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Scanning tunneling spectroscopy of single-wall carbon nanotubes on a polymerized gold substrate
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The physics picture on scanning tunneling spectroscopy of single-wall carbon nanotubes (SWCNTs) was
revisited recently [H. Lin et al., Nat. Mater. 9, 235 (2010)] with an image potential model under the framework
of the many-body theory whose description is different from that of conventional one-particle tight-binding
theory. The model is explored further in the present study of SWCNTs with an ultrahigh-vacuum scanning
tunneling microscope. In the experiments, two types of samples were measured. In one sample, the nanotubes
were in intimate contact with the gold surface and the observed tunneling gaps of semiconductor nanotubes fit
the prediction of the one-particle model. In the other sample, the nanotubes were isolated by a thin polymer
(4-vinylpyridine) layer from the gold surface. The semiconducting SWCNTs in the latter sample show tunneling
gaps several hundreds of milli—electron volts larger than the prediction of the one-particle model. The results can,
however, be interpreted by the modified image potential model, which takes into account the surface dielectric
mechanism. The consistent picture of the tunneling gaps of the different samples provides insight into the scanning
tunneling spectroscopy of SWCNTSs from the standpoint of many-body theory.
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I. INTRODUCTION

Scanning tunneling microscopy (STM) and scanning tun-
neling spectroscopy (STS) play a unique role in charac-
terizing the electronic properties of nanostructures. This is
the most straightforward and convenient technique for the
characterization of individual nanostructures in comparison
with other state-of-the-art methods [1-6]. Nonetheless, to
date a theoretical description of STS experiments on carbon
nanotubes remains a not-well-resolved issue. Previous STS
experiments on SWCNTs showed that the tunneling spectra
were interpreted satisfactorily by a simple model based on
the one-particle tight-binding theory [7-11]. In contrast, the
many-body theory gives a very different result [6,12—15],
predicting an appreciably larger band gap for a semiconductor
nanotube than that predicted by the one-particle model
[5]. The many-body picture has been verified by plenty
of optical experiments to date [2—6]. In this context, the
interpretation of STS of carbon nanotubes seems not so
simple.

In most cases, a tunneling spectrum is attributed directly to
the electronic structure of the freestanding nanostructure but
scarcely taking into account the influence of the support sub-
strate. STS studies on C60 and graphene revealed that the inter-
play between the support and the nanostructure may intensely
impact the measurement of the fundamental gap [16-18].
Recent STS experiments on single-wall carbon nanotubes
(SWCNTs) show that the position of the Fermi level shifts
differently, depending on the substrate material [19-21]. It
was pointed out that the electron screening effect of the metal
substrate should not be neglected to account for the tunneling
spectra [15]. The screening effect of the metal substrate was
described recently with the image potential model by Lin
et al. [22]. Their experiments showed that an SWCNT may
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display different tunneling gaps depending on whether the
STS was measured at a position where the individual nanotube
directly contacted the Au surface or at a position where the
measured tube was isolated from the metal by the underlying
bundle.

Although Lin et al.’s work casts light on the STS experi-
ments on SWCNTs in the framework of many-body theory,
further explorations of the interplay between the support
substrate and the electronic structure of carbon nanotubes
remain scarce until now. The present study highlights the STS
characterization of SWCNTs by use of a polymerized gold
surface. The polymer-treated surface introduces a different
dielectric environment for carbon nanotubes so that the image
potential with the tunneling is modified. It provides the ability
to examine the screening effect of the support substrate. The
exploration is meaningful for a comprehensive understanding
of the electronic properties of carbon nanotubes, which
manifest differently for optical and STS experiments.

II. EXPERIMENTAL PROCEDURE

The raw material of SWCNTs was synthesized by the
arc-discharge method. For STM characterization, the pristine
carbon nanotubes were ultrasonically dispersed in lithium
dodecyl sulfate and purified with a centrifuge. The support
substrate for nanotube deposition was a gold film evaporated
on mica. The substrate was chemically modified with a
0.1 wt% solution of the polymer (4-vinylpyridine; PVP) in
N-methylformamide, followed by rinsing with 2-propenol and
air-drying. The substrate was used for nanotube adsorption by
covering a drop of purified SWCNT lithium dodecyl sulfate
solvent for about 25 min. The samples were then thoroughly
rinsed with distilled water and dried with a stream of nitrogen.
We find that the immersion time in the PVP solvent determines
the PVP coverage and its thickness on the substrate. The
surface is barely covered by the PVP layer with only 10 min
of immersion, whereas 40 min of immersion results in a
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denser coverage of PVP with an average thickness of about
0.4 nm according to the STM morphology. A controlled sample
(sample A) for nanotubes to be in intimate contact with the
metal surface was obtained with a shorter substrate immersion
time in the PVP solvent. Sample A was further heated at
180°C for 2 h in a high-vacuum chamber so as to have the
least organic adsorption on the surface. In comparison, the
other sample (sample B) was prepared under the condition
that the substrate underwent a longer immersion time in the
PVP solvent (40 min), followed by distilled water rinsing and
drying in air before loading into the vacuum chamber.

The instrument is an Omicron LT scanning tunneling
microscope operated at room temperature, with the base
pressure generally maintained below 2.0 x 107! mb. An
electrochemically etched tungsten tip was used for the ex-
periments. The scope of the voltage bias and set point for
imaging was generally 0.8—1.7 V and 0.02-2 nA, respectively.
Current/voltage (I/V) spectra were acquired during imaging
by locating the tip at any desired imaging point while the
feedback loop was disabled.

III. RESULTS AND DISCUSSION

Figure 1(a) displays an image of a small SWCNT bundle
with sample A. The topographic line profile across the bundle,
designated by the dashed line in Fig. 1(a), is shown in Fig. 1(b).
The three SWCNTSs measured are labeled 1-3, respectively.
The current/voltage (I/V) spectra obtained for the three nan-
otubes and the substrate are shown in Fig. 1(c), respectively.
Note that nanotubes 1 and 2 display zero current gaps,
indicating a semiconducting property, whereas nanotube 3 and
the substrate display finite slopes through the V = 0 region,
indicating a metallic property. Conventionally, the energy band
gap of a semiconducting nanotube is defined by the energy
interval between the first pair of van Hove singularities (VHSs)
near V = 0 in the normalized differential spectra. However,
the VHS-like spikes manifested in the spectra are likely of
other origins since STM experiments have shown that electron
scattering or interference with the impact of substrate or lattice
defects may also lead to VHS-like features in differential
spectra [21,23,24]. To avoid ambiguity, the present study
focuses on discussion of the fundamental gap. Further analysis
of higher energetic levels demands more delicate resolution of
the dI/dV features based upon modulation technique, which is
not yet accessible in the present experiment. The fundamental
gap can also be estimated by a semilogarithmic plot of //V data,
in which the gap is manifested as a noise-current region whose
width is easier to distinguish. To extract reliable band-gap
values, we employ both the semilogarithmic plot and the
numerically calculated normalized differential spectrum. As
shown in Figs. 1(d) and 1(e), the band gaps for the two
semiconducting nanotubes, 1 and 2, are found to be 1.07 and
0.82 eV, respectively.

Similarly to the previous STS measurements on SWCNTs
[8—11], the results acquired herein can be well described by
the conventional one-particle tight-binding theory [7],
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FIG. 1. (Color online) STM topography and STS of a bundle of
single-walled carbon nanotubes on the Au substrate. (a) STM image
of carbon nanotubes. (b) Topography line profile with respect to the
white dashed line in (a). (c) Current-voltage tunneling spectra for
the three nanotubes indicated in (a) and Au substrate, respectively.
(d, e) Comparisons of gap measurements on the two semiconducting
nanotubes, 1 and 2, by direct semilogarithmic plots of //V and the
normalized differential conductance computation.

where a.. = 0.142 nm is the bond length of carbon-carbon
atoms, d is the diameter of the carbon nanotube (in nm),
and yp is an empirical parameter for the hopping integral,
which may take values between 2.5 and 2.9 eV [8-11]; we
presently use 2.7 eV. The integer n takes the values 1,2, ...,
corresponding to the energy intervals of the first, second, ...
pairs of VHSs, respectively. The value of E[P forn = 1 defines
the fundamental band gap of a semiconducting nanotube.
According to the height profiles shown in Fig. 1(b), the
diameters of nanotubes 1 and 2 are about 0.7 and 0.9 nm.
Accordingly, the band gaps calculated by Eq. (1) are 1.10
and 0.85 eV, respectively. The above calculations are in good
agreement with the measured values shown in Fig. 1(d): 1.07
and 0.82 eV, respectively.

Although the one-particle theory is well supported by
the above, as well as the previous, STS measurements
[8-11], the appropriateness of the one-particle picture for
describing the electronic structure of SWCNT was queried
[15]. Numerous optical experiments to date reveal that the
charge-charge interaction should not be neglected to interpret
the electronic properties of carbon nanotubes [6]. However,
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the inclusion of charge-charge interaction results in significant
deviation of the fundamental gap from the prediction of the
noninteracting one-particle model [5]. The many-body theory
derives a different expression for the energy band gap (in eV)
as a function of the diameter d (in nm) [5]:
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Equations (1) and (2) give very different band-gap values.
For example, Eqgs. (1) and (2) predict band gaps of a
semiconducting nanotube of d =1 nm to be 0.8 and 1.3
eV, respectively, indicating ~60% enlargement according to
Eq. (2).

One may be curious why the STS experiments can be well
interpreted by the one-particle theory, Eq. (1), rather than the
many-body model, Eq. (2). Kane and Mele pointed out that
the interpretation of STS measurements of SWCNTs needs to
consider the electron screening effect of the metal substrate
[15]. Recently, Lin et al. introduced the image potential
modification of Eq. (2), modeling the electron screening
effect of the metal substrate [22], E;Fjp = Ey — Cpe?/2h,,
where Ey is the theoretical value of the band gap and h,
is the distance from the top of the nanotube to the metal
surface. The coefficient Cy is 1/4m ¢, for the free-space case.
Since the electric field of tunneling may induce dielectric
polarization on the nanostructure as well as on the interface,
the image potential energy may be reduced to a smaller
value, which may be expressed as 1 /(4neoefff) X 62/2ha,
where € > 1, representing an effective relative dielectric
constant. In the work by Lin et al., the image potential
energy is modified by multiplying a coefficient which is
actually equivalent to 1/€°f. Setting C’ = 1/€°, we have
Ey = Eg — C'Coe®/2h,. Replacing Eo with Eq. (2), the
above formula may be expressed in the form

e _ 034 LI 0.72
= — _— X —
&ap d d+0.11 hy

where the unit of energy is electron volts and the unit of /2, and
d is nanometers. Experimentally, C’ is derived through fitting
Eq. (3) with the measured E ;f:p and d. In our experiment, we
have C’ = (.82. Using the diameter values measured by the
heights in Fig. 1(b), calculation by Eq. (3) gives band gaps of
1.02 and 0.82 eV for the two semiconductor nanotubes. The
results calculated by Eq. (3) are in good agreement with the
measured values of 1.07 and 0.82 eV as shown in Fig. 1(d).
However, the value of C’ (=0.82) is different that of from C’
(=0.52) derived by Lin et al. [22]. It should be due to the
fact that the latter deduced the diameter for SWCNTSs using
a different approach, which is the statistical analysis of the
transmission electron microscopy (TEM) results [22].

In terms of TEM analysis, it is shown that the half-width of
the diameter dispersion is 0.2 nm with respect to the center
of d = 1.4 nm [22]. Regarding the energy gap of 0.7 eV
of the SWCNT which is in intimate contact with the metal,
the assumption of either d = 1.4 nm or d = 1.2 nm requires
different C’ values to reproduce the gap, i.e., C' = 0.52 or
0.72, respectively. One may question whether there are also
uncertainties in the height measurement. For instance, will
the height measurement be influenced by the selection of
imaging bias? To answer this question, we refer to data in
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Fig. 1. According to Fig. 1(e), the first and second VHSs for
nanotube 2 should be located at V = 0.36 and 0.98 V. The
midpoint between the first two VHSs, i.e. V = 0.67 V, should
have a lower LDOS than the second VHS point (0.98 V).
According to the //V data in Fig. 1(c), the corresponding
currents for the V =0.67 and 0.98 V points are 15 and
36 pA, respectively. In comparison, the I/V for the gold
surface is I = 36 and 63 pA with respect to the two voltages.
Hence, at the lower LDOS voltage point (V = 0.67 V) the
current ratio between the Au substrate and the nanotube is
36 pA/15 pA ~ 2.4, whereas the ratio for the second VHS
V =0.98 Vis 63 pA/31 pA = 2.0. Assuming that the change
in bias would cause a 0.1 nm difference between the gap of
tip-nanotube and the gap of tip-metal, one should expect a
change in the ratio of about one order. In contrast, the above
ratios are almost equal, implying that the selection of either
V =0.67VorV = 0.98V as the imaging bias actually results
in little difference in the height measurement. Practically, we
did use different biases in imaging but no height difference
was observed.

On the other hand, simulation based on a cylinder model
shows that the so-called electronic flattening effect may cause
underestimation by about 10% of the diameter in height
measurement [25], namely, 0.1 nm forad = 1 nm SWCNT. In
fact, there are a few more factors that could influence the height
measurement, including (i) tip-force-induced deformation;
(ii) deformation induced by van der Waals force on the
substrate; and (iii) van der Waals distance. It was observed
that the tip’s compression force in STM of graphite does not
exceed 10 nN [26]. The AFM studies on the force interaction
between tip and carbon nanotubes indicated that a tip force of
50 nN may cause ~0.5 nm compression [27,28]. Assuming
that an elastic radial deformation was applied by the tip, the
maximum compression by the STM tip should not exceed
0.1 nm. The surface adsorption may induce small compression,
~2% of the diameter, for an SWCNT [29]. Factor iii, the
van der Waals distance, however, leads to an ~0.25-nm
overestimation, which approximately cancels the sum of the
other terms that lead to underestimation. In this context, the
height provides a reasonable approximation for the diameter.
Generally, either height measurement or TEM analysis has
certain uncertainty in determining the diameter. It is worthy of
further exploration to compare the difference between the two
methods in determining the nanotube diameters. Regardless
of their influence on C’, we point out that parameter C’ in
either the present work or that by Lin ef al. has been treated as
an empirical value and the fractional difference between the
studies does not interfere with the physics picture and main
conclusions. The value of C’ for the present study was derived
by height measurement.

Regarding the image potential mechanism, an interesting
question may be whether the tunneling gap will be modulated
by the surface dielectric environment. This thought was
examined with sample B, for which the nanotubes are isolated
from the metal surface by a PVP layer. Figure 2(a) is the STM
image of an individual SWCNT. The topographic line profile
shown in Fig. 2(b) indicates that the diameter of the carbon
nanotube is about 0.9 nm. The intrinsic electronic band gap
of the nanotube should be 1.48 eV according to Eq. (2). With
the diameter of 0.9 nm, calculation by either Eq. (1) or Eq. (3)
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FIG. 2. (Color online) STM/STS of an individual SWCNT on
a PVP-modified gold surface. (a) STM image. (b) Topography
line profile for the dashed line in (a). (c) Tunneling spectra in a
semilogarithm plot of //V and normalized differential conductance.

gives results 0.85 and 1.02 eV (C’' = 0.82 and h, = 1.3 nm
for Eq. (3) with the consideration of PVP thickness of about
0.4 nm), respectively. In contrast, the measured gap shown in
Fig. 2(c)is 1.18 eV, whose difference from the calculations is
as large as 0.33 and 0.16 eV, respectively.

One may question whether the increased band gap is related
to the PVP layer. According to the roughness estimation by
the surface topography profiles, the PVP layer of sample B
has an average thickness of about 0.4 nm. Due to the existence
of a polymer layer, it is adequate to use the double-barrier
tunneling junction model to discuss the tunneling process
[30]. For a small nanostructure, the measured gap will be
distinctly influenced by the Coulomb charging energy E.,
which is defined as ¢?/2(C; + C»), where C; and C, are
the capacitances with the tip and the substrate, respectively
[30]. Under the circumstances, the tunneling gap of a semi-
conducting nanostructure is contributed by both the intrinsic
energy gap E, and an additional amount, e2/(Ci + Cy) [311.
An apparent gap also appears for a metallic nanostructure as
the so-called Coulomb blockade effect. However, the Coulomb
charging energy e?/2(C; + C,) becomes obvious only when
the capacitances are significantly low. Typically, C; for the
vacuum barrier is about a fraction of an aF. The capacitance
C, between the nanotube and the substrate may be calculated
by the following formula according to Ref. [11],

_ 2mel
" In((D + (D? — R?)12)/R)’

&) “)
where R and L are the radius and the length of the nanotube,
respectively; D is the distance from the center of the nanotube
to the surface, € = €y¢,, in which € is 8.85 x 103 aF/nm and
€, = 3.5 for PVP [32]. Assuming D = 0.9 nm (1-nm-diameter
nanotube resting on ~0.4-nm-thick PVP) and L = 30 nm,
calculation shows that C, ~ 5.1 aF; Hence, the enlargement
of the band gap contributed by the charging effectis ~e?/Cy =
0.03 eV. Because the SWCNTSs observed in our experiment in
most cases are much longer than L = 30 nm, which is used
for the above calculation, the contribution of the charging
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FIG. 3. (Color online) (a) STM image of an SWCNT bundle. Left
and right insets: Zoom-in images with atoms resolved, corresponding
to the two-frame designated location shown in the middle STM
image. Two nanotubes are distinguished and labeled L (left) and
R (right), respectively. Chiral angles are indicated in the insets.
(b, ¢) Topography line profiles corresponding to white and red dashed
lines in (a). (d, e) Tunneling spectra for the R and L nanotubes
measured near the locations indicated by the white dashed line.
(f, g) Tunneling spectra for the R and L nanotubes measured near
the red-dashed-line locations.

effect is even smaller. Furthermore, we routinely observed
SWCNTs with a metallic feature for sample B. The I/V spectra
of those nanotubes display obvious finite slopes through V =
0, indicating the absence of Coulomb blockade gap.
However, we show that the PVP layer does affect the band-
gap measurement through a different mechanism, addressed
below. Physically, to introduce an organic layer between the
nanotube and the substrate will change the dielectric environ-
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ment of carbon nanotubes. The effective image potential is
modified by the polarization of the organic molecules. The
effect reduces the image potential and one expects a smaller
value for the parameter C’ than for a bare metal substrate. To
deduce C’ with the data in Fig. 2, we need to add the average
thickness of the PVP (hp,,) to the nanotube diameter (d)
for h, in Eq. (3); ie., hy =d + hpyp 0.9 +0.4 = 1.3 nm.
Along with the measured gap 1.18 eV in Fig. 2(c), we
have C’ = 0.54. It is reasonable that the obtained C’ = 0.54
is smaller than that derived for the bare metal surface,
C’ = 0.82, because the dielectric polarization of PVP should
reduce the image potential with a larger effective dielectric
constant.

The validity and self-consistency of the above picture with
the assignment of C' = 0.54 for the PVP-modified sample
need to be examined using other experimental data. As shown
in Fig. 3(a), the upper region of the image resolves two
individual nanotubes, with an atomic resolution presented
in the insets. Examination of the topographic line profiles
indicates that the right (R) and left (L) nanotubes have heights
of 0.76 and 0.85 nm, respectively. The topographic line profiles
for the lower part of the bundle display approximately the same
height, 1.85 nm, for the two nanotubes. The morphologies of
the two nanotubes are consecutive from the upper to the lower
part. Specifically, both insets display invariant helicity for the
R nanotube, confirming that both the upper and the lower parts
are the same tube. According to the chiral angle indicated in
the insets, we deduce that the lattice indexes that match both
the measured height and helicity of the R and L nanotubes
should be (8, 3) and (10, 2), respectively. Starting from the
derived indexes, we in turn calculate the diameters and chiral
angles (d, ¢), which are (0.77 nm, 15°) and (0.87 nm, 21°),
respectively. Accordingly, we adopt the derived diameters, i.e.,
dg = 0.77nm and d; = 0.87 nm, as the punctual values of the
diameters to calculate the theoretical tunneling gaps by Eq. (3).
The calculated Eg,, for the upper and lower parts of each
individual nanotube should be different because the values
for h, in Eq. (3) are different. The &, values are obtained by
adding the heights and the thickness of the PVP layer (0.4
nm). The h, values are 1.16 and 2.25 nm for the upper and
lower parts of the R nanotube and 1.25 and 2.25 nm for the
upper and lower parts of the L nanotube, respectively. The
measured gaps are shown in Figs. 3(c)-3(f). A comparison
with the calculations is reported in Table I. One finds a
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TABLE I. Comparison between STS measurements in Fig. 3 and
calculated energy gaps.

Energy gap (eV)
Height  Calculated
Nanotube Position (nm) by Eq. (3) Measured
Right In contact with 1.16 1.36 1.39
substrate
On top of bundle 2.25 1.53 1.53
Left In contact with 1.25 1.21 1.13
substrate
On top of bundle 2.25 1.35 1.31

good agreement between experiments and calculations using
Eq. (3).

IV. CONCLUSION

The fundamental gaps of SWCNTs measured by STS
experiments are discussed with two models, derived by the
one-particle tight-binding theory and the many-body theory,
respectively. Although the one-particle model well describes
the tunneling gaps of nanotubes in direct contact with the gold
surface, the gaps measured for SWCNTs adsorbed on the PVP-
modified surface display larger values, close to the prediction
of many-body theory. STS results for SWCNTs both on the
bare metal surface and on the PVP layer are experimentally
different but can be interpreted consistently with the image
potential model in the framework of many-body theory. Since
the dielectric environments for nanotubes on a bare metal
surface and on a PVP layer are different, the coefficient in
the image potential model should be modified with the surface
conditions. This work provides a selfconsistent picture on the
electronic properties of carbon nanotubes in the regime of
many-body theory.
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