characterized by the roll-up vectorch 
na1 1 ma2 ; (n, m) that connects crystallographically
equivalent sites on a two-dimensional (2D) graphe

a)Correspondence should be addressed to C.M.L.
e-mail: cml@cmliris.harvard.edu
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sheet, wherea1 and a2 are the graphene lattice vectors
andn andm are integers (Fig. 1). Electronic band struc-
ture calculations predict that the (n, m) indices determine
whether a SWNT will be a metal or a semiconductor.6–10

To first order (n,0) or zigzag SWNT’s should exhibit
two distinct types of behavior. The nanotubes will be
metals whenny3 is an integer, and otherwise semicon-
ductors. Asch rotates away from (n, 0), chiral (n, m)
SWNT’s are possible with electronic properties simila
to the zigzag tubes; that is, when (2n 1 m)y3 is an
integer, the tubes are metallic, and otherwise semico
ducting. Independent of chirality, the energy gaps of th
semiconducting (n, 0) and (n, m) tubes should depend
inversely on diameter.1,7,10 The finite curvature of the
tubes will also lead to mixing of thepys bonding
andppysp antibonding orbitals on carbon. This mixing
should produce small gaps in (n, 0) and (n, m) metallic
tubes with the magnitude of the gap depending inverse
with the square of the diameter. Finally, whench rotates
30± relative to (n, 0),m  n. The (n, n) or armchair tubes
are expected to be truly metallic with band crossings a
k  62y3 of the 1D Brilluoin zone.

Scanning tunneling microscopy (STM) and scannin
tunneling spectroscopy (STS) offer the potential to
probe these predictions for the electronic propertie
of carbon nanotubes, since these techniques are capa
of resolving simultaneously the atomic structure an
electronic density of states of a material. Atomically
resolved images ofin situ vapor-deposited (versus arc
generated) carbon structures believed to be multiwa
carbon nanotubes (MWNT’s) were first reported by
Sattler and Ge.18 Bias-dependent imaging19 and STS20

investigations of independently characterized arc gene
ated MWNT’s showed that some fraction of MWNT’s
produced by the arc method were semiconducting
 1998 Materials Research Society
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FIG. 1. Schematic of a 2D graphene sheet illustrating lattice vecto
a1 anda2, and the roll-up vectorch  na1 1 ma2. The limiting cases
of (n ,0) zigzag and (n, n) armchair tubes are indicated with dashe
lines. As represented here, the angle between the zigzag configura
and ch is negative. The tube axis is indicated by the vectorT.

and furthermore, the STS data suggested that
energy gap depended inversely on diameter. Subsequ
STM and STS studies of MWNT’s and SWNT’s hav
provided indications of different structures and structur
dependent electronic properties,21–24 but have not
revealed an explicit relationship between structure a
electronic properties. We believe that the failure o
these previous studies to elucidate clearly the expec
diameter and helicity dependent electronic properties
nanotubes can be attributed in part to the lack of pu
SWNT samples, since (i) the electronic band structure
MWNT’s is considerably more complex than SWNT’s
and (ii) relatively pure samples are required to carry o
unambiguous STM and STS measurements.

The recent development of techniques to produ
and purify relatively large quantities of SWNT’s ha
made possible definitive testing of the remarkable pr
dicted electronic properties of nanotubes.25–27 Indeed,
recent STM and STS measurements of the atomic str
ture and electronic properties of purified SWNT’s wer
communicated by our group28 and Wildoeret al.29 These
initial studies have shown that the electronic properti
of SWNT’s do indeed depend sensitively on diamet
and helicity, and thus verify the major features of theor
In this paper, we describe in detail our studies of th
atomic structure and electronic properties of SWNT’
including the analysis of atomic structure and nanotu
indices, the types of structures present in samples p
pared by current techniques, the relationship betwe
structure and electronic properties, and issues critical
further understanding these unique materials.

II. EXPERIMENTAL METHODS

SWNT’s were grown by the laser vaporization
method of Thesset al.25 Raw SWNT’s were purified by
treatment in refluxing HNO3 followed by neutralization
J. Mater. Res., Vol. 1
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and filtration through a 0.8mm pore membrane. Samples
suitable for STM and STS studies were prepared b
spin coating an ethanol suspension of the purifie
SWNT’s onto Au(111) surfaces. The Au(111) films
were grown by electron beam evaporation of gold ont
heated (375±C) mica; the films were annealed for
1 h at 350±C prior to removal from the deposition
chamber. Immediately after SWNT deposition onto
freshly prepared Au(111) substrates, the sample w
loaded into an UHV chamber and transferred unde
vacuum to a homemade UHV STM that was stabilize
at 77 K. Large scale characterization of independen
samples by atomic force microscopy (AFM) and field-
emission scanning electron microscopy showed that th
SWNT’s consisted primarily of ropes of individual tubes
distributed on the substrate surface with an averag
separation of approximately 10mm (Fig. 2). STM
imaging studies were carried out using electrochemical
etched W tips in the constant current mode with th
bias voltage (V) applied to the tip. The resolution
and calibration of the STM were confirmedin situ
by imaging the atomic lattice and steps of the Au(111
substrate surface.

STS measurements were made by averaging 5
10 I-V curves at specified locations on atomically re
solved SWNT’s. Typically, 6–8 distinct locations were
measured for a given atomically resolved nanotube. Th
normalized conductance, (VyI)dIydV , which has been
shown to provide a good measure of major features

FIG. 2. Large scale AFM image of the Au(111) substrate follow-
ing the deposition of SWNT’s. SWNT ropes are visible as curved
string-like objects several micrometers in length. The image wa
recorded with a Nanoscope III (Digital Instruments, Inc.) in tapping
mode with a Si-FESP tip.
3, No. 9, Sep 1998 2381
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the local density of electronic states (LDOS) for meta
and semiconductors, was calculated from digitalI-V
data using standard methods.30 To ensure the reliability
of these measurements, we routinely checked that cle
areas of the Au(111) substrate exhibited the charact
istic metallic I-V curves and the expected 2D surfac
state of this material.31 In addition, we routinely checked
that I varied exponentially with tip-sample separation t
verify the presence of a clean vacuum tunneling junctio

The (n, m) indices of a SWNT are obtained from the
experimentally determined values of the chiral angle,u,
and diameter. The chiral angle was measured betwe
the zigzag (n, 0) direction, which corresponds to sites
separated by 0.426 nm along the zigzag tube axis, a
the central tube axis for angles,15±. Because the tube
axis T is perpendicular toch, this angle is equivalent
to that between the (n, 0) andch directions defined in
Fig. 1. When the chiral angle was.15±, we determined
its value relative to the armchair (n, n) direction. This
approach confines our angle measurements to the b
defined atomic structure at the tops of the SWNT’
and minimizes contributions from the structure at th
sides of the highly curved tubes, since the latter can
distorted by the finite size and asymmetry of the tip. I
addition, we independently determined the chiral angle
from analysis of the Fourier transform of atomically
resolved data; i.e., the angle between reciprocal spa
lattice and the tube axis. Taken together these metho
yield an uncertainty in the chiral angle of60.5±.

SWNT diameters were determined from the pro
jected widths of nanotube images after deconvolutin
the tip contribution to the image. First, we assig
an overall width by averaging,400 cross sections
for each nanotube. The total tunneling currentI
can then be expressed asI  Ig exps2kgzd 1 It

expf2kt

p
x2 1 sz 2 R2 g near the nanotube andI 

Ig exps2kgdd far away from the nanotube, wherekg,
kt , R, and d are the inverse decay length on gold, th
inverse decay length on the tube, the tube radius a
distance from the gold surface, respectively.It and Ig

contain the complicated electronic structure of both th
tip and the tube. This equation is then used to fit th
average cross section obtained from the STM imag
to obtain the nanotube diameter 2R. The parameters
obtained from this model are reasonable and are
agreement with those obtained from Au steps in th
same experiments. The typical uncertainty in SWN
diameter from high-quality STM images is60.05 nm.
We believe that this approach yields a more robu
diameter than that determined from the cross-section
height, since the apparent height is highly dependent
the imaging conditions.

Lastly, we have also developed a projection
matching method to verify that the assigned (n, m)
2382 J. Mater. Res., Vol. 1
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indices are consistent with the experimental images. A
program is used to generate nanotube structures wi
(n, m) indices closest to the ones derived from the
chiral angle and diameter analyses described above, a
then a two-dimensional (2D) projection of the three-
dimensional (n, m) indices is directly overlaid on an
experimental image to determine the best-fit (n, m)
indices. Our comparison (as above) focuses on the matc
at the tops of the tubes where the atomic structure is be
defined. Although the fits typically have deviations, the
relative fit of possible (n, m) indices usually produces
one set that is clearly better than others.

III. RESULTS AND DISCUSSION

A. Nanotube structure

Typical STM images of a SWNT rope and an iso-
lated SWNT are shown in Fig. 3. These images illustrat
several general points. First, the chiral angles determine
from the tubes span a wide range; for the rope in Fig. 3
the angles range from approximately 0–17±. A wide
range of helicities is typical for the rope and isolated
tubes and suggests that no one structure dominates in o
SWNT samples. This point is addressed further below
Second, isolated SWNT’s can be observed, although w
typically find these adjacent to ropes [Fig. 3(b)]. The
latter observation suggests that the isolated SWNT’
peel off from (and can remain connected to) the ropes
Third, large scale images often exhibit raised feature
on tubes [e.g., pronounced bright area in lower right o
Fig. 3(b)]. These features could be due to contaminatio
from the deposition process, variations in coupling to the
substrate, or may be intrinsic to the SWNT’s. Although
we can confine our measurements to other sample area
these features could influence other measurements, su
as transport, carried out on SWNT samples deposited
a similar manner.

Our ability to characterize the detailed SWNT struc-
ture defined by the (n, m) indices from atomic resolution
images is one major point of this paper. We illustrate
this capability and limitations in assigning (n, m) indices
with several specific tube examples. Typical atomically
resolved images of a SWNT on the surface of a rop
and isolated SWNT’s on a Au(111) substrate are show
in Figs. 4 and 5, respectively. The expected honeycom
lattice for a SWNT with a C–C spacing of 0.146 0.02
nm is resolved clearly in Fig. 4. The chiral angle de-
termined by measuring the angle formed between th
tube axis (solid line) and zigzag direction (dashed line
is 28.0 6 0.5±. In general, we find that the chiral angles
determined at different positions along straight tubes ar
the same over distances of at least 20 nm, and thus w
believe that twist deformations do not affect the data
presented in this paper. This angle and the measure
3, No. 9, Sep 1998
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FIG. 3. STM images of (a) a SWNT rope and (b) an isolated SWN
The atomic structure of the SWNT’s is clearly visible in both image
The data in (a) and (b) were recorded in the constant current m
with a bias voltage of 250 mV and a tunneling current of 120 pA.

diameter of 1.06 0.05 nm can be used to assign (n, m)
indices to the SWNT. Within our uncertainty we ca
assign the indices to be either (11, 2) or (12, 2) wi
angles/diameters of28.2±y0.95 nm and27.6±y1.03 nm,
respectively. Note that an (11, 2) tube is expected to
metallic, while a (12, 2) tube should be semiconductin

A similar analysis has also been carried out for th
isolated SWNT’s. The chiral angle of the upper isolate
J. Mater. Res., Vol. 1
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FIG. 4. STM image of a SWNT exposed at the surface of a rope
a Au(111) substrate. The image was recorded in the constant cur
mode with a bias voltage of 50 mV and a tunneling current of 150 p
The image was low-pass filtered. The tube axis is indicated with so
black arrows, and the zigzag direction is highlighted by a dashed li
The symbols correspond to the locations whereI-V was measured.
Adapted from Ref. 28.

SWNT in Fig. 5(a) was found to be 11.26 0.5±, while
the diameter of this tube is 0.956 0.05 nm. Within
the limits of our uncertainty either (14,23) or (15,23)
indices with angle/diameter values of 11.7±y1.0 nm and
10.9±y1.08 nm, respectively, appear compatible wit
the experimental image. The lower tube in Fig. 5(a
has a similar structure. We believe that there are tw
possibilities for this similarity. First, the tubes could
correspond to distinct isolated SWNT’s. This suggestio
is supported by the following: (i) it is likely that there
will be a correlation in the growth and structure o
adjacent tubes; (ii) it reasonable that the tubes a
parallel, since they correspond to ones peeled off
a rope (and remain connected a distance away); a
(iii) a larger scale image of around this area does n
show doubling of other features. Alternatively, it is
possible that the second tube corresponds to an im
of one tube by a second tip. Although some eviden
[(i)–(iii) above] contradicts this second possibility, it is
difficult to distinguish unambigously between the two
The interpretation of our results is not affected by eith
explanation.

To constrain better the (n, m) indices of the SWNT’s,
we have also been exploring a new projection matchi
approach (see experimental methods). In brief, 2D pr
jections corresponding to the ideal (14,23) and (15,23)
tubes were calculated and then directly overlaid onto t
3, No. 9, Sep 1998 2383
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nt of
ding
FIG. 5. (a) Constant current image of isolated SWNT’s on a Au(111) surface recorded with a bias voltage of 300 mV and a tunneling curre
150 pA. The solid, black arrow highlights the tube axis, and the dashed line indicates the zigzag direction. Fits of 2D projections correspon
to (b) (14,23) and (c) (15,23) indices with the experimental data from (a). The 2D projection of a (14,23) tube matches the experimental data
reasonably well over the top portion of the SWNT, while that of the (15,23) tube exhibits a large deviation over the length of the projection.
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experimental image [Figs. 5(b) and 5(c)]. Comparis
of the two images with overlaid projections shows th
(14,23) tube better matches the experimental result
the tops of the tubes, although this match also sho
deviations on the highly curved sides The advantage
this technique is that small errors or deviations, wh
may not be distinguishable from comparison of the an
and diameter points, propagate and become visually
tectable. While we believe that this approach represe
an advance over other methods used to define (n, m), it
remains subject to image distortions and uncertainty
diameter (as do other approaches).

The data exhibit a richness of structures statistica
favoring helicities closer toward the zigzag (n, 0)
direction rather than the armchair (n, n) direction.
This observation contrasts previous suggestions25,32

that SWNT’s prepared by laser vaporization cons
primarily of (10, 10) armchair tubes. Since our ST
2384 J. Mater. Res., Vol.
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measurements are biased toward SWNT’s that hav
separated from outer portions of ropes, a hypothesis fo
this discrepancy is that SWNT ropes grow or align in
such a way that armchair tubes lie at the core and ar
surrounded by structurally diverse tubes. Interestingly
we have observed one rope with an exposed centra
core (presumably exposed during the purification steps
(Fig. 6). The SWNT’s in this region of the rope all
exhibit well-defined armchair or (n, n)-like structures.
For example, the overlaid 2D projection of a (9, 9) tube
exhibits an excellent fit in this image. These observations
suggest that cutting and etching of the ropes may resu
in an enrichment of armchair tubes. Significantly, recent
studies of etched SWNT’s indicate a statistical shift in
the helicity toward the armchair direction.33 We believe
that these results could have important implications in
the growth mechanism and be very important for future
applications.
13, No. 9, Sep 1998
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FIG. 6. (a) STM image of the central region of a SWNT rope record
in the constant current mode with a bias voltage of 450 mV and
tunneling current of 120 pA. The SWNT’s in this inner portion of th
rope all exhibit armchair-like atomic structure. A 2D projection o
the lattice for a (9, 9) armchair tube is shown. (b) Large-scale ima
illustrating the sides and exposed core of a SWNT rope. The wh
box highlights the core area of the rope where the image in (a) w
recorded.

B. Nanotube electronic properties

Central to our investigation of SWNT’s has bee
an ability to characterize the electronic properties
the atomically resolved tubes by tunneling spectrosco
The gradual increase in current in theI-V data recorded
on the SWNT imaged in Fig. 4 shows qualitatively tha
the tube is metallic [Fig. 7(a)]. The LDOS determine
J. Mater. Res., Vol. 1
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FIG. 7. Tunneling spectroscopy data recorded from the SWNT’
(a) Calculated normalized conductance, (VyI)dIydV , and measured
I-V (inset) from the locations indicated in Fig. 4(a): (—)y(≤);
(· · ·)y(j); (- - -)y(m). Adapted from reference 28. (b) Normalized
conductance data (—) recorded on the (15,23) SWNT shown as
an inset. Four similar curves were recorded at points along the tub
although only one data set is shown for clarity. The dashed cur
corresponds to the DOS obtained from a tight-binding calculation fo
a (15,23) SWNT.34 The calculated van Hove singularities are found
to agree relatively well with the experimental data.

from data sets recorded at different locations along th
tubes are very similar, demonstrating the reproducibilit
of the measurements. Furthermore, the LDOS for bo
tubes are roughly constant between2600 and 1600
mV as expected for a metal. Small variations in LDOS
with energy are not significant and arise from noise i
the data. These spectroscopy results are similar to tho
obtained on the Au(111) substrate except that the surfa
state 450 meV below the Fermi level31 is also observed
on the latter.

There are several other important points that the
data address. First, curvature in the graphene sheet
a SWNT should cause thepys bonding andppysp

antibonding orbitals on carbon to mix and create a sma
3, No. 9, Sep 1998 2385
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gap at the Fermi level in these metallic tubes.1,7,10 We
have not observed evidence for this small gap, altho
it is possible that the thermal energy at 77 K, 7 me
smears the gap structure predicted to be of order 8 m
for a (12, 0) tube.7 However, even the 4 K study b
Wildoer et al.29 did not observe this mixing-induce
gap. We believe that this prediction deserves furt
experimental and theoretical analysis. From the sta
point of experiment, it is possible that the interacti
between the Au substrate and carbon nanotube obsc
the predicted gap, and thus studies carried out u
different substrates could illuminate this point. Seco
the LDOS recorded on metallic SWNT’s in a rope a
isolated on the substrate are similar. These observa
suggest that intertube interactions do not perturb
electronic structure on an energy scale of 77 K. Las
our analysis ofI-V data recorded over an extend
range of bias voltages reveals the characteristic van H
singularities at the band edges of the 1D SWNT’s. T
spectroscopy data shown in Fig. 7(b) show sharp feat
near61 eV that are consistent with these singulariti
Moreover, a tight-binding calculation carried out for t
assigned (15,23) structure yields density of states pea
in reasonably good agreement with these experime
data.34 In the future, we believe that further and mo
detailed comparisons of the experimentally determi
and calculated electronic band structure should serv
an important test of our understanding of the SW
materials.

We have also characterized a number of semic
ducting SWNT’s in our studies. Indeed, more than h
of the SWNT’s observed either as isolated tubes o
ropes were found to be moderate gap semiconductor
typical example of tunneling spectroscopy data obtai
from an isolated semiconducting SWNT is shown
Fig. 8(a). TheI-V data, which were recorded on th
atomically resolved tube shown in Fig. 5(a), exhi
distinctly different behavior from the metallic tube
and are consistent with a semiconductor; that is,
current is very small for2300 , V , 1400 mV,
but increases sharply whenjV j is increased further
The calculated (VyI)dIydV shows sharper increases
2325 and1425 mV that correspond to the conducti
and valence band edges in the LDOS. These b
edges exhibit the divergent behavior characteristic
and expected for the one-dimensional (1D) SWNT
In addition, from the well-defined band edges we c
define a band gap of 750 meV.

The observed semiconducting behavior is consis
with the expectation that a (14,23) tube should be
a moderate gap semiconductor [i.e., (2n 1 m)y3 is
not an integer]. In addition, we have observed sim
semiconducting behavior for other chiral and zigz
tubes characterized with atomic resolution. A summ
2386 J. Mater. Res., Vol.
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FIG. 8. (a) Calculated normalized conductance and measuredI-V
(inset) data recorded on the SWNT in Fig. 5(a) at the positions in-
dicated by symbols: (—)y(≤); (· · ·)y(j); (- - -)y(m); and (2 ? ?)y(r).
(b) Summary of energy gap (Eg) versus tube diameter data. The solid
line corresponds toEg  2g0aC–Cyd with g0  2.45 eV. Adapted
from Ref. 28.

of the energy gaps (Eg) obtained from these meas-
urements for tubes with diameters between 0.6 and
1.1 nm is shown in Fig. 8(b). These results exhibit the
expected1,7,10 1ydiameter (d) dependence, and can be
fit to Eg  2g0aC–Cyd, where g0  2.45 eV is the
nearest-neighbor overlap integral andaC–C is the C–C
distance [Fig. 8(b)]. Significantly, this value ofg0 is in
good agreement with the 2.5 eV value determined from
calculations,1 and provides an additional consistency
check in this work.

It is also important to recognize issues that re-
quire further work in the future. For example, in these
and other studies,28,29 the effect of coupling between
the substrate and the nanotube on the observed ele
tronic properties has been neglected. The delocalized A
wavefunction may, however, overlap with that of the
SWNT’s and shift the electronic energy levels; such be-
havior has been reported previously for C60 on Au(111)
surfaces.35,36 In our data, an asymmetry is often de-
tected in theI-V curves around zero bias voltage. This
asymmetry indicates that there has been charge transf
13, No. 9, Sep 1998
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from the Au substate to a SWNT. We believe that th
perturbation of the nanotube electronic properties by t
Au substrate is small in most cases, although expli
tests should be carried out in the future (e.g., compari
measurements on distinct substrates). SWNT-substr
coupling can, however, be quite strong at the ends of t
tubes (where the nanotube wavefunctions are localize
as shown in Fig. 9. These data show that the imag

FIG. 9. Constant current STM images recorded at the end of
isolated SWNT in the constant current mode (120 pA). The bi
voltage in (a) was1250 mV and that in (b) was2250 mV. The
atomic structure of the SWNT and the Au(111) substrate surface
visible in both images.
J. Mater. Res., Vol. 1
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of the tube change dramatically depending on the bia
voltage; that is, at positive bias the end of the tube
appears to disappear into the Au(111) substrate. On th
one hand, these results indicate clearly that care must
taken in analyzing data recorded from SWNT region
coupled strongly to substrate. Alternatively, a bette
understanding of how to controllably achieve strongly
coupled tubes could impact significantly transport meas
urements and the development of nanodevices based
SWNT’s.

IV. CONCLUSIONS

Scanning tunneling microscopy and spectroscop
have been used to characterize the atomic structure a
tunneling density of states of individual SWNT’s and
ropes containing many SWNT’s. In general, analyse
of atomically resolved SWNT images show that the
nanotubes consist of a wide range of diameters an
helicities with no one structure clearly dominant. Recen
experiments and work in progress indicate, however, th
cutting and etching SWNT ropes may lead to samples en
riched in armchair tubes. Tunneling spectroscopy mea
urements made simultaneously on atomically resolve
SWNT’s exhibit semiconducting and metallic behavior
that depend predictably on helicity and diameter. In
addition, the band gaps of the semiconducting tube
were also found to depend inversely on diameter wit
an overlap integral value which agrees with calculations
and upon extending the bias range, 1D van Hove sin
gularities are observed in the normalized conductanc
In the future, work will be needed to understand in
greater detail a number of important issues, including th
magnitude of curvature induced mixing and nanotube
substrate coupling.
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